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The cometabolic degradation of trichloroethylene (TCE) as a vapor by two aromatic-metabolizing
pseudomonads was evaluated in an airlift reactor. These microorganisms were able to degrade 90 to 95% of
TCE in air at concentrations at the reactor inlet of 300 to 4,000 ,ug/liter. Although exposure of the cells to high
inlet concentrations of TCE (4 mg/liter) caused a decline in enzyme-specific activity and TCE removal
efficiency, this loss in activity could be prevented or delayed by increasing the rate of cosubstrate addition.
Under the appropriate operating conditions, the microorganisms were able to degrade even high concentrations
of TCE and activity of the cells in the reactor could be maintained for periods of at least 2 weeks.

Chlorinated compounds such as trichloroethylene (TCE)
are common contaminants of groundwater and soil. At
Savannah River alone, the U.S. Department of Energy
estimates that approximately 4.4 million kg of TCE contam-
inates soils and groundwater (9). The development of in situ
technologies, such as vapor extraction for soils, can be of
critical value in the economical cleanup of these sites.
However, such processes create air emissions that must be
either trapped or destroyed to prevent atmospheric release.
The object of this work was to demonstrate, on a bench
scale, the successful operation of a vapor-phase biological
reactor for destroying TCE in air emissions created from
contaminant volatilization.
The concept of a vapor-phase bioreactor is that volatile

contaminants can be carried as gases to a degradative
microorganism in an aboveground reactor. This bioreactor
can be used in conjunction with conventional pump-and-
treat methods, as a treatment for off-gases, as a stand-alone
system for destruction of harmful air emissions from point
sources, and as part of integrated bioremediation systems
that include in situ methods or soil vacuum extraction.

It is well documented that certain microorganisms are

capable of degrading TCE and other volatile hydrocarbons
under aerobic conditions, provided an appropriate cosub-
strate is present (1, 3, 10, 15, 20, 23). Processes using these
microorganisms are being developed to remediate soils and
groundwater with both in situ and aboveground approaches
(14, 16, 17).
The use of a biologically based process for the treatment

of contaminants such as TCE in air has not generally been
considered to be practical because of the relatively unfavor-
able partitioning equilibrium between air and water that is
displayed by compounds such as TCE (6, 11). However,
certain reactor-and-microorganism combinations have been
used to remove volatile chlorinated organic compounds from
vapor streams. A 66-liter trickling-bed reactor containing
Hyphomicrobium sp. strain DM20 removes dichloromethane
from air at rates of up to 4.8 g/h for a dichloromethane
conversion of 80 to 95% (8). Vapor-phase TCE has been
degraded in a multiple-segment trickling filter with isoprene-
grown cells of Rhodococcus erythropolis JE77 (19).
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Cometabolic TCE oxidation by certain microorganisms
has been associated with enzyme inactivation and cell tox-
icity (5, 22), resulting in a rapid loss of degradative activity.
While it may be possible to reduce the effects of toxicity or

enzyme inactivation by increasing cell growth with higher
cosubstrate concentrations or feed rates, competitive inhibi-
tion of phenol oxidation has been observed with TCE
concentrations as low as 10 ,uM, and increased cosubstrate
concentrations should inhibit TCE degradation (4). The
identification of operating conditions for a reactor system
that provided sufficient rates of cosubstrate feeding for
sustained degradative activity while minimizing competitive
inhibition of TCE oxidation would provide a basis for the
practical application of this approach to treating TCE-con-
taminated airstreams. We also hypothesized that the rela-
tively hydrophobic nature of microorganisms (enhancing
uptake of TCE) and the high TCE degradation rates dis-
played by some cultures would cause volatile contaminants
to be removed from air more efficiently than might be
predicted on the basis of equilibrium partitioning between air
and water.
The use of vapor-phase bioreactors to treat the off-gas

from air stripping towers or soil vacuum extraction systems
also separates the degradative microorganisms from the
contaminated groundwater. This reactor type has several
advantages, in that a nonindigenous organism is not intro-
duced into the groundwater, the organism can be readily
isolated from predators and competitive microorganisms by
first filtering the air, the low specific heat of air means that
the reactor can be efficiently operated at the optimum
reaction temperature, and the concentration of biomass and
nutrients in the reactor can easily be controlled, since they
are isolated from the contaminated water. Finally, since the
biomass is not washed out of the reactor, simple and efficient
reactor designs such as suspended growth systems can be
used to treat contaminated air.

