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ABSTRACT

Mercury and its organic compounds have been of severe concern worldwide due to their
damage to the ecosystem and human health. The development of effective and affordable
technology to monitor and signal the presence of bioavailable mercury is an urgent need.
The Mer gene is a mercury-responsive resistant gene, and a mercury-sensing recombinant
luminescent bacterium using the Mer gene was constructed in this study. The mer operon
from marine Pseudomonas putida strain SP1 was amplified and fused with prompterless
luxCDABE in the pUCD615 plasmid within Escherichia coli cells, resulting in pTHE30-E. coli.
The recombinant strain showed high sensitivity and specificity. The detection limit of Hg?*
was 5 nmol/L, and distinct luminescence could be detected in 30 min. Cd?*, Cu?*, Zn%*, Ca?*,
Pb?*, Mg?*, Mn?*, and A** did not interfere with the detection over a range of 107°~1 mM.
Application of recombinant luminescent bacteria testing in environmental samples has
been a controversial issue: especially for metal-sensing recombinant strains, false
negatives caused by high cytotoxicity are one of the most important issues when applying
recombinant luminescent bacteria in biomonitoring of heavy metals. In this study, by
establishing an internal standard approach, the false negative problem was overcome;
furthermore, the method can also help to estimate the suspected mercury concentration,
which ensures high detection sensitivity of bioavailable Hg**.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

from artisanal and small-scale gold mining to land or water
was thought to be over 800 ton/yr. To prevent heavy metal

Mercury is a heavy metal of great risk, and is ranked 6th
among the most toxic substances (Nascimento and
Chartone-Souza, 2003); it causes both acute toxicity effects
and chronic effects by bio-accumulation in living organisms.
Major sources of mercury are mining and ore smelting, as well
as burning of fossil fuels. According to the UNEP Global
Mercury Assessment 2013, mercury released from point
sources to water was estimated to be 185 ton/yr, while that
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pollution of ecosystems and threats to public health, it is
important to monitor heavy metal exposure risks. The toxicity
of mercury is closely related to its chemical forms (Du et al,,
2015). Traditional physicochemical tools are extremely sensi-
tive and specific for pollution quantification, but these
methods are not able to distinguish the bioavailable pollution
fraction (perceived as potentially hazardous) from the
non-bioavailable fraction (Ivask et al., 2002), and they do not
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appear to be adequate means for automatic online monitoring
of heavy metals in the aqueous environment due to their cost,
complexity, and pre-treatment requirements.

Mercury resistance has been widely studied for the past six
decades (Barkay et al., 2003; Hakkila et al., 2011; Mathema et al.,
2011; Moore, 1960). Detoxification of mercury takes place
through volatilization and putative entrapment in extracellular
polymeric substances (De et al., 2008), and the recognition
mechanisms are used in construction of mercury-sensing
bioreporters. Recombinant luminescent bacteria are a kind of
bioreporter, which can be used to measure bioavailable heavy
metals (Hynninen and Virta, 2010) in environmental samples
and indicate their biotoxicity. Recombinant luminescent bacte-
ria contain two main functional components (Selifonova et al,,
1993): a sensor component for the recognization of the target
compound, and a reporter component for the transformation of
the target compound concentration into a measurable signal.
For the construction of mercury-specific sensing recombinant
luminescent bacteria, a system encoded by the mer operon is
truly specific (Hynninen and Virta, 2010). There are many
well-characterized mer operons, including Tn21 from Shigalla
flexneri and Tn501 from Pseudomonas aeruginosa (Kholodii et al.,
1997). The mer operon can be found in both Gram-positive
(Bogdanova et al., 2001) and Gram-negative (Iohara et al., 2001)
bacteria. Different reporter genes have their own advantages
and disadvantages; commonly used genes are firefly luciferase
(luc), bacterial luciferase (lux), and green fluorescent protein
(9fp). In general, luxCDABE is too large and gfp has relatively high
background signal (Hakkila et al., 2002), while selecting luc or
luxAB as the reporter component requires an additional
substance for luminescence (Roda et al., 2001; Yagur-Kroll and
Belkin, 2011). No significant luminescence maximum was
found between luc- and lux-based sensors (Harkins et al., 2004).
Therefore, luxCDABE is frequently used as a reporter gene due to
its convenience and sensitivity, in spite of the difficulty of
converting the large sequence to a vector or genome. In former
works, scientists tended to select lux for prokaryote and luc for
eukaryote host cells, but now the lux gene can also be used in
eukaryotes (Gupta et al., 2003) or even human cell lines (Close et
al., 2010). The first use of lux as a bioreporter was done by
Enbreghet (Close et al., 2012). In 1987, Rogowsky et al. construct-
ed the pUCD615 plasmid using a promoter-less luxCDABE
(Rogowsky et al.,, 1987), and this broad-host-range vector was
widely used in recombinant luminescent bacteria. Comparing
bioreporters from different research groups, the detection range
of mer-based bioreporters varies from nmol/L to 10 pmol/L
(Harkins et al., 2004).

