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Summary

Benzene, toluene, ethylbenzene and xylenes (BTEX)
contamination is a serious threat to public health
and the environment, and therefore, there is an
urgent need to detect its presence in nature. The use
of whole-cell reporters is an efficient, easy-to-use
and low-cost approach to detect and follow contami-
nants outside specialized laboratories; this is espe-
cially important in oil spills that are frequent in
marine environments. The aim of this study is the
construction of a bioreporter system and its compar-
ison and validation for the specific detection of
monocyclic aromatic hydrocarbons in different host
bacteria and environmental samples. Our bioreporter
system is based on the two component regulatory
system TodS-TodT of P. putida DOT-T1E, and the
Pioax promoter fused to the GFP protein as the
reporter protein. For the construction of different
biosensors, this bioreporter was transferred into
three different bacterial strains isolated from three
different environments, and their performance was
measured. Validation of the biosensors on water
samples spiked with petrol, diesel and crude oil on
contaminated waters from oil spills and on contami-
nated soils demonstrated that they can be used in
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mapping and monitoring some BTEX compounds
(specifically benzene, toluene and two xylene iso-
mers). Validation of biosensors is an important issue
for the integration of these devices into pollution-
control programmes.

Introduction

Benzene, toluene, ethylbenzene and xylenes (BTEX)
contamination of soils and waters is a serious threat to
public health and the environment, and it is essential to
detect its presence in nature and to control its biodegra-
dation in polluted sites with reliable tools (Heitzer and
Sayler, 1993; Alberici et al., 2002; Behzadian et al.,
2011; Wiwanitkit, 2014). The use of whole-cell biosen-
sors is an efficient, easy-to-use and low-cost approach
to monitor contaminants in the environment (Belkin,
2003) that can be used outside specialized laboratories;
this is especially important in oil spills that are frequent
in marine environments in remote locations (Doerffer,
2013). The construction of bioreporters is based on a
natural regulatory circuit composed of a transcription reg-
ulator and a promoter or operator which is combined
with a promoter-less gene that encodes an easily mea-
surable protein (the reporter protein). The activation of
the promoter by the transcription regulator in the pres-
ence of a specific chemical compound leads to the
expression of the reporter gene. The resulting output sig-
nal can be detected, calibrated and interpreted (Van der
Meer and Belkin, 2010). Environmental applications for
bioreporters and their advantages have been discussed
by Harms et al. (2006).

The aim of this study is the construction, comparison
and validation of biosensors for the specific detection of
monocyclic aromatic hydrocarbons in different environ-
ments. Our bioreporter system is based on the two
component regulatory system TodS-TodT of P. putida
DOT-T1E, and the P;yqx promoter fused to the GFP pro-
tein as a reporter protein. It was previously determined
that toluene was the best inducer of the P,;,4x promoter
and that this induction was controlled by the sensor
kinase, TodS, that phosphorylates its cognate response
regulator, TodT (Lacal et al., 2006; Busch et al., 2007,
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2009; Silva-Jiménez et al., 2015; Koh et al., 2016). For
the construction of different biosensors that would be
functional in different environments such as soils and
fresh and marine waters, this bioreporter was transferred
into three different bacterial strains that were isolated
from three different environments.

Results and discussion
Bioreporter construction and general characteristics

For the construction of the bioreporter, the Pyqux pro-
moter and the todST genes were amplified using
P. putida DOT-T1E chromosomal DNA as template
(Table S1). The GFP gene was amplified from plasmid
pGREEN-TIR (Miller and Lindow, 1997). DNA fragments
Pioqdx and GFP were used as a template in an overlap-
ping PCR to obtain a PCR fragment containing Pjoqx::
GFP fusion that was cloned on plasmid pSEVA438
(Silva-Rocha et al.,, 2013) using appropriate restriction
enzymes, resulting in plasmid pKST1 (Fig. 1A).

To compare performance of this construction in differ-
ent strains and to be able to use the biosensor in differ-
ent environments, pKST1 was electroporated into two
Pseudomonas strains; the solvent tolerant bacteria
Pseudomonas putida DOT-T1E isolated from a wastewa-
ter treatment plant (Ramos et al., 1995) and the soil and
root colonizer P. putida KT2240 (Nakazawa, 2002); and
conjugated as in Sabirova et al. (2006) in the marine
strain Alcanivorax borkumensis SK2 (Yakimov et al.,
1998). Selection of the transformants was done using
150 ug mi~" of streptomycin for the two P. putida strains
and 50 pg mi~" of the same antibiotic for A. borkumen-
sis SK2.

