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Abstract
Despite the large number of bioreporters developed to date, the ability to detect heavy metal(loid)s with bioreporters has thus far
been limited owing to the lack of appropriate genetic systems. We here present a novel approach to modulate the selectivity and
sensitivity of microbial whole-cell bioreporters (WCBs) for sensing metal(loid)s via the znt-operon from Escherichia coli, which
were applied to quantify the bioavailability of these contaminants in environmental samples. TheWCB harboring the fusion gene
zntAp::egfp was used as a microbial metal(loid) sensor, which was turned on by the interaction between ZntR and metal(loid)
ions. This design makes it possible to modulate the selectivity and sensitivity to metal(loid)s simply by changing the metal-
binding property of ZntR and by disrupting the metal efflux system of E. coli, respectively. In fact, the E. coli cell-based
bioreporter harboring zntAp::egfp showed multi-target responses to Cd(II), Hg(II), and Zn(II). However, the WCBs showed
responses toward only Cd(II) and Hg(II) when the amino acid sequence of the metal-binding loop of ZntR was changed to
CNHEPGTVCPIC and CPGDDSADC, respectively. Moreover, the sensitivity toward both Cd(II) and Hg(II) was enhanced
when copA, which is known to export copper and silver, was deleted. Thus, our findings provide a strong foundation for
expanding the target of WCBs from the currently limited number of genetic systems available.
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Introduction

Diverse materials released to environmental systems in exces-
sive amounts have resulted in substantial environmental prob-
lems that ultimately pose a serious risk for human health.
Therefore, it is crucial to continuously monitor the level of
diverse pollutants in environmental systems. Typically, the

amount of pollutants, such as heavy metal(loid)s and diverse
chemical compounds are determined with the use of analytical
instruments. However, such instrumental analyses are time-
consuming and cannot reflect the full bioavailability of con-
taminants since they typically measure the total amount in the
environmental samples (Juhasz et al. 2006; Magrisso et al.
2008; Walker et al. 2003). Although information of the total
amount of contaminants is clearly an important aspect re-
quired to assess the overall risk, this information could possi-
bly exaggerate the degree of the adverse effects because a
large portion of contaminants, such as heavy metal(loid)s will
be present in biologically inactive forms. Despite controversy
related to the most important data required to accurately assess
the risk of contamination, it is generally agreed that microbial
cell-based biosensors, otherwise known as whole-cell
bioreporters (WCBs), are useful alternative tools to measure
the bioavailability of contaminants, which have been inten-
sively studied and developed in recent years (Belkin 2003;
Bjerketorp et al. 2006; Harms et al. 2006).

The majority of bacterial cell-based biosensors developed
to date have a common working mechanism. The fusion of a
set of genes, including a sensing domain, promoter regions of

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-8960-2) contains supplementary
material, which is available to authorized users.

* Youngdae Yoon
yyoon21@gmail.com

1 Department of Environmental Health Science, Konkuk University,
120 Neungdong-ro, Gwangjin-gu, Seoul 05029, Republic of Korea

2 Department of Agricultural Biotechnology and Research Institute of
Agriculture and Life Sciences, Seoul National University,
Seoul 08826, Republic of Korea

3 Department Forest Resources, Gyeongnam National University of
Science and Technology, 33 Dongjin-ro,
Jinju-si, Gyeongsangman-do 52725, Republic of Korea

Applied Microbiology and Biotechnology (2018) 102:4863–4872
https://doi.org/10.1007/s00253-018-8960-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-8960-2&domain=pdf
http://orcid.org/0000-0002-7456-0348
https://doi.org/10.1007/s00253-018-8960-2
mailto:yyoon21@gmail.com


stress-responsive genes, and reporter domains, along with
genes encoding enzymes and fluorescent proteins, are intro-
duced to bacterial cells, and the transcription of the reporter
genes is controlled by the regulatory proteins for sensing do-
mains (Belkin 2003; Daunert et al. 2000). Accordingly, the
presence of stresses, including heavy metal(loid)s, antibiotics,
and chemical compounds, can be determined by measuring
the expression level of the reporter genes (Close et al. 2009;
Hong and Park 2014; Magrisso et al. 2008). In this way, the
presence of target contaminants in environmental samples can
be determined by WCB systems relatively easily, and quanti-
fication can also be achieved if the responses of reporter genes
are proportional to the amount of target materials present
(Yoon et al. 2016a; Yoon et al. 2016b). Despite these several
advantageous aspects of WCBs over traditional instrumental
analysis, the practical application of WCBs has thus far been
relatively limited because there are not yet a sufficient number
of WCB systems to correspond to the number of potential
contaminants, and the selectivity and sensitivity of currently
available WCBs are insufficient to quantify specific targets.
Thus, it is necessary to enhance the properties of WCBs, such
as their selectivity and sensitivity toward targets.