Although bacterial resistance to heavy metals has been
studied for decades, recombinant luminescent bacteria
strains for heavy metal monitoring have mostly been used
only in laboratory applications (Trang et al., 2005). Application
of recombinant luminescent bacteria in practical sample
monitoring has faced significant issues, such as parallelism,
repeatability, and false positive and false negative problems.
The false negative problem is an essential issue for monitor-
ing heavy metals by recombinant luminescent bacteria.
Bioluminescence testing might result in a false negative in
case of exposure to lethal concentrations of toxic compounds,
patchy distribution of nutrients, existence of inhibitory
compounds, etc. (Sgrensen et al., 2006). Several ways to offset

this problem have been proposed. In a luminescence consti-
tutive expressing biosensor, the decline of baseline level
expression indicated that the bioreporter was inhibited or
inactivated (Song et al., 2009). In another work, a bioreporter
carrying two distinct reporter genes fused to a constitutively
expressed promoter and a stress-inducible promoter was
used to detect the genotoxicity and cytotoxicity of environ-
mental samples, where the genotoxic potency was deter-
mined by increased bioluminescence of SOS-Lux and cytotoxic
potency by a decreased GFP-uv fluorescence of LAC-Fluoro
(Baumstark-Khan et al., 2005). In this study, we attempted to
apply a simple but useful method to avoid the false negative
problem, which is the internal standard method.

In this study, a mercury resistance (mer) operon from
marine Pseudomonas putida strain SP1 was selected (Zhang et
al,, 2012). This 512 bp element contained the mercury
resistance regulator merR and its promoter/operator region;
detailed sequence data can be found in the GenBank
database under the accession number HM217134. The
mercury sensing element was used in construction of
mercury-sensing recombinant luminescent bacteria; the
specificity and sensitivity of the recombinant strain were
tested, and a new detection mode to avoid false negative
problems is discussed.

1. Materials and methods

1.1. Bacterial strains and growth conditions

Marine P. putida strain SP1 was isolated from the Yantai
coastal zone in Shandong Province, China (Zhang et al.,, 2012).
E. coli RFM443 containing pUCD-recA was laboratory preserved
(Huang et al., 2009; Zhang et al., 2007). E. coli DH5« chemically
competent cells were commercially purchased from TIANGEN
Biotech (Catalogue: CB101). P. putida was grown at 28°C and
E. coli DHSa at 37°C in LB medium (10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl). 10 g/L agar was added in LB plates
and with 50 pg/mL ampicillin for screening of E. coli with
recombinant plasmids.

1.2. Construction of pTHE30-E. coli

The mer operon of P. putida SP1 was amplified using primers as
follows: upper primer 5'-CGCGGATCCGCATTTCTCCTTTCGA-
3’, and lower primer 5-CCGGAATTC TTACGCAACGGGAAAT-
3’ (underlined are restriction sites for Bam HI and Eco RI). The
cycling profile was 30 cycles at 95°C for 45 sec, 58°C for 45 sec
and 72°C for 60 sec. The size of the PCR product was about
550 bp, including 512 bp of the mercury resistant gene merR
and the promoter/operator region of the mer gene operon. The
PCR fragment was ligated to pGEM-T vector (purchased from
Promega, Catalogue: A1360), and the recombinant T-vector
was transformed into E. coli DH5« cells by the CaCl, method.
Recombinant T-vector and pUCD-recA were double-digested
by BamHI and EcoRI, then recombined by T4 DNA ligase and
transformed to E. coli DH5« chemically competent cells. The
resulting plasmid mer-pUCD615 was verified by sequencing
and named pTHE30. Then, pTHE30 was transformed to E. coli
DHS5q, resulting in pTHE30-E. coli.
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1.3. Luminescence assays

