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RaZstonia sp. KNl-lOA, which was constructed by inserting the tat promoter upstream of the phenol 
hydroxylase (PI-I) gene in the chromosomal DNA of the wild-type strain, RaZstonia sp. KNl, is a useful 
recombinant strain for eliminating trichloroethylene (TCE) from contaminated sites because it exhibits con- 
stitutive TCE oxidation activity. During TCE degradation by Ruktonia sp. KNl-lOA, noxious chlorinated 
compounds, such as dichloroacetic acid, trichloroacetic acid, 2,2,24richloroethanol, and chloral, were not 
detected, and more than 95% of chlorine in TCE was released as chloride ions. Among the possible TCE 
transformation products, only carbon monoxide was detected, and its conversion percentage was 7 mol%. The 
addition of formate, which Rulstoniu sp. KNl-1OA could use as an exogenous electron donor, did not enhance 
the TCE degradation performance, suggesting that NADH depletion did not limit the degradation. The phenol 
degradation activity of Ralstonia sp. KNl-1OA that previously degraded TCE was not markedly lower than that 
of cells not exposed to TCE, suggesting that Rulstoniu sp. KNl-1OA was not susceptible to product toxicity 
associated with TCE degradation. Furthermore, to clarify the mechanisms underlying TCE degradation by PH 
from Ralstoniu sp. KNl, this enzyme was compared with another enzyme, a hybrid aromatic ring dioxygenase 
exhibiting a high TCE degradation activity in Escherichia coli and Pseudomonas sp. The initial TCE degra- 
dation rate of Rulstoniu sp. KNl (pKTPlOO), which produced PH, was l/50 lower than that of Rabtonia sp. 
KNl (pKTF200), which produced the hybrid aromatic ring dioxygenase. However, because of its lower product 
toxicity, the strain producing PH could degrade 2.3 times more TCE than that generated by the strain producing 
the hybrid aromatic ring dioxygenase. 

[Key words: Ralstonia sp., trichloroethylene, genetically engineered microorganism, phenol hydroxylase, 
ketabolite, NADH, product toxicity] 

The widespread use of trichloroethylene (TCE) as an 
organic solvent and a degreaser has resulted in extensive 
contamination of soil and groundwater. Because TCE is 
a suspected carcinogen, much effort has been made to 
physicochemically or biologically remove the compound 
from polluted sites (1). Compared to physicochemical 
treatments, biologic treatments are considered more effec- 
tive and economical for remediation of a large site pol- 
luted with relatively low TCE concentrations. 

There are no reports concerning bacteria using TCE as 
the sole carbon and energy source. However, a variety 
of aerobic microorganisms have been reported to degrade 
TCE cometabolically by oxygenases induced by specific 
substrates. The inducer substrates include methane (2- 
4), propane (5), toluene (6-8), phenol (9-l l), isopropylben- 
zene (12), and ammonia (13). Recently, TCE itself has 
been shown to be an inducer of TCE-degrading oxygena- 
ses of some bacteria, although it cannot support their 
growth (14-16). 

In aerobic in situ bioremediation of TCE, substrates 
such as methane or phenol must be added into TCE-con- 
taminated aquifers for growth of degraders and induc- 
tion of oxygenases (17). Despite the fact that the addi- 
tion of inducer substrates is indispensable for cometabol- 
ic TCE degradation, excessive addition may reduce the 
removal efficiency because the substrate acts as a com- 
petitive inhibitor against TCE degradation, by compet- 
ing with TCE for the active site of the enzyme (18). 
Although some methods, such as feeding the substrate in 
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pulse (19) or separating the reactor into enzyme induc- 
tion and TCE removal sections (20), have been proposed 
to prevent the competitive inhibition, these have failed 
to markedly increase removal efficiency. To overcome 
this obstacle, genetically engineered microorganisms 
(GEMS) that express the TCE-degrading oxygenase but 
lack the inducer causing competitive inhibition have 
been developed and reported (10, 11, 21-27). 