The majority of metal(loid)s-sensing WCBs shows
broad selectivity for sensing multiple targets (Hynninen
and Virta 2009; Magrisso et al. 2008). In fact, the selec-
tivity of WCBs is generally determined by the interaction
between the regulatory proteins controlling the sensing
domain and targets. In most cases, a regulatory protein
plays a role as a repressor to turn off the expression of a
reporter gene, and is then released from DNA upon the
interaction with targets to then turn on the expression of
reporter genes (Branco et al. 2013; Merulla et al. 2013;
Yoon et al. 2016c; Yoon et al. 2016d). Therefore, it would
be possible to modulate the selectivity of reported WCBs
by engineering the target recognition of regulatory pro-
teins. This system would further help to enhance sensitiv-
ity by disrupting the bacterial homeostasis system, since it
is mainly dependent on the amount of biologically avail-
able metal(loid)s in cells. Indeed, previous studies showed
that the target metal sensitivity was improved by up to 45
times when deleting a gene encoding a metal-exporting
protein (Hynninen et al. 2010; Ibáñez et al. 2015; Kang
et al. 2018): disruption of the metal-exporting system re-
sulted in the accumulation of target metals in cells, there-
by enhancing the sensitivity. In particular, a WCB driven
by the promoter of the zinc/cadmium/lead-transporting P-
type ATP-ase (zntA) as a sensing domain and enhanced
green fluorescent protein (egfp) as a reporter gene was
reported to show relatively broad selectivity toward met-
al(loid)s, such as Cd, Zn, and Hg (Brocklehurst et al.
1999; Wang et al. 2012). In this system, the expression
of the reporter gene is controlled by a regulatory protein
corresponding to the sensing domain; thereby, this broad

selectivity achieved is likely attributed to the broad selec-
tivity of the regulatory protein, ZntR. From this perspec-
tive, we hypothesized that the selectivity of a WCB could
be changed by enhancing the selectivity of the regulatory
protein. Thus, in the present study, we propose a new
approach for enhancing the sensitivity and modulating
the metal selectivity of WCBs by employing the promoter
of zntA and egfp genes as sensing and reporter domains,
respectively. The broad selectivity was modified to re-
spond to a single metal(loid) ion by engineering the reg-
ulatory protein ZntR, and the sensitivity was further en-
hanced by deleting the copA gene, which encodes a
metal-exporting protein.

Materials and methods

Construction of mutant E. coli strains and plasmids

Escherichia coli BL21 (DE3) was used as a host strain for the
WCBs, and the genes encoding the copper ion exporting
channe l (copA ) and the regu la to ry pro te in fo r
zinc-inducible operon (zntR) in the chromosomal DNA of
E. coli were deleted by the Quick & Easy E. coli Gene
Deletion Kit (Gene Bridges, Heidelberg, Germany) accord-
ing to the manufacturer instructions. In brief, a pRedET
plasmid carrying the recombinase gene was transformed
into E. coli BL21 (DE3), and then the FRT-flanked
PGK-gb2-neo cassettes targeting zntR and copA were
electroporated at 1350 V, 10 μF, and 600 Ω using an
Eppendorf Electroporator 2510. The target genes were re-
placed with the kanamycin resistant gene (kan) by
recombinase activity induced with the addition of 10%
arabinose. In the case of double gene deletion for
BL21-zntR/copA, an additional deletion process was ap-
plied to the single gene-deleted E. coli strain. The
metal-sensing plasmids pZntA-eGFP and pZntA-mCherry
were constructed in a previous study, consisting of the
promoter region of zntA (zntAp) in E. coli and egfp or
mcherry as a sensing and reporter domain, respectively
(Yoon et al. 2016a; Yoon et al. 2016c). The information
of the E. coli strains generated in this study as well as the
plasmids and WCBs is summarized in Table 1. The
pCDF-ZntR plasmid was used as a template for
metal-binding loop-exchanged ZntR mutants, as described
previously (Yoon et al. 2017), and two-step polymerase
chain reaction (PCR) was employed to replace the
metal-binding loop region of ZntR with different se-
quences and lengths of amino acids (Good and Nazar
1992). The sequences of primers used in this study and
amino acid sequences of newly introduced loops are listed
in Tables 2 and 3, respectively. The DNA polymerase for
PCR and the genomic DNA extraction kit were purchased
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from Qiagen, and the enzymes used for molecular cloning
were purchased from Takara Korea Biomedical.

