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Mercury pollution has always been a huge threat to human health due to its significant toxicity. Thus, it’s the
continuing goal to obtain new mercury detection techniques that are cost-effective, operational stable, performance
efficient, and applicable to the environmental and biological milieus. In this research, the soluble pigment pyocyanin
with anti-bacterial and anti-fungal activities, the biosynthesis pathway of which was engineered under the regulation of
Hg?*-dependent transcriptional activator MerR, was firstly used as the visual detection signal m the whole-cell

biosensor. The engineered biosensor displayed optical sensing window and a good linearity for Hg?*

in the range of

25-1000 nM, and the detection limit could reach as low as 10 nM. It permitted on-site detection of bioavailable Hg?*
with extraordinary selectivity and could resist the interferences of extra metal ions. What’s more, the developed
biosensor performed function well in a wide pH range (pH 4—-10) as well as the environmental water. By fully imitating
and utilizing the biosystems from nature, the engineered colorimetric biosensor has great economic and performance
advantages over most chemosensors as well as whole-cell biosensors in the practical application of detecting Hg?*

the contaminated aquatic systems.

© 2019, The Society for Biotechnology, Japan. All rights reserved.
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Mercury has been defined by the World Health Organization
(WHO) as one of the top ten globally dangerous chemicals to hu-
man health when present in drinking water (1). Even trace mercury
exposure will pose severe toxic effects on the organ systems in
particular to the nervous system (2—4). Therefore, it’s constantly
pursued to develop efficient detection methods for mercury to
protect the public health from the strong biological toxicity.
Traditional quantitative techniques, such as inductively coupled
plasma-mass spectrometry (ICP-MS), atomic absorption spec-
trometry (AAS), and atomic fluorescence spectrometry (AFS) can
analyze the Hg?* content in solution sensitively with high accuracy
(5). However, these instrumental analyses inevitably rely on
expensive equipment, complicated pretreatment, and quality
workplace that make them impractical to be used as portable de-
vices for on-site quantification. These problems are partially solved
by the large amount of chemosensors developed based on nano-
particle, polymer, organic, and biological molecules in recent years
(6—11). Most of the chemosensors had good performances on
sensitivity and selectivity, whereas the intensive integration and
poor reproducibility generally render them difficult for large-scale
determination. In this context, the potentially economic, conve-
nient, and repeatable techniques are urgently needed for the
detection of mercury contamination.
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The whole-cell biosensor continued to spring up as the alter-
native strategies for the detection of heavy metal ions over the last
few decades (12). By genetic engineering of microorganisms such as
algas, fungi, and bacteria, the whole-cell biosensors integrating the
signal sensing and reporter apparatuses within a living cell are
cost-effective, operational stable, and performance efficient. Most
importantly, the whole-cell biosensors can be largely prepared in a
short-term by simple and inexpensive cultivation process, which
are particularly suitable for the high-throughput in situ determi-
nation. Thus, more and more whole-cell biosensors have been
developed in recent years (13—18). Most of them have high sensi-
tivity towards target metal ions by using the bioluminescence and
fluorescence as the reporter apparatuses. Whereas, it should be
noted that these reporter apparatuses in the biosensors have some
drawbacks (19). The measuring bioluminescence produced by
bacterial luciferase is heat-labile, and firefly luciferase requires
external substrates. The fluorescent reporter proteins require a
longer time to emit a stable fluorescence, and they always have the
needs to distinguish auto-fluorescence or background fluorescence
from the real fluorescent signal in cells during measurement. Thus,
the whole-cell biosensors with reporter apparatuses stable and
convenience of measurement are still needed to meet the re-
quirements of environmental samples monitoring.