Strain KNl was tentatively identified as Pseudomonas 
putida based on the results of standard biochemical and 
morphologic tests. However, after further investigation, 
we determined that the strain belonged to the genus 
Ralstonia in light of its 16s rDNA sequence (28). This 
strain, isolated from an experimental reactor fed with 
phenol, is a phenol-utilizing microorganism. The phenol 
hydroxylase (PH) gene of this strain is induced by 
phenol to degrade TCE. Using homologous recombina- 
tion, Nakamura and Ishida (29) constructed Ralstonia 
sp. KNl-1OA by inserting the tuc promoter upstream of 
the PH gene in the chromosomal DNA of Ralstonia sp. 
KNl. The recombinant strain exhibits constitutive TCE 
degradation activity, which is under the control of the 
tat promoter. Because the PH gene and tat promoter 
are encoded in the chromosome rather than in plasmids, 
Rafstonia sp. KNl-1OA can stably maintain these ele- 
ments during cultivation in a general growth medium 
without any selective pressure (10, 29). Therefore, we 
expect that Ralstonia sp. KNl-1OA will be a useful tool 
for the remediation of TCE-contaminated sites. 

A TCE-degrading microorganism applicable to practi- 
cal TCE treatment must have a high TCE transforma- 
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tion capacity (Tc), which is expressed as the maximum 
mass of TCE degraded by a given mass of cells (30), and 
produce no harmful metabolites. The Tc of TCE de- 
graders primarily depends on two factors: NADH limi- 
tation and product toxicity (18, 30-32). In the case of 
the first factor, TCE transformation diminishes with 
decreasing NADH concentration in a cell, because the 
reaction requires NADH as the reducing energy source 
(33, 34). In the second factor, enzyme inactivation and 
cell death occur due to a reactive intermediate produced 
during TCE degradation (14, 35-38). 

In the present study, we describe the transformation 
products, NADH limitation, and product toxicity result- 
ing from TCE degradation by Ralstonia sp. KNl-1OA. 
Furthermore, to clarify the mechanisms underlying TCE 
degradation by PH from Ralstonia sp. KNl, this enzyme 
was compared with another TCE-degrading enzyme, a 
hybrid aromatic ring dioxygenase. The hybrid aromatic 
ring dioxygenase is composed of TodCl (the large sub- 
unit of toluene terminal dioxygenase in Pseudomonas 
putida Fl) (39), BphA2 (the small subunit of biphenyl 
terminal dioxygenase in Pseudomonas pseudoalcaligenes 
KF707), BphA3 (ferredoxin in KF707), and BphA4 (fer- 
redoxin reductase in KF707) (40). Furukawa et al. report- 
ed that Escherichia coli and Pseudomonas strains ex- 
pressing the hybrid aromatic ring dioxygenase exhibited 
a significant ability to degrade TCE (24, 41). 

MATERIALS AND METHODS 
Strains and growth conditions E. coli DH5 

(Toyobo, Osaka) was used to construct plasmids, and E. 
coli S17-1 (42) was used for the transconjugation of plas- 
mids to Ralstonia sp. KNl. All strains were cultivated in 
L-broth (LB) medium (43), which was supplemented 
with appropriate antibiotics as required. Chloramphen- 
icol was used at 50 pg/ml, and tetracycline was added 
at lO,ug/ml. Ralstonia and E. coli strains were incu- 
bated at 30°C and 37”C, respectively. 

Construction of Ralstonia strains KNl (pKTP100) and 
KNl (pKTF200) The trc promoter expression vector 
pRTLlO0 was constructed according to standard DNA 
recombination methods (44). Plasmid pTrc99A (Pharma- 
cia Biotech, Uppsala, Sweden) was digested with NcoI, 
treated with Sl nuclease (Toyobo), and then self-ligated 
to remove the ATG start codon that might cause synthe- 
sis of an extra protein. To replace the ampicillin re- 
sistance (Ap’) gene with the tetracycline resistance (Tc’) 
gene, the resulting plasmid was digested with BspHI, 
blunted with T4 DNA polymerase (Toyobo), and ligated 
with a 1.4-kb fragment containing the Tc’ gene; this frag- 
ment was excised from pBR322 with an EcoRI/AuaI 
restriction digest, and was then blunted. For later con- 
venience, the EcoRI-Hind111 fragment, containing the 
multicloning site (MCS) of the resulting plasmid, was 
replaced with the EcoRI-Hind111 MCS fragment from 
pNEB193 (New England Biolabs, Beverly, MA, USA), 
yielding pKT100. In addition, the BsaAI-AlwNI frag- 
ment harboring the replication origin in pKTlO0 was 
replaced with the blunt-ended PstI-PvuII fragment con- 
taining the replication origin of the broad-host-range vec- 
tor pKT240 (45), producing pRTLlO0. We  confirmed 
that pRTLlO0 could be cloned into Ralstonia sp. KNl 
by conjugation via E. coli S17-1. Genes inserted at the 
multicloning site downstream of the trc promoter in 
pRTLlO0 require induction by isopropyl-@-thiogalac- 

topyranoside (IPTG) for their expression because the 
plasmid contains 1acIq. 