BTEX are highly toxic for microorganisms. To compare
the solvent tolerance of the three strains, we used
toluene as a model compound in the determination of
the survival rate of a culture after the sudden addition of
0.1% and 0.2% (v/v) of this compound. P. putida DOT-
T1E was described as solvent-tolerant strain (Rojas
et al, 2001) and, as expected, 100% of the cells sur-
vived the shock with 0.1% (not shown) and 0.2% of
toluene (Fig. 1B). P. putida KT2440 was originally iso-
lated from soil and has been classified as a medium-low
solvent tolerance strain (Segura et al., 2003; Rodriguez-
Herva et al., 2007). One hundred per cent of the cells in
the culture survived the sudden addition of 0.1% of
toluene, but only 108 cells mI~! were still viable 15 min
after the shock with 0.2% of toluene, and after 30 min,
the number of colony-forming units (CFUs) was below
the limit of detection (Fig. 1B). Information regarding
A. borkumensis SK2 tolerance towards some alcohols
and phenols was available (Naether et al., 2013), but
there was no information about the toxicity of BTEX
compounds. Cultures of A. borkumensis SK2 survived
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the 0.1% (v/v) toluene shock after 30 min; however,
15 min after 0.2% (v/v) toluene shock, the number of
CFUs was below the limit of detection (< 107 cells ml~")
(Fig. 1B). Therefore, we concluded that P. putida
KT2440 and A. borkumensis SK2 were able to tolerate
only moderate concentrations of toluene; this is an
important issue as detection of toxic compounds by
biosensors needs to take into account the concentration
range in which cells are viable.

To study biosensor performance, we first determined
the optimum exposure time to establish the magnitude of
the response of the bioreporter to different concentra-
tions of the target compounds (Hynninen et al., 2010).
Although there were no significant differences in induc-
tion rates at low toluene concentrations between exposi-
tion time of 3.5 and 5 h, at high toluene concentrations,
the relative fluorescence induction ratio was highest after
5 h in A. borkumensis SK2 (pKST-1) (Fig. 1C). Similar
induction times were obtained for P. putida KT2440
(pKST-1) biosensor (data not shown). Although we did
not determine the optimum exposure time for the repor-
ter in P. putida DOT-T1E, Lacal et al. (2006) had previ-
ously determined that the optimum induction time for the
reporter system using a Pigx::lacZ fusion in P. putida
DOT-T1E was also 5 h; therefore, we considered this
exposure time as the optimum for the three biosensors.
The induction time of the three biosensors was low
enough to represent an advantage compared to the
determination of compounds by chemical methods.

Plasmid pKST-1 was very stable in the absence of
antibiotics in the two P. putida strains; 100% of the cells
bore the pKST-1 plasmid after 72 generations (Fig. 1D).
In A. borkumensis SK2, only 85% of the cells maintained
the plasmid after 40 generations (Fig. 1D). As the num-
ber of generations after 5 h (biosensor induction time)
was 1.5, 6 and 5 for A. borkumensis SK2, P. putida
KT2440 and P. putida DOT-T1E, respectively, we can
conclude that during the course of the experiment, there
were no significant plasmid losses that could represent a
decrease in the fluorescence measurements.

Determination of detection and saturation limits for
toluene and other BTEX compounds

The minimum detection limit is described as the inducer
concentration at which the fluorescence emitted by the
bioreporter in the presence of the inducer is twofold
higher than in the absence of inducer. The saturation
limit is considered the inducer concentration at which the
biosensor reaches its maximum fluorescence emission
(Sevilla et al., 2015). As shown in Fig. 2, toluene detec-
tion limit in A. borkumensis SK2 (pKST-1) was lower
than with the two P. putida strains (0.04 mg I~ versus
0.9 mg I""). Saturation limits were also lower for
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Fig. 1. Structure and characterization of the biosensor. (A) Schematic representation of the BTX bioreporter in plasmid pKST-1. Although the
todST gene expression is under the control of the Pm promoter (inducible by benzoate or methyl-benzoate) (Kessler et al., 1994), in our biosen-
sors, basal transcription from the Pm promoter was high enough as to allow the induction of the system, and therefore, no benzoate or methyl-
benzoate were used in the experiments. In the presence of the effector (i.e. toluene), TodST proteins act over Py,qx promoter inducing the
expression of the GFP protein. Small arrows indicate the location of the primers used in the amplification (above/below the arrow, the name of
the primer was indicated). Location of the restriction enzymes introduced in the construction, Sacll, BamHI and Spel are also depicted. (B)
Solvent tolerance of the three host strains: Cultures were grown overnight and diluted to OD ~ 0.1 next day on LB; cultures were grown until
mid-exponential phase (OD ~ 0.8) and then divided into three flasks; 0.1% and 02% (v/v) toluene were added to two flasks and the third one
was kept as control. Serial dilutions of samples taken 0, 15 and 30 min after toluene addition were drop plating to obtain the number of viable
cells. Results of experiments with 0.1% toluene are not represented in the graphic. Triangles: Alcanivorax borkumensis SK2; diamonds:
Pseudomonas putida KT2440; squares: P. putida DOT-T1E. Discontinuous lines: samples without toluene; continuous lines: samples with 0.2%
(v/v) toluene. (C) Optimum exposure time of the biosensor A. borkumensis SK2 (pKST-1). Cultures were grown overnight on marine media
ONR7a (Dyksterhouse et al., 1995) with sodium pyruvate 1% (v/v) plus streptomycin (50 ug mi~") in an orbital shaker at 30°C and 200 rpm;
next day the cultures were washed three times and cultivated in fresh media until they reached an ODggo nm Of 0.1. At this moment, different
concentrations of toluene were added to each culture and samples were taken at different times. Fluorescent values are given as fluorescence
induction ratio (fluorescence emitted in conditions of induction/ fluorescence emitted by the control culture without inducer). Fluorescence was
measured in a LPS-220B fluorometer (Photon Technology International). Aex was 485 nm and Aem 510 nm. Error bars mean the standard devia-
tion of three experimental repeats. (D) Plasmid stability in the three host strains: triangles: A. borkumensis SK2; diamonds: P. putida KT2440;
squares: P. putida DOT-T1E. Overnight cultures of the three strains grown in their corresponding media (marine media plus sodium pyruvate
for A. borkumensis SK2 and M9 minimal media with glucose for the two Pseudomonas strains) plus streptomycin were diluted to ODggg nm Of
0.1, washed once and transferred to fresh medium without antibiotic and grown at 30°C. Serial dilutions of the culture were plated every day.
The percentage of cells containing pKST-1 plasmid was calculated as follows: (CFUs in plates with antibiotic/CFUs in plates without antibiotic)
x100. Generation times for each strain were 197 min for A. borkumensis SK2, 45 min for P. putida KT2440 and 60 min for P. putida
DOT-T1E.

