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Abstract Aniline and chlorinated anilines (CAs) are

classified as priority pollutants; therefore, an effective

method for detection and monitoring is required. In this

study, a green-fluorescence protein-based bioreporter for

the detection of aniline and CAs was constructed in

Escherichia coli DH5a, characterized and tested with soil

and wastewater. The sensing capability relied on the reg-

ulatory control between a two-component regulatory pro-

tein, TodS/TodT, and the PtodX promoter of Pseudomonas

putida T-57 (PpT57), since the gene expression of todS,

todT, and todC2 are positively induced with 4-chloroani-

line. The bioreporter system (DH5a/pPXGFP–pTODST) is

markedly unique with the two co-existing plasmids. The

inducibility of the fluorescence response was culture-

medium- and time-dependent. Cells grown in M9G

medium exhibited a low background fluorescence level and

were readily induced by 4CA after 3-h exposure, reaching

the maximum induction level at 9 h. When tested with

benzene, toluene, ethyl-benzene and xylene, aniline and

CAs, the response data were best fit by a sigmoidal dose–

response relationship, from which the K1/2 value was

determined for the positive effectors. 3CA and 4CA were

relatively powerful inducers, while some poly-chlorinated

anilines could also induce green fluorescence protein

expression. The results indicated a broader recognition

range of PpT57’sTodST than previously reported for

P. putida. The test results with environmental samples

were reliable, indicating the potential application of this

bioreporter in the ecotoxicology assessment and bioreme-

diation of areas contaminated with aniline- and/or CAs.
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Introduction

Aniline and chlorinated anilines (CAs) are widespread in

the environment because they have been intensively used in

the industrial production of polyurethane, pesticides, and

dyes, and are accumulated in agricultural areas from the

natural degradation of pesticides [9]. Since they are known

to be toxic to humans and other organisms, and are classi-

fied as priority pollutants in environmental risk assess-

ments, their existence is of serious concern for public health

and environmental safety [9]. Therefore, effective detection

methods are required in order to ascertain the need for, and

to monitor the progress of, remedial treatment.

Conventionally, environmental pollutants are determined

using chemical analysis. However, these analytical methods

Electronic supplementary material The online version of this
article (doi:10.1007/s10295-012-1180-3) contains supplementary
material, which is available to authorized users.

A. S. Vangnai (&)

Faculty of Science, Department of Biochemistry, Chulalongkorn

University, 254 Phayathai Road, Bangkok 10330, Thailand

e-mail: alisa.v@chula.ac.th; avangnai@yahoo.com

A. S. Vangnai

National Center of Excellence for Environmental and Hazardous

Waste Management (NCE-EHWM), Chulalongkorn University,

Bangkok 10330, Thailand

N. Kataoka � T. Tajima � J. Kato

Department of Molecular Biotechnology, Graduate School

of Advanced Sciences of Matter, Hiroshima University,

Hiroshima 739-8530, Japan

S. Soonglerdsongpha � C. Kalambaheti

Environmental Research and Management Department, PTT

Research and Technology Institute, Wangnoi, Ayutthaya 13170,

Thailand

123

J Ind Microbiol Biotechnol (2012) 39:1801–1810

DOI 10.1007/s10295-012-1180-3

http://dx.doi.org/10.1007/s10295-012-1180-3


only determine the total amount of the pollutants presented in

the samples and are not able to distinguish between bio-

available (potentially toxic) and non-bioavailable (non-

toxic) fractions. Alternatively, bacterial-based sensing and

reporting systems, i.e., bioreporters, have been increasingly

applied as devices to monitor and assess the bioavailability

of pollutants because they can be genetically engineered for

the specific sensing of given target pollutants [13]. In addi-

tion, since the responses of bioreporters can also reflect the

real toxicological potency of an environmental sample,

bioreporters are potentially more appropriate tools to be

applied for monitoring the fate and availability of pollutants

regarding their toxicity and remediation. Bioreporters typi-

cally consist of a genetically engineered plasmid, which

contains a transcriptional regulator with a specific sensing

function to a particular chemical, a cognate promoter and a

reporter protein, all within a bacterial host strain, such as

E. coli [19] and Pseudomonas putida [8]. Currently, several

bioreporters have been developed for the detection of

aromatic pollutants, primarily focusing on benzene-toluene-

ethylbenzene-xylene (BTEX), substituted benzenes, and

substituted toluenes [1–4, 6, 15, 16, 18, 21]. Among the

regulator genes and promoters from toluene catabolic gene

clusters, the todST genes have previously been used as the

basis of a sensing system in bioreporters for aromatic

effectors. They encode a two-component regulatory system

(TCS) that regulates the expression of the PtodX promoter,

which then concomitantly governs the expression of the

toluene dioxygenase (tod) gene cluster, in P. putida F1

(PpF1) [1, 2] and DOT-T1E (PpT1E) [6, 15].

The presence and toxicity of aniline and CAs in the

environment raises safety awareness. Therefore, the avail-

ability of a bioreporter system for these pollutants is impor-

tant, but has not yet been developed. In this study, a

bioreporter for the detection of aniline and CA was developed

based upon the E. coli DH5a host strain, transformed with two

plasmid constructs, the first of which consists of an inducible

reporter green-fluorescent protein (gfp) gene fused with the

PtodX(T57) and the second contains the constitutively expres-

sed todST TCS genes from PpT57, a solvent-tolerant bacte-

rium with toluene degradation ability [10]. This work not only

expands the known range of the sensing capacity of the

TodST regulatory proteins to aniline and CA pollutants, but

also exhibits their potential application for monitoring and

preliminary detection of these toxic pollutants.