WCB assay

The WCBs tested in this study were generated by introducing
the sensing plasmid pZntA-eGFP with a regulatory plasmid
carrying the wild-type (WT) and mutant zntR genes into

E. coli WT and mutant strains. Only pZntA-eGFP was intro-
duced to WT E. coli BL21(DE3), while the plasmid carrying
zntRwas co-transformed with pZntA-eGFP to recover the role
of ZntR, the regulatory protein for zntAp::egfp, in the case of
the E. coli ΔzntR and ΔzntR/ΔcopA mutant strains.

The metal(loid)s selectivity and sensitivity of the WCBs
were tested for AsCl3, CdCl2, CrSO4, NiCl2, HgCl2, PbSO4,

ZnCl2, and CuSO4 (Sigma-Aldrich), which were dissolved in

Table 1 Plasmids, E. coli strains,
and whole-cell bioreporters used
in this study

Name Genetic properties Reference

Plas-
mids

pET-21(a)

pCDF-Duet

pZntA-eGFP

pZntA-mCherry

pCDF-ZntR

pZntR-loop1–5

pBR322 ori, Ampr

CloDE13 ori, Strr

pET-21(a) carrying zntAp from E. coli and egfp from
pEGFP-N1

pET-21(a) carrying zntAp from E. coli and mcherry from
pmCherry

pCDF-Duet carrying zntR from E. coli

pCDF-Duet carrying zntRwith metal-binding loops replaced
by loop 1–5

Novagen

Novagen

Previous
study*

Previous
study*

This study

This study

Strains BL21(DE3)

BL21-zntR

BL21-copA

BL21-zntR/copA

F− ompT hsdSB(rB
−mB

−)gal dcm lon (DE3)

F− ompT hsdSB(rB
−mB

−)gal dcm lon (DE3) ΔzntR
F− ompT hsdSB(rB

−mB
−)gal dcm lon (DE3) ΔcopA

F− ompT hsdSB(rB
−mB

−)gal dcm lon (DE3) ΔzntR andΔcopA

Stratagene

This study

This study

This study

WCBs WT WCB

Cd-sensing WCB

Hg-sensing WCB

Hg-sensing
WCB-Red

BL21-zntR harboring pZntA-eGFP and pCDF-ZntR

BL21-zntR/copA harboring pZntA-eGFP and pZntR-loop1

BL21-zntR/copA harboring pZntA-eGFP and pZntR-loop2

BL21-zntR/copA harboring pZntA-mCherry and
pZntR-loop2

This study

This study

This study

This study

* (Yoon et al. 2016a; Yoon et al. 2016c)

Table 2 List of primers used in this study

No Target
gene

Restriction enzyme
site

Primer sequence (5′ to 3′)