Plasmid pRTLlO0 was digested with SmaI and ligated 
with a 6.0-kb BamHI fragment that was excised from 
pNEMlO1 (10) and blunted with T4 DNA polymerase, 
yielding pKTP100. Plasmid pKTPlO0 carries the PH 
gene and the catechol 2,3-dioxygenase gene from the 
chromosomal DNA of Ralstonia sp. KNl (Fig. 1). We  
did not delete the gene encoding catechol 2,3-dioxy- 
genase, which has been reported not to affect TCE 
degradation by aromatic oxygenases such as toluene 2- 
monooxygenase (46) and toluene dioxygenase (6), be- 
cause the gene was useful as a marker gene during con- 
struction of the objective plasmid. Similar to pKTP100, 
plasmid pKTF200 (Fig. 1) was constructed by inserting a 
blunt-ended 5.0-kb SacI-PpuMI fragment from pJHFlO1 
(40) into the SmaI site of pRTL100. The SacI-PpuMI 
fragment contains a hybrid gene cluster (todC1:: 
bphA2A3A4), comprising todC1 (the gene encoding the 
large subunit of toluene terminal dioxygenase in P. puti- 
da Fl) (39), bphA2 (the gene encoding the small subunit 
of biphenyl terminal dioxygenase in P. pseudoalcaligenes 
KF707), bphA3 (the gene encoding ferredoxin in KF707), 
and bphA4 (the gene encoding ferredoxin reductase in 
KF707) (47). pKTPlO0 and pKTF200 were first intro- 
duced into E. coli S17-1 by electroporation, then the 
cells harboring pKTPlO0 or pKTF200 were mated with 
Ralstonia sp. KNl on membrane filters on LB agar medi- 
um overnight. The objective transconjugants, Ralstonia 
sp. KNl (pKTP100) and KNl (pKTF200), were screened 
on agar plates containing the basal salts medium (BSM) 
(48) supplemented with 20mM lactate and 10 /*g/ml 
tetracycline. 

TCE degradation assay Ralstonia sp. KNl-1OA 
was cultivated in LB medium overnight to an ODsoo of 
6.0 to 7.0. Ralstonia sp. KNl (pKTP100) and KNl 
(pKTF200) were cultivated in LB medium to an ODsoo of 
0.5 to 1.0 and were then further incubated for 2 h in the 
presence of 5  mM IPTG. Cells were harvested by cen- 
trifugation (8000 x g, lOmin, 4”C), washed three times 
with BSM, and resuspended to a final ODm of 2.0 in 
BSM. A lo-ml (except where noted) aliquot of the cell 
suspension was transferred to a 157-ml glass vial, which 
was sealed with a Teflon-coated butyl-rubber septum and 
an aluminum crimp seal. To obtain the desired final 
TCE concentration, an aliquot of TCE-saturated water 
was added to the cell suspension by injection through 
the septum with a gas-tight syringe. The vials were main- 
tained at 30°C and shaken at 200rpm. For TCE analy- 
sis, samples (100~1) of the gas phase in the vials were 
periodically removed and injected into a GC-9A gas chro- 
matograph (Shimadzu, Kyoto) equipped with a flame 

FIG. 1. Structure of pKTPlO0 and  pKTF200.  Ptrc, trc promoter;  
PH, phenol  hydroxylase gene;  C230,  catechol2,3-dioxygenase gene;  
Tc’, tetracycline resistance gene;  HAD, hybrid aromatic ring dioxy- 
genase  gene.  
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ionization detector and a 10% Silicone DC-550 column. 
TCE concentrations in this study were assumed as if 
being completely dissolved in the aqueous phase. 

