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The choice of reporter genes for toluene bacterial biosensors to determine BTEX bioavailability is case-specific.
Abstract
Environmental pollution with petroleum products such as benzene, toluene, ethylbenzene, and xylenes (BTEX) has garnered increasing
awareness because of its serious consequences for human health and the environment. We have constructed toluene bacterial biosensors com-
prised of two reporter genes, gfp and luxCDABE, characterized by green fluorescence and luminescence, respectively, and compared their abil-
ities to detect bioavailable toluene and related compounds. The bacterial luminescence biosensor allowed faster and more-sensitive detection of
toluene; the fluorescence biosensor strain was much more stable and thus more applicable for long-term exposure. Both luminescence and fluo-
rescence biosensors were field-tested to measure the relative bioavailability of BTEX in contaminated groundwater and soil samples. The es-
timated BTEX concentrations determined by the luminescence and fluorescence bacterial biosensors were closely comparable to each other. Our
results demonstrate that both bacterial luminescence and fluorescence biosensors are useful in determining the presence and the bioavailable
fractions of BTEX in the environment.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Environmental pollution with petroleum products has gar-
nered increasing awareness because of its serious conse-
quences for human health and the environment. Of particular
concern for drinking water quality is the more-water-soluble
aromatic components, such as benzene, toluene, ethylbenzene,
and xylenes (BTEX) from petroleum products. The detection
of these compounds is thus of paramount importance to public
and government agencies responsible for monitoring and
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cleaning up contaminated sites. Therefore, it is necessary to de-
velop sensitive, reliable, effective, and inexpensive methods
which can efficiently determine the presence and amounts of
hazardous aromatic compounds in the environment so that
they can be monitored. Traditionally, the environmental risks
caused by pollution of aromatic compounds were determined us-
ing conventional analytical methods such as high-performance
liquid chromatography (HPLC) or gas chromatography-mass
spectrometry (GC-MS). However, chemical methods are not
able to distinguish between available (potentially hazardous)
and non-available (potentially non-hazardous) fractions of or-
ganic compounds to biological systems. This is of particular
interest with respect to solid environments, e.g., soils, because
of the great adsorption capability of organic compounds to
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solid phases. Moreover, the main drawback of chemical
methods is the question of the transfer of results obtained
from abiotic systems to biological ones.

Recent advances in bacterial-based biosensors with induc-
ible reporter genes allowed their expanded application to envi-
ronmental monitoring purposes to assess the bioavailability of
specific pollutants in complex environments. A number of
strains have been designed to detect organic contaminants
(Applegate et al., 1998; Willardson et al., 1998; Stiner and
Halverson, 2002). Such strains typically combine a pro-
moter-operator, which acts as the sensing element, with one
or more reporter genes coded for easily detectable proteins.
Commonly used reporter genes include lacZ, gfp, lucFF,
luxAB, and luxCDABE. Among these, use of the entire
luxCDABE gene cassette has been extensive because such a
reporter does not require the addition of an exogenous sub-
strate for signal production. Unlike luciferase, b-galactosidase,
and similar enzyme-based reporter systems, a fluorescent pro-
tein, such as the green fluorescent protein (GFP), is detected
by its presence and not by its activity, and it requires no exog-
enous substrates or cofactor for signal production. Although
different reporter genes have been widely studied, few studies
have examined differences in reporter genes in whole-cell
sensor bacteria. Moreover, in most studies, growth conditions
or genetic constructs were not identical, which makes direct
comparison of the reporters impossible (Hansen and Sørensen,
2000; Sagi et al., 2003).

In this report, we engineered toluene bacterial biosensors
comprised of two reporter genes, gfp and luxCDABE, which
are respectively characterized by green fluorescence and lumi-
nescence, for the detection of bioavailable toluene and related
compounds, and characterized their sensitivities and specific-
ities to the target compounds. This bacterial biosensor is based
on a plasmid incorporating the transcriptional activator, xylR,
from the TOL plasmid carried by the toluene-degrading soil
microbe, Pseudomonas putida mt-2 (Burlage et al., 1989).
The XylR protein binds to toluene and related compounds
and activates transcription at its promoter, Pu. A reporter plas-
mid was constructed by inserting the reporter gene under the
control of toluene-responsive regulatory units (XylR and
Pu). Cells harboring this construct detected toluene and its re-
lated compounds with high sensitivity. We compared the per-
formance of the bacterial luciferase operon (Vibrio fischeri
luxCDABE ) and the jellyfish GFP (Aequorea victoria gfp) in
identical constructs. Moreover, the use of both bacterial bio-
sensors to measure bioavailable fractions of BTEX in contam-
inated environmental samples was described. The results
obtained in this report should help in selecting the most suit-
able reporter genes for use in whole-cell bacterial sensors to
analyze the bioavailability of pollutants in the environment.
2. Materials and methods
Fig. 1. Schematic organization of the biosensor plasmids. Abbreviations: kanr,
2.1. Chemicals