In this research, the colorimetric biosensor for Hg>* was engi-
neered by employing the soluble pigment pyocyanin as the visual
and measurable output signal. The genes phzM and phzS, which are
the important factors in the biosynthesis of pyocyanin, are under
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the regulation of the Hg?*-dependent transcriptional regulator
MerR in the cell of Pseudomonas aeruginosa PAO1 (Fig. 1) (20—22).
As aresult, the genetic signal network was successfully synthesized
by using the transcription factor MerR as the signal sensing appa-
ratus and the synthesis pathway of pyocyanin as the signal output
apparatus. The signal molecule pyocyanin is soluble pigment that
exhibits blue-green color and measurable absorbance at 520 nm
after solvent treatment. As a result, the Hg?* contamination can be
preliminary estimated by the blue-green color in the medium,
which also can be further quantified by determining the absor-
bance at 520 nm. In addition, the pyocyanin has good anti-bacterial
and anti-fungal activities, which could protect the detection pro-
cess against the interference of abundant microorganisms in the
real water samples. Therefore, the present biosensor is practically
useful in detecting Hg?* pollution with a visual, stable, economic,
and effective manner.

MATERIALS AND METHODS

Strains, plasmids, media, and reagents Escherichia coli DH5a strain was
used as the host cell for recombinant DNA manipulation. P. aeruginosa PAO1 strain
was used as the host cell for the engineered biosensor. Plasmid pAK1900 carrying
ampicillin resistance was used to express fusion gene merR-Pmer-phzM-Pmer-phzS.
E. coli DH5¢. and P. aeruginosa PAO1 cells were grown in Luria Bertani (LB) medium
[1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) sodium chloride] con-
taining 50 pg/ml of ampicillin. The P. aeruginosa PAO1 cells were also cultivated in
the King A medium [2% (w/v) tryptone, 0.14% (w/v) magnesium chloride, and 1% (w/
v) potassium sulfate] to maximize pyocyanin production. The analytical standard
solutions of Hg?* and other metal ions (Cd**, Pb%>*, Zn?*, Fe**, Ni%*, Cu?*, and Cr3*)
were purchased from Shanghai Aladdin Biochemical Technology Co. Ltd., Shanghai,
China. The metal ions Hg?*, Cd®*, Pb?*, Zn?*, Fe3*, Ni*", and Cu?" are existed in the
form of nitrates in 1 mol/L or 1% nitric acid. The metal ion Cr3* is existed in the form
of chloride in 1 mol/L hydrochloric acid. The authentic standard of pyocyanin was
purchased from ApexBio Technology. The high purity deionized water (resistivity
18 MQ cm), produced by the Millipore water purification system, was used
throughout the experiments.

Construction of the colorimetric mercury sensing biosensor  The plasmid
of biosensor was constructed by using pAK1900 as expression vector in the
following steps (Fig. S1). Firstly, the DNA fragment including merR gene and its
bidirectional promoter mer (merR-Pmer, GenBank: Z00027.1) was synthesized by
Shanghai Sangon Biotechnology Co. Ltd. (Shanghai, China), and it was amplified
by PCR reaction with primer I and primer II. The DNA fragment of PhzM protein
(GenBank: PTC38886.1) was amplified with primer IIl and primer IV. Then, the
aforementioned two fragments were connected by overlap PCR using primer [ and
primer IV. The overlap PCR product was cloned into the HindlIIl and BamHI sites of
pAK1900 vector, which yielded the merR-Pmer-phzM-pAK1900 construct.
Secondly, the mer promoter was amplified with primer V and primer VI, and the
gene encoding PhzS protein (GenBank: PTC38903.1) was amplified with primer
VII and primer VIII. The two fragments were connected by overlap PCR with
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primer VI and primer VIII, and they were cloned into the BamHI site of merR-
Pmer-phzM-pAK1900 construct. The final construct merR-Pmer-phzM-Pmer-phzS-
PAK1900 was confirmed by sequencing and transformed into the competent cells
of P. aeruginosa PAO1 by chemical method. Primers used in the construction of
expression vector are listed in Table S1.

