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The degradation of trichloroethylene (TCE) by toluene-oxidizing bacteria has been extensively studied, and
yet the influence of environmental conditions and physiological characteristics of individual strains has
received little attention. To consider these effects, the levels of TCE degradation by strains distinguishable on
the basis of toluene and nitrate metabolism were compared under aerobic or hypoxic conditions in the presence
and absence of nitrate and an exogenous electron donor, lactate. Under aerobic conditions with toluene-
induced cells, strains expressing toluene dioxygenases (Pseudomonas putida ¥1, Pseudomonas sp. strain JS150,
Pseudomonas fluorescens CFS215, and Pseudomonas sp. strain W31) degraded TCE at low rates, with less than
12% of the TCE removed in 18 h. In contrast, strains expressing toluene monooxygenases (Burkholderia cepacia
G4, Burkholderia pickettii PKO1, and Pseudomonas mendocina KR1) degraded 36 to 67% of the TCE over the
same period. Under hypoxic conditions (1.7 mg of dissolved oxygen per liter) or when lactate was added as an
electron donor, the extent of TCE degradation by toluene-induced cells was generally lower. In the presence of
lactate, degradation of TCE by denitrifying strain PKO1 was enhanced by nitrate under conditions in which
dissimilatory nitrate reduction was observed. The results of experiments performed with strains F1, G4, PKO1,
and KR1 suggested that TCE or an oxidation product induces toluene degradation and that TCE induces its
own degradation in the monooxygenase strains. The role of TCE as an inducer of toluene oxygenase activity in
PKO1 was confirmed by performing a promoter probe analysis, in which we found that TCE activates

transcription from the PKO1 3-monooxygenase operon promoter.

Trichloroethylene (TCE), a suspected carcinogen (43) and
U.S. Environmental Protection Agency priority pollutant (60),
is the most commonly reported volatile organic contaminant of
groundwater (51). TCE can be degraded by means of a cooxi-
dation reaction which has been shown to be catalyzed by both
toluene dioxygenase (9, 21, 68) and monooxygenase (29, 55,
66) enzyme systems found in toluene-oxidizing bacteria. Link-
age of TCE degradation with the metabolism of aromatic hy-
drocarbons has been established for indigenous microbial pop-
ulations in soil (11, 13, 42) and groundwater (22-24), in which
TCE removal has been shown to be stimulated by the addition
of toluene or phenol. Workers have proposed strategies for
bioremediation of TCE-contaminated aquifers which involve
the addition of these compounds to induce aromatic pathways
in toluene- or phenol-utilizing bacteria (22-24) and possibly
the direct introduction of specific strains, such as Pseudomonas
(Burkholderia) cepacia G4 (44), or constitutive TCE degraders,
such as the strain G4 derivative strain PR1 (30, 56).

Oxygen is required for aerobic cooxidation of TCE by bac-
teria, both as a cosubstrate for the oxygenase and as a terminal
electron acceptor for cellular respiration. An exogenous elec-
tron donor, typically a carbon source which can serve as the
primary growth substrate and as an inducer, is also needed to
supply NAD(P)H for the oxygenase reaction (7, 10). The ad-
dition of a readily utilizable carbon source to TCE-contami-
nated groundwater in conjunction with bioremediation efforts
would, however, be expected to result in the depletion of dis-
solved oxygen (30), a phenomenon reported by Hopkins and
co-workers (22-24) for both phenol- and toluene-amended
groundwater microcosms and for shallow aquifers injected
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with phenol. Rates of TCE degradation may become limited by
insufficient oxygen, as has been shown for other organic pol-
lutants (2, 15, 32). The results of a study of Fan and Scow (11)
show that TCE degradation in soil solutions containing toluene
was limited by oxygen availability. Although TCE degradation
in situ can be maintained by the addition of oxygen to ground-
water (22-24), pure oxygen is both expensive and hazardous to
use, and sparging with air can yield a maximum of only 8 to 12
mg of dissolved oxygen per liter (32). Hydrogen peroxide has
been shown to be an effective source of oxygen for TCE bio-
degradation, but limitations to its use include its cost, its tox-
icity to microorganisms, and the potential for blockage of soil
pores, which can occur as a result of peroxide decomposition
or gas bubble formation (22, 41).

The use of nitrate as a supplementary electron acceptor is
attractive because the aqueous solubility of nitrate (660 g/liter)
is higher than that of oxygen (3). Under hypoxic conditions
(i.e., conditions in which oxygen is present but at low concen-
trations) nitrate can conceivably serve as an alternative elec-
tron acceptor for the degradation of TCE by denitrifying, tol-
uene-oxidizing bacteria that use other carbon sources as
electron donors. To our knowledge, however, this has not been
confirmed experimentally in any previously published report.
On the other hand, there is evidence which indicates that
denitrifying bacteria degrade hydrocarbons in groundwater un-
der hypoxic conditions (1, 4, 14, 25, 34, 39), which is the basis
for nitrate-based biorestoration of contaminated aquifers (26).
In addition, we have recently described evidence for the cou-
pling of hydrocarbon degradation with denitrification by pure
cultures (49). The denitrifying, toluene-oxidizing bacteria
Pseudomonas (Burkholderia) pickettii, Pseudomonas sp. strain
W31, and Pseudomonas fluorescens CFS215 have been shown
to degrade two to seven times more toluene in the presence of
nitrate than the previously well-characterized toluene-oxidiz-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics”