gene encoding kanamycin resistance; Ampr, gene encoding ampicillin resis-

tance; gfp, green fluorescent protein gene; luxCDABE, genes of bacterial lucif-

erase operon. The diagram is not drawn to scale.
Unless otherwise stated, all chemicals used were analytical reagent grade

or better and were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All media and buffer solutions were prepared using deionized distilled water

(Barnstead, Dubuque, IA, USA). Restriction endonucleases and T4 DNA

ligase were supplied from New England Biolabs (Beverly, MA, USA).

The DNA polymerase used in the polymerase chain reaction (PCR) was

from Qiagen (Hilden, Germany).
2.2. Construction of the biosensor plasmid
The toluene biosensor plasmid was constructed by transcriptional fusion.

For plasmid containing gfp as the reporter gene, the Pu promoter was amplified

from DNA purified from P. putida mt-2 by PCR using the forward primer 50-
CCGGAATTCGGAAAGCGCGATGAAC-30, containing an EcoRI site, and

a reverse primer, 50-CGCGGATCCGACTCCAGGCGTAACG-30, containing

a BamHI site. Subsequently the Pu promoter sequence was inserted into the

EcoRI and BamHI sites of the promoterless pPROBE-NT0 vector (Miller

et al., 2000). The xylR gene, including its promoter (Pr), was also PCR-ampli-

fied using the forward primer 50-CCGACCGGTATTTTAATGTGGGCT

GCTTGGT-30 and the reverse primer 50-CGCACCGGTTTTTCACACAACC

TGGGGCG-30, both of which contain an AgeI site. The xylR amplicon and

the plasmid with the Pu insert were digested with AgeI, after which the two

were ligated together and then transformed into Escherichia coli DH5a cells

to produce the final pTOLGFP plasmid construct (see Fig. 1A).

For the plasmid containing luxCDABE as the reporter gene, the recombi-

nant plasmid pTOLLUX (Fig. 1B), was constructed analogously to that of

pTOLGFP except for the following: the Pu promoter sequence was inserted
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into the EcoRI and BamHI sites of the promoterless pUCD615 vector (Rogow-

sky et al., 1987) and the xylR amplicon was PCR-amplified with primers

containing an XbaI site.
2.3. Bacterial growth and assay conditions
E. coli DH5a cells harboring pTOLGFP or pTOLLUX were grown in Lu-

ria-Bertani (LB) broth, in the presence of either kanamycin (50 mg ml�1) or

ampicillin (100 mg ml�1) to ensure plasmid maintenance. Overnight cultures

were diluted 100-fold into fresh medium supplemented with kanamycin or am-

picillin and incubated at 37 �C in an orbital shaker at 225 rpm until the optical

density at 600 nm (OD600) reached 0.6. The cultures were then added to 180-

ml aliquots in tetraplicate wells of a 96-well plate (Thermo Labsystems, Hel-

sinki, Finland), already containing 20 ml of the appropriate concentration of

the tested inducer in LB. The plates were then placed in a temperature-con-

trolled microtiter plate luminometer/fluorometer (Thermo Labsystems, Hel-

sinki, Finland), and the luminescence/fluorescence was measured at intervals

for the duration of the experiment. Viable cell numbers (colony forming

unit, CFU) and the luminescence and fluorescence intensities produced by

the bacteria were also measured. For fluorescence measurements, GFP was ex-

cited at 485 nm and measured at 535 nm. Raw fluorescence and biolumines-

cence intensities were expressed in the instrument’s arbitrary relative units

(RFU or RLU, respectively). The specific fluorescence intensity (SFI) and spe-

cific bioluminescence intensity (SLI) are defined as RFU or RLU, respectively,

divided by the viable cell numbers (CFU) measured at each concentration and

time point. Induction ratios (IRs) were calculated using the formula IR ¼ Li/Lb;