Cultivation of the colorimetric mercury sensing biosensor P aeruginosa
PAO1 cells containing the final construct merR-Pmer-phzM-Pmer-phzS-pAK1900
were grown in LB medium with 50 pg/ml of ampicillin. They were cultivated over-
night at 37°C with constantly shaking at 250 rpm. The overnight bacteria cells were
further cultivated in the King A medium after inoculation at a proportion of 1:100.
They were continued to cultivate for 1 h before adding Hg?* or other metal ions.
When adding suitable concentration of Hg?" into the medium, certain amount of
pyocyanin will be produced by the cells of biosensor after cultivation. The growth
rates of the cells in the presence of different concentration of Hg?* were also
monitored in the following 12 h by determining their optical density of ODggo.

Liquid chromatography-mass spectrometry analysis of signal molecule
pyocyanin of colorimetric biosensor  The pyocyanin produced by the engi-
neered colorimetric biosensor was characterized by liquid chromatography-mass
spectrometry (LC-MS) analysis in the following procedures. Firstly, the
supernatant of the cell samples was obtained by centrifugation, and 5 ml
supernatant was mixed with 3 ml chloroform. The pyocyanin from organic phase
was pooled and evaporated to dry by rotary evaporation. The dried pyocyanin was
resuspended in methanol, and the insoluble material was removed by high-speed
centrifugation and 0.22 pm membrane. Finally, the dissolved pyocyanin was
subjected to LC-MS analysis on Waters UPLC ICLASS-XEVOG2-XS QTOF equipment
(Waters, Milford, MA, USA). The pyocyanin was run on the ultra-performance
liquid chromatography (UPLC) system equipped with C18 analytical column (i.d.,
1.7 um particle size, 2.1 x 50 mm) with mobile phases A (99.9% water with 0.1%
formic acid) and B (100% acetonitrile). Pyocyanin was separated with a gradient of
4 min of 95% B followed by 2 min of 10% B at a constant flow rate of 0.4 ml/min.
The mass spectra were recorded in the positive ion spray ionization (ESI") mode
with the following conditions: nebulizing gas, 50 L/h; source temperature, 100°C;
and capillary voltage, 3.00 KV.

Mercury detection with the colorimetric biosensor  For the evaluation of
detection sensitivity towards Hg", graded concentrations of Hg>* (0, 10, 25, 50, 100,
250, 500, 1000, and 5000 nM) were added into the King A cultural medium after the
overnight culture inoculation at a proportion of 1:100 for 1 h. After induced by Hg?*
for 12 h, the cell samples were taken for analysis. For the evaluation of detection
selectivity towards Hg?*, some other metal ions, such as Cd**, Pb?*, Zn?*, Fe>*, Ni%™,
Cu®*,and Cr3* at the concentration of 500 nM, and the mixture of 100 nM Hg?* with
each of them at the concentration of 100 nM were added to replace Hg?" into the
King A cultural medium, respectively. The cell samples were continued to cultivate
for 12 h before taking for analysis, too. To evaluate the effect of pH values on the
detection of Hg?*, the overnight culture was continued to cultivate following a 1:100
inoculation in the King A medium with different pH values (pH=4, 5, 6, 7, 8, 9, and
10). The cells of biosensor were initiated after cultivation for 1 h by adding 100 nM
Hg?* into the cultural medium, and they were continued to cultivate for another
12 h before taking for analysis. In the analysis of environmental water, the lake water
samples were used to replace the high purity deionized water for the preparation of
mercury solutions. The remaining steps were performed as described in the mercury
sensitivity assay.

All the cell samples were prepared by quintuplicate, and the pyocyanin in them
was quantified according the previous research (23). Briefly, the supernatant of the
cell samples was obtained by centrifugation, and per 5 ml supernatant was mixed
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FIG. 1. The design of colorimetric mercury sensing biosensor. (A) The archetype of genetic organization of the mer operon locus on transposable elements Tn21 and Tn501. In the
presence of Hg?*, the MerR dimer undergoes a conformational change that enables RNA polymerase to initiate the transcription of the downstream efflux and detoxification genes.
(B) The genetic organization of the signal sensing and output apparatuses of the biosensor. In the absence of Hg?*, the expressions were repressed for the genes phzM and phzS.
Once Hg?* recognized and bound by MerR dimer, the expressions were activated for the genes phzM and phzS. (C) Visual and quantitative detection of Hg?* by the engineered