Analysis of TCE metabolites After TCE was de- 
graded by Ralstonia sp. KNl-lOA, the concentrations 
of TCE metabolites remaining in the vials were mea- 
sured. The analyzed compounds included chloride ions, 
glyoxylate, formate, dichloroacetic acid, trichloroacetic 
acid, chloral, 2,2,2-trichloroethanol, and carbon mon- 
oxide. With the exception of CO, the concentrations 
of the metabolites in the liquid phase were analyzed 
after cells had been removed by filtration. Chloride ion 
levels were determined using a 20201 ion chromatograph 
(Dionex Corp., Sunnyvale, CA, USA) equipped with an 
AS-4A column. When TCE degradation experiments 
were conducted for chloride concentration monitoring, 
cells were suspended in 40 mM phosphate buffer (pH 7.0) 
instead of BSM because BSM interfered with collection 
of chloride data. Glyoxylate and formate concentrations 
were determined by a LC-6A high-performance liquid 
chromatograph (HPLC; Shimadzu) equipped with a 
Shim-pack SCR-1OlH column. Chloral and 2,2,2- 
trichloroethanol concentrations were measured by gas 
chromatography-mass spectrometry (GC-MS). Dichloro- 
acetic acid and trichloroacetic acid concentrations were 
determined by the same GC-MS after methyl esteration 
with trimethyl-silyl-diazomethane (GL Sciences, Tokyo). 
The GC-MS was performed using a 5970B GC-MS ap- 
paratus (Hewlett-Packard, Palo Alto, CA, USA) equip- 
ped with a DB-1 column. For monitoring production of 
CO during TCE degradation, 78.5 ml instead of 10 ml of 
cell suspension was transferred to the 157-ml glass vials 
to increase the concentration of CO accumulated in the 
gas phase and facilitate the analysis. For analysis of CO 
concentration, a lOO-~1 sample of headspace gas was 
withdrawn and injected into a GC-9A gas chromatograph 
(Shimadzu) equipped with a methanizer (GL Sciences), a 
flame ionization detector, and an Active Carbon 60180 
column. CO concentrations in this study were assumed as 
if being completely dissolved in the aqueous phase. 

Biodegradation tests of potential TCE metabolites 
Ralstonia sp. KNl-1OA cells grown overnight in LB medi- 
um were harvested by centrifugation, washed three times 
with BSM, and resuspended in BSM to an appropriate 
ODsoo. After adding the appropriate amounts of sub- 
strates, shaking of suspensions at 200 rpm (at 30°C) and 
periodic measurement of substrate concentrations were 
started. The substrates being tested were used at the fol- 
lowing concentrations: glyoxylate, 1000 mg/Z; formate, 
1000 mg/[; dichloroacetic acid, 100 mg/l; trichloroacetic 
acid, 100 mg/l; chloral, 100 mg/l; 2,2,2-trichloroethanol, 
100 mg/l; and carbon monoxide, 1 mg/l. Analytical 
methods for determining the concentration of residual 
substrates were used as described previously. To distin- 
guish biodegradation from abiotic degradation, the same 
experiments were conducted using autoclaved cell suspen- 
sions. 

Analysis of phenol degradation activity Phenol 
was added to cell suspensions to a final concentration of 
20mg/l. The suspensions were maintained at 30°C and 
shaken at 200 rpm for several hours. Aliquots of the sus- 
pension were periodically removed and passed through 
0.22-,um membrane filters. Phenol concentrations of the 
filtrates were determined using a LC-6A HPLC (Shima- 
dzu) with a UV detector and a YMC-pack ODS-A column. 
The phenol degradation activity was calculated based on 
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FIG. 2. Chloride production during TCE degradation by Rdsto- 
nia sp. KNl-1OA. Symbols: n , TCE concentrations; 0, Cl- (cells 
with TCE); A, Cl- (cells without TCE). 

the time course of the phenol concentrations. 

RESULTS 
TCE transformation products When Ralstonia sp. 

KNl-1OA grown in LB medium was subjected to a TCE 
degradation test, it degraded TCE without induction 
by phenol (Fig. 2) as reported previously (49). In the 
present experiment, degradation from the initial TCE 
concentration of 42 mg/l to <7 mg/l occurred within 
67 h. In cell suspensions to which TCE had been added, 
chloride concentration increased as the TCE concentra- 
tion decreased, whereas chloride release was not ob- 
served in the cell suspension lacking TCE (Fig. 2). These 
results suggest that the chloride release was due to TCE 
biodegradation. More than 95% of chlorine in TCE was 
released as chloride ions within 163 h, indicating that 
strain KNl-1OA almost completely dechlorinated TCE. 
In addition, carbon monoxide was produced in a pattern 
similar to that for chloride release during the TCE degra- 
dation (Fig. 3). Approximately 7.0mol% of the added 
TCE was converted to CO within 160 h. The percentage 
of TCE transformed to CO did not depend on the 
amount of TCE degraded or the reaction time, suggest- 
ing the absence of further interactions, such as biodegra- 
dation or adsorption, between the produced CO and the 
cells. Other potential metabolites of TCE degradation by 
oxygenases, such as cytochrome P-450 (50), methane 
monooxygenase (3, 33, 51), and toluene 2-monooxy- 
genase (34), include glyoxylate, formate, dichloroacetic 

20 ~, 0.3 

15 

P 
j 0.2 - 

-k’-;! 