where Li is the fluorescence (in SFI) or luminescence (in SLI) value of the

sample, and Lb is the fluorescence (in SFI) or luminescence (in SLI) value

of cells in a solution containing no inducer (blank). All experiments were car-

ried out with four replicates and were repeated at least three times. Variations

among the four replicates and between different experiments did not exceed

5% and 15%, respectively.
2.4. Selectivity studies
Induction of the sensing system by various aromatic compounds, including

toluene, naphthalene, o-xylene, p-xylene, catechol, ethylbenzene, phenol, ace-

tophenone, and benzaldehyde, was studied by measuring the fluorescence and

luminescence produced. Each aromatic compound was dissolved in ethanol

and added to media containing the bacterial sensor culture at a final concen-

tration of 1 mmol L�1. Cells were incubated for 2 h at 37 �C, and then the

SFI and SLI were measured as described above. At least three independent

experiments were performed for each kind of organic compound.
2.5. Testing of contaminated soil samples with the bacterial
biosensors
Contaminated groundwater and soil samples were obtained from Lin-Yuan

Industrial Park, Kaohsiung, Taiwan in December 2005. Contaminated soil

samples were extracted with deionized water. The soil-water extract was pre-

pared by mixing air-dried soil with deionized water using a soil-water ratio of

1:9 (w/v) (Layton et al., 1994; Flynn et al., 2003). Subsequently, the suspen-

sions were shaken at room temperature for 24 h, followed by centrifugation at

13,000 � g for 10 min, and then the supernatants were used for chemical and

biosensor analyses.

For chemical analysis, concentrations of toluene in groundwater and in wa-

ter extracts of soil samples were determined by GC-MS (Hewlett-Packard

HP6890/HP5973, Palo Alto, CA, USA). For the biosensor analysis, 250 ml

of groundwater or soil water extract was added to 250 ml of 6� concentrated

LB medium, 265 ml of deionized distilled water, and 735 ml of E. coli DH5a

cells harboring pTOLGFP or pTOLLUX in LB medium at a cell density of

0.6 OD600. Cells were incubated for 2 h at 37 �C, and then SFI and SLI for

the GFP-based biosensor and LUX-based biosensor, respectively, were mea-

sured using the procedures described above. Samples containing known con-

centrations of toluene were tested in parallel with 250 ml of deionized

distilled laboratory water in place of environmental samples to generate a stan-

dard curve. A standard curve was derived from a linear regression of the
average SFI or SLI values at each particular toluene concentration, and then

the concentrations of toluene equivalents in the environmental samples were

calculated from the standard curve. In order to examine possible inhibitory

effects on fluorescence and luminescence resulting from chemicals in addition

to the effector compounds in the environmental samples, 500 mmol L�1 of

toluene was added to the environmental samples, and the fluorescence and

luminescence were compared to those of a positive control containing the same

concentration of toluene in deionized water.
2.6. Data analysis
The experiments were performed at least three times for error analyses.

The data were used to calculate the standard deviations, represented by error

bars in the figures. Student’s t-test analysis at the a ¼ 0.05 level was used to

check the results for significance. Standard curves were fitted by a linear re-

gression analysis.

3. Results
3.1. Description of the bacterial biosensors
The toluene bacterial biosensors comprised of two reporter
genes, gfp and luxCDABE, and characterized by green fluores-
cence and luminescence, respectively, were compared in the
present study. We compared the expressions of these two re-
porters by fusing their genes to a single promoter, Pu, and ex-
posing the constructs to toluene. The Pu promoter and Pr/xylR
genes of P. putida TOL plasmid were cloned into the promo-
terless vector, pPROBE-NT0, which contains the gfp gene
(Miller et al., 2000) and pUCD615 which contains the lux-
CDABE gene (Rogowsky et al., 1987), respectively. The two
constructed toluene biosensor plasmids were designated
pTOLGFP and pTOLLUX, respectively, as shown in Fig. 1.
When E. coli DH5a cells were transformed with the
pTOLGFP recombinant plasmid, GFP fluorescence was ob-
served in response to toluene resulting in a statistically signif-
icant increase in the fluorescence intensity relative to that of
cells with no-toluene control. Similarly, E. coli DH5a cells
harboring the pTOLLUX plasmid showed a statistically signif-
icant increase in the luminescence intensity relative to that of
cells with no-toluene control.