biosensor with the transcription factor MerR regulated biosynthesis of pyocyanin.
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with 3 ml chloroform. Then, the pyocyanin from organic phase was extracted with
1 ml 0.2 M HCl, which would give a pink to deep red color due to the amount of
pyocyanin. The quantification of pyocyanin was performed by measuring its
absorbance at 520 nm in the acidic solution on the UV/VIS spectrophotometer
(Shimadzu RF3601, Shimadzu, Kyoto, Japan). The response signal of the biosensor
towards different concentration of Hg>" was calculated by the following equation:

(OD520 nm, 12 b — OD520 nm,0) pyocyanin

Response signal =

(1)

(ODg00 nm, 12 h — OD600 nm.0) ces

RESULTS AND DISCUSSION

The design of the colorimetric mercury sensing
biosensor In the metal ions seriously polluted environment,
some prokaryotes can survive well by utilizing internal metal-
sensing transcription factors to quickly sense the stimulation and
efficiently regulate the expression of the metal-resistance genes.
The Hg*"-dependent transcriptional activator MerR, a mercuric
ion resistance regulator, which exhibits extraordinary sensitivity
towards Hg?* with high selectivity and can tightly control the
detoxification system merTP(C)AD through the bidirectional mer
promoter (24) (Fig. 1A). Inspired by the regulation mechanism of
metalloprotein MerR, the Hg?*-specific biosensor was designed
through replacing the structural genes merTP(C)AD by the genes of
phzM and phzS (Fig. 1B). The phenazine-specific methyltransferase
PhzM and flavin-containing monooxygenase PhzS are two
phenazine-modifying enzymes that can greatly facilitate the
biosynthesis of pyocyanin in P. aeruginosa (21). The pyocyanin is
the phenazine-derived soluble pigment that exhibits blue-green
color and measurable absorbance at 520 nm after solvent
treatment, which can provide the visual and characteristic signal
in the detection of Hg?" (25) (Fig. 1C).
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The construction of the colorimetric mercury sensing
biosensor Based on the design, the plasmid of the developed
biosensor was successfully constructed following the procedures
shown in Fig. S1. As shown in Fig. S2, the genes merR-Pmer (506 bp),
phzM (1008 bp), Pmer (71 bp), and phzS (1209 bp) were separately
amplified by PCR reactions. Then, the fragments merR-Pmer-phzM
(1514 bp) and Pmer-phzS (1280 bp) were obtained by overlap PCR,
and they were ligated into the pAK1900 vector by the HindIIl and
BamHI sites. After confirmed by sequencing, the mercury sensing
biosensor was successfully engineered with the final construct
merR-Pmer-phzM-Pmer-phzS-pAK1900 transformed into the
competent cells of P. aeruginosa PAO1. In the absence of Hg?*, the
transcriptional regulator MerR bound to the mer promoter was in
the inactivate state, which will repress the transcription of the
downstream genes phzM and phzS. Upon Hg?* binding, the
metalloprotein MerR undergoes a conformational change that will
activate the transcription of the downstream genes phzM and
phzS. With the phenazine-modifying enzymes PhzM and PhzS
largely expressed, more pyocyanin will be synthesized by the cells
of biosensor. As a result, the Hg?* in the medium can be
preliminary estimated by the blue-green color displayed by the
pyocyanin, which also can be further quantified by determining
the absorbance at 520 nm after solvent treatment.