Source or reference

Strains
P. putida F1 Strict aerobe; toluene 2,3-dioxygenase pathway” D. T. Gibson
B. cepacia G4 Nitrate respirer; toluene 2-monooxygenase pathway® P. H. Pritchard
Pseudomonas sp. strain JS150 Nitrate respirer; toluene 2,3-dioxygenase pathway? J. C. Spain
B. pickettii PKO1 Denitrifier; toluene 3-monooxygenase pathway” 17
P. mendocina KR1 Denitrifier; toluene 4-monooxygenase pathway’ D. T. Gibson
Pseudomonas sp. strain W31 Denitrifier; toluene 2,3-dioxygenase pathway® 37
P. fluorescens CFS215 Denitrifier; toluene 2,3-dioxygenase pathway” 36
Plasmids
pKRZ1 Ap" Km'"; broad-host-range promoter probe vector A. M. Chakrabarty

containing lacZ as a reporter gene

pKRZ1::352-bp Xhol/Smal

Ap" Km'; PKO1 3-monooxygenase (tbuAd1UBVA2C) 6

operon promoter fragment controlling lacZ on pKRZ1

“ Nitrate respirers are defined as strains which reduce nitrate to nitrite but do not denitrify.

> Data from references 16 and 67.
¢ Data from reference 54.

@ Data from reference 19. Genes encoding toluene monooxygenases have been cloned from Pseudomonas sp. strain JS150 (27), but preliminary evidence indicates

that these genes are not induced by toluene in the native strain (28).
¢ Data from reference 48.
/Data from reference 65.
& Data from reference 37.
" Data from reference 38.

ing strains Pseudomonas putida F1, Pseudomonas sp. strain
JS150, and Pseudomonas (Burkholderia) cepacia G4, which are
nondenitrifiers.

The purpose of this study was to compare these strains and
another denitrifying strain, Pseudomonas mendocina KR1, for
the ability to degrade TCE under aerobic and hypoxic condi-
tions in the presence and absence of an electron donor, lactate,
and a supplementary electron acceptor, nitrate. TCE degrada-
tion by P. putida F1 (63), Pseudomonas sp. strain JS150 (18), B.
cepacia G4 (12, 45), B. pickettii PKO1 (29), and P. mendocina
KR1 (66) has been described previously, but TCE degradation
has not been studied previously for Pseudomonas sp. strain
W31 or P. fluorescens CFS215. Moreover, with the exception of
one investigation by Nelson et al. (46) performed with low
concentrations of TCE (<3 pM), the relative TCE-degrading
abilities of toluene-oxidizing bacteria have not been directly
compared.

An additional objective of this study was to confirm and
expand upon the recent findings that Heald and Jenkins (21)
obtained with P. putida and that McClay et al. (35) obtained
with P. mendocina KR1 and Pseudomonas sp. strain ENVPCS5
which showed that TCE can act as an inducer of toluene-
oxidizing activity. In this study, we obtained evidence that TCE
or its products induce toluene-degradative activity in strains
which degrade toluene by each of the four toluene ring hy-
droxylation pathways and also show that B. cepacia G4, B.
pickettii PKO1, and P. mendocina KR1 are able to degrade
TCE when they are grown in the presence of TCE but in the
absence of aromatic inducers.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains and plasmids used in this
study are listed in Table 1. All strains were routinely grown in a basal salts
medium (BM), which was modified from media formulated by Stanier et al. (59)
and Page and Sadoff (50) and contained (per liter of distilled water) 2.49 g of
Na,HPO,, 3.05 g of KH,PO,, 0.20 g of MgSO,, 0.05 mg of FeSO,, 0.25 mg of
NaMoOy,, 1.0 g of (NH,),SO,, 1.0 g of KNOj, and 20 ml of Hutner’s stock salts
solution (8). Cobalt sulfate was substituted for cobalt nitrate as a component of
the stock salts solution. Nitrate-free BM was prepared in the same way, except
that KNO; was omitted from the medium. Plate counts were done on TNA
plates (47) as described previously (39).

Cells were typically grown from an initial optical density at 425 nm (OD,,s) of
0.1 in 500-ml Erlenmeyer flasks containing 100 ml of BM amended with either
sodium DL-lactate (17.8 mM), lactate and toluene (2.35 mM), or lactate and TCE
(2.35 mM), depending on the experiment. Cultures were incubated for 18 h at
27°C with rotary shaking (250 rpm). Cells were harvested by centrifugation and
resuspended in potassium phosphate buffer (40 mM, pH 6.8) to 1/10th the
original volume.

Toxicity experiments. The toxicity of TCE to toluene-oxidizing bacteria, as
measured by inhibition of the growth rate, was studied by using methods mod-
ified from those described by Wackett and Householder (64). Cells grown on
lactate and toluene were used to inoculate 500-ml Erlenmeyer flasks containing
100 ml of BM amended with 17.8 mM sodium pr-lactate, with TCE supplied in
the vapor phase. Parallel cultures that lacked TCE served as controls. Cultures
were incubated at 27°C with shaking at 250 rpm, and growth was measured by
determining the OD,,5 at hourly intervals for 8 h. The calculated liquid phase
TCE concentration (approximately 40 wM) was maintained by replacing the
TCE that was presumed lost from the culture headspace during sampling. The
mean growth rate was calculated from the exponential phases of the growth
curves generated from duplicate cultures.