The responses of the fluorescence and luminescence bacte-
rial biosensors to various aromatic compounds were further
evaluated. Both E. coli DH5a (pTOLGFP) and E. coli DH5a
(pTOLLUX) cells were treated with 1.0 mmol L�1 of various
aromatic compounds for 2 h prior to the green fluorescence
and luminescence measurements, as described in Section 2.
The levels of fluorescence and luminescence of the biosensing
systems subjected to organic compounds are plotted in Fig. 2.
The responses to each compound by both biosensors were sim-
ilar. However, the bioluminescent sensor strain appeared to be
more sensitive to the effectors. For 2 h of exposure to cells har-
boring pTOLLUX, a significant increase in the luminescence
was observed for toluene, naphthalene, o-xylene, p-xylene,
catechol, ethylbenzene, phenol, and benzaldehyde. No statisti-
cally significant change in the luminescence was observed for
acetophenone. In contrast, neither acetophenone, catechol,
phenol, nor benzaldehyde caused a statistically significant
change in the green fluorescence compared to the control.
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Fig. 2. Comparison of the responses of the green fluorescence and lumines-

cence biosensors to aromatic compounds. E. coli DH5a (pTOLGFP) and

E. coli DH5a (pTOLLUX) were treated with 1 mmol L�1 of various aromatic

compounds for 2 h. Relative induction intensity index is defined as the induc-

tion intensity of each chemical divided by the induction intensity of toluene.

The induction intensity is defined as the value of the culture-specific fluores-

cence/luminescence intensities (in SFI/SLI) with chemical treatment minus the

culture-specific fluorescence/luminescence intensities (in SFI/SLI) of the con-

trol divided by the culture-specific fluorescence/luminescence intensities (in

SFI/SLI) of the control. Specific fluorescence/luminescence intensities (in

SFI/SLI) were measured as described in Section 2. Control refers to the bio-

sensor bacteria without chemical treatment. The data presented here are the

mean values of at least three independent experiments with standard

deviations.
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Fig. 3. Comparison of the time-dependent induction of the green fluorescence

and luminescence biosensors with toluene. E. coli DH5a (pTOLGFP) and E.
coli DH5a (pTOLLUX) were exposed to 750 mmol L�1 toluene, and the spe-

cific fluorescence intensity (in SFI) and specific luminescence intensity (in

SLI) for E. coli DH5a (pTOLGFP) and E. coli DH5a (pTOLLUX), respec-

tively, were determined after different exposure periods as described in Section

2. (A) For the fluorescence biosensor, the induction ratio is the SFI of the tol-