MATERIALS AND METHODS

A reactor of 3.5-liter liquid volume based on a modified
gas lift loop design (2) was used to study the biodegradation
of vapor-phase TCE. The reactor was constructed of poly-
vinyl chloride tubing 8 cm in diameter and 30 cm long (Fig.
1). The reactor contained a polyvinyl chloride inner baffle to
cause vertical circulation of the nutrient medium and cells.
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FIG. 1. Schematic of air stripper, bioreactor, and sampling sys-
tem. 1, glass wool packing; 2, rotameter; 3, downcomer for air lift
reactor; 4, sintered steel sparging stones; 5, sampling-and-addition
tube; 6, reactor air outlet sampling line; 7, reactor air inlet sampling
line; 8, cosubstrate feed tube; 9, reactor air outlet; 10, vacuum pump
for sampling system.

TCE-contaminated air was fed into the bottom of the reactor
through sintered stainless steel sparging stones to give a fine
bubble dispersion. All fittings and connections were con-
structed of Teflon or aluminum tubing. Leakage of volatile
contaminants such as TCE or perchloroethylene from the
reactor or adsorption to reactor components was determined
to be negligible by operating the reactor in the absence of
biomass and analyzing the concentrations of these com-
pounds at the inlet and outlet before, during, and after the
introduction of a flow of contaminant in the airstream into
the reactor.
The reactor was charged with either Pseudomonas cepa-

cia G4 (15) or Pseudomonas mendocina KR-1 (23) grown in
basal salts medium (7, 18) with phenol or toluene, respec-
tively, as the sole carbon and energy source. The cells were
suspended in the reactor at densities of 5 x 108 to 5 x 109/ml
in basal salts medium, and the pH was controlled at 6.8 to 7.2
by the periodic addition of NaOH. Phenol (15%) (P. cepacia)
or toluene (P. mendocina) was fed as the cosubstrate into the
reactor with a syringe pump to give addition rates of 0.1 to
1.0 g/liter of reactor volume per day. The kinetics of TCE
degradation were determined by introducing TCE into the
reactor in an airstream at various concentrations and airflow
rates and measuring the change in concentration as the air
passed through the reactor.
TCE was introduced into the reactor inlet air by dissolving

TCE in distilled water to a concentration of 1 g/liter. The
TCE-contaminated water was placed in an aluminized Mylar
bag and pumped with a peristaltic pump into an air stripping
tower. The tower was constructed of 5-cm-diameter polyvi-
nyl chloride pipe 50cm long and was packed with glass wool.
The TCE-contaminated water was dripped into the top of the
tower while a metered amount of air (100 to 350 ml/min) was
introduced into the bottom. The TCE-containing air was fed
from the top of the stripper into the bioreactor. The TCE
concentrations in the air could be adjusted by changing the
flow rate of the water entering the stripping tower. This
apparatus gave consistent and reliable TCE-contaminated
airstreams and was able to supply a wide range of concen-
trations.

TCE concentrations in air entering and exiting the reactor
were analyzed by sampling through T fittings attached to the
reactor inlet and outlet. The sampled air was drawn through
Teflon tubing to a Varian 3400 gas chromatograph (GC) fitted
with an electron capture detector. Volatile compounds were
analyzed on a VOCOL (Supelco) capillary column (30 m
long, 0.53-mm internal diameter, 3.0-,um film thickness) run
isothermally at 100°C. TCE standards in methanol were used
to construct a standard curve.
Samples of reactor inlet and outlet air were drawn through