Measurement of TCE degradation. TCE degradation was assayed in 160-ml
serum bottles that were crimp sealed with Teflon-lined butyl rubber stoppers.
Cells were resuspended to an OD,,5 of 0.05 (approximately 1 X 10% to 2 X 108
CFU/ml) in 150 ml of BM. Sodium pr-lactate was added as an electron donor to
a concentration of 17.8 mM when appropriate. For experiments conducted under
hypoxic conditions, serum bottles containing BM were sparged with an anaerobic
gas mixture (85% nitrogen, 10% hydrogen, 5% carbon dioxide) for approxi-
mately 3 min to achieve an initial dissolved oxygen content of approximately 23%
oxygen saturation (1.7 mg/liter). TCE (Aldrich Chemical Co., Inc., Milwaukee,
Wis.) was added from a 1/20 stock solution in N'N’-dimethylformamide so that
the final nominal concentration was 40 pM. Experiments were conducted at
27°C. Samples for dissolved oxygen and TCE content determinations were re-
moved from the solutions at 0, 4, and 18 h. The samples were removed under
positive pressure (argon gas) with a 22-gauge hypodermic needle fitted to Tygon
tubing. The dissolved oxygen content was measured in-line by using a model
FL600 flow cell (Instech Laboratories, Plymouth Meeting, Pa.) and a Clark style
polarographic electrode (model 125/05; Instech). The 3-ml samples used for
TCE analysis were removed with a 5-ml syringe and extracted with 1 ml of
pentane. The percentage of TCE degradation was calculated from the mean
TCE concentrations in two or three serum bottles by comparison with the mean
concentrations in an equal number of uninoculated controls, in which the
amount of TCE lost never exceeded 5%. The statistical significance of TCE
degradation was assessed on the basis of the differences between the solution
TCE concentrations in inoculated and uninoculated serum bottles. The increase
in headspace volume associated with sampling had no significant effect (level of
significance, a > 0.4) on the concentration of TCE in solution, as judged by the
loss of TCE in abiotic controls (2.32% = 3.46%). Accordingly, we did not correct
for this effect when we calculated the extent of TCE degradation in these
experiments.

With the exception of strain F1, the TCE degradation rate assays were per-
formed by using procedures identical to those described above, except that the
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TABLE 2. Inhibition of growth of toluene-oxidizing bacteria grown
on sodium lactate (0.2%) by TCE (nominal concentration, 40 uM)

Growth rate (h™') on: % Tnhibition

Strain by TCE

Lactate Lactate + TCE
Monooxygenase strains
0.17 0.14 20.8
PKO1 0.17 0.13 22.8
KR1 0.42 0.33 235
Dioxygenase strains
JS150 0.26 0.23 10.9
F1 0.42 0.36 12.7
CFS215 0.40 0.34 14.1
W31 0.36 0.30 15.4

sampling method and intervals differed and dissolved oxygen concentrations
were not measured. Samples (1 ml) were withdrawn through a 16-gauge needle
by using a 1-ml syringe fitted with a 22-gauge needle. Samples were removed at
15-min intervals for 2 h and extracted with 0.33 ml of pentane. The rates of
degradation in duplicate serum bottles were averaged by performing a regression
analysis of the linear portion of the progress curve data. The TCE losses due to
sampling (1.92% * 3.79%) were insignificant (e > 0.5) and were neglected for
the purposes of rate calculations. For strain F1, TCE degradation rate assays
were done in the same way, except that cells were suspended to an OD ;5 of 0.5
rather than 0.05.

M ement of tol degradation. In general, assays of toluene-degrada-
tive activity were performed by using the procedure described above for TCE
assays, except that 1-ml samples were removed at 1-min intervals for 10 min and
mixed with 0.5-ml portions of methanol for quantitation by high-performance
liquid chromatography (HPLC). Experiments were initiated by adding toluene as
a 0.5% stock solution in N'N’-dimethylformamide to yield an initial solution
concentration of 100 wM. The rates of degradation in duplicate serum bottles
were averaged by performing a linear regression analysis of progress curve data.
The degradation rates determined by this method did not differ significantly (o
> 0.4) from the rates measured by using a vial assay, in which toluene disap-
pearance was monitored in 10-ml cell suspensions in 14.3-ml vials shaken at 250
rpm (unpublished data). Our results demonstrated the validity of the bottle assay
and confirmed that mass transfer limitations were not encountered with this
method.

Gas chromatography. The amounts of TCE in pentane extracts were deter-
mined by using a model GC-8A gas chromatograph (Shimadzu Corp., Kyoto,
Japan) equipped with a type Rtx-624 fused silica capillary column (length, 30 m;
inside diameter, 0.53 mm; thickness of stationary phase, 3.0 um; Restek Corp.,
Bellefonte, Pa.) and a flame ionization detector. The operating conditions were
as follows: sample volume, 1 pl; carrier gas, nitrogen; injector temperature,
170°C; column temperature, 65°C; and detector temperature, 170°C. Dibro-
momethane was added to pentane as an internal standard at a final concentration
of 150 wM. The detection limit for TCE was 2.4 .M when the methods described
above were used.

