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Trichloroethylene (TCE) was metabolized by the natural microflora of three different environmental water
samples when stimulated by the addition of either toluene or phenol. Two different strains of Pseudomonas
putida that degrade toluene by a pathway containing a toluene dioxygenase also metabolized TCE. A mutant
of one of these strains lacking an active toluene dioxygenase could not degrade TCE, but spontaneous
revertants for toluene degradation also regained TCE-degradative ability. The results implicate toluene
dioxygenase in TCE metabolism.

We recently isolated an aerobic gram-negative rod, desig-
nated strain G4, that degrades trichloroethylene (TCE) (11).
Degradation of TCE by this organism requires the induction
of an aromatic degradative pathway (10), which implicates
enzymes of the pathway in the cometabolism ofTCE. These
results suggested that other microorganisms capable of de-
grading aromatic compounds might degrade TCE. The
present study reports on the TCE-degradative ability of
other microorganisms, including the natural microflora in
environmental water samples as well as pure cultures of
several degraders of aromatic compounds. Evidence is pre-
sented that a toluene dioxygenase is involved in the TCE-
degradative ability of one of these organisms.

All TCE degradation experiments were performed as
previously described (10) in sealed 50-ml serum vials con-
taining 10 ml of medium. Water samples from estuarine,
river, and groundwater environments were obtained in the
Pensacola, Fla., area and were amended with 0.08 M phos-
phate buffer (pH 7) and 0.02 M ammonium sulfate and were
used as both media and sources of inocula for these degra-
dation experiments. In most instances, when samples were
amended with toluene or phenol, stimulation of TCE degra-
dation occurred as compared with the analogous tests con-
taining no aromatic compound (Table 1). TCE degradation
was greatest when groundwater samples were preincubated
with phenol to enrich for phenol degraders prior to the TCE
experiments. The results suggest that naturally occurring
microorganisms are capable of degrading TCE when induced
or stimulated with the appropriate aromatic compounds.

Laboratory strains capable of degrading naphthalene, bi-
phenyl, phenol, and toluene were tested for TCE-degrada-
tive ability (Table 2). Cultures of each organism were grown
for 20 h in 50 ml of minimal salts broth (11) and all were of
approximately equal turbidity. Pseudomonas strains except
strain mt-2(pWWO) were grown on 0.1% arginine; strain
mt-2(pWWO) was grown on 20 mM sodium acetate. Beije-
rinckia sp. was grown on 0.2% sodium succinate plus 0.05%
yeast extract. Each culture contained 50 ,umol of the appro-
priate aromatic compound to induce the degradative path-
way. Induction of all cultures was confirmed by the oxida-
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tion of the appropriate compound as determined polaro-
graphically (10). A 1-ml sample of each culture was added to
the TCE degradation experiments to which no aromatic
compounds were added. Only two of the organisms, strains
PpF1 and B5, degraded TCE (Table 2). The degradation
involved dechlorination, as indicated by the production of
inorganic chloride (10) during TCE degradation by strain
PpF1. Both of the active strains degrade toluene by initial
dioxygenation of the aromatic ring to form a cis-dihydrodiol,
which is dehydrogenated to 3-methylcatechol, the substrate
for meta-ring fission (Fig. 1). All of the organisms tested
except Pseudomonas putida U convert their respective
aromatic growth substrates through the formation by aro-
matic ring dioxygenases of cis-dihydrodiols, which are then
dehydrogenated. The one toluene degrader that did not
degrade TCE, P. putida mt-2(pWWO), oxidizes the methyl
group of toluene to form benzoate prior to aromatic ring
dioxygenation and dehydrogenation. The phenol degrader,
P. putida U, apparently converts phenol to catechol by
direct hydroxylation (1, 3). Like strain G4 (11), this organism
uses meta-fission for ring cleavage of catechol. However,
unlike strain G4, P. putida U does not utilize toluene as a
growth substrate.
Two mutants of P. putida PpF1 defective in the toluene-

degradative pathway were grown overnight on 20 mM lac-
tate medium containing 1 mM toluene and subsequently
tested for the ability to metabolize TCE (Table 3). Mutant
106, defective in the first enzyme of the pathway, the toluene
dioxygenase (4), did not degrade TCE, whereas mutant
39/D, defective in the second enzyme of the pathway,
toluene cis-dihydrodiol dehydrogenase (6), degraded TCE.
Thus, the ability to degrade TCE appears to be specifically
associated with toluene dioxygenase activity and not the
result of inactivating early steps in the toluene degradation
pathway. In addition, catechol-2,3-dioxygenase does not
appear to function in TCE degradation, because mutant 106
contained an active catechol-2,3-dioxygenase under the test
conditions, as indicated by the production of 2-hydroxymu-
conic semialdehyde from catechol (10). Furthermore, the
other organisms which were unable to degrade TCE con-
tained catechol-2,3-dioxygenase activities.
Spontaneous revertants of mutant 106, able to utilize

toluene, were obtained by plating 6 x 108 cells per plate on
agar plates with toluene as the growth substrate (10). The
reversion rate was 10-8. Five of the revertants selected at
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TABLE 1. TCE metabolism in environmental samples