an automatic sampling system on the GC with a vacuum
pump, captured in a 50-,ul sampling loop, and injected into
the GC automatically once every 20 min to 1 h. The
automatic sampling system was composed of an A410 UWT
10-port air-activated valve (Valco Instruments Co., Hous-
ton, Tex.). The valve was controlled by using the autosam-
pler software in the data processor on the Varian GC.
Abiotic losses of TCE in the reactor and sampling system
were monitored by operating the reactor without cells or
with cells that had been killed by the addition of 100 ml of 10
M NaOH. Under these conditions, TCE concentrations at
the reactor inlet and outlet reached equilibrium within 2 h.
Perchloroethylene was used as a nondegradable tracer in
some experiments with live cells. Abiotic losses were deter-
mined to be less than 10%.
Changes in reactor effluent TCE concentrations were

analyzed at a variety of inlet TCE concentrations, airflow
rates, and cosubstrate feed rates for initial cell densities
ranging from 5 x 108 to 5 x 109 cells/ml. TCE degradation at
inlet TCE concentrations of 300 and 600 ,ug and of 1 and 4 mg
per liter was analyzed. Airflow rates were varied between
100 and 350 ml/min. Phenol (15%) was fed into the reactors
at feed rates of 0.1 to 1.0 g/liter of reactor volume per day.
Residual concentrations of cosubstrate or TCE in the reactor
were analyzed by withdrawing and extracting 5 ml of reactor
contents with pentane and analyzing the extract. TCE con-
centrations were determined by injecting a 10-,ul sample of
the pentane extract into the GC. Phenol concentrations in
the pentane extract were analyzed by GC.
For each separate set of conditions, the reactor was

permitted to come to equilibrium, as indicated by stable inlet
and outlet TCE concentrations for at least 5 h. Samples were
taken every 20 min to 1 h until at least 50 inlet and outlet
samples had been analyzed. The operating parameters of the
reactor were then changed to reflect a new set of conditions,
and the reactor was again allowed to come to equilibrium
before the next set of samplings and analysis took place. The
inlet and outlet TCE concentration data were averaged to
give the percent TCE removal.

Phenol hydroxylase specific activity was determined by
assaying whole cells in a phenol hydroxylase assay (4, 12).
Phenol was added at a final concentration of 100 ,uM to a
5-ml suspension of cells at a density of 5 x 108/ml. At 1-min
intervals, 1 ml of the cell suspension was transferred and
residual phenol was detected by the addition of 4-aminoan-
tipyrine and K3Fe(CN)6. The cells were removed by centrif-
ugation before the A500 of the supernatant was measured.
Units of phenol hydroxylase activity are expressed as nano-
moles of phenol oxidized per minute per milligram of whole
cell protein. The density of the cells in the reactor was
monitored by periodically removing a sample of the reactor
contents and measuring the A550 with a Spectronic 20
spectrophotometer. The optical density was correlated with
cells per milliliter by calibrating the spectrophotometer by
using serial dilution plate count methods with P. cepacia.
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TABLE 1. TCE degradation by P. cepacia G4 in a 3.5-liter reactor

Input TCE concn Output TCE concn Cell density Phenol feed Airflow % TCE
(pug/liter of air) (,ug/liter of air) (per ml) (g/liter/day)a (ml/min) removal

4,000 200 1 x 109 0.5 100 94
1,000 120 1 x 109 0.5 100 88
600 54 1 x 109 0.5 100 91
300 12 1 x 109 0.5 100 96
300 15 5 x 109 0.5 100 95
300 15 1 x 109 0.5 100 95
300 45 5 x 108 0.5 100 85
300 9 1 x 109 1.0 100 97
300 15 1 x 109 0.75 100 95
300 21 1 x 109 0.5 100 93
300 24 1 x 109 0.2 100 92
300 30 1 x 109 0.1 100 90
300 120 1 x 109 0.5 350 60
300 33 1 x 109 0.5 175 89

a Grams of phenol fed per liter of reactor volume per day.

Viable cells were also quantitated by serial dilution plate
count methods.