A. borkumensis SK2 (40 mg1~") than for P. putida A. borkumensis SK2 (pKST-1), from 1mgl' to
KT2440 (250 mg|~') and for P. putida DOT-T1E 5mg |~ for P.putida KT2440 (pKST-1) and from
(460 mg I"). The linear range of each biosensor is 1mgl" to 50 mg I~ for P. putida DOT-T1E (pKST-1)
also different, from 0.04mgl' to 1mgl' for (Fig. 2).
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The biosensors limits are in direct correlation with the
sensitivity of each strain towards the organic solvent.
Solvent extrusion by efflux pumps is one of the main
mechanisms of solvent tolerance. In P. putida DOT-T1E,
three efflux pumps have been described as responsible
for the high solvent tolerance, while in the P. putida
KT2440 genome, only one of these efflux pumps is pre-
sent (Rojas et al., 2001; Segura et al., 2003). Probably
because organic solvents are extruded efficiently in
P. putida DOT-T1E, the saturation limits are higher for
most compounds as those determined in P. putida
KT2440. There is no information available about efflux
pumps in A. borkumensis SK2, but the data about its
tolerance towards toluene (presented above) suggest
lower toluene efflux efficiency in this strain than in
P. putida strains, explaining the lower detection limits. In
all cases, the toluene saturation limits were below the
toxic concentration for the two most sensitive strains
A. borkumensis and P. putida KT2440 (that was
between 0.1% and 0.2% (v/v) or around 0.87-
1.73 g I""). At toluene concentrations higher than the
saturation limit, the fluorescence emission decreased,
probably because the adverse effects of toluene on the
biological membranes and energy consumption (Segura
et al., 2012).

A. borkumensis SK2

P. putida KT2440
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These experiments were done using M9 minimal
media to cultivate the two P. putida strains and marine
media for A. borkumensis SK2. To further demonstrate
the importance of the host selection for detection of toxic
compounds, we also analysed the performance of our
biosensors in marine media. We could not test perfor-
mance of A. borkumensis SK2 (pKST-1) in M9 minimal
media because this strain was not able to grow in this
media. P. putida DOT-T1E and P. putida KT2440 were
able to grow in marine media, although P. putida
KT2440 grew slower than P. putida DOT-T1E (Fig. 3A).
Performance of P. putida KT2440 (pKST-1) was very
poor (Fig. 3B), probably because the strain is stressed
at high salt concentrations. P. putida DOT-T1E (pKST-1)
showed higher detection limit than A. borkumensis SK2
(PKST-1) (25 mg |~ versus 0.04 mg|I"") (data not
shown). The induction rates of the P. putida DOT-T1E
(pKST-1) biosensor were higher in M9 minimal media
than in marine media (Fig. 3C). Therefore, we decided
to perform all the following experiments using M9 mini-
mal media when using either of the two Pseudomonas
strains and marine media when using A. borkumensis
SK2.

Biosensors should be specific for the desired com-
pound or family of compounds (Ripp, 2005). Previous

P. putida DOT-T1E
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Fig. 2. Determination of the detection and saturation limits for pure toluene. Alcanivorax borkumensis SK2 (pKST-1) was cultivated overnight
on ONR?7a plus sodium pyruvate and 50 pg mi~" of streptomycin as described above, and Pseudomonas putida strains containing pKST-1
were grown on M9 minimal media (Abril et al., 1989) plus 5 mM sodium citrate and 150 ug mi~" of streptomycin. Experimental procedures were
done as in Fig. 1C. Dotted lines indicate the detection limits. Saturation limits are shown in the upper part of each figure.
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Fig. 3. Biosensors performance in marine media. (A) Growth of the strains in marine media with 1% pyruvate (A. borkumensis SK2; triangles)
and with 5 mM sodium citrate (Pseudomonas putida KT2440; diamonds and P. putida DOT-T1E squares). (B) Induction of the three biosensor
with toluene in marine media; squares: P. putida DOT-T1E (pKST-1), diamonds: P. putida KT2440 (pKST-1) and triangles: A. borkumensis SK2
(pKST-1). (C) Performance of P. putida DOT-T1E (pKST-1) biosensor with toluene as an inducer in marine media (open symbols and dotted

line) and minimal media (closed symbols and continuous line).