The cultures of pTHE30-E. coli were harvested in the exponen-
tial phase and diluted with fresh LB medium for testing.
Luminescence was measured with a microplate reader
(SpectraMax M5) and expressed as relative luminescence units
(RLU). Testing samples were added to a 96-well plate with a total
volume of 200 pL, including 100 pL heavy metal solution and
100 pL cell suspension. The luminescence of samples was
determined for 60 min at 5 min intervals. OD600 values were
measured by M5 with 200 pL of cell suspension. The sensitivity
and specificity of the recombinant strain were tested with a
concentration gradient of mercury and other metal solutions.
All measurements were conducted in duplicate.

2. Results and discussions
2.1. Construction of pTHE30-E. coli

The construction of pTHE30-E. coli was performed to obtain a
newly sensitive bioreporter for mercury monitoring with high
specificity and limited response to other heavy metals. For this
purpose, a domestic mer operon was obtained from marine P.
putida SP1, previously isolated from the Yantai coastal zone in
Shandong Province, China (Zhang et al., 2012). The mer operon
was subcloned between the BamHI and EcoRI site of pUCD-recA,
resulting in replacement of the recA operon with the mer operon.
Amp" and Kan' in pUCD were helpful for strain screening and
maintenance of the plasmid during passages. The recombinant
PTHE30 plasmid was transformed to E. coli DH5a chemically
competent cells, resulting in pTHE30-E. coli (Fig. 1), and the lux
gene was successfully expressed in the presence of mercury.

2.2. Sensitivity and specificity of pTHE30-E. coli

The pTHE30-E. coli strain was tested with HgCl,, CdCl,, CuCl,,
ZnS0,, CaCly, Pb(NO3),, MgCl,, MnSO,, and Aly(SO4); in the range
107°-1 mmol/L. The OD600 value of the cell culture was 0.451, and
the cell suspension was prepared by 10 fold dilution with LB.
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The recombinant strain showed high sensitivity to Hg?*
(Fig. 2), and could respond to Hg>* ranging from 5 to 10 pmol/L.
Lower concentrations of analyte (in this case, referring to Hg>*)
were not bioavailable to the detection chain after loss by
adsorption, evaporation, precipitation, or complexation (van
der Meer et al., 2004). However, the total lux luciferase activity
decreased because higher doses of the analyte became cytotox-
ic and destroyed the host cells (Escher and Leusch, 2012). In this
research, the recombinant train showed no luminescence
activity when exposed to 10 pmol/L or higher doses of Hg”".
The minimum exposure time was 30 min; for shorter times, the
luminescence of lower Hg?* concentrations was not detectable.

Definition of the lowest observed effective concentration
(LOEC) has varied in different publications (Hakkila et al., 2004;
Hynninen and Virta, 2010; Hynninen et al., 2010). LOEC was
not a subject in this research; the 5 nmol/L value was acquired
by visual inspection from the dose-response curve and
luminescence after 30 min exposure time and was about 2
times the background signal (Hynninen and Virta, 2010). The
testing medium in this research was completely LB (primitive
cell culture or LB diluted sample). Medium composition might
affect mercury bioavailability for a bacterial strain, and reduce
the sensitivity of the luminescence test, thus changing to an
appropriate medium would be helpful to achieve a lower
detection limit (Barkay et al., 1997; Endo et al, 2003;
Rasmussen et al., 2000; Thouand et al., 2003).

When exposed to Cd?*, Cu®*, Zn?*, Ca®*, Pb**, Mg®*, Mn?",
and AI** in the range 10~°-1 mmol/L, the recombinant strain
did not show a significant light increase. All RLU values during
the luminescence test were lower than 100 (Fig. 3), and the
strain showed high specificity for mercury detection.