LC-MS analysis of signal molecule pyocyanin of colorimetric
biosensor  Under the stimulation of Hg?™, the cells of biosensor
revealed elevated production of blue-green pigment in the cultural
medium. To identify the color changes were indeed caused by the
pyocyanin, the pigment in the cultural medium was extracted
and analyzed by LC-MS, and the results were compared to those
of the authentic standard of pyocyanin (Fig. S3). In the UPLC
analysis, the pigment in the supernatant kept consistent
retention time with the authentic standard (retention time
0.88 min). The full-scan positive ion spectra of the pigment in the
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FIG. 2. The response of biosensor towards different concentrations of Hg?*. (A) The increased production of pyocyanin generated by the cells of biosensor induced with graded
concentrations of Hg?* in the range of 0—1000 nM. (B) The produced pyocyanin exhibited pink to deep red color and exhibited increased absorbance at 520 nm after extraction and
treatment. (C) The increased response signal produced by the cells of biosensor induced with graded concentrations of Hg?* in the range of 0—1000 nM. (D) The relationship
between the response signal and concentration of Hg?* from 25 to 1000 nM with the linear regression equation y = 0.1665x-0.1998 (R? = 0.9987), where x and y represent the log
concentration of Hg?* and the response signal. All the data are the means of five independent experiments. Error bars correspond to the standard deviations.
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supernatant indicated that the ions were [M + H]" ions at m/z
211.09, which match the theoretical molecular mass of pyocyanin
(calculated MW= 210.23 g/mol). All the results highlighted that
the engineered biosensor was successfully in sensing Hg>* by
manipulation the biosynthesis pathway of pyocyanin in
P. aeruginosa PAO1.

Mercury sensitivity detection with the colorimetric
biosensor The engineered biosensor could grow well (Fig. S4)
and provide a visual sensing window for Hg?* in the range of 10-
1000 nM (Fig. 2A and B). As shown in Fig. 2B and C, in the
presence of 10 nM Hg?*, the cells of the biosensor displayed
detectable and higher response signal than that in the absence of
Hg?*, which was much more sensitivity than the most previously
reported chemosensors as well as the whole-cell biosensors
(7,8,26—29). The detection limit was also in the range of safety
levels in drinking water (5—30 nM) for Hg>* recommended by
WHO and other governmental protection agencies worldwide
(29). It indicated that the engineered biosensor could basically
meet the requirements of environment samples monitoring. With
the concentration of Hg?* continued increasing, the cells of
biosensor showed enhanced production of pyocyanin in the
cultural medium (Fig. 2A). After simple treatment, the produced
pyocyanin in the cell samples gave the pink to deep red color and
exhibited increased absorbance at 520 nm (Fig. 2B). Regression
analysis demonstrated a good linear relationship between the
absorbance and the log concentration of Hg?® from 25 to
1000 nM with the correlation coefficient of R? = 0.9987 (Fig. 2D).
When the concentration of Hg?* exceeded 5000 nM, the signal of
the biosensor was greatly affected and decreased to an extremely
low level (data not shown). It is speculated that the impairment
of signal was attributed to the huge toxicity of Hg?" that
exceeded the tolerance ability of the engineered biosensor.

Mercury selectivity detection with the colorimetric
biosensor The metalloprotein MerR is the Hg?*-specific tran-
scriptional regulator, which has an extremely high affinity for Hg?*
and can distinguish Hg?* easily from other metal ions. Through
employing the sensing module of the transcription factor MerR, the
engineered whole-cell biosensor showed extraordinary selectivity
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to Hg?" in the aquatic systems. As shown in Fig. 3A, the biosensor
responded silently to most metal ions such as Cd**, Pb?*, Zn*,
Fe3*, Ni?*, Cu®*, and Cr>*. In contrast, it displayed intense signal
in the presence of the same concentration of Hg?*. What's more,
the signal of the biosensor towards Hg?* was not influenced by
other metal ions. In the presence of interference metal ions, the
biosensor still showed intense signals which could be comparable
to the signal determined in the presence of Hg?* alone (Fig. 3B).
As is well-known, the mercury pollution is always present with
other heavy metal ions. Therefore, the good selectivity and
antijamming capability made the engineered biosensor become
practically feasible for on-site assessment of Hg>* contamination
in the real water samples.
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FIG. 4. The response of biosensor towards 100 nM Hg?* under different pH values. All
the data are the means of five independent experiments. Error bars correspond to the
standard deviations.
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biosensor towards 100 nM Hg?" in the presence of 100 nM Zn?*, Cr>*, Pb?*, Cu?*, Ni?*, Fe*, and Cd?", respectively. All the data are the means of five independent experiments.
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Effect of pH values on mercury sensing of the colorimetric
biosensor The biosensor could perform function well in a rela-
tively wide pH range (pH 4—10). As shown in Fig. 4, in the presence
of Hg?*, the biosensor showed the strongest detection signal at pH
7, and its signals were not greatly influenced with the varying pH
values. Whether in acidic or alkaline range, the biosensor still
showed obvious and intense detection signals towards Hg?'.
Based on previous researches, the wide pH working range of the
biosensor was attributed to a series of periplasmic proteins and
amino acid catabolism in microorganisms (30). It meant the
whole-cell based biosensor was suitable for extensive detection
with the aquatic systems having different pH values, which had
great advantage over the most detection methods that only work
in the specific conditions. For example, the chemosensors made
from biological molecules, such as oligonucleotides, proteins,
and DNA-protein complexes, always relied on mild physical
environment for functional performance.