B-Galactosidase assays. The induction of B-galactosidase expression in cells
containing pKRZ1-based (52) promoter-probe plasmids was measured by using
the assay method of Miller (40). B. pickettii PKO1 containing either the
pKRZ1::352-bp Xhol/Smal construction or pPKRZ1 as a control was grown under
the conditions described previously in BM amended with kanamycin sulfate (100
pg/ml; Sigma Chemical Co., St. Louis, Mo.) and either sodium pr-lactate (17.8
mM), lactate plus toluene (2.35 mM), or lactate plus TCE (2.35 mM). The
average B-galactosidase activities were determined from the results of two inde-
pendent experiments performed with triplicate 0.5-ml aliquots of cells.

Other analytical methods. The amount of toluene was determined by HPLC
by using methods described previously (36). Cellular protein was measured by
using a protein assay kit (Sigma Chemical Co.) following alkaline digestion of cell
pellets at 90°C (20). The production of nitrite was tested by the method of
Smibert and Krieg (method 2) (57).

Statistical methods. A statistical analysis of the data was performed by using
the SAS System for Personal Computers, release 6.04 (53). An analysis of
variance was done by the PROC GLM procedure. Specific differences among the
data were identified by performing a post hoc comparison with the Student-
Newman-Keuls test for equal sample sizes or the Tukey-Kramer test for unequal
sample sizes (58). The level of significance used was a = 0.05 except where
indicated otherwise.

RESULTS

Bacteria which cooxidize TCE when their toluene metabo-
lism pathway is induced were tested with respect to several
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physiological parameters, including susceptibility to TCE tox-
icity, TCE degradation, oxygen consumption, toluene-degra-
dative activity, growth, dissimilatory nitrate reduction, and, in
the case of B. pickettii PKO1, transcription from the promoter
which controls the expression of the toluene 3-monooxygenase.
Strain characteristics relevant to this study are summarized in
Table 1. Depending on the experiment, cells were grown in
either the presence or the absence of specific inducing com-
pounds (toluene, TCE). The experimental conditions used
were variable, reflecting the initial concentration of dissolved
oxygen and the presence or absence of an electron donor,
lactate, and a supplementary electron acceptor, nitrate.

Toxicity experiments. Other workers have shown previously
(64) that TCE may be inhibitory to the growth and metabolism
of bacterial strains capable of TCE degradation. Accordingly,
before we compared other environmental factors, we deter-
mined the sensitivity of both toluene dioxygenase and mono-
oxygenase strains to growth inhibition by TCE. The results of
these experiments are shown in Table 2. We observed signifi-
cant inhibition with all of the strains studied. Strains G4,
PKO1, and KR1 were inhibited by TCE more than dioxygen-
ase strains F1, JS150, CFS215, and W31 were. Moreover, the
percentages of inhibition did not vary greatly among the mono-
oxygenase strains (20 to 23%) or among the dioxygenase
strains (11 to 14%). The identification of these two groups
which correlated with enzyme mechanisms suggested to us that
if growth inhibition was associated with the rate and extent of
TCE transformation, then either greater or less TCE degrada-
tion by the members of one of the groups may result in greater
or less cytotoxicity and growth inhibition.

TCE degradation by toluene-induced cells. The levels of
TCE degradation by bacteria induced by prior growth with
toluene were compared to ascertain the extents of variation
which occur among strains and between the two enzyme mech-
anisms (Fig. 1). When these experiments were done under
aerobic conditions, the results (Fig. 1A) clearly showed that
there was more TCE transformation by monooxygenase strains
G4, PKO1, and KR1 than by the dioxygenase strains. The
amounts of TCE removed by the dioxygenase strains in 18 h
were less than 12%, whereas the levels of degradation after 4
and 18 h by monooxygenase strains ranged from 19 to 23% and
from 36 to 67%, respectively. The levels of TCE degradation
by monooxygenase strains G4, PKO1, and KR1 were not sig-
nificantly different in the first 4 h, but varied greatly after 18 h,
with G4 degrading the most TCE, followed by PKO1 and KR1.
KR1 exhibited a decline in the apparent rate of degradation of
TCE over time, degrading 19% of the TCE in the first 4 h but
only an additional 16% over the next 14 h. Oxygen consump-
tion by the strains during the sampling interval varied inde-
pendently of TCE transformation (Fig. 1B), but the measured
dissolved oxygen concentrations exceeded 35% of saturation in
all cases after 18 h of incubation.

Since many subsurface environments are hypoxic (i.e., have
low oxygen contents), we considered the possibility that strains
may also vary in TCE-degrading activity as a function of the
avidity of relevant enzymes for oxygen, a cosubstrate. This
possibility was supported in part by our previous observation
that the K,,, values for another oxygen-requiring step in toluene
degradation (catechol dioxygenase) were significantly lower for
some toluene-degrading strains than for others (31). In this
study we performed experiments as described above, but the
initial dissolved oxygen content was 23% of saturation. The
results of these experiments (Fig. 1C) revealed similar rela-
tionships among the strains studied, but in all cases the amount
of TCE degraded was less than the amount degraded when
more oxygen was present. The oxygen was never completely
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FIG. 1. TCE degradation (A and C) and oxygen consumption (B and D) by toluene-oxidizing bacteria under initially aerobic (A and B) and hypoxic (C and D)
conditions in the absence of an exogenous electron donor. Cells were grown on BM containing lactate and toluene, washed, and resuspended as described in the text.
TCE, added at an initial nominal concentration of 40 puM, was extracted with pentane, and the amount of TCE was determined by gas chromatography. Dissolved
oxygen (D.O.) was measured with a polarographic electrode. The error bars represent the standard deviations for three samples.

depleted in these experiments, and the concentrations re-
mained above 5% of saturation in all cases (Fig. 1D).