1a

2a
zntR BamHI

XhoI
GTGGGATCCGATGTATCGCATTGGTGAG
GTGCTCGAGTCAACAACCACTCTTAACG

3
4

zntR-Loop1 TGCAACCATGAACCGGGCACCGTGTGCCCGATTTGCTCGATTCTTGAAGCTCTTGAA
GCAAATCGGGCACACGGTGCCCGGTTCATGGTTGCAGGCATCGTTAAGGCG

5
6

zntR-Loop2 TGCCCTGGCGATGACAGCGCCGACTGCTCGATTCTTGAAGCTCTTGAA
GCAGTCGGCGCTGTCATCGCCAGGGCAGGCATCGTTAAGGCG

7
8

zntR-Loop3 GATCATGATGATGTGCAGCAGCATGTGGATTCGATTCTTGAAGCTCTTGAA
ATCCACATGCTGCTGCACATCATCATGATCGGCATCGTTAAGGCG

9
10

zntR-Loop4 TGCACCCCGCATCCGTTTATGTCGATTCTTGAAGCTCTTGAA
CATAAACGGATGCGGGGTGCAGGCATCGTTAAGGCG

11
12

zntR-Loop5 TGCACCTTTCCGGGCCATAGCGCGCTGATGTCGATTCTTGAAGCTCTTGAA
CATCAGCGCGCTATGGCCCGGAAAGGTGCAGGCATCGTTAAGGCG

13b

14b
ΔzntR CGCGAGTGTAATCCTGCCAGTGCAAAAAATCAACAACCACTCTTAACGCCTAATACGACTCACT

ATAGGGCTC
ATCGCGCTCAATGTTGCGATCGGTTTGCCTTATCTCCTGCGCAACAATCTAATTAACCCTCACT

AAAGGGCG
15b

16b
ΔcopA CCTAAAGCAGCGCATCCGCAATGATGTACTTATTCCTTCGGTTTAAACCGAATTAACCCTCACT

AAAGGGCG
TTTAACCTTTATCACAGCCAGTCAAAACTGTCTTAAAGGAGTGTTTTATGTAATACGACTCACT

ATAGGGCTC

a The restriction enzyme sites are indicated in underlined italic letters
b Sequences that served as PCR primers to amplify the FRT-PGK-gb2-neo-FRT cassette are underlined
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distilled water to prepare 1-mM stock solutions, according to
previously reported procedures (Yoon et al. 2016a). In brief,
theWCB cells were grown overnight and inoculated into fresh
Luria-Bertani broth. When the optical density at 600 nm
reached 0.3–0.4, the cells were treated with each metal(loid)
solution at a final concentration of 1 μM. After 1–2 h of
further incubation, the expression level of eGFP was mea-
sured by fluorescence spectrophotometry on the FC-2 fluores-
cence spectrophotometer (Scinco, Korea) equipped with a xe-
non lamp as a light source and 0.1–5-nm bandwidth filter sets
in the emission and excitation wavelengths of 500–600 and
480 nm, respectively. The response of the WCB to each met-
al(loid) was expressed as the induction coefficient value de-
fined as [arbitrary unit of eGFP fluorescence with metal(loid)
treatment]/[arbitrary unit of eGFP fluorescence without met-
al(loid) treatment].

Characterization of the metal(loid)-sensing properties
of WCBs

To confirm the newly obtained metal(loid)-sensing properties
of the WCBs BL21-zntR/copA cells harboring pZntA-eGFP/
pZntR-loop1 (Cd-sensing WCB) and pZntA-eGFP/pZntR-
loop2 (Hg sensing WCB), they were exposed to single and
combined Hg and Cd treatment. Specifically, the WCBs were
exposed to 1 μM of Cd, Hg, or Cd/Hg, and the expression of
eGFPwasmeasured. In addition, theWCBswere exposed to a
fixed concentration of Cd or Hg with 2.5 and 0–10 μM of the
opposite metal(loid). The expression level of eGFP induced
by Cd and Hg was measured by the fluorescence spectropho-
tometer and expressed as the induction coefficient values.

Simultaneous quantification of Cd and Hg using
novel WCB systems

To elucidate the applicability of the novel WCB systems, the
amounts of Cd and Hg in contaminated solution were deter-
mined using the Cd-sensing WCB and Hg-sensing WCB-
Red. Since green and red emission at 510 nm/610 nm repre-
sents Cd and Hg, respectively, it was possible to quantify

the amount of Cd and Hg simultaneously. To test this pro-
posed approach, the two WCBs were mixed and exposed to
0–5 μM of the Cd/Hg mixture for 1 h. The expression levels
of eGFP and mCherry were determined and converted to in-
duction coefficient values. The induction coefficient values of
eGFP and mCherry were analyzed by linear regression to
obtain standard curves for Cd and Hg, respectively. The
amounts of Cd and Hg in artificially contaminated solution
samples were then determined based on the equation of stan-
dard curves obtained from linear regression analysis.

Results

Genetic engineering to modulate the properties
of WCBs

The metal(loid)-sensing properties of WCBs were determined
based on monitoring the expression of regulatory proteins,
which control the transcription of the reporter genes. In the
case of the zntAp::egfp system, ZntR plays a key role in reg-
ulating the transcription of egfp. As shown in Fig. 1, two zinc
ions interact with the binding loops of the ZntR dimer.
Therefore, to modify the metal-binding properties of ZntR, it
was replaced with new metal-binding loops consisting of dif-
ferent sequences and lengths. The insertion of new loops was
performed by two-step PCR (Good and Nazar 1992), and the
DNA sequences encoding new peptides were placed in the
primer sequences. Ultimately, we obtained five zntR mutants,
named pZntR-loop1–5, and the DNA sequences of the new
loop regions were confirmed by DNA sequencing.