uene-exposed sample divided by the SFI of a no-toluene control; and (B) For

the luminescence biosensor, the induction ratio is the SLI of a toluene-exposed

sample divided by the SLI of a no-toluene control; the no-toluene control was

arbitrarily set to 1.0. The data presented here are the mean values of at least

three independent experiments with standard deviations.
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This might have been due to the lower sensitivity of the GFP-
based biosensor since significant increases in the green flores-
cence were observed for catechol, phenol, and benzaldehyde
after 3 h of exposure (data not shown).
3.2. Comparison of the time-dependent induction of the
green fluorescence and luminescence biosensors with
toluene
The time-dependent induction of the bacterial sensors in re-
sponse to toluene was determined by incubating the cells with
toluene for various time intervals as described in Section 2.
Neither the background fluorescence nor luminescence ex-
hibited by the untreated biosensors exhibited any statistically
significant change during the incubation period (data not
shown). As shown in Fig. 3, the induction of fluorescence
and luminescence by toluene occurred in a time-dependent
manner. For E. coli DH5a (pTOLGFP) cells, as the time of in-
duction by toluene increased, there was an increase in the
green fluorescence emitted by the bacterial cells during the
first 5 h of the incubation period (Fig. 3A). In contrast, E.
coli DH5a (pTOLLUX) cells showed a different kinetic pro-
file. The specific luminescence intensity continuously
increased from the background value during the first 3 h of in-
cubation, after which the luminescence began to dramatically
decrease (Fig. 3B). This might have been due to the biochem-
ical nature of the lux reporter gene (Hakkila et al., 2002; Dol-
lard and Billard, 2003). Additionally, there is an apparent
difference between the two reporters in the lag time prior to
a significant increase (�2-fold) in the signal above the back-
ground: approximately 60 min for GFP and only 30 min for
the Lux reporter. Clearly, the catalytic nature of the biolumi-
nescent reporter system allows the more-rapid accumulation
of signals. Moreover, it may also be observed that the signal
intensity of Lux was higher than that of GFP. This may have
been the reason for the earlier detection by the Lux reporter.
It should be noted, however, that an increase in sensitivity
for the fluorescence biosensor can be achieved by prolonging
the exposure periods. Therefore, when fluorescent data were
collected for 4 h or more, the detection sensitivity of the fluo-
rescent signal surpassed that of the bioluminescent one; while
the latter peaked after approximately 3 h and then decreased,
the fluorescent signal continued to accumulate for 7 w 8 h
and then remained stable (data not shown).
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3.3. Comparison of the dose-dependent induction of the
green fluorescence and luminescence biosensors with
toluene
Further differences between these two toluene biosensors
can be observed in Fig. 4, which compares the responses of
the GFP-based and Lux-based biosensors. For assay develop-
ment and comparison purposes, a 2-h induction period was
chosen to plot the dose-response curves, since the green fluo-
rescence and luminescence signals obtained during this time
period were sufficiently high. Both the green fluorescence
and luminescence intensities increased with the concentration
of toluene to a certain level. At concentrations lower than the
detection limit of toluene, binding of XylR to the Pu promoter
sequence repressed transcription and translation of the reporter
gene. The addition of toluene de-repressed expression of the
reporter gene.

The dose-response curves for the fluorescent and biolumi-
nescent sensors were similar. However, the bioluminescent
sensor strain appeared to be more sensitive to toluene, and dis-
played a dose-dependent response at toluene concentrations of
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Fig. 4. Comparison of the dose-dependent induction of the green fluorescence

and luminescence biosensors by toluene. Fluorescence and luminescence from

E. coli DH5a cells harboring the pTOLGFP and pTOLLUX plasmids were de-

termined after 2-h incubations with various concentrations of toluene, as de-

scribed in Section 2. (A) For the fluorescence biosensor, the induction ratio

is the specific luminescence intensity (SFI) of the toluene-exposed sample di-

vided by the SFI of a no-toluene control; and (B) For the luminescence biosen-

sor, the induction ratio is the SLI of the toluene-exposed sample divided by the

SLI of a no-toluene control; the no-toluene control was arbitrarily set to 1.0.

The data presented here are the mean values of at least three independent ex-

periments with standard deviations. The standard deviation is smaller than the

symbol used in the figure.
as low as 7.5 mmol L�1. In contrast, the detection threshold for
the fluorescent biosensor was 25 mmol L�1.
3.4. Comparison of tests of contaminated groundwater
and soil with the green fluorescence and luminescence
biosensors
To demonstrate the utility of the toluene biosensors for
measuring actual environmental contamination, environmental
samples were tested, and results of the biosensor assay were
compared to data obtained from chemical methods. Environ-
mental groundwater and soil samples were collected from con-
taminated sites that are known to possess petroleum product
contamination in the Lin-Yuan Industrial Park, Kaohsiung,
Taiwan in December 2005. The bioavailable fraction of the
BTEX was determined from groundwater and water extracts
of soil using the E. coli DH5a (pTOLLUX)-based lumines-
cence and E. coli DH5a (pTOLGFP)-based fluorescence bio-
sensors. A standard curve was generated with known
concentrations of toluene, and the resulting equations
(r2 ¼ 0.9412 and r2 ¼ 0.9498, for luminescence and fluores-
cence biosensors, respectively) were used to calculate the tol-
uene equivalent concentrations of the environmental samples.
By calculating the contaminant concentrations from the stan-
dard curve and taking the dilution factor of the assay into ac-
count (see Section 2), the final concentrations of contaminants
in the samples are shown in Table 1. Because we could not dif-
ferentiate between possible effectors in the environmental
samples, the data were expressed as toluene equivalents. Addi-
tionally, possible inhibitory effects that might be caused by
chemicals other than the effector compounds in the water sam-
ple were also assessed by spiking the sample with a known
concentration of toluene (500 mmol L�1). Subsequently, the
total SLI or SFI was measured and then compared to that of
a positive control containing the same concentration in deion-
ized water. No inhibitory effect was detected. Therefore, it is
unlikely that non-effector compounds in the environmental
water samples interfered with the luminescence or fluores-
cence values.

