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A bioluminescent reporter strain, Ralstonia eutropha ENV307(pUTKG60), was constructed for the detection of
polychlorinated biphenyls by inserting the biphenyl promoter upstream of the bioluminescence genes. In the
presence of a nonionic surfactant, which enhances the solubility of chlorinated biphenyls, bioluminescence was
induced three- to fourfold over background by biphenyl, monochlorinated biphenyls, and Aroclor 1242. The
minimum detection limits for these compounds ranged from 0.15 mg/liter for 4-chlorobiphenyl to 1.5 mg/liter

for Aroclor 1242.

Due to the long-term persistence of polychlorinated biphe-
nyls (PCBs) in the environment and the continuing interest in
microbial PCB biodegradation, the construction of a reporter
strain for the detection of PCBs is warranted. Bioluminescent
reporter strains have been used to study genetic regulation of
metabolic operons (6, 15, 28) and also have potential environ-
mental applications, such as for detecting specific organic and
inorganic pollutants (2, 11, 32) and for monitoring organisms
in the field (29, 35). Bioluminescent reporter strains have been
developed by creating appropriate lux transcriptional fusions
with promoters or operons regulated by specific chemical
agents or their pathway intermediates.

The major aerobic pathway for PCB degradation is via the
biphenyl operon which converts the biphenyl/chlorobiphenyl
compound to benzoic acid or the corresponding chlorobenzoic
acid (CBA) (10). The enzymes encoded by some biphenyl
operons are also capable of cometabolizing many of the more
highly chlorinated biphenyls found in PCB mixtures, such as
Aroclor 1242. In this well-studied catabolic pathway, the reg-
ulatory unit may be an open reading frame (orf0) which is
upstream of the bphA gene in the strains Burkholderia cepacia
(16) (formerly Pseudomonas sp.) LB400 (7) and Pseudomonas
pseudoalcaligenes KF707 (10, 14). In Rhodococcus sp. strain
MS, the biphenyl operon is proposed to be under a two-com-
ponent regulatory system (17) as is found in the closely related
toluene dioxygenase pathway (21).

One of the limitations in the degradation of PCBs may be
their low bioavailability due to their low aqueous solubility
(34). In other applications, surfactants have been used to en-
hance the solubility of hydrophobic organic compounds includ-
ing polycyclic aromatic hydrocarbons and PCBs (1, 23, 25, 36).
In this study, nonionic surfactants were used to enhance the
solubility of PCBs in order to minimize the effect of differences
in aqueous solubilities of PCB congeners on the induction of
the PCB operon.

Construction of bioluminescent strains. The biphenyl/PCB-
bioluminescent reporter strain was made by cloning a 2.8-kb
EcoRI fragment containing the orf0-bphA1 genes from plasmid
C14-15 (22) into a promoterless lux cassette (luxCDABE) from
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Vibrio fischeri carried on a broad-host-range vector pUCD615
(28) to create pUTKG60. The orf0-bphAl genes used in this
construct were derived from the PCB-degrading strain Ralsto-
nia eutropha ENV307 (19) (partial 16S rRNA gene sequence
deposited as GenBank accession no. AF092087) (Envirogen,
Inc., Lawrenceville, N.J.). The complete biphenyl operon from
R. eutropha ENV307 has been cloned and expressed in other
bacterial strains (19, 20). This operon is nearly identical to the
biphenyl operon from B. cepacia LB400 based on restriction
enzyme analysis (18, 19), the range of PCB congeners metab-
olized (18, 19, 20, 23), and partial sequencing of the orf0-bphAl
region (the DNA sequence is >94% similar [unpublished
data]). Plasmid pUTK60 was transformed into competent
Escherichia coli DH5a cells (Gibco BRL, Gaithersburg, Md.)
and mated from E. coli into ENV307 by triparental mating by
using plasmid pRK2073 (9) and a filter mating technique (2).
Transconjugants were selected on phosphate-buffered minimal
salts medium (PAS) agar plates (3, 19) containing 250 pg of
kanamycin per ml and 500 pg of ampicillin per ml, with biphe-
nyl supplied as a vapor as the sole carbon source. A control
strain, ENV307(pUTK2), was created to measure potential
toxic effects of the test compounds on ENV307 by mating E.
coli (pUTK2) with strain ENV307 and selecting for tetracy-
cline resistance and the ability to grow on biphenyl. Plasmid
pUTK?2 is an Inc PP plasmid with the bioluminescence genes
inserted into a genetic region involved in plasmid replication
and transfer (5). This plasmid produces continuous biolumi-
nescence in several different host strains (13, 24) and has been
used to measure acute chemical toxicity, which results in a
reduction of bioluminescence (13, 24).