results from Lacal et al, 2006 have shown that the
TodST-P;ax System was induced by several monocyclic
aromatic compounds (toluene and some chloro- or flu-
oro-toluenes), but they did not determine the induction
by other compounds present in oil spills, such as poly-
cyclic aromatic hydrocarbons (PAHs). We tested the
specificity of the bioreporter using P. putida DOT-T1E
(pKST-1) as host strain. No induction was observed in
the presence of naphthalene (added as a small crystal),
2-methyl-naphthalene (added in a glass dipstick into the
incubation flask) or phenanthrene (added as a small
crystal) (saturating concentrations in aqueous media of
31.6mg ", 246 mgl" and 1.6 mg |, respectively).
These results are in agreement with previous experi-
ments of Busch et al. (2007) that demonstrated that
some compounds with two aromatic rings such as naph-
thol or 2,3-dihydroxynaphthalene did not bind to TodS
(Busch et al., 2007). Experiments were done to test the
suitability of these biosensors to detect other BTEX com-
pounds. Biosensors were able to detect benzene, p-
xylene and m-xylene in addition to toluene (Table 1); no
induction by ethylbenzene was detected at any concen-
tration. Interestingly, saturation limit for m-xylene was

similar for the three strains; this, together with the high
detection limits, 40, 45 and 70 mg |~ for P. putida DOT-
T1E (pKST-1), P. putida KT2440 (pKST-1) and A. borku-
mensis SK2 (pKST-1), respectively (Table 1), suggests
that this compound is not a good inducer of the system.
O-xylene was previously determined to be an antagonist
(Busch et al., 2007), and when we added different con-
centrations of o-xylene to a culture induced with
5mg|~" of toluene, we observed a progressive
decrease fluorescence (Fig. 4).

Our results demonstrated that the biosensor is specific
for monocyclic aromatic hydrocarbons, being able to
detect some BTEX compounds, specifically benzene,
toluene, and p- and m- xylene. The best inducer is ben-
zene, followed by toluene and p-xylene.

This is not the first bioreporter to be constructed for
the detection of BTEX; however, many of them have
used elements (lux or luc genes) that require the addi-
tion of a secondary exogenous substrate for its activa-
tion, such as lux- or luc-based reporters (Applegate
et al., 1998; Willardson et al., 1998; Tecon et al., 2010),
while GFP-based bioreporters, such as those described
here, do not require the addition of any exogenous
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Table 1. Saturation and detection limits of the different biosensors with toluene, benzene, p-xylene and m-xylene.

LD Induction fold LS Induction fold Basal fluorescence
Alcanivorax borkumensis SK2 (pKST-1)
Toluene 0.04 2+ 0.31 40 17.01 + 1.58 90 236 + 4711
Benzene 0.15 2+ 012 0.5 8.91 + 0.62
p-Xylene 1.5 2 +0.35 80 16.87 £ 0.27
m-Xylene 70 2+ 043 125 14.15 + 0.41
Pseudomonas putida KT2440 (pKST-1)
Toluene 0.9 2 + 0.09 250 3520 + 1.8 46 837 + 7616
Benzene 0.4 2 +0.22 100 23.45 + 1.20
p-Xylene 25 2 + 0.04 110 11.50 + 0.23
m-Xylene 45 2 +0.28 125 9.74 + 0.48
P. putida DOT-T1E (pKST-1)
Toluene 0.9 2 + 0.59 460 91.44 + 10.12 69 022 + 2769
Benzene 0.2 2+ 0.14 150 53.55 + 1.07
p-Xylene 5 2 + 047 125 39.47 + 0.78
m-Xylene 40 2 +0.12 125 17.31 £ 1.03

Concentration data are given in mg ="

LD: detection limit, concentration when induction ratio is 2. LS: saturation

relative to the fluorescence of the control without inducer.

Fluorescence induction ratio (x-fold)

0 ) o-xylene (mg 1)

5 1 toluene (mg 1"

Fig. 4. Effect of o-xylene in the response to toluene by Pseu-
domonas putida KT2440 (pKST-1). Toluene is kept at a constant
concentration of 5 mg I=" or 1 mg I~" and increasing concentrations
of o-xylene are added.

compounds (Van der Meer and Belkin, 2010). Although
the detection limits of our biosensors are very similar to
those reported in the analogous system, P. putida F1
(Applegate et al., 1998), the saturation limit for P. putida
DOT-T1E (pKST-1) is higher and the saturation limit of
A. borkumensis SK2 (pKST-1) is lower than those
reported before, demonstrating the importance of the
host selection for the detection of toxic compounds.

Bioreporter validation in contaminated waters

To validate the biosensors, we tested them in different
contaminated waters; specifically in waters spiked with
petrol (Star Gasoline, CEPSA) or diesel (Star Diesel Oil
A+, CEPSA) and in environmental samples from acci-
dental spills. Determination of monocyclic and PAHSs in
the samples was performed in parallel using a gas

limit, concentration when induction ratio is maximum. Induction fold:

chromatography-mass spectrometer (GC-MS) (Data S1;
Table 2).