5 10 
s 

~ g 
w 
z , 0.1 8 

5 

0 so 100 150 200 

Time (h) 

FIG. 3. CO production during TCE degradation by Ralstonia sp. 
KNl-1OA. Symbols: n , TCE concentrations; 0, CO concentrations. 
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TABLE 1. Product formation during TCE degradation by 
Ralstonia sp. KNl-1OA 

Product mol% of TCE degraded 
Carbon monoxide 7.0 
Formate <6.0 
Glyoxylate <5.3 
Dichloroacetic acid <0.3 
Trichloroacetic acid <0.03 
Chloral <0.03 
2,2-Trichloroethanol <0.12 

acid, trichloroacetic acid, chloral, and 2,2,2-trichloroetha- 
nol. Although we analyzed filtrates of cell suspensions 
that had degraded 23.6mg/l TCE for the presence of 
these possible metabolites, none was detected. In addi- 
tion, in an effort to find other TCE transformation 
products, we performed GC-MS to analyze headspace 
samples and hexane extracts from liquid samples of cells 
incubated with TCE. However, we could not find any ad- 
ditional peaks derived from TCE (data not shown). The 
percentages of the products, except that of CO, trans- 
formed from TCE by Ralstonia sp. KNl-1OA (Table 1) 
reflect the detection limit of each compound. 

In TCE degradation by Ralstonia sp. KNl-IOA, our 
failure to observe typical TCE metabolites other than 
chloride and CO might be due to their further decompo- 
sition by other enzymes in the strain. To elucidate this 
phenomenon, utilization tests of the possible metabolites 
were performed by incubating strain KNl-1OA with each 
substrate (Table 2). Strain KNl-1OA could completely 
degrade glyoxylate, formate, and chloral, but not CO, 
dichloroacetic acid, trichloroacetic acid, or 2,2,2- 
trichloroethanol. In the utilization test for chloral, near- 
ly the same number of moles of trichloroacetic acid ac- 
cumulated as that of chloral was degraded. This result 
suggests that strain KNl-1OA oxidizes chloral to 
trichloroacetic acid, which cannot be further degraded 
by the strain. Taken together, these results suggest that 
glyoxylate and formate were not detected as products of 
TCE degradation because these were further degraded by 
the strain. 

NADH limitation Formate acts as a reductant 
supply for microorganisms able to use it, because for- 
mate hydroxylase can regenerate NAD(P)H from 
NAD(P) during formate oxidation. Because the enzyme 
directly oxidizes formate to Hz0 and COZ, this substrate 
is not used for growth. Several studies on methanotroph- 
ic TCE degraders, which can utilize formate, revealed 
that the addition of formate can enhance TCE degrada- 
tion through replenishment of NADH by formate oxida- 
tion (18, 31, 32, 52). As described earlier in the present 
report, Ralstonia sp. KNl-1OA could oxidize formate. 
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FIG. 4. Effect of addition of 20 mM formate on TCE degradation 
by Ralstonia sp. KNl-1OA. (A) TCE concentration, (B) formate con- 
centration, and (C) cell density. Symbols: n , formate added; A, for- 
mate not added. 

To evaluate the effects of adding formate during TCE 
degradation by Ralstonia sp. KNl-lOA, the resting cells 
were incubated with TCE in the presence of 20mM for- 
mate, and the degradation performance was compared 
with that in the absence of formate. Despite the com- 
plete consumption of formate within 24 h, addition of 
this substrate had no effect on TCE degradation (Fig. 4). 
Accordingly, NADH depletion unlikely limited TCE 
degradation by strain KNl-1OA. 

Product toxicity We investigated whether the de- 
crease in the oxidation rate of TCE by Ralstonia sp. 
KNI-IOA is due to reduction in PH activity caused by 

TABLE 2. Degradation of potential TCE byproducts by Ralstonia sp. KNl-1OA 

Substrate Initial substrate cont. Initial cell density ODsoo 
(m/O (-) 

Carbon monoxide 1 2.0 
Glyoxylate 1000 2.0” 
Formate 1000 2.08 
Dichloroacetic acid 100 0.5 
Trichloroacetic acid 100 0.5 
Chloral 100 0.5 
2,2,2-Trichloroethanol 100 0.5 
a The cell density of the autoclaved sample was 1 .O. 