The experimental strain ENV307(pUTKG60) and the control
strain ENV307(pUTK2) were grown in 25 ml of PAS medium
(3) with 40 mM pyruvate as the carbon source. Ampicillin (500
wg/ml) and kanamycin (250 pg/ml) were added to ENV307
(pUTKG60), and tetracycline (12.5 pg/ml) was added to
ENV307(pUTK?2). Both strains were grown in shake cultures
at 26°C to an optical density at 600 nm of approximately 0.5 to
1.0. The cells were centrifuged at 12,000 X g for 10 min,
washed twice with 20 ml of PAS medium, and resuspended in
PAS medium to an optical density of 600 nm of approximately
1.5.

Solutions of biphenyl, monochlorinated biphenyls (CB), and
the PCB mixture Aroclor 1242 were prepared as 10,000-mg/
liter stock solutions in acetone. Appropriate amounts of the
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D. Control strain ENV307 (pUTK2)
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FIG. 1. Response of bioluminescent strain ENV307(pUTKG60) and control strain ENV307(pUTK2) to biphenyl and CBs, Aroclor 1242, and benzoic acid and CBAs
after 2 h of incubation. ppm, parts per million. cpm, counts per minute based on photon counting.

stock solutions were put in 200-ml bottles, the acetone was
evaporated, and 100 ml of a 1% surfactant solution (polyoxy-
ethylene 10 lauryl ether [Pol]) was added to make 800 mg of
Aroclor 1242 per liter in 1% Pol and 500 mg of CB or biphenyl
per liter in 1% Pol. The concentrations of CBs and Aroclor

1242 in these solutions were determined by gas chromatogra-
phy-electron capture detection analysis as previously described
(19). The biphenyl concentration was determined by gas chro-
matography-flame ionization detection analysis as previously
described (20).
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TABLE 1. Maximum induction and minimum detection of
bioluminescence for the PCB reporter strain ENV307(pUTKG60)

Minimum detection limit

Compound Maximum induction *= SD* (mg/liter) = SD”
Biphenyl 43 £ 1.3 0.29 £ 0.15
2-CB 3.6 = 1.0° 0.40 = 0.3
3-CB 33 £0.3° 0.83 £0.3
4-CB 4.8 + 1.6¢ 0.15 £ 0.1
Aroclor 1242 33 =087 1.5 =07

“ Fold increase is the increase in bioluminescence at a substrate concentration
relative to the control without substrate. These values are the averages for three
or more experiments.

? The minimum detection limit was determined from the linear regression of
bioluminescence versus the substrate concentration from 0 to 5 mg/liter. The
minimum detection value was calculated as the concentration resulting in a
1.5-fold increase. These values are the averages for three experiments.

¢ Maximum induction was measured at 5 mg/liter.

4 Maximum induction was measured at 10 mg/liter.

Solutions of 2-, 3-, and 4-CBA were prepared as 10,000-mg/
liter stock solutions in dimethyl sulfoxide. Appropriate amount
of the stock solutions were put into 200-ml bottles, the di-
methyl sulfoxide was evaporated, and 500 ml of a 1% Pol
solution prepared in PAS medium was added. The stock solu-
tions were adjusted with 5 N NaOH to obtain a pH of 7.
Sodium benzoate was prepared as a 10,000-mg/liter solution in
water and then diluted to 500 mg/liter in 1% Pol. The benzoic
acids were neutralized to prevent toxic responses associated
with the acidic nature of these compounds (27).

A series of 1:2 dilutions in 1% Pol were made for each test
compound, and 40-pl samples were added to the wells of a
Microfluor B (Dynex Technologies, Chantilly, Va.) flat-bottom
plate, along with a 160-ul solution of cells from either the
experimental or control strain. Bioluminescence production in
the sample wells was determined hourly for 6 h with a model
1450 Microbeta Plus Liquid Scintillation Counter (Wallac,
Gaithersburg, Md.). Bioluminescence measurements were as-
sayed as photon counts per minute in each sample. The level of
induction at each time point was based on the comparison of
bioluminescence of the bacteria in wells with test substrate
versus the bioluminescence of the bacteria in wells with no test
substrate. This was done to normalize the data for increases in
bioluminescence due to cell growth. In each sample well, the
final concentration of Pol was 0.2%. This concentration of
surfactant was not toxic to strain ENV307.