Materials and methods

Chemicals and bacterial strains

Aniline and chloroanilines (mono-chloroanilines (MCAs):

2-chloroaniline (2CA), 3-chloroaniline (3CA), 4-chloroaniline

(4CA); di-chloroanilines (DCAs): 2,3-dichloroaniline

(23DCA), 2,4-dichloroaniline (24DCA), 3,4-dichloroaniline

(34DCA), 3,5-dichloroaniline (35DCA); tri-chloroanilines

(TCAs): 2,3,4-trichloroaniline (234TCA), 2,4,5-trichloro-

aniline (245TCA), 2,4,6-trichloroaniline (246TCA) were

from Chem Service (USA). The bacterial strains, primers,

and plasmids used in this study are listed in Table 1.

RNA extraction and quantitative reverse transcriptase

PCR (qRT-PCR)

Overnight-grown PpF1 and PpT57 in Luria–Bertani (LB)

(28 �C, 200 rpm) were used as an inoculum (5 % v/v) for

cell cultivation in the following conditions: a non-induction

control of MP (minimal salt basal medium [10] supple-

mented with 20 mM pyruvate); two induction conditions of

MP supplemented with 1 mM of either toluene or 4CA

(prepared in ethanol), and the solvent control (MP with

ethanol). Total RNA was then extracted with NucleoSpin�

RNA II kit (Macherey–Nagel, PA, USA) according to the

manufacturer’s instructions. Then, cDNA was generated by

using the One-Step SYBR PrimeScript RT-PCR kit (Ta-

kara Bio Inc., Japan) and used for quantitative reverse

transcriptase (qRT)-PCR on a LightCycler 1.5 thermocy-

cler (Roche Diagnostics, USA), which was performed at

42 �C (5 s) followed by 40 cycles of 95 �C (5 s), 57 �C

(10 s), and 72 �C (6 s), with todS, todT, todC2, and gyrB

primers (Table 1). The gene expression data were nor-

malized to the expression of the endogenous reference

gene, gyrB and were then reported as a relative value to

that of the non-induction control.

Plasmid construction and transformation

To construct plasmids, two backbone plasmids, i.e.,

pQF50, a Gram-negative promoterless lacZ transcriptional

fusion vector [11], and pSTV28, a low-copy number

plasmid (Takara, Japan), were used. The 205-bp PCR

product of the PtodX(T57) was digested with SphI and BamHI

and cloned into the SphI and BamHI sites of pQF50, cre-

ating pPXlacZ. Subsequently, lacZ was exchanged with gfp

using the In-fusion� HD PCR cloning kit (Clontech,

Japan), generating pPXGFP (Fig. 1). The 3.6-kb PCR

product of todST was digested with SphI and BamHI and

cloned into the corresponding sites of pSTV28, creating

pTODST (Fig. 1). To create the bioreporter, pPXGFP was

initially introduced into DH5a. Then, DH5a recombinants

harboring pPXGFP were prepared as competent cells and

used for a heat-shock transformation with pTODST. The

double transformants were selected on LB with ampicillin

(100 mg l-1) and chloramphenicol (40 mg l-1), and the

positive clone, harboring pPXGFP and pTODST, of DH5a

1802 J Ind Microbiol Biotechnol (2012) 39:1801–1810

123



bioreporter, is referred to as DH5a/pPXGFP–pTODST

hereafter.

Bacterial growth, induction experiments, fluorescence

measurement, and determination of effector range

The DH5a/pPXGFP–pTODST cells were grown in either

LB, Terrific broth (TB), or M9-glucose medium (M9G),

containing ampicillin (100 mg l-1) and chloramphenicol

(40 mg l-1). Cells were cultivated for 12 h at 37 �C on an

orbital shaker (150 rpm) to an optical density at 600 nm

(OD600) of 0.8–1.0 before being harvested, washed twice

and re-suspended in the same medium and volume. The

culture was aliquoted (2 ml) into sterile 30-ml glass vials

containing different known concentrations of the respective

test chemicals, incubated at 37 �C on an orbital shaker

Table 1 Bacterial strains, primers and source of sequence

Bacterial

strains

Description Source or reference

E. coli DH5a F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG U80dlacZDM15 D(lacZYA-argF)U169,

hsdR17(rK
- mK

?), k–

Gibco BRL Inc.

(USA)

P. putida F1 Toluene-oxidizing bacterium ATCC 700007

P. putida
T-57

Organic-solvent tolerant, toluene-oxidizing bacterium [10]

Primers Region Primer sequence (50 ? 30)a Source or reference

Primers for quantitative RT-PCR

qPCR-F1-todS-F todS CAGCAACAACTTGTGTACGTTTCC [Pput_2872]b

qPCR-F1-todS-R GCGGTTGGTTTATCTCGTGTG 3,262,301–3,262,220

qPCR-F1-todT-F todT GCAGCTTGGTGCGTTCAATC [Pput_2871]b

qPCR-F1-todT-R CATCTCGGGCATACGGACATC 3,261,518–3,261,397

qPCR-F1-todC2-F todC2 AGCGTCCCTTCATCATCGTG [Pput_2880]b

qPCR-F1-todC2-R GACATTCACTACTTCATGCCCATTC 3,271,353–3,271,473

qPCR-F1 gyrB-F gyrB CAGACTTACGTTCACGGTGTTCC [Pput_0004]b

qPCR-F1 gyrB-R GATGGCTTGAAGTGGATGTGG 4,602–4,690

Primers for PCR

Ptx-F-SphI PtodX ATGCGCATGC(SphI)TGGGTGCATATCCATCAGAA PpT57 genomic DNA

Ptx-R-BamHI GCATGGATCC(BamHI)ACATCTTATTTTTTTTATAAAGTGAAG

todST-F-BamHI todST ATGCGGATCC(BamHI)TTAAGTCAGAATCTTGTGAGTCAT PpT57 genomic DNA

todST-R-SphI ATGCGCATGC(SphI)CTATTCCAGGCTATCCTTGA

todST-F-BamHI todS (partial) ATGCGGATCC(BamHI)TTAAGTCAGAATCTTGTGAGTCAT PpT57 genomic DNA