Incubation time %  substrate remaining 
@I not autoclaved autoclaved 
164 99 98 

16 0 105 
16 0 105 

144 102 101 
144 100 105 
144 2 99 
144 88 85 
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FIG. 5. Time course of phenol degradation activity of Ralstonia 
sp. KNl-1OA during TCE degradation. Symbols: n , TCE concentra- 
tions; 0, phenol degradation activity (cells with TCE); A, phenol 
degradation activity (cells without TCE). 

product toxicity associated with TCE degradation. We 
periodically measured the TCE concentration and phenol 
degradation activity in replicate vials containing cells 
with or without TCE. In samples containing TCE, its 
concentration decreased from 49.0 mg/l (initial concen- 
tration) to 30.9mg/l within 97 h without a marked 
decline in the degradation rate (Fig. 5). The TCE degra- 
dation rate started decreasing at around 100 h, then 
reached nearly zero at around 120 h. The phenol degrada- 
tion activity of cells incubated with TCE at 24 h was 
higher than the initial value, then the activity declined 
with time (Fig. 5). At the beginning of the experiment, 
the cells might have had some reversible damage due to 
washing or centrifugation. In cells incubated without 
TCE, the phenol degradation activity exhibited nearly 
the same time course as that for cells incubated with 
TCE. The phenol degradation activity at 24 h did not 
differ among samples, and at 70 h the phenol degrada- 
tion activity of cells incubated with TCE was 66% of 
that for cells incubated without TCE. In the case of 
TCE degradation by other oxygenases severely affected 
by product toxicity, enzyme activity rapidly decreases 
and is completely lost within several hours (6, 38). In 
contrast, we found that TCE degradation by Ralstonia 
sp. KNl-IOA likely did not cause marked product toxic- 
ity and subsequent reduced PH activity. 

Comparison of TCE-degrading properties of PH and 
a hybrid aromatic ring dioxygenase We compared 
the TCE degradation ability of Ralstonia sp. KNl 
(pKTPlOO), which expresses PH, with that of Ralstonia 
sp. KNl (pKTF200), which expresses a hybrid aromatic 
ring dioxygenase. This hybrid enzyme exhibits a notable 
TCE degradation potential in E. coli and Pseudomonas 
sp. Ralstonia sp. KNl (pKTF200) rapidly degraded TCE 
immediately after addition of the substrate (Fig. 6). 
However, the degradation rate rapidly declined within a 
few hours and had almost reached zero within 5 h. In 
contrast, although the initial TCE degradation rate of 
Ralstonia sp. KNl (pKTP100) was almost l/50 that of 
Ralstonia sp. KNl (pKTF200), the strain containing PH 
continued to degrade TCE for about 100 h without any 
marked decrease in the degradation rate. Accordingly, 
TCE concentrations in samples with Ralstonia sp. KNl 
(pKTP100) were lower than those with Ralstonia sp. 
KNl (pKTF200) after 50 h. Finally, the total amount of 
TCE degraded within 700 h by the recombinant strain ex- 
pressing PH was 2.3 times more than that degraded by 
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FIG. 6. (A) TCE degradation by Ralstonia sp. KNl(pKTP100) 
and Ralstonia sp. KNl(pKTF200). (B) Compressed timescale of the 
TCE degradation. Symbols: w  , Ralstonia sp. KNl(pKTP100); A, 
Ralstonia sp. KNl(pKTF200). 

the strain expressing the hybrid aromatic ring dioxy- 
genase. These results show that even in the same host 
strain (Ralstonia sp. KNl), the characteristics of the 
TCE degradation highly depend on the enzyme that oxi- 
dizes TCE. 

DISCUSSION 

Several studies on the decomposition of TCE by vari- 
ous oxygenases have shown that TCE is initially convert- 
ed to TCE epoxide or chloral, and the rate at which 
each intermediate is formed is enzyme-dependent. TCE 
oxidation by cytochrome P-450 (50) or methane mono- 
oxygenase (33, 51, 53) resulted in the formation of chloral 
via chlorine migration, but chloral was not generated 
during TCE degradation by toluene 2-monooxygenase 
from Burkholderia cepacia G4 (34). We found that 
neither chloral nor its oxidation product, trichloroacetic 
acid, were products of TCE degradation by Ralstonia 
sp. KNl-1OA. Therefore, PH likely converts TCE pri- 
marily to TCE epoxide rather than to chloral. Because 
chloral and trichloroacetic acid are potential health haz- 
ards, the absence of their production during TCE degra- 
dation is a distinct advantage in regard to the use of 
strain KNl-1OA for bioremediation. 