TCE remaining (RM)a in:

Inducer added Estuarine water River water Groundwater

Active Sterile R n Active Sterile Rai Active Sterile Rai
Remaining' Remaining Remaining

None 2.64 ± 0.13 3.05 ± 0.11 87 3.61 ± 0.31 3.93 ± 0.43 92 3.06 ± 0.67 3.58 ± 0.46 85
Toluene (1 mM) 2.30 ± 0.35 3.15 ± 0.28 73 1.86 ± 0.02 4.38 ± 0.24 42 2.06 ± 0.81 4.59 ± 0.81 45
Phenol (1 mM) 2.92 ± 0.46 3.15 ± 0.36 93 3.25 ± 0.66 4.48 ± 0.94 73 1.07 ± 0.58 3.51 ± 0.64 30
Phenol (enrich- <0.02d 3.51 ± 0.64 <0.6

ment)c

a Determined after 4 days of incubation. All samples initially contained 200 nmol of TCE. Data are the means and the standard deviations of three replicates.
b Percentage of the TCE remaining in the active versus the sterile samples.
' Samples were preincubated with 2 mM phenol aerobically for 4 days at 25'C prior to the addition of 10 nmol of phenol and 200 nmol of TCE to initiate the

TCE degradation experiments.
d Minimum detectable level.

random all degraded TCE. The results strongly implicate the
toluene dioxygenase in TCE degradation by this organism.

Since mutant 106 did not consume TCE, the toluene
dioxygenase must be involved in the initial step of TCE
degradation. As previously proposed (10), only one enzyme

which can activate molecular oxygen and oxidize TCE may

be necessary for its complete dechlorination, since unstable
oxoderivatives of TCE can decompose to nonchlorinated
compounds (9). However, the present data cannot exclude
other enzymes being involved in complete degradation of
TCE to innocuous products.
The organisms tested that have ring dioxygenases other

than toluene dioxygenase did not degrade TCE. Thus, TCE-
degradative activity does not seem to be a general phenom-
enon of aromatic ring dioxygenases. At present, it is not
known whether a toluene dioxygenase is responsible for the
TCE-degradative capacity of strain G4.
These results suggest that a number of organisms may

possess the potential to degrade TCE. Two Pseudomonas
isolates, selected independently for the ability to degrade
aromatic hydrocarbons, were shown to degrade TCE when
properly induced. The natural microflora in several water
samples could also be stimulated to degrade TCE when
induced with toluene or phenol. A similar condition appar-
ently exists for methanotrophs. TCE was degraded in envi-
ronmental samples exposed to natural gas (13). Similar
results have been recently obtained with pure cultures of
methanotrophs (C. D. Little, A. V. Palumbo, S. E. Herbes,

TABLE 2. TCE metabolism by microorganisms that
degrade aromatic compoundsa

Organism Reference Aromatic remaining
inducer (LM)b

Beijerinkia sp. 8 Biphenyl 2.54 ± 0.1
P. putida U 1, 3 Phenol 2.04 ± 0.2
P. putida NCIB 9816 2 Naphthalene 2.34 ± 0.1
P. putida mt-2(pWWO) 5, 12 Toluene 2.13 ± 0.1
P. putida B5 _C Toluene <0.02d
P. putida PpF1 4, 7 Toluene <0.02
None None 2.73 ± 0.02

a Cultures were induced with the indicated aromatic compounds as de-
scribed in the text. A 1-ml sample of each induced culture and 200 nmol of
TCE were added to each TCE degradation on experiment. Data are the means
and standard deviations of three replicates.

b After 24 h of incubation.
c D. A. Kunz and P. J. Chapman, personal communication.
d Minimum detectable level.
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FIG. 1. Pathway for catabolism of toluene by P. putida PpFl and
B5. Enzymes indicated are: 1, toluene dioxygenase; 2, cis-dihydro-
diol dehydrogenase; 3, catechol-2,3-dioxygenase.

TABLE 3. Metabolism of TCE by mutants of P. putida
PpF1 unable to degrade toluenea

TCEp. putida Reference Defective enzyme remaining
strain (>M)

Parent 7 None <0.02b
106 4 Toluene dioxygenase 2.98 + 0.09
39/D 6 Dihydrodiol dehydrogenase <0.02
None 3.84 + 0.13

a Toluene at 1 mM replaced phenol in these TCE metabolism experiments.
bMinimum detectable level.

and D. M. Genung, Abstr. Annu. Meet., Am. Soc. Micro-
biol. 1987, Q105, p. 299). Evidently, the recalcitrance of
TCE in the environment is due to a lack of the appropriate
inducing conditions for the required enzymes and not to the
lack of naturally occurring bacteria with the potential for
degradation. Thus, it seems likely that TCE is aerobically
biodegraded in situ at TCE-polluted sites that are also
contaminated with the appropriate growth substrates for
aromatic compound- or methane-degrading microorganisms.

Cultures were kindly provided by P. J. Chapman (P. putida B5,
mt-2, and U) and D. T. Gibson (Beijerinckia sp., P. putida NCIB
9816, PpF1, 106, and 39/D). We also thank these individuals for
useful suggestions and discussions.
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