RESULTS

Under the operational conditions described, the microor-
ganism and reactor system were relatively insensitive to the
inlet TCE concentration, cell density, or phenol feed rate
(Table 1). Concentrations of TCE up to 4,000 ,ug/liter of inlet
air were degraded by at least 90%. TCE degradation of 85 to
95% was observed when the cell density was varied from 5 x
108 to 5 x 109 cells per ml and the phenol feed was varied
from 0.1 to 1 g/liter of reactor volume per day. The param-
eter that had the greatest impact on the efficiency of TCE
removal by this reactor system was the rate of inflowing air.
At higher airflow rates, with a fixed TCE concentration, the
percent TCE removal was as low as 60% when the airflow
rate equaled 350 ml (10% of the liquid volume of the reactor)
per min. These results indicate that the efficiency of mass
transfer in this reactor does limit the percent TCE degrada-
tion at higher airflow rates. Although higher flow rates cause
the introduction of greater amounts of TCE into the reactor,
mass transfer is limiting removal efficiency because the
reactor will degrade only 60% of TCE at 100 ,ug per min
when TCE is introduced with an airflow rate of 350 ml/min
but will degrade 94% of TCE at 400 ,ug per min when TCE is
introduced into the reactor in an airstream flowing at 100
ml/min.

P. cepacia G4 and P. mendocina KR-1 both degrade TCE.
We compared the performances of each organism for the
ability to degrade TCE, in the extent of TCE removal, and in
longevity of oxidation activity in the gas lift reactor. Both
bacteria performed equally well in removing greater than
90% of the TCE over a period of 3 days. Phenol is the
cosubstrate for P. cepacia, but toluene must be used as the
cosubstrate for P. mendocina (unpublished data). Toluene is
a less desirable cosubstrate because of its flammability and
greater toxicity; therefore, the majority of experiments were
conducted by using P. cepacia G4 with phenol as the
cosubstrate.

After baseline kinetics were determined and the two
microorganisms were compared, operational parameters af-
fecting reactor performance were evaluated. The goal of this
evaluation was to identify operating conditions that would
achieve optimum TCE removal with minimum cosubstrate
feeding while maintaining reliability of the degradative reac-

tion. TCE was fed into the reactor inlet at different concen-
trations and airflow rates, and percent removal was mea-
sured over time. Optimum TCE removal efficiency at
minimum cosubstrate feed for P. cepacia was established to
be 300 ,ug/liter of TCE inlet feed at an airflow rate of 100
ml/min with a phenol feed rate of 0.1 g/liter/day. Figure 2
shows that greater than 90% TCE removal efficiency was
maintained for a period of 5 days under these operating
conditions. However, the activity of the microorganisms
against TCE declined rapidly between days 5 and 8. This
coincided with a large decline in phenol hydroxylase specific
activity over the course of the experiment. A reactor oper-
ated under identical conditions of phenol feeding and airflow
with no TCE in the inlet air displayed no loss of enzyme
activity over the same period (data not shown).
The inactivation of phenol hydroxylase in the reactor

could be accelerated by increasing the concentration of TCE
in the inlet airstream while keeping the phenol feed rate and
cell density constant. TCE degradation efficiency was mea-
sured over 42 h with a TCE inlet concentration of between
3,000 and 4,000 ,ug/liter of inlet air flowing at 100 ml/min. The
bacterium could degrade even this high level of TCE in the
air with removal efficiencies of between 90 and 95% for 24 h.
After this time, the TCE removal efficiency declined rapidly
within a few hours. A corresponding loss of phenol hydrox-
ylase activity was also observed. This illustrates the neces-
sity for balancing the cell density and cosubstrate feed rate
with the inlet concentrations of TCE. At lower TCE concen-
trations and the appropriate cosubstrate feed rate, the reac-
tor could be operated for extended periods.
Once optimum removal efficiency had been established,

the longevity of the degradative activity over time was
evaluated. TCE degradation by P. cepacia could be main-
tained for 14 days with an inlet TCE concentration of 450 to
500 ,ug/liter of air at a 100-ml/min flow. Greater than 95%
removal of TCE in the inlet air was observed while the
reactor was operated with a phenol feed rate of 0.2 g/liter
day. The microorganism-reactor combination degraded 800
to 900 mg of TCE over the course of the 14-day experiment,
while consuming 2.8 g of phenol. In another set of experi-
ments performed under similar conditions, the activity of the
microorganism could be maintained for periods in excess of
30 days (data not shown).