todS-EP-R-Blt ATGCGATATC(EcoRV)ATTGCCTGAGAATGACAGGG

Primers for an In-fusion cloning�

Inf-GFP-F gfp TAGAGGGTATTAATAATGAGTAAAGGAGAAGAACTTTTC pGFPuv

Inf-GFP-R CCTGCCCGGTTATTATTATTTGTAGAGCTCATCCATG (Clontech, Japan)

Inf-pQF50-F pQF50DlacZ TAATAACCGGGCAGGCCATG pQF50

Inf-pQF50-R TATTAATACCCTCTAGCTAGAAGCTTCTA (Laboratory stock)

a Additional nucleotides are shown in boldface; recognition sequences of restriction enzymes are underlined and shown in parenthesis
b Gene locus tag number and the amplified region of the gene from P. putida F1 genome database (GenBank: CP000712.1)

a b

pTODST
(6.60 kb)

Cmr

todST(T57)
Plac

pPXGFP
(4.65 kb)

Ampr

gfpPtodX(T57)

Fig. 1 Schematic organization of the two plasmids in the bioreporter

DH5a/pPXGFP–pTODST: a pPXGFP was constructed on a pQF50

with PtodX(T57), gfp, and Ampr (ampicillin resistance). b pTODST was

constructed with a pSTV28 with Plac (lac promoter), todST, and Cmr

(chloramphenicol resistance)
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(150 rpm), and the cell growth (OD600) and fluorescence

intensities, measured at 395 nm excitation and 509 nm

emission wavelengths, were examined at intervals. The

relative fluorescence unit (RFU) was calculated from the

fluorescence intensity value obtained as the instrument’s

arbitrary unit (AU) relative to the culture biomass at

OD600. The data are reported as the induction ratio, defined

as the RFU of a chemical-induced bioreporter divided by

the RFU of the non-induced bioreporter (control). The tests

were also conducted using DH5a/pPXGFP as a negative

control. The experiments were conducted independently

and at least in triplicate. To test the effector range, the test

chemical, including alcohols, alkanes, BTEX, aniline, and

CAs, was added to the bioreporter cell suspension to the

final concentration of 1 mM. Measurement of the fluores-

cence response was conducted and reported.

Test of the bioreporter with 4CA-contaminated soil

and wastewater

An agricultural soil sample from the central part of Thai-

land was identified as a loam soil and its physico-chemical

properties were determined (Supplement 1). Industrial

wastewater was obtained from a polymer production fac-

tory in Rayong Province, Thailand, and its properties were

determined (Supplement 1). The original soil and waste-

water samples were kept in the dark at 4 �C until used. In

addition, for further tests, 4CA-contaminated soil and 4CA-

contaminated wastewater were prepared by spiking 4CA to

the soil (100 ppm;1 mM) and wastewater samples

(25 ppm; 0.2 mM). The soil samples and the 4CA-con-

taminated soil were extracted with either deionized water

or methanol (80 % v/v), using a soil-liquid phase ratio of

1:5 (w/v). The soil suspension supernatant was then har-

vested and used for HPLC analysis and the bioreporter

assay.

For the bioassay, cells were prepared and tenfold con-

centrated. The composition of the assay was as follows:

soil extract (with or without 4CA-spike) (600 ll) or

wastewater (with or without 4CA-spike) (1200 ll), the

109 cell suspension (150 ll), 10 9 M9G (150 ll), and

deionized distilled water to a final volume of 1,500 ll. The

samples for the bioassay included: (1) induced cells by

environmental samples, (2) non-induced cells, (3) the assay

component without the bioreporter cells (as a negative

control to determine the influence of other bacteria in the

environmental sample tested), and (4) the samples con-

taining the known concentrations of 4CA as positive con-

trols, to generate a standard curve, and to examine any

possible inhibitory effect from other chemicals in the

environmental sample. A standard curve was derived from

the linear regression of the average induction ratio values

obtained from the bioreporter when induced with 4CA over

a linear concentration range from 0.1 to 1.0 mM. The

concentration of 4CA in the environmental samples was

then calculated as the 4CA-equivalent concentration from

the 4CA standard curve (Supplement 2).

For HPLC analysis, the soil suspension (with and

without 4CA-spike), either as a water-extracted or a

methanol-extracted sample and the wastewater samples

(with and without 4CA-spike) were analyzed at 30 �C

using reverse phase HPLC [23]. A standard curve was

derived from the linear regression of the average HPLC

peak areas for each 4CA concentration over the

0.05–1.2 mM range (Supplement 2). The concentration of

4CA in each test sample was then calculated from the

standard curve. Additionally, the soil suspension and

wastewater samples were also analyzed by GC/MS (Agi-

lent 7890A GC/7000B Triple Quadrupole MS). Data

acquisition and analysis was conducted by comparison of

the results with the mass spectra database (The NIST 11

mass spectral database, SIS Inc., USA).