To elucidate the effects of the new loops of ZntR on the
properties ofWCBs, the plasmids carrying mutant zntRwould
normally be introduced with the sensing plasmid, pZntA-
eGFP. However, this process would not be sufficient since
E. coli expresses endogenous ZntR. Thus, it was necessary
to first remove the endogenous zntR from E. coli to test the
effect of the mutants. In addition, the metal-exporting gene
copA was also deleted to enhance the metal(loid) sensitivity
of the WCBs. Accordingly, three mutant E. coli strains were
obtained, named BL21-zntR, BL21-copA, and BL21-zntR/
copA that lost zntR, copA, and zntR/copA, respectively.
These mutants were then used as the host strains to receive
the plasmids. Consequently, several WCBs were generated by
the combination of plasmids and E. coli strains.

Effect of genetic engineering on the metal(loid)
-sensing properties of WCBs

To test the metal(loid)-sensing properties of the newly gener-
ated WCBs, they were treated with diverse metal(loid)s, in-
cluding As, Cd, Cr, Ni, Hg, Pb, Zn, and Cu, at a final concen-
tration of 1 μM for 1 h. The WT E. coli BL21 harboring

Table 3 Amino acid sequences of the metal-binding loop of ZntR and
ZntR mutants

Amino acid sequences Plasmids

WT C-C-G-T-A-H-S-S-V-Y-C pCDF-ZntR

Loop 1 C-N-H-E-P-G-T-V-C-P-I-C pZntR-loop1

Loop 2 C-P-G-D-D-S-A-D-C pZntR-loop2

Loop 3 D-H-D-D-V-Q-Q-H-V-D pZntR-loop3

Loop 4 C-T-P-H-P-F-M pZntR-loop4

Loop 5 C-T-F-P-G-H-S-A-L-M pZntR-loop5
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pZntA-eGFP and the mutant strain BL21-zntR harboring
pZntA-eGFP and pCDF-ZntR were first tested to verify
whether exogenous ZntR could recover the role of endoge-
nous ZntR. As reported in our previous study, WT E. coli
BL21 harboring pZnt-eGFP and BL21-zntR with pZnt-
eGFP/pCDF-ZntR showed similar responses toward the tested
metal(loid), demonstrating that exogenous ZntR could recover
the role as a regulatory protein (Yoon et al. 2017). Since the
effects of ZntR mutants should be tested in zntR-deleted
E. coli, BL21-zntR harboring pZntA-eGFP/pCDF-eGFP
(hereafter, WT WCB) was used as a positive control for fur-
ther study.

Although exogenous ZntR recovered the deleted endoge-
nous ZntR, the tested WCBs harboring mutant ZntR-loop1–5
based on BL21-zntR showed no significant response toward
the tested metal(loid)s. However, WCBs harboring the same
plasmids based on BL21-zntR/copA showed enhanced re-
sponses from ZntR-loop1 and ZntR-loop2 (Fig. S1).
Moreover, disruption of the metal homeostasis system did
not affect the properties of the bacterial cell-based
bioreporters. Since only loop1 and loop2 among the tested
ZntR mutants showed an enhanced response, these two mu-
tants were further investigated to determine the metal(loid)
selectivity by comparison to the properties of WT WCB.
The WCBs were exposed to 1 μM of metal(loid)s for 1 h
and then the expression level of eGFP was measured, repre-
sented as the induction coefficients. As shown in Fig. 2, WCB
with the pZntR-loop 1 (CNHEPGTVCPIC) showed a Cd-
specific response despite a decrease in the arbitrary

fluorescent unit. Moreover, ZntR-loop2 (CPGDDSADC)
responded to both Cd and Hg with greatly enhanced signals,
and the specific responses toward Cd and Hg were opposite to
those of WT WCB.

Characterization of Cd- and Hg-sensing WCBs

In contrast to WT WCB, which responds to both Cd and Hg,
the newly developed WCBs with ZntR-loop1 and -loop2
showedmodulated metal(loid) selectivity based on the screen-
ing assay. Although ZntR-loop2 responded to both Cd and
Hg, the WCB based on BL21-zntR/copA harboring pZntA-
eGFP/pZntR-loop1 and pZntA-eGFP/pZntR-loop2 were
named Cd-sensing WCB and Hg-sensing WCB, respectively,
for convenience. To investigate their metal(loid)s-sensing
properties, the WCBs were treated with 1 μM of Cd and Hg
independently and in combination. If WCBs are specific to a
single metal(loid) ion, the induction coefficient values would
be similar for both the independent and combined treatments.
As expected,WTWCB showed an induction coefficient value
of 5.1 for Cd, 6.1 for Hg, and 8.5 for the combined treatment
of Cd and Hg, whereas the Cd-sensing WCB showed values
of 4.6, 1, and 4.4, respectively (Fig. 3). Based on these results,
it was concluded thatWTWCB responded to both Cd and Hg,
whereas Cd-sensing WCB was specific to only Cd. Although
the Hg-sensing WCB also responded to Cd, the induction
coefficient value for Hg was much stronger, and that of the
combined treatment was also highly similar to the level ob-
served for the Hg treatment (Fig. 3).