None of the biosensors were induced when exposed
to 5% and 10% (v/v) waters from Motril and Messina
harbours or Salobrena and Gela beaches; no signal
was found either for the Messina or Gela edaphic sedi-
ments (3 ml of saturated solution was added to 7 ml of
culture and incubated for 5 h). Neither was BTEX
detected in these samples by GG-MS analysis
(Table 2); therefore, we can conclude that the biosensor
is not giving false positives. All the biosensors were
induced in the presence of petrol and diesel (Fig. S1).
As previously shown with pure toluene, saturation limits
were higher in P. putida DOT-T1E (pKST-1) than in
P. putida KT2440 (pKST-1) and A. borkumensis SK2
(pKST-1); detection limits were lower in A. borkumensis
SK2 (pKST-1) than in the two P. putida strains
(Table 3; Fig. S1). It should be pointed out that the
equivalent toluene concentration in the detection limit
for petrol is lower than for pure toluene; this is related
with the presence of other inducers (benzene and xyle-
nes) in the mixture. The equivalent BTEX concentration
in detection limit in diesel is always higher than in pet-
rol probably because the ratio between benzene and
toluene (best inducers) versus o-xylene (antagonist) is
3.4 in petrol and 0.43 in diesel.

We also tested the three biosensors in aqueous solu-
tions containing 5% and 10% (v/v) of saturated solutions
of crude oil and oil from the Prestige spill (prepared as
indicated in Table 2), but none of them induced fluores-
cence. These samples contained 0.04 mg |~ (crude oil)
and 0.11 mg |- (Prestige oil) of toluene (measured by
GC-MS), a concentration very close to the detection limit
of the A. borkumensis SK2 (pKST-1) biosensor.
Because o-xylene is an antagonist of toluene in the
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Table 2. Analysis of BTEX and PAHs content by GC-MS in environmental samples.

Benzene Toluene Ethylbenzene m-, p-xylene o-xylene Total BTEX Total PAH (2, 3 rings)

Marine water

Salobrena 0.00 0.00 0.00 0.00 0.00 0.00 0.0045

Motril 0.00 0.00 0.00 0.00 0.00 0.00 0.0057

Messina 0.00 0.00 0.00 0.00 0.00 0.00 0.0105

Gela 0.00 0.00 0.00 0.00 0.00 0.00 0.0117
Edaphic sediments

Messina 0.00 0.00 0.00 0.00 0.00 0.00 0.0041

Gela 0.00 0.00 0.00 0.00 0.00 0.00 0.0504
Oil and derivates

Petrol 5248.7250 32 807.6250 8647.1250 16 481.7500 11 175.3750 74 360.6000 153.5490

Diesel 177.8800 604.2850 1082.6650 2363.3400 1823.0950 6051.2650 70.0740

Prestige 0.0405 0.1080 0.0875 0.1298 0.1186 0.4844 0.1938

Crude oil 0.00 0.0461 0.0597 0.0909 0.0777 0.2745 1.2982
Soil 0.01%

Day 1 0.018 0.106 0.016 0.019 0.031 0.19 nd

Day 3 0.015 0.078 0.015 0.021 0.028 0.155 nd

Day 6 0.009 0.033 0.012 0.018 0.026 0.098 nd
Soil 0.10%

Day 1 0.026 0.384 0.095 0.111 0.292 0.908 nd

Day 3 0.018 0.166 0.034 0.052 0.132 0.401 nd

Day 6 0.019 0.138 0.028 0.025 0.113 0.322 nd
Soil 0.50%

Day 1 0.057 1.263 0.592 1.289 2.129 5.329 nd

Day 3 0.026 0.493 0.238 0.477 1.114 2.348 nd

Day 6 0.027 0.377 0.155 0.362 0.668 1.588 nd

Diesel was prepared as a 0.02% solution and petrol as 0.004% in water for GC analysis; concentrations in the table referred to pure diesel or
petrol.

Saturated samples (1 g of crude oil and 4 g of Prestige spill oil) were added to the corresponding minimal media and gently agitated overnight
in a closed bottle in the dark.

No preparation was needed for Mesina, Gela, Motril and Salobrena water solutions; samples were added directly to the GC-MS vials. For Gela
and Mesina edaphic sediment samples, 5 g of sediment was added to 5 ml of water and agitated overnight in a closed bottle. Samples were
analysed after centrifugation to avoid any material in suspension.

In soil experiments, the soil was contaminated with 0.01%, 0.1% or 0.5% (v/w) of petrol; 2 g of soil containing was added to 6.5 ml of water.
After vortexing for 1 min, samples were centrifugated at 9500 rpm at room temperature for 10 minutes; 2 ml of the supernatant was transferred
to 20 ml tube and water was added to 10 ml total.

Values are given in mg 17",

n.d.: not determined.

Table 3. Saturation and detection limits with different samples.