Data analysis

GraphPad Prism 5.04 was used to analyze the data, to

generate non-linear best-fit lines, and to estimate the K1/2

value (i.e., the concentration at which the half-maximal

effect is observed) [24] from the graph.

Results and discussion

Expression of todST and todC2 gene transcripts in PpF1

and PpT57 in response to toluene and 4CA

PpT57 can utilize toluene as a sole carbon source, using the

toluene dioxygenase pathway, and its todC1C2BADE

sequence is homologous ([99 % similarity) to that of PpF1

[10]. The sequence immediately downstream of the tod

operon comprises of two genes: todS, a sensory histidine

kinase gene, and todT, a transcriptional response regulator

gene. In this study, the todST sequence in PpT57 was

preliminarily characterized. The 2,725-bp partial sequence

of todS and the 3,579-bp todST were PCR-amplified from

genomic DNA of PpT57 and PpF1 and digested with var-

ious restriction enzymes. The restriction-digest profiles,

encompassing unique sites from PpT57 and PpF1, were

similar (data not shown). The expression level of the

PpT57 todS, todT, and todC2 gene transcripts, analyzed by

qRT-PCR, were markedly induced in the presence of tol-

uene and 4CA, but not with ethanol as the solvent control

(Fig. 2). Moreover, the expression profile of these three

genes in PpT57 was broadly similar to that of PpF1, but

occurred at different levels (Fig. 2). The fact that todS and

todT genes were expressed in response to 4CA suggested
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the potential of the TodST TCS as a CA-sensing moiety,

and thus led us to construct the plasmids for a bioreporter

to further investigate the recognition range and response of

the PpT57’s TodST system to aniline and a series of CAs.

Description of the bioreporter plasmids

The schematic organizations of the pPXGFP and pTODST

plasmids are shown in Fig. 1. Both plasmids were trans-

formed into DH5a, creating the DH5a/pPXGFP–pTODST

bioreporter. In this study, the bioreporter was classified as

an orthogonal-designed whole-cell bioreporter [22], in

which the host cell is employed only for the production and

maintenance of the sensor/reporter components, and has no

indigenous function for biodegradation of the target aro-

matic compounds (data not shown). This design of the

bioreporter system focuses on the sensing of the target

chemicals and eliminates the sensing signal interference

from structurally related intermediates generated from

aromatic biodegradation pathways.

Generally, a plasmid-based bioreporter contains a single

plasmid, in which TCS gene, suitable promoter, and

reporter gene are all assembled together [22]. Nevertheless,

there are a large variety of TCS in bacteria and the cross-

regulation among TCS and promoters is not completely

understood. Thus, the application of a bioreporter with a

single-plasmid, harboring an entire genetic circuit, may

generate a false-positive signal from the activation of the

promoter by any other sensing protein that is capable of

recognizing the target effector. This would then result in an

over-estimated value of the bioreporting signal. Therefore,

in this study, the adapted strategy was to serially introduce

two plasmids into the exogenous host to create the biore-

porter. The first plasmid contained the PtodX fused with the

gfp reporter gene and was constructed using a pQF50-

promoterless vector backbone, and was transformed into

DH5a to create DH5a/pPXGFP. Subsequently, the second

plasmid, pTODST that harbored todST gene under the

control of Plac in pSTV28, was introduced. By this

approach, the positive signal from the target chemical

would be directly relayed from the bioreporter, i.e., DH5a/

pPXGFP–pTODST, whereas the interference signal gen-

erated from cross-talk between other TCS and the PtodX,

would be detected using DH5a/pPXGFP and so would be

subtracted from the actual bioassay.

The effect of the culture-medium composition

and induction time on the bioreporter inducibility

with toluene and 4CA

The effect of the culture-medium composition on the

fluorescence induction by the DH5a/pPXGFP–pTODST in

response to toluene and 4CA was examined as a time-

course test. Toluene and 4CA induced gfp expression in a

similar manner in all test media, but the expression levels

varied among the different medium types (Supplement 3).

When grown in LB or TB, cells exhibited a high back-

ground fluorescence level, even in the absence of the

effectors. As a consequence, the induction ratio could not

be distinguished. On the other hand, when the bioreporter

obtained from cells were grown in M9G, a low background

fluorescence intensity level was obtained, and so the

induction ratio with either toluene or 4CA showed clear

differences being markedly higher than that of the non-

induced cell control. Therefore, the M9G medium was used

to grow the bioreporter cells for subsequent tests.

In addition, the induction of GFP by toluene or 4CA was

clearly both time-dependent. As the exposure time to the

effector increased, so the GFP expression level increased.