Fig. 1 Three-dimensional structure of the ZntR homodimer (a) and
metal-binding loop region of ZntR with two zinc ions (b). The metal-
binding loop regions and zinc ions are indicated in green and magenta,

respectively. The structure was downloaded from the Protein Data Bank
and visualized using the PyMol software (DeLano 2002)

Fig. 2 Responses of tested WCBs toward metal(loid)s. a Induction
coefficient values of WT WCB (BL21-zntR/copA harboring pZntA-
eGFP/pCDF-ZntR) toward tested metal(loid)s. b Induction coefficient

values of Cd-sensing WCB (BL21-zntR/copA harboring pZntA-eGFP/
pZntR-loop1). c Induction coefficient values of Hg-sensing WCB
(BL21-zntR/copA harboring pZntA-eGFP/pZntR-loop2)
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We further verified the metal specificity of the newly gen-
erated WCBs. For this purpose, the concentration of a given
metal was fixed at 2.5 μM and then the concentration of the
other was varied from 0 to 5 μM. As expected, the induction
coefficient values for WTWCB were increased upon increas-
ing the concentration of Cd and Hg from WT WCB (Fig. 4a,
b), since this WCB responded to both Cd and Hg. Moreover,
the eGFP signal clearly increased when the two metals were
combined. By contrast, the Cd-sensing WCB showed an in-
creased signal when the Cd concentration was increased (Fig.
4c, d) with similar responses to the combined treatment of Cd
plus Hg and no response to Hg. This finding suggested that the
WCB obtained Cd selectivity through loop1 exchange in
ZntR. Similarly, for the Hg-sensing WCB, the response to-
ward Hg was dominant and the eGFP signal increased upon
the increase of Hg concentration, which was the opposite

pattern observed from the Cd-sensing WCB (Fig. 4e, f).
However, this WCB cannot be fully considered to be Hg-
specific since it still showed a response to Cd, even though
it was relatively weak. Despite this lack of specific only to Hg,
this WCB could still be used to measure Hg under controlled
experimental conditions, such as with a shorter exposure time
and using a different reporter gene with a longer maturation
time.

Effect of reporter genes on the metal-sensing
properties of WCBs

Since the so-called Hg-sensing WCB was not a single
metal-targeting sensor, it was subject to further modulating
processes toward improving the specificity. In our previous
study, we found that the sensitivity of WCBs was modulated

Fig. 3 Responses of WCBs toward sole and combined treatment of Cd
and Hg. The responses to Cd, Hg, and Cd/Hg treatment were compared.
WT WCB showed responses toward Cd and Hg, and the response was
increased compared to that of the combined Cd/Hg treatment. Cd-specific

WCB responded to only Cd and the response to combined Cd/Hg showed
a similar level to that of sole Cd treatment. Hg-specific WCB showed a
strong response to Hg and a weak response to Cd

Fig. 4 Concentration-dependent responses of tested WCBs with
combined treatment of Cd and Hg. The concentration of Cd and Hg
was fixed at 2.5 μM and the concentration of the opposite metal(loid)
ranged from 0 to 5 μM. a Induction coefficient values of WTWCB from
fixed Cd with 0–5 μMof Hg. b Induction coefficient values ofWTWCB
from fixed Hg with 0–5 μM of Cd. c Induction coefficient values of Cd-