Toluene- and TCE-degradative activities of toluene-induced
cells. In view of our observations which suggested that there
are distinct differences in the abilities of toluene mono- and
dioxygenase strains to degrade TCE, we sought to clarify the
extent to which these differences were manifested in rates of
TCE degradation by using strains G4, PKO1, KR1, and F1 as
representative strains for comparison. In these experiments,
TCE degradation was measured at 15-min intervals for 2 h.
Following a lag period of 0 to 45 min for the monooxygenase
strains and 1 h for strain F1, TCE was degraded at essentially
a linear rate (r = 0.8548 to 0.9851). The rates of TCE degra-
dation (Table 3) varied approximately proportionally with the
extents of TCE degradation by these strains (Fig. 1A); i.e., the
rates were significantly higher for the monooxygenase strains
than for strain F1.

In order to compare rates of TCE degradation with rates of
toluene degradation in the same strains and to determine
whether toluene-degradative activity was maintained during
the 18-h incubation period, the toluene-degradative activities
of the four representative strains (i.e., strains F1, G4, PKO1,
and KR1) were measured at zero time and after 18 h in the
presence and absence of TCE. Our results (Table 3) confirmed
that toluene-degradative activity was induced in all strains, but
also showed that the rates of TCE degradation were not cor-
related with the rates of toluene degradation. Strains G4 and
PKO1 degraded TCE at a higher rate and to a greater extent
than strain F1 but degraded toluene at rates several times
lower than the strain F1 rate. Moreover, strain KR1, which
degraded TCE at a rate similar to that of PKO1, degraded
toluene at a rate more than six times higher than the strain
PKOL1 rate. These results also show that toluene-degradative
activity was maintained in F1, G4, and PKO1 throughout the
course of the 18-h incubation and that toluene-degradative
activity was not diminished because of the presence of TCE
during this period. Strain KR1, in contrast, exhibited nearly a
complete loss of activity in the absence of TCE. The activity of
KR1 was maintained in the presence of TCE, although it

declined by approximately 50% during the period of incuba-
tion.

Influence of an electron donor and electron acceptors on
TCE degradation under aerobic conditions. In the experiments
described above, resting cell suspensions were used. No exog-
enous electron donors were added. Accordingly, we were in-
terested in what possible effects the presence of electron do-
nors and acceptors might have on TCE degradation. For these
experiments we used the strains which displayed the highest
TCE degradation rates, strains G4, PKO1, and KR1. Initially,
cells induced with toluene during prior growth were compared
for their abilities to degrade TCE in the presence of an elec-
tron donor, lactate (17.8 mM). Under initially aerobic condi-
tions and in the presence of nitrate (Fig. 2A), degradation of
TCE by all three strains was significant, but the extents of

TABLE 3. Specific TCE- and toluene-degradative activities
of toluene-induced F1, G4, PKO1, and KR1 cells and the
effect on toluene degradation of incubating cells for
18 h in the presence and absence of TCE

Specific degradative activity (nmol/mg/min)”

Toluene®
Strain B .
N After 18 h of incubation TCEe
Initial In the absence In the presence
of TCE? of TCEY
F1 65.2 =09 66.1 =53 67.0 = 3.5 0.5 *0.1
G4 7.6 £0.0 6.9 = 0.0 8.7+ 0.5 3.0x03
PKO1 113+ 14 10.6 £ 0.3 123 £ 05 24 0.2
KR1 71232 33x23 31.8 £1.2 24 +0.1

“Mean * standard deviation.

b Rates of toluene degradation were determined over a period of 10 min by
using procedures described in Materials and Methods.

¢ Rates of TCE degradation were determined over a period of 2 h by using
procedures described in Materials and Methods.

4 Serum bottles were sparged with air for 20 min immediately prior to the
initiation of toluene degradation assays in order to reestablish fully aerobic
conditions and to remove residual TCE and volatile TCE oxidation products.
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FIG. 2. TCE degradation (A and C) and oxygen consumption (B and D) by toluene monooxygenase strains under initially aerobic conditions in the presence (A
and B) and absence (C and D) of nitrate. For the methods used see the legend to Fig. 1. The error bars represent the standard deviations for three samples. D.O.,

dissolved oxygen.

degradation were considerably less than the extents of degra-
dation observed in experiments conducted in the absence of an
electron donor (Fig. 1A). The differences among the strains
were significant, with PKO1 degrading the most TCE (16%),
followed by KR1 (9%) and G4 (4%).

Growth and nitrate reduction were also measured in the
experiments conducted with lactate in order to assess the phys-
iological state of the cells used for these experiments. Growth
was exhibited by strains PKO1 and G4, with the OD,,5 of cell
suspensions increasing from 0.05 initially to 0.42 (PKO1) and
0.23 (G4) after 18 h. Strain KR1 did not grow under these
conditions within 18 h. Denitrification was observed with
PKO1, as determined by the presence of nitrite after 4 h of
incubation and the presence of gas bubbles in the sampling line
after 18 h. Strain G4 reduced nitrate to nitrite, but there was no
evidence of nitrate reduction by KR1. More oxygen was con-
sumed under these conditions by all strains (Fig. 2B) in the
presence of lactate.