For M9G-grown bioreporter cells, although the fluores-

cence was maximal after a 9-h exposure, a 3-h exposure

time resulted in clear induction differences between the

treatment and the negative control and was sufficient for

discrimination. Thus, a 3-h exposure time could be used for

applications requiring a high throughput rate where a rel-

atively low sensitivity is not a problem. However, com-

promising on increasing the assay time for an increased

sensitivity, a 9-h induction period of M9G-grown cells was

selected as the optimized induction time for further char-

acterization in this study. Depending on several factors
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Fig. 2 Gene transcript expression levels from PpF1 (open square)

and PpT57 (filled square): Cells were induced with 1 mM of: toluene

(Tol), 4-chloroaniline (4CA) and ethanol (Eth) (the control). The

expression level of the a todS, b todT, and c todC2 transcripts were

determined, normalized and reported as the relative value to that of

the non-induced cells. Data are shown as the mean ± SD, derived

from at least three independent repeats, and the error bars represent

the standard errors of the mean

J Ind Microbiol Biotechnol (2012) 39:1801–1810 1805

123



including the characteristic of the bioreporter constructed

plasmid, the host strain and the assay conditions, the pre-

vious reports of the optimal gfp-induction period was

markedly varied. For example, the detection of toluene and

related compounds by the gfp-containing bioreporter con-

struct in E. coli was reported to require an induction of 2-h

using PtbutA1/TbuT-gfp [21], 8-h using Pr(xylR)/Pu-gfp [16],

and 24-h using Pu(xylU)-XylR [17].

Effector range and sensitivity of the bioreporter

to various concentrations of BTEX and CAs

The bioreporter systems developed in other studies have

consisted of different genetic constructs and reporter genes,

resulting in different in bioassay conditions, effector induc-

ibility and response intensities [22]. As a consequence, a

direct comparison of the characteristics of each bioreporter is

generally impracticable and so the inducibility and response

characteristics of any given bioreporter has to be individually

evaluated prior to its application [12, 16, 20].

Although the biochemical and genetic information of the

TodST TCS in P. putida has been comprehensively studied

[5–7], its potential for development as a bioreporter system

is poorly evaluated [1, 2]. Therefore, in this study, the bi-

oreporter was examined for the inducibility with various

effectors. Among the test alkanes and alcohols, a fluores-

cence induction was only observed with benzyl-alcohol

(Fig. 3a). This result agrees with a previous report that

TodS recognizes and binds to monoaromatic compounds

and that benzyl-alcohol could be classified as an agonist that

binds to TodS and induces the expression from PtodX [6].

In addition, to define the sensitivity of the PtodX(T57)-

TodST system, the concentration-dependent inducibility of

the bioreporter for BTEX was examined (Fig. 3b and c). It

should be noted that no significant toxicity effect to the

cells was observed within the range of BTEX concentra-

tions used (Fig. 3). Moreover, the DH5a/pPXGFP cells did

not exhibit any positive fluorescence signal, indicating that

there is no cross-regulation by other TCS when BTEX was

applied. The bioreporter positively responded to BTE

(Fig. 3b), m-xylene (m-X), p-xylene (p-X), and the mixed

xylenes, as the fluorescence intensity increased when the

chemical concentration was increased, but not to o-xylene

(o-X) (Fig. 3c). The response data were best fit by a sig-

moidal dose–response relationship (data not shown) and

nonlinear least-squares fit of the data yielded a K1/2 value

for BTE of 2.3, 0.15, and 378.2 lM, respectively, and for

m-X, p-X, and the mixed xylenes of 78.8, 158.3, and

524.9 lM, respectively. The limit of detection (LOD) of

the bioreporter for BTE was 0.05, \ 0.01 and 50 lM,

respectively, and for m-X, p-X, and the mixed xylenes was

5, 0.5 and 500 lM, respectively. The fact that o-X could

not induce PtodX(T57) activity is in agreement with a report

of PpT1E. In fact, o-X is classified as an antagonist that can

bind to TodS, but is unable to induce the promoter activity

[6]. In addition, the presence of o-X in the mixed xylenes

led to the partial inhibition of the bioreporter activity, as

shown by its lower sensitivity (i.e., higher K1/2 and LOD

values) to the mixed xylenes. The inhibition phenomenon

by o-X has been reported previously with respect to the

toluene-mediated induction of PtodX(DOT-T1E) activity [6].

The range of effectors detected by the bioreporter was

further investigated with various concentrations of aniline

and CAs. Aniline and MCAs were clearly able to induce

the bioreporter activity (Fig. 4a). 3CA and 4CA were rel-

atively powerful inducers with a 9.9 ± 1.0 and 9.6 ± 0.9

fold induction ratio at 1 mM, respectively. Concentrations

of MCAs above 1 mM were toxic to the bioreporter cells

and consequentially resulted in a reduced induction ratio.

The K1/2 value for aniline, 2CA, 3CA and 4CA was 27.8,

54.9, 47.2, and 2.7 lM, respectively. The LOD values for

aniline, 2CA and 3CA were all approximately 5 lM,

whereas it was \0.5 lM for 4CA. The fact that the

PtodX(T57) could be significantly induced by MCAs with a

different substituent position in the aromatic ring at the C2,

C3, and C4 position indicated the broader effector range of

PtodX(T57) than that of PpT1E since the PtodX(DOT-T1E) was

reported to be barely induced by o-substituted compounds

(e.g., o-chlorotoluene and o-toluidine) [6].

With respect to polychlorinated anilines (Fig. 4b, c),

34DCA was the best inducer among the DCAs, whereas

35DCA was the worst inducer and the most toxic one for

the bioreporter cells. The sensitivity expressed as the K1/2

value, for 23DCA, 24DCA, 34DCA, and 35DCA was

56.9, 463.2, 66.5, and 1,267 lM, respectively, while the

LOD values were approximately 50 lM for all DCAs. For

the TCAs, the bioreporter responded to 234TCA and

245TCA with a K1/2 value of 64.2 and 543.5 lM,

respectively, and a LOD of approximately 50 lM. How-

ever, no significant GFP response was seen in response to

246TCA. Although the previous work on PtodX(DOT-T1E)

indicated that poly-substituted benzene derivatives could

not induce PtodX(DOT-T1E) expression [6], in contrast here

several DCAs and TCAs were observed to stimulate the

expression of PtodX(T57), supporting the notion of the

broader effector range of the DH5a/pPXGFP–pTODST

bioreporter. In addition, the test conducted with DH5a/

pPXGFP did not yield a positive signal, indicating that

there is no cross-regulation by other TCS when aniline or

the respective CAs was used as inducers.