specific WCB from fixed Cd with 0–5 μM of Hg. d Induction coefficient
values of Cd-specific WCB from fixed Hg with 0–5 μM of Cd. e
Induction coefficient values of Hg-specific WCB from fixed Cd with
0–5 μM of Hg. f Induction coefficient values of Hg-specific WCB from
fixed Hg with 0–5 μM of Cd
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by changing reporter genes (Yoon et al. 2016c). Thus, in the
present study, egfp was replaced with mcherry, which has a
relatively longer maturation time, so as to decrease the Hg
sensing of the Hg-sensing WCB. To elucidate the effects of
reporter genes, the responses of WCBs based on BL21-zntR/
copA harboring pZntR-loop2/pZntA-eGFP and pZntRloop2/
pZntA-mCherry toward Cd and Hg were tested. The WCBs
were exposed to 0–10 μMCd and Hg for 1 h, and the expres-
sion levels of eGFP and mCherry were measured. As shown
in Fig. 5, the induction coefficient values of eGFP increased in
a concentration-dependent manner with both Cd and Hg.
However, the induction coefficient values induced byHgwere
much higher (1–40) than those induced by Cd (1–2) from the
WCB with mCherry. Therefore, it was confirmed that the
sensitivity of WCBs would be varied by changing the proper-
ties of reporter genes. Moreover, based on these results, our
so-called Hg-specific WCB should be renamed as Hg-sensing
WCB-Red, given that it cannot be considered as a universal
Hg-sensingWCB since it still showed responses toward Cd at
exposure times over 1 h (data not shown). Thus, Hg-sensing
WCB-Red indicates that the WBC is specific to sensing Hg
under the restricted experimental condition of detection with
mCherry as the reporter. Nonetheless, we have shown that the
properties of WCBs could be modulated by varying the re-
porter genes, and were able to obtain the Hg-specific WCB
from the zntAp::egfp system by genetic and biochemical
engineering.

Simultaneous quantification of Cd and Hg using the new
WCB systems

As described above, using our proposed approach, we devel-
oped novel WCBs that specifically responded to Cd and Hg
through genetic and biochemical engineering processes. Since
the detection of Cd and Hg is reflected through the emission of
eGFP and mCherry, respectively, with these systems, it should
be possible to determine the amount of Cd and Hg in a con-
taminated sample without interference of emission signals.
Therefore, the simultaneous detection of Cd and Hg could
be achieved by measuring the fluorescence of the eGFP and
mCherry signals. To test this idea, the Cd-specific WCB and

Hg-specific WCB-Red were freshly grown and mixed at a 1:1
ratio, and then exposed to a Cd/Hg mixed solution at various
concentrations, ranging from 0 to 5 μM. The emission signals
of eGFP and mCherry measured at 510 and 610 nm, respec-
tively, were converted to induction coefficient values and plot-
ted against the concentration of Cd and Hg. The results
showed that the induction coefficient of eGFP and mCherry
increased in proportion to the concentration of Cd and Hg,
respectively (Fig. 6a). The correlations between the induction
coefficient values and concentration were then used to fit the
linear regression equations and used as standard curves for Cd
and Hg quantification (Fig. 6b, c). Using this method, artificial
sample prepared with 2.50/1.50 μM was found to contain
2.74/1.32 μM that was 91.2/88.0% of accuracy based on stan-
dard curves. Conclusively, the novel WCBs obtained in this
study show good ability for the simultaneous quantification of
Cd and Hg independently.

Discussion

Bacterial cell-based biosensors, so-called WCBs, have been
actively developed recently owing to their simplicity, low
cost, and convenience. Although WCBs show great potential
for monitoring the concentration of contaminants in environ-
mental systems, the primary limitations are the low number of
target contaminants and broad selectivity and specificity. In
the present study, we sought to overcome these limitations by
expanding the inducible genetic systems and broad selectivity
of the regulatory proteins of WCBs. Since the working mech-
anism of WCBs is based on genes related to stress-inducible
systems and reporter genes (Belkin 2003; Harms et al. 2006),
the expression of reporter gene in WCBs representing the
presence of target materials is controlled by regulatory pro-
teins. Therefore, we focused on two main aspects to modulate
the properties of WCBs: (1) modifying the metal-binding
properties of the regulatory protein ZntR and (2) disrupting
the metal homeostasis system in E. coli.

We introduced mutations on ZntR to modulate the proper-
ties of WCBs based on pZntA-eGFP. The metal-binding loop
region of ZntR was determined in a previous study and the

μM]