Alcanivorax borkumensis SK2 Pseudomonas putida KT2440 P. putida DOT-T1E
Petrol Diesel  Pure toluene  Petrol Diesel  Pure toluene Petrol Diesel  Pure toluene
Saturation limits
Biosensor saturation limits (% in  0.01 0.8 0.005 0.1 1 0.03 0.23 45 0.06
solution)
Equivalent BTEX concentration 7 48 40 74 60 250 171 272 460
(GC-MS)
Equivalent toluene concentration 3 4 40 33 5 250 75 23 460
(GC-MS)
Detection limits
Biosensor detection limits (% in 0.0001 0.05 0.000005 0.0005 0.15 0.0001 0.0008 0.08 0.0001
solution)
Equivalent BTEX concentration 0.07 3 0.04 0.37 9 0.9 0.59 4 0.9
(GC-MS)
Equivalent toluene concentration  0.03 0.3 0.04 0.15 0.9 0.9 0.24 0.4 0.9
(GC-MS)

Sensibility limits of the different biosensors; data in mg =" are obtained on the basis of the determinations by GC-MS (Table 2).

induction of Pygx (Busch etal, 2007; Fig. 4), we accounted for the higher detection limit of the biosensor
hypothesized that under these conditions, there may be in these samples when compared with that in pure
a certain degree of inhibition of the system that toluene. Accordingly, 2 mg ™' of o-xylene decreased
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fluorescence when the system was induced with
1 mg I of toluene (Fig. 4).

All these results indicated that biosensors can accu-
rately discriminate between the presence/absence of
monocyclic aromatic hydrocarbons in complex mixtures.
Although quantification of BTX concentrations in the dif-
ferent samples cannot be as accurately determined as
by chemical means, they are useful for quick measure-
ments of pollutants, and a correlation between the inten-
sity of the signal and the amount of monocyclic aromatic
hydrocarbons (Fig. S1) provides values of the magnitude
of the contamination. Not many of the biosensors
reported previously have been tested using environmen-
tal samples; the Escherichia coli luc-based bioreporter
(Willardson et al., 1998) was tested with groundwater
samples and samples contaminated with jet fuel
although only the detection limits of the biosensor were
determined for the groundwater samples (9.2 mg I~" of
BTEX). Our A. borkumensis SK2 (pKST-1) biosensor
was able to detect 0.07 mg I-" of BTX in samples con-
taminated with petrol (Table 3). Similarly, Tecon et al.
(2010) mimicked oil spills in seawaters determining that
the minimum toluene equivalent concentration was
detected by the E. coli Ilux-based bioreporter was
7.37 mg 1=, 100 times higher than that of the A. borku-
mensis SK2 (pKST-1) biosensor, 20 times higher than
the P. putida KT2440 (pKST-1) biosensor and 12 times
higher than P. putida DOT-T1E (pKST-1).

Petrol volatilization in soil

We used our P. putida KT2440 (pKST-1) biosensor to
evaluate its performance during pollutant elimination in
soil. The selection of the biosensor was done on the
basis of the good persistence of P. putida KT2440 in
soils (Molina et al., 2000). BTEX are highly volatile com-
pounds (Lim et al., 2014), and we decided to analyse
the volatilization of these compounds in soil artificially
contaminated with 0.01%, 0.1% and 0.5% (v/w) of petrol.
As shown in Fig. 5, all the samples gave positive
responses. When the soil was contaminated with 0.01%
(v/w) of petrol, induction was obtained after only 1 day;
on the following days, the amount of toluene (Table 2)
was much lower than the detection limit of this biosensor
(equivalent toluene concentration 0.15 mg I~"; Table 3).
When petrol was added to the soil at a concentration of
0.1% (v/w) (Fig. 5), the levels of induction decreased
with time, as did the toluene concentration in the sam-
ples (Table 2). At day 6, BTEX concentrations were
below the limit of detection (LD: 0.37 mg |I~"; Table 3).
Soils polluted with 0.5% (v/w) of petrol showed lower
inductions than the expected on days 1 and 3 (Fig. 5).
The number of biosensor cells in the culture increased
from 10% to 10° cells mI~" after the 5 h of incubation;
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Fig. 5. Detection of petrol in soils by Pseudomonas putida KT2440
(pKST-1). A mixture of 59% sand and 41% peat was contaminated
with different gasoline concentrations (0.01%, 0.1% and 0.5% of
gasoline). Open pots with 100 g of soil were left at room tempera-
ture; 1 g of samples was taken at 1, 3 and 6 days of incubation and
were added to 10 ml of P. putida KT2440 (pKST-1) culture

(ODgeo nm = 0.1). After 5 h of incubation at 30°C in an orbital sha-
ker, 2 ml of the culture was centrifuged and fluorescence was mea-
sured. Bars indicate the induction fold with the extracts from soils
after incubation 1 day with toluene (black), 3 days (dark grey) and
6 days (grey). Error bars mean the standard deviation of three
experimental repeats.

therefore, we disregarded the possibility of toxicity
issues. However, the concentration of o-xylene in the
samples after 1 and 3 days is relatively high (2.13 and
1.11 mg I""); in artificial simple systems, at low toluene
concentrations (5 mg|~') and using 2mg ' of o
xylene, we observed certain inhibition of the fluores-
cence (Fig. 4) supporting the hypothesis of biosensor
inhibition by o-xylene in environmental samples. These
issues are not observed at day 6, when the induction of
the biosensor showed maximum activity. All these
results demonstrate that this biosensor is able to detect
BTX in a reliable and simple assay and that it can be
useful for rapidly mapping contamination.