Past studies have indicated that TCE epoxide is spon- 
taneously degraded to formate, glyoxylate, CO, and 
dichloroacetic acid, and the formation rate for each com- 
pound varies depending on the experimental conditions. 
In the case of in vitro TCE oxidation by cytochrome P- 
450, Miller and Guengerich proposed that when TCE 
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FIG. I. Proposed pathway of TCE degradat ion by  Ralstonia sp. 

KNI-1OA. 

epoxide is converted to CO, the other carbon atom in a 
degraded TCE molecule is utilized to form formate (50). 
Applying their hypothesis to TCE degradation by PH of 
Ralstonia sp. KNl-lOA, CO production of 7.0mol% of 
TCE suggests that formate might be produced at the 
same percentage. The remaining components (>90%) of 
the degraded TCE can be assumed to have been convert- 
ed to glyoxylate because dichloroacetic acid, which could 
not be further degraded by the strain, was not detected. 
Consequently, we propose that glyoxylate, formate, and 
CO are the transformation products from TCE degra- 
dation by PH of strain KNl-1OA (Fig. 7). However, 
neither formate nor glyoxylate was detected in cell sus- 
pensions of strain KNl-1OA during TCE degradation. 
This result can be explained by the fact that strain KNl- 
10A could degrade both compounds. Further studies, 
such as in vitro experiments using purified PH and 
stoichiometric analysis using 14C-labeled TCE, are re- 
quired to confirm the metabolic pathway. 

According to the putative TCE degradation pathway 
of Ralstonia sp. KNl-lOA, TCE is assumed to be con- 
verted mainly to glyoxylate. Because strain KNl-1OA can 
grow on glyoxylate as the sole carbon and energy source 
(data not shown), the microorganism may regenerate a 
part of the NADH lost during TCE oxidation by utiliz- 
ing the glyoxylate generated from TCE during that pro- 
cess. Theoretically, oxidation of one molecule of TCE by 
an oxygenase results in consumption of one molecule of 
NADH, whereas mineralization of one molecule of gly- 
oxylate yields two molecules of NADH, as shown in The 
University of Minnesota Biocatalysis/Biodegradation Data- 
base (http://www.labmed.umn.edu/umbbd/index.html) 
(54). A comparison of these two values indicates that 
strain KNI-1OA can continue to degrade TCE without 
NADH limitation. Actually, formate addition, which is 
assumed to increase the NADH content in the cell, did 
not enhance the TCE degradation potential of the strain. 

Product toxicity is one of the factors that limits the 
degradation of TCE by oxygenases. Previous studies 

have suggested that oxygenases and/or cells are damaged 
by reactive acyl chloride intermediate compounds pro- 
duced during spontaneous degradation of TCE epoxide 
that has been converted from TCE by the enzyme (33). 
In TCE degradation by B. cepacia G4, one of the most 
extensively studied TCE degraders, marked product toxic- 
ity was not observed (23, 55). However, during the in 
vitro oxidation of TCE with purified toluene 2-mono- 
oxygenase from B. cepacia G4, TCE-dependent inactiva- 
tion of the enzyme was observed. Newman and Wackett 
(34) have proposed that the intracellular environment 
may protect toluene 2-monooxygenase from inactivation 
via certain mechanisms, such as through the activity of 
other enzymes that alter the fate of TCE epoxide. In 
fact, the markedly higher level of glyoxylate observed 
during in vivo TCE degradation by strain G4 than that 
during in vitro TCE degradation by toluene 2-monooxy- 
genase indicates the different outcomes of TCE epoxide 
in the two environments (34). Similarly, our results show 
that high percentages (>90%) of glyoxylate may be ob- 
tained during in vivo TCE degradation by Ralstonia sp. 
KNl-IOA. Resistance of strain KNl-1OA against product 
toxicity associated with TCE degradation may involve 
the same mechanisms as those of B. cepacia G4. 