P. cepacia also appeared to be relatively robust in its
resistance to transient high concentrations of TCE in the

VOL. 60, 1994



288 ENSLEY AND KURISKO

V-a

C)
-0

0o-a

0--

._ c

O
0 0

X

O0.

U_='
O
C

Q <S
C
._ _

_L
.n7

0 1 2 3 4 5 6 7 8

DAY
FIG. 2. TCE degradation with minimum cosubstrate feed. A bioreactor containing P. cepacia was fed 0.1 g of phenol per liter of volume

per day. Airflow was 100 ml/min, initial biomass density was 1 x 109 cells per ml, and inlet TCE concentration was 300 to 350 pLg/liter of air.
Reactor performance was monitored for 8 days. 0, percent TCE removal (% deg.); 0, phenol hydroxylase specific activity (ph. act.).

form of inlet spikes deliberately introduced into the reactor
by increasing the rate of TCE-contaminated water fed into
the air stripper (Fig. 3). The steady-state concentration of
TCE at the inlet of the reactor was maintained at approxi-
mately 350 ,ug/liter of air. On five occasions over a 7-day
period, the inlet TCE concentration was increased to as
much as 10 mg of TCE per liter of air for 1 to 6 h. The inlet
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TCE concentration was then returned to the steady-state
value. The microorganism maintained TCE removal efficien-
cies in the range of 90 to 95% for the 7-day interval. The
high-concentration TCE spikes were degraded by at least
95%. After 7 days of operation with five high-concentration
episodes, the reactor performance declined to approximately
50% TCE removal, with efficiency gradually improving until

1 3

DAY
FIG. 3. Effects of TCE shocks on degradation. A reactor containing P. cepacia operated under conditions described in the legend for Fig.

2, with a phenol feed rate of 0.2 g/liter/day, was exposed to transient high TCE concentrations in the inlet air. Performance was monitored
for 13 days. El, inlet TCE concentrations; *, outlet TCE concentrations.
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90 to 95% degradation was again measured by day 10. At the
end of this experiment, the microorganisms were killed by
the addition of 100 ml of 10 M NaOH and the outlet
concentration of TCE increased to the same concentration
as the inlet concentration (data not shown), demonstrating
that biological activity is necessary for the observed reduc-
tions in TCE concentration.

DISCUSSION

Both P. cepacia and P. mendocina display characteristics
that make them useful as a means to degrade TCE in a
vapor-phase reactor system. These cultures could remove 90
to 95% of the TCE introduced under most conditions of
airflow rates and TCE concentrations tested. Cosubstrate
feed did not appear to cause competitive inhibition of TCE
degradation. These reactors did not completely eliminate
TCE from the airstream: 5 to 10% of the TCE escaped from
the reactor outlet.
Under certain conditions of reactor operation, loss of TCE

removal and phenol hydroxylase specific activity was ob-
served within 1 to 5 days. The deleterious effects on cell
viability or enzyme specific activity caused by TCE oxida-
tion have been observed with both Pseudomonas putida Fl
(21, 22) and Methylosinus trichosporium (5). It has been
hypothesized that toxic or reactive intermediates produced
during the degradation of TCE cause inactivation of the
catalytic enzyme(s). Apparently, phenol hydroxylase activ-
ity in P. cepacia G4 decreases until, below a threshold value,
the extent of TCE removal is also affected. We have found
that increasing the cosubstrate feed rate prevents this loss in
enzyme specific activity. Increased cosubstrate feeding may
cause an increase in the synthesis of phenol hydroxylase.
The TCE removal efficiency of this reactor decreased to

about 60% when the airflow rate was increased to 350 ml
(10% of the total liquid reactor volume) per min. This may be
due to inefficiencies of mass transfer and not the biodegra-
dative capacity of the cells. Since this reactor design uses
rising bubbles to generate agitation and no attempts were
made to increase bubble retention time or reduce bubble
coalescence, this reactor is not a highly efficient mass
transfer device. Further reactor improvements, such as the
addition of an agitation system to increase shear in the
reactor and the retention time of the bubbles, may improve
mass transfer characteristics and allow the same volume of
cells to treat a much larger volume of air.
The concentrations of residual TCE, phenol, and potential