In experiments in which lactate was used in the absence of
nitrate (Fig. 2C), the level of TCE degradation in 18 h was
significant for each of the three strains, with KR1 degrading
more TCE than either PKO1 or G4. When we compared the
data obtained in these experiments with results obtained in
experiments conducted with lactate and nitrate, we found that
the absence of nitrate was associated with a marked decrease
in TCE degradation by PKO1 and a slight increase in degra-
dation by KR1, while no significant effect was observed with
G4. The growth of PKO1 and G4 decreased by 77 and 44%,
respectively, compared with the growth in experiments con-
ducted with nitrate present. No growth was observed with
KRI1. The levels of oxygen consumption by the strains (Fig.
2D) were similar to those seen in the nitrate experiments (Fig.
2B). Collectively, the results of these experiments suggest that
nitrate may stimulate TCE degradation by strains G4 and
PKOL1 in the presence of an electron donor, lactate, but the
presence of an electron donor and conditions permissive for
growth resulted in less TCE degradation than the degradation
observed with resting cells previously.

Influence of an electron donor and electron acceptors on
TCE degradation under hypoxic conditions. We also com-

pared TCE degradation by G4, PKO1, and KR1 under hypoxic
conditions in the presence of lactate and nitrate (Fig. 3A). The
levels of degradation by all three strains were significant; dur-
ing the 18 h in which data were collected, strain KR1 degraded
the most TCE (11%, the same value obtained under initially
aerobic conditions), followed by PKO1 (7%) and G4 (<3%).
Unexpectedly, the extent of TCE degradation by PKO1 was
less than the extent of degradation obtained in the earlier
experiments performed under hypoxic conditions without lac-
tate or under aerobic conditions with lactate. Perhaps this
reflected the utilization of electron acceptors for lactate me-
tabolism concurrent with diminished transformation of TCE
and also the preferential partition of metabolism toward
growth which was observed in the earlier experiments with this
strain. In contrast, KR1 was not significantly affected by either
initial oxygen concentrations (a > 0.30) or the addition of
lactate (o > 0.80). TCE degradation by G4 was diminished so
much in the presence of lactate and nitrate that the effect of
oxygen concentration could not be assessed. Denitrification by
PKO1 and nitrate reduction to nitrite by G4 occurred within 4
h. KR1 did not grow or reduce nitrate under these conditions,
whereas strains PKO1 and G4 grew when nitrate was present.
The growth of G4, but not the growth of PKO1, was less than
the growth obtained in experiments conducted under aerobic
conditions. Oxygen was consumed to similar extents by PKO1
and G4; the final dissolved oxygen concentrations were 4.7 and
7.6%, respectively (Fig. 3B). Oxygen consumption by KR1 was
greatly reduced under these conditions, and the dissolved ox-
ygen concentrations were more than 19% after 18 h of incu-
bation.

Under hypoxic conditions in the absence of nitrate, KR1 was
the only strain which degraded TCE to a significant extent (Fig.
3C). The amount degraded (10%) did not differ significantly («
> 0.4) from the amount degraded by KR1 in the presence of
nitrate (11%), although little TCE degradation occurred dur-
ing the first 4 h. In addition, little (G4 and PKO1) or no (KR1)
growth was observed under these conditions. The levels of
oxygen consumption by the strains (Fig. 3D) were similar to
those observed in nitrate experiments, and the final dissolved
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FIG. 3. TCE degradation (A and C) and oxygen consumption (B and D) by toluene monooxygenase strains under hypoxic conditions in the presence (A and B)
and absence (C and D) of nitrate. For the methods used see the legend to Fig. 1. The error bars represent standard deviations for three samples. D.O., dissolved oxygen.

oxygen concentrations were 6.1, 6.9, and 20.2% for PKO1, G4,
and KR1, respectively.

TCE induction of TCE and toluene degradation. In view of
the previous reports of other workers that TCE induced its
own degradation (35), strains F1, G4, PKO1, and KR1 were
compared to determine their abilities to degrade TCE when
they were grown on lactate or on lactate plus TCE, but in the
absence of toluene. TCE degradation under aerobic conditions
was measured after 18 h (Fig. 4). Significant levels of TCE
degradation by cells grown on lactate plus TCE were observed
with G4, PKO1, and KR1, but not with F1. PKO1 degraded
more than twice as much TCE as either G4 or KR1 under
these conditions. When the organisms were grown on lactate,
KR1 was the only one of the four strains which exhibited
significant levels of TCE degradation. With all of the strains
examined, cells grown on lactate or lactate plus TCE degraded
significantly less TCE over an 18-h period than cells grown on
lactate plus toluene (Fig. 1A).

In order to determine whether TCE was acting as an inducer
of toluene metabolism, the toluene-degradative activities of
F1, G4, PKO1, and KR1 were compared by using cells grown
on lactate and on lactate plus TCE. The results of these ex-
periments (Table 4) showed that the activity of cells grown in
the presence of TCE was 4.6 to 11.8 times higher than the
activity of cells grown in the presence of lactate alone and was
36 to 105% of the activity observed in toluene-induced cells,
suggesting that TCE or an oxidation product induced the deg-
radation of toluene in these strains.