TCE degradation behavior of Ralstonia sp. KNl 
differed markedly depending on the enzyme used. 
Although the initial TCE degradation rate of Ralstonia 
sp. KNl@KTPlOO), which produced PH, was l/50 that 
of Ralstonia sp. KNl(pKTF200); the strain with the 
hybrid aromatic ring dioxygenase, the strain using PH 
continued to degrade TCE for more than 100 h without 
a pronounced reduction in the degradation rate. In 
contrast, the TCE degradation rate of Rafstonia sp. 
KNl(pKTF200) decreased rapidly with time and reached 
almost zero within 5 h. The TCE transformation capac- 
ity (Tc) of Ralstonia sp. KNl(pKTP100) was 2.3 times 
more than that of Ralstonia sp. KNl(pKTF200). These 
results suggest that of these two systems, the combina- 
tion of Ralstonia sp. KNl and PH is better for construct- 
ing a TCE degrader with high Tc. However, Ralstonia 
sp. KNl(pKTP100) was associated with some disadvan- 
tages, such as poor plasmid stability, and it required 
IPTG induction for the expression of TCE degradation 
activity. Therefore, Ralstonia sp. KNl-1OA is better than 
Rafstoniu sp. KNl(pKTP100) as a practical TCE 
degrader. Although the Tc (0.05-0.1 g TCE/g cells) of 
Ralstoniu sp. KNI-IOA was higher than that of mixed 
methanotrophs (0.036g TCE/g cells) (31), it was lower 
than that of a  microorganism that used phenol as a sub- 
strate during TCE degradation (0.31-0.51 g TCE/g cell) 
(56) and that of Methylosinus tr ichosporium OB3b 
(0.29g TCE/g cell) (37). However, these strains with 
high Tc for TCE require an inducer substrate, such as 
phenol or methane, for the expression of TCE degrada- 
tion activity. For this practical reason, Ralstonia sp. 
KNl-1OA is more feasible for TCE treatment of soil and 
groundwater. 

In previously reported TCE degradation tests using 
Pseudomonas sp. expressing the hybrid aromatic ring di- 
oxygenase, the degradation rates rapidly decreased with 
time and reached almost zero within several hours (41). 
One of the four components of the hybrid aromatic ring 
dioxygenase is the large subunit of the terminal dioxy- 
genase of a  multicomponent toluene dioxygenase from 
Pseudomonas putida Fl (40). The rapid decrease in the 
TCE degradation rate was due to product toxicity and 
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occurred during in vivo as well as in vitro degradation 
by toluene dioxygenase of strain Fl (6, 38). Accordingly, 
we suggest that the rapid decline (within a few hours) in 
the TCE degradation rate of Ralstonia sp. KNI that ex- 
presses the hybrid aromatic ring dioxygenase is due to 
product toxicity as well as strain Fl expressing toluene 
dioxygenase. As described earlier in the present report, 
we propose that the intracellular environment of strain 
KNl may protect PH from product toxicity associated 
with TCE degradation. Since TCE degradation by the 
toluene dioxygenase uses a TCE degradation pathway 
different from that of PH (57), such protection in the in- 
tracellular environment may not be available in the case 
of TCE degradation by the hybrid aromatic ring dioxy- 
genase. In addition, we cannot exclude the possibility 
that the transient accumulation of reactive intermediates 
at high concentrations during the rapid TCE degradation 
by the hybrid aromatic ring dioxygenase may cause sig- 
nificant enzyme inactivation. 

5. 

6. 

7. 

8. 

9. 

Our results support the effectiveness of using Rals- 
tonia sp. KNl-1OA for TCE management of soil and 
groundwater. This strain can continue to degrade TCE 
without a rapid decline in the degradation rate, which 
could be caused by product toxicity or NADH depletion. 
In addition, Ralstonia sp. KNl-1OA does not produce 
any noxious metabolites during the degradation process. 
Our recent study revealed that the tat promoter in strain 
KNl-1OA failed to transcribe phyZ, an important gene 
for TCE degradation that is located upstream of the 
other genes required for this process. The nucleotide se- 
quence analysis of Ralstonia sp. KNl-1OA showed that 
the tat promoter was integrated in the middle of phyZ 
(28). Therefore, we expect that a new recombinant strain 
that has a higher TCE degradation ability than strain 
KNl-1OA can be constructed by inserting the tat pro- 
moter upstream of pheZ of KNl, leading to constitu- 
tive expression of all the genes necessary for TCE degra- 
dation. In addition to improving the TCE degradation 
potential of the recombinant Ralstonia sp. KNI, we are 
investigating the behavior of various TCE degraders in 
soil and groundwater. We have already developed 
monitoring methods involving the luxAB gene that en- 
able us to determine the number of recombinant TCE 
degraders present in these natural environments (58). 
The final goal of our efforts is to make the TCE treat- 
ment process using recombinant TCE degraders practical 
for remediation of TCE-contaminated soil and ground- 
water. 
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