Table 1 compares the results of groundwater and soil sam-
ple testing conducted by the chemical analytical method (GC-
MS) with the biosensor assays. The same batches of ground-
water and soil samples were analyzed by the biosensor assay
and the chemical analytical method. No detectable toluene
was obtained by the GC-MS analysis in either the groundwater
or soil water-extracted sample, while the results from the bio-
sensor assays showed 362 � 19 and 283 � 27 mmol L�1 tolu-
ene equivalent in the groundwater sample for the
luminescence biosensor and fluorescence biosensor, respec-
tively, and 168 � 63 and 157 � 13 mmol L�1 in water-extract
of the soil sample for the luminescence biosensor and fluores-
cence biosensor, respectively. It should be noted that toluene,
xylene, naphthalene, and catechol were not detected in the en-
vironmental samples analyzed by GC-MS analysis, whereas
several aromatic compounds were detected by GC-MS analy-
sis including ethylbenzene (178.5 mmol L�1) and benzalde-
hyde (<50 mmol L�1) for the groundwater sample and



Table 1

Comparison of analytical methods for detecting toluene equivalent concentrations in environmental groundwater and soil samples

Detection method Sample type Detected compound Estimated toluene equivalent concentration (mmol L�1)

GC-MS Groundwater Toluene equivalent ea

Soil (extracted with water) Toluene equivalent eb

Bacterial biosensor (pTOLLUX) Groundwater Toluene equivalent 362 � 19c

Soil (extracted with water) Toluene equivalent 168 � 6c

Bacterial biosensor (pTOLGFP) Groundwater Toluene equivalent 283 � 27d

Soil (extracted with water) Toluene equivalent 157 � 13d

a e, toluene was not detectable but ethylbenzene (178.5 mmol L�1) and benzaldehyde (<50 mmol L�1) were detected.
b e, toluene was not detectable but ethylbenzene (160.4 mmol L�1), benzaldehyde (<50 mmol L�1), and phenol (<50 mmol L�1) were detected.
c Values were calculated by extrapolating the luminescence emission data to the toluene-derived standard curve and are expressed as toluene equivalents.
d Values were calculated by extrapolating the green fluorescence emission data to the toluene-derived standard curve and are expressed as toluene equivalents.
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ethylbenzene (160.4 mmol L�1), benzaldehyde (<50 mmol L�1),
and phenol (<50 mmol L�1) for the soil water-extracted sample.
Since ethylbenzene, benzaldehyde, and phenol are the effectors
for toluene bacterial biosensors, it is possible that the induction
seen in the bacterial biosensor assays for the groundwater sam-
ple was mainly contributed by ethylbenzene and partially by
benzaldehyde. For the soil sample, the induction seen in the
bacterial biosensor assays was possibly mainly contributed
by ethylbenzene and partially by benzaldehyde and phenol
present in the soil sample.

4. Discussion

In this study, we describe the construction, characterization,
and comparison of fluorescence and bioluminescence bacterial
biosensors for the measurement of bioavailable toluene and re-
lated compounds, and we address the feasibility of choosing
a reporter for pollutant biosensor systems. Several bacterial
biosensors for toluene and related compounds have been de-
scribed (Applegate et al., 1998; Willardson et al., 1998; Stiner
and Halverson, 2002; Casavant et al., 2003; Paitan et al., 2004;
Kim et al., 2005), but the question of the suitability of reporter
systems has seldom been critically examined and compared.
Herein, we attempted to compare a green fluorescent reporter
protein-based and a bacterial luminescent enzymatic reporter-
based toluene biosensor. We studied the performance of the
gfp and luxCDABE reporter genes in identical constructs
which made direct comparison possible. The recombinant con-
structs, designated pTOLGFP and pTOLLUX, were based on
expressions of the gfp and luxCDABE genes, respectively, un-
der the control of the Pu promoter and the xylR gene of the
P. putida TOL plasmid. Cells harboring this construct are
capable of producing detectable signals upon exposure to tol-
uene and related compounds with high sensitivity.