Promoter probe analysis of transcriptional activation of the
PKO1 toluene 3-monooxygenase operon promoter by TCE. To
confirm that the apparent induction of toluene degradation by
TCE results specifically from the transcriptional activation of
genes encoding the PKO1 toluene monooxygenase and not
from the induction of other enzymes, transcription from the
toluene 3-monooxygenase (tbudlUBVA2C [5]) operon pro-
moter from PKO1 was monitored by using the pKRZ1 pro-
moter probe vector. Workers in our laboratory have shown
previously that the thuA1UBVA2C promoter, which is located
in a 352-bp Xhol-Smal fragment which includes the region
immediately upstream of the structural genes, is positively reg-
ulated in trans by the tbuT gene product in the presence of

aromatic effectors, such as toluene (6). The results of our
experiments (Table 5) conducted with PKO1 harboring the
tbuA1UBVA2C promoter probe pKRZ1::352-bp Xhol/Smal
showed that cells grown in the presence of TCE exhibited more
than 10 times more expression from the tbud1UBVA2C operon
promoter, as measured by B-galactosidase activity, than cells
grown in the absence of TCE or an aromatic effector. More-
over, the expression by TCE-induced cells was not significantly
different from the expression observed with cells grown in the
presence of toluene, indicating that TCE or an oxidation prod-
uct is a relatively strong effector for transcriptional activation
of the thuA1UBVA2C operon in PKO1.

DISCUSSION

TCE degradation by strains of toluene-oxidizing bacteria
which degrade toluene via dioxygenases or 2-, 3-, or 4-mon-
oxygenases was studied under various conditions relevant to

Growth medium:
30 | [ BM+lactate
BM+lactato+TCE

% TCE degraded

PKO1 KR1

FIG. 4. TCE degradation (after 18 h) by toluene-oxidizing bacteria under
initially aerobic conditions in the absence of an exogenous electron donor. Cells
were grown on BM containing lactate in the presence and in the absence of TCE,
washed, and resuspended as described in the text. TCE, added at an initial
nominal concentration of 40 wM, was extracted with pentane, and the amount of
TCE was determined by gas chromatography. The error bars represent standard
deviations for two samples.

Fi1 G4
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TABLE 4. Specific toluene-degradative activities of F1, G4, PKOI1,
and KR1 grown in BM containing sodium lactate (17.8 mM) in
the presence and in the absence of TCE (2.35 mM)

% of activity observed

Specific toluene- with cells grown in

Strain Growth medium degradative apti;/i[fy BM + lactate +
(nmol/mg/min)® a
toluene
F1 BM + lactate 7110 109 £ 1.6
BM + lactate + TCE 411+ 25 63.0 = 3.9
G4  BM + lactate 0.7 £ 0.6 89+ 8.1
BM + lactate + TCE 8.0x0.3 105.0 3.4
PKO1 BM + lactate 1.4 =07 125 £ 6.5
BM + lactate + TCE 6.5 =03 571 =26
KR1 BM + lactate 3.6+22 50x32
BM + lactate + TCE 25.6 = 0.5 359 £0.7

“ Mean * standard deviation.
b Rates were determined by using procedures described in Materials and
Methods.

subsurface aquifer environments. Accordingly, no attempt was
made to optimize either the conditions for growth or TCE
degradation for each individual strain. Moreover, degradation
was monitored by using cell suspensions having relatively low
cell densities compared with some previous studies (21, 35, 63,
68). Our data show that under the conditions described above,
quantitative aspects of TCE degradation by toluene-oxidizing
bacteria are associated with the mechanism for toluene oxida-
tion, the availability of electron donors and acceptors, the
growth conditions, and the ability to denitrify.

The apparent differences in the abilities of mono- and di-
oxygenase strains to degrade TCE which were observed in this
study cannot be attributed to a greater susceptibility of the
dioxygenase strains to cytotoxic effects of TCE or its oxidation
products, since the monooxygenase strains exhibited higher
degrees of growth inhibition by TCE (Table 1). Nor can our
results be readily ascribed to a failure to induce or maintain
expression of toluene-oxidizing activity in dioxygenase strains
or to the irreversible inactivation of toluene dioxygenases,
since the toluene-degrading activity of F1 at both the beginning
and the end of the 18-h incubation period, as measured in
(re)aerated cell suspensions, was several times higher than the
activity of either G4 or PKOL1. Previous studies with F1 (63, 68)
and another dioxygenase strain of P. putida (21) have shown
that the rates of degradation of TCE by these strains diminish
rapidly with time, a phenomenon which has been tentatively
attributed to the toxic effects of products of TCE oxidation by
dioxygenases (63). These products may include TCE-dioxe-
tane, 1,2-dihydroxy-TCE, phosgene, formyl chloride, glyoxy-
late, formate, and carbon monoxide (33).