To sum up, we have constructed three different biosen-
sors for the detection of monocyclic aromatic compounds
which are highly specific for these compounds and that
can be used in different environmental samples. Utilization
of the A. borkumensis SK2 (pKST-1) biosensor gave the
best results detecting lower concentrations of pollutant;
however, the low tolerance towards some of these com-
pounds could limit its utilization in heavily contaminated
environments. In these cases, P. putida DOT-T1E (pKST-
1) would be the best option due to its high solvent toler-
ance and the higher saturation limits of the biosensor. For
marine environments, A. borkumensis SK2 (pKST-1)
would be the best biosensor to choose as salinity will not
affect the response of the biosensor. Remarkably,
although P. putida DOT-T1E (pKST-1) performed better in
its natural media, it can also be use in marine media if the
high organic solvent concentrations recommended the uti-
lization of a high solvent tolerant strain.
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Future efforts to miniaturize the biosensors in flow-cell
based systems and the development of systems for the
detection of multiple contaminants will allow the monitor-
ing of bioremediation strategies in a fast, easy and eco-
nomical assay that can be performed on site.

Conflict of interest

None declared.

References

Abril, M.A., Michan, C., Timmis, K.N., and Ramos, J.L.
(1989) Regulator and enzyme specificities of the TOL
plasmid-encoded upper pathway for degradation of aro-
matic hydrocarbons and expansion of the substrate of the
pathway. J Bacteriol 171: 6782—6790.

Alberici, R.M., Zampronio, C.G., Poppi, R.J., and Eberlin,
M.N. (2002) Water solubilization of ethanol and BTEX
from gasoline: on-line monitoring by membrane introduc-
tion mass spectrometry. Analyst 127: 230-234.

Applegate, B.M., Kehrmeye, S.R., and Sayler, G.S. (1998)
A chromosomally based tod-luxCDABE whole-cell repor-
ter for benzene, toluene, ethybenzene, and xylene
(BTEX) sensing. Appl Environ Microbiol 64: 2730-2735.

Behzadian, F., Barjeste, H., Hosseinkhani, S., and Zarei,
A.R. (2011) Construction and characterization of Escheri-
chia coli whole-cell biosensors for toluene and related
compounds. Curr Microbiol 62: 690-696.

Belkin, S. (2003) Microbial whole-cell sensing systems of
environmental pollutants. Curr Opin Microbiol 6: 206—
212.

Busch, A., Lacal, J., Martos, A., Ramos, J.L., and Krell, T.
(2007) Bacterial sensor kinase TodS interacts with ago-
nistic and antagonistic signals. PNAS 104: 13774-13779.

Busch, A., Guazzaroni, M.E., Lacal, J., Ramos, J.L., and
Krell, T. (2009) The sensor kinase TodS operates by a
phosphorelay mechanism involving two autokinase
domains. J Biol Chem 284: 10353—10360.

Doerffer, J.W. (2013) Oil Spill Response in the Marine Envi-
ronment. Pergamon Press: Elsevier.

Dyksterhouse, S.E., Gray, J.P., Herwig, R.P., Lara, J.C,,
and Staley, J.T. (1995) Cycloclasticus pugetii gen. nov.,
sp. nov., an aromatic hydrocarbon-degrading bacterium
from marine sediments. Int J Syst Bacteriol 45: 116-123.

Harms, H., Wells, M.C., and van der Meer, J.R. (2006) Whole-
cell living biosensors—are they ready for environmental
application? Appl Microbiol Biotechnol 70: 273-280.

Heitzer, A., and Sayler, G.S. (1993) Monitoring the efficacy
of bioremediation. Tibtech 11: 334.

Hynninen, A., Tonismann, K., and Virta, M. (2010) Improv-
ing the sensitivity of bacterial bioreporters for heavy met-
als. Bioeng Bugs 1: 132—138.

Kessler, B., Herrero, M., Timmis, K.N., and de Lorenzo, V.
(1994) Genetic evidence that the XylS regulator of the
Pseudomonas TOL meta operon controls the Pm pro-
moter through weak DNA-protein interactions. J Bacteriol
176: 3171-3176.

Koh, S., Hwang, J., Guchhait, K., Lee, E.G., Kim, S.Y., Kim,
S., et al. (2016) Molecular insights into toluene sensing in

the TodS/TodT signal transduction system. J Biol Chem
291: 8575-8590.

Lacal, J., Busch, A., Guazzaroni, M.E., Krell, T., and
Ramos, J.L. (2006) The TodS-TodT two-component regu-
latory system recognizes a wide range of effectors and
works with  DNA-bending proteins. PNAS 103: 8191-
8196.

Lim, S.K., Shin, H.S., Yoon, K.S., Kwack, S.J., Um, Y.M.,
Hyeon, J.H., et al. (2014) Risk assessment of volatile
organic compounds benzene, toluene, ethylbenzene, and
xylene (BTEX) in consumer products. J Toxicol Environ
Health 77: 1502—1521.

Miller, W.G., and Lindow, S.E. (1997) An improved GFP
cloning cassette designed for prokaryotic transcriptional
fusions. Gene 191: 149-153.