Application of colorimetric biosensor in environmental
water detection As is well-known, the water systems in the
natural environment include abundant microorganisms and the
metabolites of them. Thus, majority of the chemosensors were
unable to couple with the complex environment that greatly affected
their performances. The signal molecule pyocyanin has extensive
anti-bacterial and anti-fungal activities, which provides the
protection of biosensor from the effects of microorganisms in the
environmental water. As shown in Table 1, the developed biosensor
could well evaluate the concentration of Hg>" spiked in the lake
water, which indicated that the present biosensor had the ability to
resist kinds of interferences in the environmental water samples.

In contrast to traditional measurements, such as ICP-MS, AAS,
and AFS, the present colorimetric biosensor could provide visual
detection signal and didn’t require complicated sample prepara-
tion, which was really appropriate for large-scale samples deter-
mination. Through the high-throughput determination, the
developed biosensor had obviously economic and time advantages
over the aforementioned traditional measurements. On the other
hand, the developed biosensor was capable of reporting the frac-
tion of Hg>" that only interacts with the biota other than the total
amount of mercury present in the samples. Thus, a direct estima-
tion of toxicity for the bioavailable mercury in contaminated water
can be preliminarily supplied by the present biosensor, whereas the
accuracy of which needs further improvement to compare favor-
ably with traditional measurements.

In conclusion, the simple, economic, visual, and effective platform
for detecting Hg?>* was developed for preliminary estimation of the
toxicity of bioavailable Hg?*. This approach takes advantage of the
fact that the cells can respond specifically to Hg?* with high sensi-
tivity via Hg?"-dependent transcription factor MerR. The biosyn-
thesis pathway of pyocyanin is also made best use of in the detection
system, which offered a convenient manner for signal detection and

TABLE 1. Detection of Hg?* added in lake water by the developed biosensor.

Sample Spiked (nM) Detected (nM) Recovery (%) R.S.D. (%)
Lake water 1 25 24.82 +0.72 99.28 2.90
50 46.32 + 3.15 92.64 6.80
100 113.32 + 0.83 113.32 0.73
250 258.87 + 24.69 103.54 9.53
Lake water 2 25 31.05 + 1.45 124.20 4.67
50 52.37 + 1.76 104.74 3.36
100 91.08 + 3.88 91.08 4.26
250 253.66 + 16.29 101.46 6.42
Lake water 3 25 25.08 + 1.11 100.32 443
50 50.23 + 4.41 104.46 8.78
100 102.03 + 11.57 102.03 11.34
250 292.46 +9.99 116.98 341

R.S.D. (%) means relative standard deviation.

COLORIMETRIC BIOSENSOR FOR Hg?* DETECTION 5

strong capacity of resisting interferences generated by other micro-
organisms. Finally, thanks to the bacterial metabolism, the whole-cell
biosensor also had an extensive working pH range. Based on above
design philosophy, more biochemical systems can be engineered to
meet the environmental sample detection requirements for heavy
metal ions as well as other harmful chemicals.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.08.005.
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