2.3. Use of internal standard to avoid false negative results

The internal standard method is a well-developed method in
liquid scintillation counting. In the internal standard method,
a certain amount of pure substance is added to samples under
analysis as an internal standard substance. For this research,
100 nmol/L Hg?* was added to analyzed samples of different
heavy metal concentrations. After an exposure time of 60 min,

P. putida SP1 genom

pTHE30-E . Coli

Kan®
Amp’

Fig. 1 - Construction of pTHE30-E. coli. Gene fragment of mer gene. R: mercury regulatory protein gene and o/p: the promoter/operator
sequence from P. putida SP1 were fused upstream of promoter-less lux gene in pUCD615, then transformed to E. coli DHScx.
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Fig. 2 - Luminescence (relative luminescence unit, RLU) of
pTHE30-E. coli at different time after addition of Hg?".

for wells with Cd**, Cu®*, Zn?*, Ca®*, Pb®*, Mg**, Mn?*, and A**
concentration from 10 to 1 mmol/L, significant luminescence
was detected after the addition of 100 nmol/L Hg2+, and the
luminescence value of each well was similar to that of the well
with just 100 nmol/L Hg”*, except for the well with 1 mmol/L
Cd?*. The results of 0.1, 1, and 10 mmol/L Cd** are shown in
Fig. 4; for higher heavy metal concentrations of Cd**, the cell
activity may be affected and result in a false negative effect.
The luminescence of wells with 0.1 mmol/L or 1 mmol/L
Cd?* increased after the addition of 100 nmol/L Hg”*, but the
luminescence of wells with 1 mmol/L Cd?>* was much lower,
and the well containing 10 mmol/L Cd** gave luminescence
close to the background level. In a typical experiment,
pTHE30-E. coli could grow in medium with 0.01 mmol/L. Cd**,
but the OD600 value did not increase in mediums with
0.1 mmol/L, 1 mmol/L, and 10 mmol/L Cd?*. Therefore, the
recombinant strain was able to function in 0.1 mmol/L Cd**
but not with constant exposure, while the activity of this
strain was suppressed when Cd** was above 1 mmol/L. For
higher heavy metal concentrations, in this case 10 mmol/L
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Fig. 3 - Specificity of pTHE30-E. coli in the presence of
different heavy metals. Data shown were the maximum
luminescence of heavy metal in a range of 10->~1 mmol/L.
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Fig. 4 - Light emission of pTHE30-E. coli after exposed to 0,
0.1, 1, or 10 mmol/L Cd?* for 30 and 60 min with 100 nmol/L
additional Hg**.

Cd?*, cells might show loss of activity and show no response
to Hg?*, and result in a false negative problem.

2.4. Detection mode by internal standard method

In a luminescence test, 4 luminescence values were needed,
including RLUy (luminescence of negative control, without
water sample and analyte), RLUp (luminescence of positive
control, with analyte only), RLUs (luminescence of water
sample), and RLU; (luminescence of water sample with
additional analyte). An extra benefit of applying the internal
standard method in the recombinant luminescent bacteria
method is that it will be helpful in determining the concen-
tration range of the target analyte in the test sample.

To illustrate how this method works, the data of 60 min
exposure time in Fig. 2 were used, since the data of 60 min
showed more significant difference than those at 30 min. The
dose-response curve of this recombinant strain was quasi-
trapezoidal in shape, and the curve entered into a steady region
from 100 to 1000 nmol/L Hg**. Therefore, the internal standard
sample should be an aqueous mixture with Hg** within this
concentration range. By comparing the values of RLUy, RLUp,
RLUg, and RLUj, the analyte concentration (C,) range in the test
sample can be determined, as shown in Table 1. In the case of

Table 1-Interpretation of luminescence test results
applying internal standard method.

Results Hg concentration (nmol/L)
RLUy = RLUg < RLU; < RLUp Ca<5?
RLUy < RLUs < RLU; < RLUp 5 < C, < 100

RLUy < RLUs = RLU; < RLUp
RLUy < RLUs = RLU; < RLUp
RLUy = RLUs = RLU; < RLU;

100 < C, < 1000
1000 < C, < 10000
C, > 10000 or high cytotoxicity

RLUy: luminescence of negative control without water sample and
analyte; RLUp: luminescence of positive control, with analyte only
ater sample, water sample with additional analyte, positive control;
RLUg: luminescence of water sample; RLU;: luminescence of water
sample with additional analyte.

# Values were derived from dose response curve.
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Table 2 - Recombinant luminescence bacteria test by internal standard method.