In addition to the genetic constructs, several factors might
also have affected the sensitivities and induction coefficients
of these biosensors. These include the host strains, incubation
times, medium compositions, growth phases of the harvested
bacteria, and amounts of bacteria per measurement (Tauriai-
nen et al., 1997; Hansen and Sørensen, 2000). It may have
been possible to improve the performances of the biosensors
by individually optimizing the factors that affect the bacterial
biosensors for each reporter gene. For comparison purposes,
however, both biosensor plasmids were produced using the
same bacterial strain of E. coli DH5a, and cultivation and
measurements were performed identically for both the lumi-
nescence and fluorescence bacterial biosensors.

It appears that the selectivities of the effectors for both lu-
minescence and fluorescence bacterial biosensors were similar
(Fig. 2), and the response to each compound slightly differed
from those observed in other reports (Abril et al., 1989; Will-
ardson et al., 1998; Stiner and Halverson, 2002; Kim et al.,
2005). Although naphthalene and benzaldehyde were not ef-
fectors for previously reported bacterial biosensors (Abril
et al., 1989; Stiner and Halverson, 2002), our results showed
that both luminescence and fluorescence bacterial biosensors
were strongly induced by naphthalene and slightly induced
by benzaldehyde (Fig. 2). The reason for the difference can
be ascribed to the different genetic constructs, cultivation,
and measurement protocols used.

It appears that induction of the pTOLLUX construct was
much more sensitive than induction of the pTOLGFP construct
(Figs. 2e4). Our results indicated that the bacterial lumines-
cence biosensor has two major advantages for detecting toluene
and related compounds: a faster response time and higher short-
term sensitivities (Figs. 3 and 4). Both advantages result from
the catalytic nature of the luxCDABE enzymatic reporter, which
allows a relatively small number of reporter molecules to pro-
duce a sufficiently strong signal. In contrast, the bacterial fluo-
rescence biosensor exhibited a slower response to the effector,
which means that significant induction was seen only after a lon-
ger incubation period. This might have been due to the slow fold-
ing of the green fluorescent proteins. The main advantage of the
bacterial fluorescence biosensor is the stability of the GFP. This
is particularly useful for the detection of highly toxic environ-
mental samples. Once induced by an effector, the green fluores-
cence keeps accumulating and may be detected for many hours
(Fig. 3A) even after cell death. In contrast, bacterial lumines-
cence activity is considerably short-lived. In the pTOLLUX
construct, the luxCDABE gene was used as the reporter gene:
luxAB codes for the luciferase that catalyzes reactions involving
the oxidation of a reduced riboflavin phosphate and a long-chain
fatty aldehyde, while luxCDE encodes enzymes that are respon-
sible for the synthesis of the long-chain aldehyde substrate that
is required for the bioluminescence reaction. Therefore, the
combined half-life of the overall activity is short for the bacterial
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luminescence biosensor as shown in Fig. 3B. Additionally, to
demonstrate the utility of the toluene biosensors in measuring
actual environmental contamination, petroleum product-con-
taminated groundwater and soil samples were assayed by tolu-
ene luminescence and fluorescence bacterial biosensors, and
results were compared to the data from the GC-MS chemical
method. Environmental sample concentrations of toluene esti-
mated by the luminescence and fluorescence bacterial biosen-
sors compared closely to each other.

5. Conclusions

In summary, for determining the bioavailable portion of the
BTEX in groundwater and soil samples, biosensor bacteria are
likely to provide a more-realistic view, providing critical data
that can be useful in risk assessment. This study demonstrates
that toluene bacterial biosensors represent a simple, fast, inex-
pensive, and less-laborious alternative to conventional HPLC
and GC-MS methods of BTEX measurement. The greatest ad-
vantage of this type of toluene bacterial biosensor may be the
ease with which it can be applied to field testing and used for
screening both the presence and bioavailable fractions of
BTEX in the environment. This is particularly useful when
a large number of environmental samples need to be analyzed.
However, the choice of a reporter gene for the analysis of
BTEX and related compounds has to be case-specific. Based
on our results, the bioluminescence biosensor was more suitable
for rapid and sensitive detection of toluene and related com-
pounds, while the green fluorescence biosensor was more appli-
cable for long-term exposure and cumulative signal detection.
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