Test of the bioreporter to soil and wastewater samples

The utility of the DH5a/pPXGFP–pTODST bioreporter

was then evaluated on environmental samples. It is

worthwhile to note here that because the TodST used for
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the reporting signal generation is generally capable of

detecting a range of closely related chemicals, the readout

result is accordingly expressed as an ‘‘equivalent target

concentration’’. The use of ‘‘equivalent target concentra-

tion’’ may not be a direct interpretation of a single

contaminant, but as the bioreporter assay is considered an

initial, relatively rapid analysis, which additionally pro-

vides a toxicity sense of the contaminants, this expressing

unit has been accepted for use [22]. Accordingly, the 4CA

levels in the test samples estimated by the bioreporter
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Fig. 3 Fluorescence induction ratio (bar) and cell biomass (point and
line) of the DH5a/pPXGFP–pTODST bioreporter when exposed to:

a 1 mM of iso-propanol (iPO), n-butanol (BtO), pentanol (PtO),

benzyl alcohol (BzO), hexane (Hx), cyclohexane (CH), heptanes

(Hp), octane (Oc), decane (Dc) or the non-exposed cell control (C);

b various concentrations of (symbols are for the induction ratio and

cell biomass, respectively): benzene (open square, open square),

toluene (dark gray square, open triangle), and ethylbenzene (filled
square, open circle); and c various concentrations of: o-xylene (open
square, open square), m-xylene (gray square, open triangle),

p-xylene (filled square, open circle), and the mixed xylenes (filled
square, open diamond). Data are shown as the mean ± SD, derived

from at least three independent repeats, and the error bars represent

the standard errors of the mean
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analysis are reported as 4CA-equivalent concentrations and

were then compared to those obtained by the HPLC anal-

ysis of the same samples (Table 2).

The analysis of soil by the bioreporter and HPLC analysis

both indicated trace level of 4CA, but a 1.6-fold higher level

when derived from the bioassay compared to the HPLC

analysis. This may be due to the presence of other positive

effectors in the soil sample that could slightly induce the

bioreporter activity. In agreement with this notion is that the

GC–MS analysis of the soil extract revealed the presence of

trace aromatic derivatives (data not shown). In general, the

potential drawback of the bioreporter application is that there

are influences (either stimulation or inhibition) from several

environmental factors on: (1) the bacterial survival, includ-

ing extreme pH or toxic compounds, and (2) the bioreporter

response level, including the presence of multiple com-

pounds [14]. In this study, the chemicals presented in the soil

extract were not severely toxic to the bioreporter cells (data
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Fig. 4 Fluorescence induction ratio (bar) and cell biomass (point) of

the DH5a/pPXGFP–pTODST bioreporter when exposed to various

concentrations of (symbols are for the induction ratio and cell

biomass, respectively): a aniline (open square, open square), 2CA

(gray square, open circle), 3CA (filled square, open triangle), and

4CA (filled square, open diamond); b 23DCA (open square, open

square), 24DCA (gray square, open circle), 34DCA (dark gray
square, open triangle) and 35DCA (filled square, open diamond);

c 234TCA(open square, open square), 245TCA (gray square, open
circle) and 246TCA (filled square, open triangle). Data are shown as

the mean ± SD, derived from at least three independent repeats, and

the error bars represent the standard errors of the mean
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not shown), but still adversely affected the bioreporter

activity as shown by the 10 % decrease of the 4CA level (i.e.,

the 4CA equivalent concentration was 0.877 ± 0.008 mM

as opposed to 1 mM).

In the soil sample that was spiked with 4CA at 1 mM

prior to water extraction, the 4CA concentration was esti-

mated to be 0.655 ± 0.014 mM using the bioassay. This

value was approximately 10 % difference from the HPLC

analysis, suggesting the acceptable ability of the DH5a/

pPXGFP–pTODST bioreporter. This efficient ability of the

bioreporter was also confirmed with the 4CA-spiked

wastewater, where a similar result was obtained with both

analyses (Table 2). The relative low extraction efficiency

of 4CA from soil is likely to be due to the partial adsorp-

tion of 4CA onto soil particles and the partitioning into the

extraction water of only the 4CA that was loosely attached

to the soil or dissolved in soil moisture content. Although

the extraction efficiency was improved by the use of

methanol as the solvent instead of water (for HPLC anal-

ysis), in terms of ecotoxicology assessment, the use of

water extraction could actually be an advantage of the bi-

oreporter, in that it can distinguish the level of immediately

leachable (potentially hazardous) pollutants in the envi-

ronment to living organisms. In addition, for bioremedia-

tion application of the target pollutant, the chemical

monitoring by the bioreporter can provide useful infor-

mation of the remaining and bioavailable level of the target

chemical, while the chemical analysis cannot.