TCE metabolites in the reactor fluid were analyzed periodi-
cally during each run. At no time were any detectable levels
of TCE or phenol found in the reactor contents unless the
cells had lost degradative activity. No TCE degradation
intermediates could be detected by GC analysis under the
conditions used.
The oxidation of TCE by organisms such as P. cepacia or

P. mendocina results in the liberation of 3 mol of chloride
per mol of TCE degraded (23). This was manifested during
the reactor runs by a constant decrease in pH that was
adjusted when necessary with sodium hydroxide, causing an
accumulation of NaCl in the reactor over time. We have
preliminary data concerning the operation of these reactors
for periods in excess of 30 days without any deleterious
effects on the cells caused by the accumulation of sodium
chloride or unidentified TCE metabolites in the reactor.
The results presented here are promising for commercial

applications of a biological treatment system for TCE in air.
Microorganisms were used for the degradation of a non-

growth substrate with cosubstrate feeding that did not mea-
surably interfere with degradation and maintained biological
activity. Relatively high concentrations of the contaminant
were rapidly degraded, and problems of enzyme inactivation
could be overcome by adjusting the cosubstrate feed rate.
Although only TCE was tested in this reactor, along with
perchloroethylene, which was not degraded, the activity of
aromatic-degrading microorganisms against other chlori-
nated compounds such as dichloroethylene and vinyl chlo-
ride has been documented (13). We suspect that this reactor-
and-microorganism combination can be adapted to treat air
streams containing a mixture of chlorinated alkenes, as is
often found at contaminated sites.

ACKNOWLEDGMENTS

Part of this work was performed under the auspices of the U.S.
Department of Energy and Argonne National Laboratory under
contract W-31-109-Eng-38.
We thank Kathy Bodden, Monica Rivera, and Debbie Fugill for

assistance in preparing the manuscript.

REFERENCES
1. Arciero, D., T. Vannelli, M. Logan, and A. B. Hooper. 1989.

Degradation of trichloroethylene by the ammonia-oxidizing bac-
terium Nitrosomonas europaea. Biochem. Biophys. Res. Com-
mun. 159:640-643.

2. Blenke, H. 1987. Process engineering contributions to bioreactor
design and operation, p. 69-92. In H. Chemiel, W. P. Hammes,
and J. E. Bailey (ed.). Biochemical engineering. Gustav Fischer
Verlag, Stuttgart, Federal Republic of Germany.

3. Fogel, M. M., A. R. Taddeo, and S. Fogel. 1986. Biodegradation
of chlorinated ethenes by a methane-utilizing mixed culture.
Appl. Environ. Microbiol. 51:720-724.

4. Folsom, B. R., P. J. Chapman, and P. H. Pritchard. 1990. Phenol
and trichloroethylene degradation by Pseudomonas cepacia G4:
kinetics and interactions between substrates. Appl. Environ.
Microbiol. 56:1279-1285.

5. Fox, B. G., J. G. Borneman, L. P. Wackett, and J. D. Lipscomb.
1990. Haloalkene oxidation by the soluble methane monooxy-
genase from Methylosinus trichosporium OB3b: mechanistic
and environmental implications. Biochemistry 29:6419-6422.

6. Gossett, J. M. 1987. Measurement of Henry's law constants for
Cl and C2 chlorinated hydrocarbons. Environ. Sci. Technol.
21:202-208.