TCE degradation by toluene-oxidizing bacteria was also cor-
related with the ability to maintain toluene oxygenase activity
over time. For example, toluene-induced cells of G4 and
PKO1, which did not exhibit a decrease in toluene-degradative
activity over time, degraded more than twice as much TCE
between 4 and 18 h of incubation as KR 1, which lost more than
50% of its toluene-degradative activity by the end of the ex-
periment. Moreover, the activity was decreased to an even
greater extent in the absence of TCE. These results are con-
sistent with the previous findings of Winter et al. (66), who
showed that TCE degradation by KR1 was maintained for a
longer period when toluene, an inducer and carbon and energy
source, was present.
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The observation that the toluene-degradative activity of
KR1 was partially maintained by the presence of TCE sug-
gested that TCE was acting as an inducer. The results of
experiments conducted to determine the toluene-degradative
activity of cells grown on lactate and on lactate plus TCE
strongly suggest that TCE or an oxidation product at least
partially induces toluene-degradative activity not only in KR1,
as previously reported (35), but also in F1, G4, and PKO1.
Moreover, we found that G4, PKO1, and KR1 are able to
degrade TCE when they are grown in the presence of TCE but
in the absence of an aromatic inducer. In support of these
findings, promoter probe analyses conducted with PKO1
showed that TCE or an oxidation product activates transcrip-
tion from the toluene 3-monooxygenase promoter at levels
similar to the level observed when toluene was an inducer.
TCE was also found to induce transcription when the same
promoter probes were placed in Pseudomonas aeruginosa
PAO1, which does not cooxidize TCE, indicating that TCE
itself can act as an inducer of toluene degradation in PKO1
(6a). Some of our results are in contrast to the results of
McClay et al. (35), who reported that TCE did not induce
toluene-degradative activity in F1 or G4. The apparent dis-
crepancy in these findings can probably be explained by differ-
ences in the methods used to assess induction. In our study, the
induction of toluene-degradative activity was measured by us-
ing resting cells which had been previously grown in the pres-
ence of a high concentration of TCE (2.35 mM), while in the
study of McClay et al., activity was measured by using cells
grown in the absence of TCE and then exposed to TCE as
resting cells (i.e., in the absence of an energy substrate to
support induction).

In experiments performed under hypoxic conditions or with
lactate added as an electron donor, the effects of oxygen, ni-
trate, and lactate on TCE degradation were found to be com-
plex, interrelated, and sometimes strain dependent. In the ab-
sence of an exogenous electron donor, TCE degradation by
almost all strains decreased significantly under hypoxic condi-
tions (approximately 1.7 mg of dissolved oxygen per liter). The
addition of the electron donor lactate stimulated growth but
decreased TCE degradation by G4 and PKO1 under both
aerobic and hypoxic conditions. However, in the case of deni-
trifying strain PKO1, TCE degradation was enhanced by ni-
trate under conditions in which dissimilatory nitrate reduction
was observed, which strongly suggests (i) that the lower level of
TCE degradation in the presence of lactate may have been a
consequence of electron acceptor limitation imposed by the
introduction of a growth substrate and (ii) that PKO1 was able
to overcome this limitation by utilizing nitrate as an alternative
electron acceptor, which is consistent with our previous finding
that nitrate enhances toluene degradation by PKO1 under

TABLE 5. Induction of B-galactosidase activity from the
tbuA1UBVA2C promoter in PKO1(pKRZ1::352-bp Xhol/Smal)
cells grown in BM amended with kanamycin and
lactate in the presence of inducer

Corrected B-galactosidase

Inducer activity (Miller units)” % of activity
None 0.04 = 0.05 79
TCE 0.39 £0.01 81.1
Toluene 0.48 = 0.04 100.0

“ Mean = standard deviation. Corrected values were calculated by subtracting
the B-galactosidase activity of PKO1(pKRZ1) cells grown under the same con-
ditions. B-Galactosidase assays were done by using procedures described in
Materials and Methods.
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hypoxic conditions (49). Taken together, the results of our
study suggest that the oxidation of TCE is influenced by growth
and respiration, possibly as mediated through the availability
of NADH. Specifically, NADH may be preferentially parti-
tioned to anabolic processes during growth, thus decreasing its
availability as a cosubstrate for the toluene oxygenase and
thereby depressing the rate of TCE oxidation. The enhance-
ment of TCE degradation which was observed with PKO1 in
the presence of nitrate as an alternative electron acceptor
could therefore result from concomitant increases in the rate
of respiration and, correspondingly, the rate of NADH gener-
ation via the tricarboxylic acid cycle. The results obtained with
KR1, which exhibited respiration uncoupled from growth, as
previously documented for another strain of P. mendocina (61,
62), may be explained by the same hypothesis; i.e., TCE oxi-
dation was not depressed by lactate to the extent observed with
PKO1 and G4 because this organism did not grow under these
conditions. Clearly, additional work will be required to confirm
these findings and to clarify the relationship of TCE degrada-
tion to respiration and growth in toluene-oxidizing bacteria.
In view of evidence showing that TCE can act as an inducer
for its own degradation, it may be possible to suggest biore-
mediation strategies which do not require addition of aromatic
inducers, such as toluene, which could competitively inhibit
TCE degradation (7). If aromatic substrates are not used,
some other electron donor must be available to maintain TCE
degradation, and noncompetitive substrates, such as lactate,
have been shown to stimulate TCE oxidation (23). In situ,
sufficient dissolved carbon may be available to serve this pur-
pose. As we have shown, however, the capacity for TCE deg-
radation may be decreased as a consequence of electron ac-
ceptor limitation when electron donors are present. In this
paper we report that nitrate can serve as an alternative elec-
tron acceptor for the degradation of TCE by denitrifying
strains, such as PKO1. With appropriate microbial popula-
tions, it is conceivable that the addition of nitrate to stimulate
in situ TCE degradation may represent a feasible method for
the enhancement of TCE removal in subsurface environments.
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