Molina, L., Ramos, C., Duque, E., Ronchel, M.C., Garcia,
J.M., Wyke, L., and Ramos, J.L. (2000) Survival of Pseu-
domonas putida KT2440 in soil and in the rhizosphere of
plants under greenhouse and environmental conditions.
Soil Biol Biochem 32: 315-321.

Naether, D.J., Slawtschew, S., Stasik, S., Engel, M., Olzog,
M., Wick, L.Y., et al. (2013) Adaptation of the hydrocar-
bonoclastic bacterium Alcanivorax borkumensis SK2 to
alkanes and toxic organic compounds: a physiological
and transcriptomic approach. Appl! Environ Microbiol 79:
4282-4293.

Nakazawa, T. (2002) Travels of a Pseudomonas, from
Japan around the world. Environ Microbiol 4: 782—786.
Ramos, J.L., Duque, E., Huertas, M.J., and Haidour, A.
(1995) Isolation and expansion of the catabolic potential
of a Pseudomonas putida strain able to grow in the pres-
ence of high concentrations of aromatic hydrocarbons.

J Bacteriol 177: 3911-3916.

Ripp, S. (2005) Bioreporter technology for monitoring soil biore-
mediation. In Manual of Soil Analysis. Margesin, R., and
Schinner, F. (eds). Berlin: Springer-Verlag, pp. 233-250.

Rodriguez-Herva, J.J., Garcia, V., Hurtado, A., Segura, A.,
and Ramos, J.L. (2007) The ttgGHI solvent efflux pump
operon of Pseudomonas putida DOT-T1E is located on a
large self-transmissible plasmid. Environ Microbiol 9:
1550-1561.

Rojas, A., Duque, E., Mosqueda, G., Golden, G., Hurtado,
A., Ramos, J.L.,, and Segura, A. (2001) Three efflux
pumps are required to provide efficient tolerance to
toluene in Pseudomonas putida DOT-T1E. J Bacteriol
183: 3967-3973.

Sabirova, J.S., Ferrer, M., Lunsdorf, H., Wray, V.,
Kalscheuer, R., Steinblchel, A., et al. (2006) Mutation in
a “tesB-Like” hydroxyacyl-coenzyme A-specific thioester-
ase gene causes hyperproduction of extracellular polyhy-
droxyalkanoates by Alcanivorax borkumensis SK2.
J Bacteriol 188: 8452-8459.

Segura, A., Rojas, A., Hurtado, A., Huertas, M.J., and
Ramos, J.L. (2003) Comparative genomic analysis of sol-
vent extrusion pumps in Pseudomonas strains exhibiting
different degrees of solvent tolerance. Extremophiles 7:
371-376.

Segura, A., Molina, L., Fillet, S., Krell, T., Bernal, P.,
Munoz-Rojas, J., and Ramos, J.L. (2012) Solvent toler-
ance in Gram-negative bacteria. Curr Opin Biotech 23:
415-421.

© 2016 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology, Microbial

Biotechnology, 9, 858-867



Sevilla, E., Yuste, L., and Fernando, R. (2015) Marine
hydrocarbonoclastic bacteria as whole-cell biosensors for
n-alkanes. Microb Biotechnol 8: 693—7067.

Silva-Jiménez, H., Ortega, A., Garcia-Fontana, C., Ramos,
J.L., and Krell, T. (2015) Multiple signals modulate the
activity of the complex sensor kinase TodS. Microb
Biotechnol 8: 103-115.

Silva-Rocha, R., Martinez-Garcia, E., Calles, B., Chavarria,
M., Arce-Rodriguez, A., de Las Heras, A., et al. (2013)
The Standard European Vector Architecture (SEVA): a
coherent platform for the analysis and deployment of
complex prokaryotic phenotypes. Nucleic Acids Res 41:
666—675.

Tecon, R., Beggah, S., Czechowska, K., Sentchilo, V.,
Chronopoulou, P.M., McGenity, T.J., and Van der Meer,
J.R. (2010) Development of a multistrain bacterial biore-
porter platform for the monitoring of hydrocarbon contami-
nants in marine environments. Environ Sci Technol 44:
1049-1055.

Van der Meer, J.R., and Belkin, S. (2010) Where microbiol-
ogy meets microengineering: design and applications of
reporter bacteria. Appl Ind Microbiol 8: 511-522.

Willardson, B.M., Wilkins, J.F., Rand, T.A., Schupp, J.M,,
Hill, K.K., Keim, P., and Jackson, P. (1998) Development

BTX biosensors for monitoring waters and soils 867

and testing of a bacterial biosensor for toluene-based
environmental contaminants. Appl Environ Microbiol 64:
1006-1012.

Wiwanitkit, V. (2014) Benzene, cytochrome, carcinogenesis:
a topic in preventive toxicology. Indian J Occup Environ
Med 18: 97-99.

Yakimov, M.M., Golyshin, P.N., Lang, S., Moore, E.R.B.,
Abraham, W.R., Linsdorf, H., and Timmis, K.N. (1998)
Alcalinovorax borkumensis gen. nov., sp. nov., a new,
hydrocarbon-degrading and surfactant-producing marine
bacterium. Int J Syst Bacteriol 48: 339—-348.

Supporting information

Additional Supporting Information may be found online in
the supporting information tab for this article:
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