7. Hareland, W., R. L. Crawford, P. J. Chapman, and S. Dagley.
1975. Metabolic function and properties of 4-hydroxyphenylace-
tic acid 1-hydroxylase from Pseudomonas acidovorans. J. Bac-
teriol. 121:272-285.

8. Hartmans, S., and J. Tramper. 1991. Dichloromethane removal
from waste gases with a trickle-bed bioreactor. Bioprocess Eng.
6:83-92.

9. Hazen, T. C. 1991. Test plan for in situ bioremediation demon-
stration of the Savannah River integrated demonstration
project. Publication WSRC-RD-91-23, DOE/OTD TTP no.
SR0566-01 (U). Westinghouse Savannah River Company,
Aiken, S.C.

10. Little, C. D., A. V. Palumbo, S. C. Herbes, M. E. Lidstrom,
R. L. Tyndall, and P. J. Gilmer. 1988. Trichloroethylene bio-
degradation by a methane-oxidizing bacterium. Appl. Environ.
Microbiol. 54:951-956.

11. MacKay, D. M., and W. Y. Shiu. 1981. A critical review of
Henry's law constants for chemicals of environmental interest.
J. Phys. Chem. Ref. Data 10:1175-1199.

12. Martin, R. W. 1949. Rapid colorimetric estimation of phenol.
Anal. Chem. 21:1419-1420.

13. Nelson, M. J., A. W. Bourquin, and P. H. Pritchard. March
1990. Biodegradation of chloroethylene compounds. U.S.
patent 4,959,315.

14. Nelson, M. J., N. V. Kinsella, and T. Montoya. 1990. In situ
biodegradation of TCE contaminated groundwater. Environ.
Prog. 9:190-196.

VOL. 60, 1994



290 ENSLEY AND KURISKO

15. Nelson, M. J. K., S. 0. Montgomery, E. J. O'Neill, and P. H.
Pritchard. 1986. Aerobic metabolism of trichloroethylene by a
bacterial isolate. Appl. Environ. Microbiol. 52:383-384.

16. Phelps, T. J., J. J. Niedzielski, R. M. Schram, S. E. Herbes, and
D. C. White. 1990. Biodegradation of trichloroethylene in con-
tinuous-recycle expanded-bed bioreactors. Appl. Environ. Mi-
crobiol. 56:1702-1709.

17. Semprini, L., P. V. Roberts, G. D. Hopkins, and P. L. McCarty.
1990. A field evaluation of in-situ biodegradation of chlorinated
ethenes. Part 2. The results of biostimulation and biotransfor-
mation experiments. Groundwater 28:715-727.

18. Stanier, R. Y., N. J. Palleroni, and M. Duodoroff. 1966. The
aerobic pseudomonads: a taxonomic study. J. Gen. Microbiol.
43:159-271.

19. Uwers, J., W. Clemens, and H.-J. Knackmuss. 1991. Biodegra-
dation of chloroethanes using isoprene as cosubstrate, p. 77-83.
In Proceedings of the International Symposium on Environmen-

APPL. ENVIRON. MICROBIOL.

tal Biology, April 22 to 25. Symposium on Environmental
Biology, Oostende, Belgium.

20. Wackett, L. P., G. A. Brusseau, S. R. Householder, and R. S.
Hanson. 1989. Survey of microbial oxygenases: trichloroethyl-
ene degradation by propane-oxidizing bacteria. Appl. Environ.
Microbiol. 55:2960-2964.

21. Wackett, L. P., and D. T. Gibson. 1988. Degradation of trichlo-
roethylene by toluene dioxygenase in whole-cell studies with
Pseudomonas putida Fl. Appl. Environ. Microbiol. 54:1703-
1708.

22. Wackett, L. P., and S. R. Householder. 1989. Toxicity of
trichloroethylene to Pseudomonas putida Fl is mediated by
toluene dioxygenase. Appl. Environ. Microbiol. 55:2723-2725.

23. Winter, R. B., K.-M. Yen, and B. D. Ensley. 1989. Efficient
degradation of trichloroethylene by a recombinant Escherichia
coli. Bio/Technology 7:282-285.