Sample HgCl, (nmol/L) Luminescence Crg2+ (nmol/L)
RLUy Water 0 48.63
RLUgo? Effluent 2.0 30.82 C.<5
RLU;o® 2.0 + 100 61133
RLUg; © 2.0 + 20 7355.2 5 < C, < 100
RLUy 2.0 + 20 + 100 56023
RLUs, 2.0 + 1000 60072 100 < C, < 1000
RLU, 2.0 + 1000 + 100 59518
RLUs3 2.0 + 2000 202.19 1000 < C, < 10000
RLUj 2.0 + 2000 + 100 262.89
RLUs, 2.0 + 100 000 59.81 C. > 10000 or high toxicity
RLUy 2.0 + 100 000 + 100 34.13
RLUgs? 2.0 + 1000 2393.1 100 < C, < 1000
RLUs® 2.0 + 1000 + 100 2506.4
RLUp Water 1uM 66045

@ RLUs, was the luminescence of sample 0 contained 2.0 nmol/L Hg (background concentration).
Y Sample 10 was internal standard sample 0, obtained by adding 100 nmol/L Hg to sample 0.

¢ Sample 1 was obtained by adding 20 nmol/L Hg to sample 0.
4 Sample 5 contained 1 mmol/L Gd**.

environmental monitoring, the amount of analyte in the
internal standard sample can be derived from the limit value.

2.5. Water sample testing

A water sample was collected from the discharge point of the
Qinghe Sewage Treatment Plant after the renewable water
treatment unit, and the background mercury concentration
was determined to be 2.0 nmol/L by the atomic fluorescent
spectrometry method. The original sample and samples with
different concentrations of mercury added were tested
without any pretreatment; sample 0 was the original water
sample, 1, 2, 3, 4 had mercury added to final concentrations of
50 nmol/L, 1 umol/L, 20 umol/L, and 100 pmol/L; sample 5
contained 100 nmol/L Hg** and 1 mmol/L Cd**. The cell
suspension was prepared in accordance with Section 2.2.
Luminescence data shown in Table 2 were measured after
60 min of exposure.

3. Discussion and conclusions

Efficient fusion of a heavy metal operon and reporter gene is the
key point for construction of a heavy metal sensing bioreporter.
In this study, a mercury sensing gene operon, containing the
mercury-resistant gene merR and the promoter/operator region
of the mer gene operon, was isolated from marine P. putida SP1
and inserted into the upper stream of the prompterless lux gene
in the pUCD615 plasmid. A bacterium strain carrying this
recombinant plasmid showed high specificity and sensitivity
to Hg?>*, while other metals, such as Cd**, Cu®*, Zn?*, Ca*, Pb**,
Mg?*, Mn?* and AI**, did not interfere with the luminescence
assay. The detection range of Hg’* was from 5 nmol/L to
10 pmol/L, and distinct luminescence could be detected in
30 min.

The use of recombinant luminescent bacteria based on the
mer gene had the potential to be a proper method for online
monitoring of bioavailable mercury, but many issues needed

more research before field application (Charrier et al., 2011).
One of the most important issues was to avoid the false
negative problem. For this purpose, the internal standard
method was selected.

When the internal standard method was applied in lumi-
nescence testing, luminescence caused by addition of the target
substance (100 nmol/L. Hg**) in a low cytotoxicity sample
(0.1 mmol/L. Cd**) was the same as one with only the pure
substance (containing Hg** only), while similar but lower
luminescence was observed in a medium cytotoxicity sample
(1 mmol/L. Cd**), and only limited response in a high cytotox-
icity sample (10 mmol/L Cd?*). In a practical water sample test,
a parallel test with additional target substance will be appro-
priate for estimating the cytotoxicity of the water sample and
enables the avoidance of false negative interference. In this
experiment, the parallel test sample was an internal sample
with 100 nmol/L Hg”*, which was helpful in discovering false
negative samples (sample 4 in Section 2.5). This method can be
used in samples with low or medium cytotoxicity (sample 5 in
Section 2.5). As for high cytotoxicity samples, direct use of the
recombinant luminescent bacteria method is not applicable,
and some adjustments will be needed.

Recombinant luminescence bacteria could assess the
bioavailability of heavy metals in the environment; light
emission is dependent on the active amount of the target
compound in the microbial cells and the energy supply. The
recombinant luminescent strain in this research could be
used to sensitively and specifically measure the bioavailabil-
ity of Hg?* in water samples. The influence of interfering
substances such as cadmium was limited, and the false
positive problem was under control. To avoid the false
negative problem, using the internal standard method in a
parallel test with additional mercury is not only easy but also
helpful in identifying false negative samples. Environmental
samples may contain a variety of heavy metals, so that a
combination of different recombinant luminescent bacteria
strains will be needed for practical monitoring of heavy metal
exposure risk.
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