Bioluminescent responses to biphenyl and CBs. The biolu-
minescent responses of ENV307(pUTKG60) to biphenyl and
CBs were specific and sensitive (Fig. 1A; Table 1). The highest
bioluminescent responses occurred when ENV307(pUTKG60)
was incubated with 4-CB followed by incubation with biphenyl.
The high bioluminescent response to 4-CB generally began
after 2 h of incubation and lasted for 2 to 3 h whereas the
bioluminescent response to biphenyl generally began after 1 h
and lasted for only 1 to 2 h. 4-CB and biphenyl were detected
at concentrations lower than those for 2-CB, 3-CB, or Aroclor
1242, with a 1.5-fold induction in bioluminescence of ENV307
(pUTKG60) occurring at <0.3 mg/liter for the two compounds
(Table 1). No significant bioluminescent responses were seen
when control strain ENV307(pUTK2) was exposed to biphenyl
and CBs (Fig. 1D).

The potential for the induction of the biphenyl operon by
PCB mixtures was tested with Aroclor 1242 (Fig. 1B).
ENV307(pUTK60) showed a greater-than-threefold induction
of bioluminescence with exposure to 10 mg of Aroclor 1242 per
liter (Table 1; Fig. 1B), whereas there was no bioluminescent
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response by control strain ENV307(pUTK2) in the same con-
centration range (Fig. 1E). This induction response is some-
what unexpected because PCB degradation is generally con-
sidered cometabolic and the growth substrates, biphenyl or
CBs, were not included in the test mixture. The response of
ENV307(pUTKG60) to the PCB mixture Aroclor 1242 was en-
hanced by surfactant solubilization of the PCBs since the aque-
ous solubility of Aroclor 1242 is <1 mg/liter (26), and in these
experiments bioluminescence increased with an Aroclor 1242
concentration of up to 10 mg/liter.

Bioluminescent responses to benzoic acid and CBAs. The
effect of benzoic acid and CBAs on the biphenyl promoter was
tested because benzoic acids inhibit PCB degradation (4, 8, 12,
31, 33) (Fig. 1C). In strain ENV307(pUTK®60), benzoic acid
and 3-CBA reduced bioluminescence 2.5-fold at concentra-
tions greater than 12.5 mg/liter, whereas 2-CBA and 4-CBA
had no effect on the biphenyl operon (Fig. 1C). These biolu-
minescent responses to benzoic acid and 3-CBA were not likely
to be acute toxicity responses because decreases in biolumi-
nescence were not seen for the control strain ENV307(pUTK2)
(Fig. 1F).

Summary. The results of these experiments with the biphe-
nyl-bioluminescent reporter strain are consistent with other
findings regarding the effect of biphenyl on aerobic PCB-de-
grading bacteria in that a specific induction response was seen
with biphenyl. Benzoic acid, the product of the biphenyl deg-
radation pathway, was shown to repress bioluminescence in the
reporter strain. This is consistent with the findings of studies
which demonstrate the negative effect of benzoic acid on PCB
degradation (8, 12, 31). Compared to benzoic acid and 3-CBA,
2-CBA and 4-CBA did not repress bioluminescence in the
reporter strain. This result may explain why bioluminescence
induction by 4-CB extended over a longer period than biolu-
minescence induction by biphenyl.

The bioluminescent responses of the ENV307(pUTKG60) re-
porter strain supports the hypothesis that the promoter region
and a putative regulator gene (orf0) are upstream of the bphAIl
gene in the B. cepacia LB400 and P. pseudoalcaligenes KF707
biphenyl operons as proposed by other investigators (7, 14).
However, the role of orf0 in the regulation of the biphenyl
operon is unclear because the translated orf0 regions from
these two organisms are not closely related to other known
regulatory proteins and show only 80% homology to each
other (14). The creation of additional bioluminescent reporter
strains with smaller portions of the promoter region of the
biphenyl operon may provide additional information on the
regulation of the biphenyl operon. Sensor modules, such as
those being created for other bioluminescent reporter strains,
may eventually allow online detection of PCB contaminants
(30).
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