Fig. 5 Effect of mCherry on metal(loid) sensing properties of WCBs. a Responses of Cd-specific WCB possessing egfp as a reporter gene toward 0–
10 μM Cd and Hg. b Responses of Hg-specific WCB-Red possessing mcherry as a reporter gene toward 0–10 μM of Cd and Hg
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three-dimensional structure was deposited to the Protein Data
Bank (Changela et al. 2003). ZntR forms a homodimer and
two cysteines in the zinc-binding loop region interact with
zinc ions. Therefore, the metal-binding loop of ZntR was re-
placed by peptides with different lengths and sequences by
two-step PCR, while the DNA-binding domain of ZntR rec-
ognizing the zntA promoter region was not altered. However,
none of the ZntR mutants responded to metal(loid)s in BL21-
zntR. Therefore, we moved on to the next strategy, disruption
of metal homeostasis, by deleting the metal-exporting genes
zntA and copA (Franke et al. 2001; Rensing et al. 1997; Wang
et al. 2012). In the case of zntA/zntR deletion, the selectivity of
WCBs was abolished because the responses toward metal(-
loid)s were too high (data not shown). However, ZntR-loop1
and ZntR-loop2 showed modulated metal-sensing properties
in BL21-copA/zntR, which provided evidence that the proper-
ties of WCB could be modulated by disrupting metal homeo-
stasis; thus, BL21-copA/zntR was used as a host strain for
WCB in further investigations. Moreover, ZntR-loop1 and -
loop2 possessing more than two cysteines showed modulated
properties from the WT ZntR, whereas those with one or no
cysteine showed no response to any of the tested metal(loid)s.
Although it is not clear why the loop replacement changed the
metal-binding properties, it is clear that more than two cyste-
ines are necessary to interact with the metal(loid) ions.
Importantly, loop1 with three cysteines specifically responded
to Cd while loop2 with two cysteines favorably responded to
Hg. Therefore, the coordination number of target metal(loid)s

and number of cysteines in the metal-binding loop region of
regulatory proteins are important considerations for engineer-
ing WCBs.

The new WCBs with ZntR-loop1 and ZntR-loop2 demon-
strated modulated metal-sensing properties compared to WT
WCB, which responded to both Cd and Hg and are thus in-
sufficient to apply to contaminated environmental samples.
Although the Cd-specific WCB responded only to Cd, the
Hg-specific WCB responded to both Cd and Hg, even though
the responses increased in an Hg concentration-dependent
manner. Moreover, since its Hg specificity was too high, it
was not sufficient to quantify the amount of Hg in contami-
nated samples, and it also responded to Cd. Therefore, to
improve the Hg specificity, the WCB was further engineered.
Among the several different methods reported for improving
the sensitivity of WCBs (Nivens et al. 2004; Yagur-Kroll and
Belkin 2011), we first tried to change the reporter gene from
egfp to mcherry since the sensing properties of WCBs have
been shown to be changed upon a change in reporter genes
(Yoon et al. 2016c). This new system was named Hg-specific
WCB-Red, and since the maturation time of mCherry is lon-
ger than that of eGFP, the sensitivity toward Cd or Hg would
be decreased. As expected, Hg-specific WCB-Red showed a
much lower fluorescent signal compared to the Hg-specific
WCB and the response to Cd was diminished. Although the
response to Cd could still be observed when the exposure
duration was increased, we concluded that Hg-specific
WCB-Red is a genuine Hg-specific sensor under the

Fig. 6 Simultaneous
quantification of Cd and Hg with
a mixture of Cd-specific WCB
and Hg-specific WCB-Red. a
Induction coefficient values of
eGFP and mCherry in WCB
mixtures determined from an Cd/
Hg mixture ranging from 0 to
5 μM. b Standard curves obtained
from eGFP and mCherry for Cd
(left) and Hg (right)
quantification, respectively. The
equation for each standard curve
fit is shown in the figure with
associated R2 values

4870 Appl Microbiol Biotechnol (2018) 102:4863–4872



controlled experimental condition. Thus, we finally obtained
both Cd-specific and Hg-specific WCBs among broad metal(-
loid)s-specific WCBs based on the znt-operon.

Since the Cd-specific and Hg-specific WCBs contain dif-
ferent colored fluorescent proteins, the amount of both met-
al(loid)s could be quantified simultaneously from contaminat-
ed environmental samples. The standard curves for Cd and Hg
quantification were obtained at the same timewith a mixed Cd
and Hg solution, and we obtained over 90% accuracy in Cd
and Hg quantification. This result proved the capability of the
novel WCBs for the simultaneous detection of both Cd and
Hg in artificially contaminated samples, which suggests that it
could be equally applied to environmental samples such as
contaminated water and soils.

In conclusion, we demonstrated that the metal-sensing
properties of WCBs can be modulated by genetic and bio-
chemical engineering approaches. Although the bacterial
cell-based biosensor, WCB, is generally regarded as a simple,
cheap, and convenient alternative tool to quantify contami-
nants, it has not yet been actively applied to environmental
systems because of the limited number of gene systems avail-
able. This limitation could be overcome by identifying new
genetic systems for WCBs from diverse living organisms.
However, this would still be an insufficient approach because
of the continuously increasing number of contaminants and
broad specificity of genetic systems. Alternatively, we have
demonstrated the good potential of developing new WCBs
from established WCBs through genetic and biochemical
engineering.
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