In conclusion, the DH5a/pPXGFP–pTODST bioreporter

was constructed based upon the functional relationship

between the TodST TCS and the PtodX(T57) of P. putida

T-57. To our knowledge, the co-existing double plasmid

bioreporting system is markedly unique and has the

advantage in that when applied along with a negative

Table 2 Comparison of the detection of 4-chloroaniline (4CA) in soil and wastewater (WW) samples using the bioreporter and HPLC analyses

Bioreporter assay compositiona 4CA-equivalent concentration

(mM)h
Test purpose

Sample M9G Bioreporter 4CA

Bioreporter assayi

Soil extb ? ? - 0.014 ± 0.001 The test with original soil extract

Soil ext-

Sc
? ? ? 0.655 ± 0.014 The test with a water-extracted 4CA-spiked soil sample

Soil ext ? - - -e Influence of other soil bacteria

Soil ext ? ? ?d 0.877 ± 0.008 Possible influence from soil extract

Control ? ? - - Control, non-induced cells

WWf ? ? - 0.003 ± 0.001 The test with original wastewater

WW-Sg ? ? ?g 0.264 ± 0.019 The test with 4CA-spiked WW, and possible influence from

WW

WW ? - - -e Influence of other bacteria in WW

Control ? ? - - Control, non-induced cells

Sample characteristics 4CA concentration (mM)h

HPLC analysisi

Soil extract (original, non-spiked soil; water-extracted) 0.009 ± 0.001

Soil extract (4CA-spiked soil; water-extracted)c 0.534 ± 0.081

Soil extract (4CA-spiked soil; methanol-extracted)c 0.886 ± 0.069

WW (original, non-spiked WW) ND

WW spiked with 4CAg 0.272 ± 0.014

a The bioreporter composition and quantity are as described in ‘‘Materials and Methods’’
b Water-extract of the original soil sample
c Water-extract of the 1-mM 4CA-spiked soil sample (spiked prior to the extraction by water)
d Water-extract of original soil sample, plus 1-mM 4CA (added after extraction)
e The value of induction ratio was not significant and below that of the non-induced cell control
f Original wastewater
g Wastewater with the addition of 0.2-mM 4CA
h Calculated from the 4CA-derived standard curves (Fig. S1a and S1b)
i Data are shown as the mean ± SD, derived from at least three independent repeats, and the error bars represent the standard errors of the mean

ND not detected
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control (DH5a/pPXGFP), interference from other TCS

cross-regulation can be ruled out, resulting in a potentially

more accurate readout. This work not only expands the

previously reported range of the sensing capacity of the

TodST-based sensor from BTEX to include aniline and

CAs, but the results also indicate a broader recognition

range of PpT57’s TodST towards o-substituted aromatic

compounds, and several polychlorinated-substituted aniline

derivatives. The successful test results with environmental

samples indicated the potential application of this biore-

porter in ecotoxicology assessment and bioremediation of

soil or water contaminated with aniline and/or CAs.

Acknowledgments The financial support from the Environmental

Research and Management Department, PTT Research and Tech-

nology Institute, and from the collaborative research project between

Chulalongkorn University and Hiroshima University, is acknowl-

edged. The authors gratefully acknowledge Dr. Robert Butcher, PCU,

Faculty of Science, Chulalongkorn University, for his invaluable

comments and review.

References

1. Applegate B, Kelly C, Lackey L, McPherson J, Kehrmeyer S,

Menn FM, Bienkowski P, Sayler G (1997) Pseudomonas putida
B2: a tod-lux bioluminescent reporter for toluene and trichloro-

ethylene co-metabolism. J Ind Microbiol Biotechnol 18(1):4–9

2. Applegate BM, Kehrmeyer SR, Sayler GS (1998) A chromo-

somally based tod-luxCDABE whole-cell reporter for benzene,

toluene, ethylbenzene, and xylene (BTEX) sensing. Appl Environ

Microbiol 64(7):2730–2735

3. Behzadian F, Barjeste H, Hosseinkhani S, Zarei AR (2011)

Construction and characterization of Escherichia coli whole-cell

biosensors for toluene and related compounds. Curr Microbiol

62(2):690–696. doi:10.1007/s00284-010-9764-5

4. Burlage RS, Palumbo AV (1994) Bioluminescent reporter bac-

teria detect contaminants in soil samples. Appl Biochem Bio-

technol 46:731–740

5. Busch A, Guazzaroni ME, Lacal J, Ramos JL, Krell T (2009) The

sensor kinase TodS operates by a multiple step phosphorelay

mechanism involving two autokinase domains. J Biol Chem

284(16):10353–10360. doi:10.1074/jbc.M900521200

6. Busch A, Lacal J, Martos A, Ramos JL, Krell T (2007) Bacterial

sensor kinase TodS interacts with agonistic and antagonistic

signals. Proc Natl Acad Sci USA 104(34):13774–13779. doi:

10.1073/pnas.0701547104

7. Busch A, Lacal J, Silva-Jimenez H, Krell T, Ramos JL (2010)

Catabolite repression of the TodS/TodT two-component system

and effector-dependent transphosphorylation of TodT as the basis

for toluene dioxygenase catabolic pathway control. J Bacteriol

192(16):4246–4250. doi:10.1128/JB.00379-10

8. de las Herasde A, Lorenzo V (2011) In situ detection of aromatic

compounds with biosensor Pseudomonas putida cells preserved and

delivered to soil in water-soluble gelatin capsules. Anal Bioanal

Chem 400(4):1093–1104. doi:10.1007/s00216-010-4558-y

9. Dom N, Knapen D, Benoot D, Nobels I, Blust R (2010) Aquatic

multi-species acute toxicity of (chlorinated) anilines: experi-

mental versus predicted data. Chemosphere 81(2):177–186. doi:

10.1016/j.chemosphere.2010.06.059

10. Faizal I, Dozen K, Hong CS, Kuroda A, Takiguchi N, Ohtake H,

Takeda K, Tsunekawa H, Kato J (2005) Isolation and charac-

terization of solvent-tolerant Pseudomonas putida strain T-57,

and its application to biotransformation of toluene to cresol in a

two-phase (organic-aqueous) system. J Ind Microbiol Biotechnol

32(11–12):542–547

11. Farinha MA, Kropinski AM (1990) Construction of broad-host-

range plasmid vectors for easy visible selection and analysis of

promoters. J Bacteriol 172(6):3496–3499

12. Hansen LH, Sorensen SJ (2000) Versatile biosensor vectors for

detection and quantification of mercury. FEMS Microbiol Lett

193(1):123–127

13. Harms H, Wells MC, van der Meer JR (2006) Whole-cell living

biosensors–are they ready for environmental application? Appl

Microbiol Biotechnol 70(3):273–280. doi:10.1007/s00253-006-

0319-4

14. Keane A, Phoenix P, Ghoshal S, Lau PC (2002) Exposing culprit

organic pollutants: a review. J Microbiol Methods 49(2):103–119

15. Lacal J, Busch A, Guazzaroni ME, Krell T, Ramos JL (2006) The

TodS–TodT two-component regulatory system recognizes a wide

range of effectors and works with DNA-bending proteins. Proc Natl

Acad Sci USA 103(21):8191–8196. doi:10.1073/pnas.0602902103

16. Li YF, Li FY, Ho CL, Liao VH (2008) Construction and comparison

of fluorescence and bioluminescence bacterial biosensors for the

detection of bioavailable toluene and related compounds. Environ

Pollut 152(1):123–129. doi:10.1016/j.envpol.2007.05.002

17. Moller S, Sternberg C, Andersen JB, Christensen BB, Ramos JL,

Givskov M, Molin S (1998) In situ gene expression in mixed-

culture biofilms: evidence of metabolic interactions between

community members. Appl Environ Microbiol 64(2):721–732

18. Phoenix P, Keane A, Patel A, Bergeron H, Ghoshal S, Lau PC

(2003) Characterization of a new solvent-responsive gene locus

in Pseudomonas putida F1 and its functionalization as a versatile

biosensor. Environ Microbiol 5(12):1309–1327

19. Robbens J, Dardenne F, Devriese L, De Coen W, Blust R (2010)

Escherichia coli as a bioreporter in ecotoxicology. Appl Microbiol

Biotechnol 88(5):1007–1025. doi:10.1007/s00253-010-2826-6

20. Sagi E, Hever N, Rosen R, Bartolome AJ, Premkumar JR, Ulber

R, Lev O, Scheper T, Belkin S (2003) Fluorescence and biolu-

minescence reporter functions in genetically modified bacterial

sensor strains. Sens Actuators B Chem 90:2–8

21. Tecon R, Beggah S, Czechowska K, Sentchilo V, Chronopoulou

PM, McGenity TJ, van der Meer JR (2010) Development of a

multi strain bacterial bioreporter platform for the monitoring of

hydrocarbon contaminants in marine environments. Environ Sci

Technol 44(3):1049–1055. doi:10.1021/es902849w

22. van der Meer JR (2010) Bacterial sensors: synthetic design and

application principles. Morgan & Claypool publishers, Lausanne

23. Vangnai AS, Petchkroh W (2007) Biodegradation of 4-chloro-

aniline by bacteria enriched from soil. FEMS Microbiol Lett

268:209–216

24. Willardson BM, Wilkins JF, Rand TA, Schupp JM, Hill KK,

Keim P, Jackson PJ (1998) Development and testing of a bac-

terial biosensor for toluene-based environmental contaminants.

Appl Environ Microbiol 64(3):1006–1012

1810 J Ind Microbiol Biotechnol (2012) 39:1801–1810

123

http://dx.doi.org/10.1007/s00284-010-9764-5
http://dx.doi.org/10.1074/jbc.M900521200
http://dx.doi.org/10.1073/pnas.0701547104
http://dx.doi.org/10.1128/JB.00379-10
http://dx.doi.org/10.1007/s00216-010-4558-y
http://dx.doi.org/10.1016/j.chemosphere.2010.06.059
http://dx.doi.org/10.1007/s00253-006-0319-4
http://dx.doi.org/10.1007/s00253-006-0319-4
http://dx.doi.org/10.1073/pnas.0602902103
http://dx.doi.org/10.1016/j.envpol.2007.05.002
http://dx.doi.org/10.1007/s00253-010-2826-6
http://dx.doi.org/10.1021/es902849w

	Construction and application of an Escherichia coli bioreporter for aniline and chloroaniline detection
	Abstract
	Introduction
	Materials and methods
	Chemicals and bacterial strains
	RNA extraction and quantitative reverse transcriptase PCR (qRT-PCR)
	Plasmid construction and transformation
	Bacterial growth, induction experiments, fluorescence measurement, and determination of effector range
	Test of the bioreporter with 4CA-contaminated soil and wastewater
	Data analysis

	Results and discussion
	Expression of todST and todC2 gene transcripts in PpF1 and PpT57 in response to toluene and 4CA
	Description of the bioreporter plasmids
	The effect of the culture-medium composition and induction time on the bioreporter inducibility with toluene and 4CA
	Effector range and sensitivity of the bioreporter to various concentrations of BTEX and CAs
	Test of the bioreporter to soil and wastewater samples

	Acknowledgments
	References


