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In this study, an Escherichia coli (E. coli) whole-cell biosensor for the specific detection of bioavailable
arsenic was developed by placing a green fluorescent protein (GFP) reporter gene under the control of
the ArsR1 (GSU2952) regulatory circuit from Geobacter sulfurreducens. E. coli cells only emitted green
fluorescence in the presence of arsenite and were more sensitive to arsenite when they were grown in
M9 supplemented medium compared to LB medium. Under optimal test conditions, the Geobacter arsR1
promoter had a detection limit of 0.01 mM arsenite and the GFP expression was linear within a range of
0.03e0.1 mM (2.25e7.5 mg/l). These values were well below World Health Organization’s drinking water
quality standard, which is 10 mg/l. The feasibility of using this whole-cell biosensor to detect arsenic in
water samples, such as arsenic polluted tap water and landfill leachate was verified. The biosensor was
determined to be just as sensitive as atomic fluorescence spectrometry. This study examines the po-
tential applications of biosensors constructed with Geobacter ArsR-Pars regulatory circuits and provides a
rapid and cost-effective tool that can be used for arsenic detection in water samples.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Arsenic contamination in groundwater is a global problem that
poses a major threat to the health of humans and wildlife. It is
estimated that up to 220million people are exposed to high arsenic
concentrations in groundwater [35], and this exposure can cause
skin, vascular and nervous systems disorders, and can even lead to
cancer [15,43].

Landfill leachate has been identified as a major contributor to
groundwater arsenic pollution [34]. There are many sources of
arsenic found in municipal solid waste (MSW) landfills, including
glass, metallic (e.g., metal alloys and semiconductors), and
al Science and Engineering,
Beijing 100083, China.
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agricultural (e.g., wood preservatives, insecticides, and herbicides)
products [27,34,36]. In order to minimize arsenic pollution from
MSW landfills, it is important to monitor and remove arsenic from
wastewater prior to release into the environment.

Arsenic in wastewater samples is usually detected by atomic
fluorescence spectrometry (AFS) [26] or chemical kits [44] that
require complicated chemical analysis. These methods measure
total arsenic concentrations, which include both bioavailable and
non-bioavailable species. Bioavailable arsenic can be defined as the
form of arsenic that are taken up by cells and elicit adverse re-
sponses, and therefore poses a much greater threat to our health
than non-bioavailable species [2]. Therefore, tools developed to
assess environmental arsenic risks should focus more on bioavail-
able forms.

Bacterial cells have evolved to include a variety of mechanisms
to detoxify arsenic. Some bacteria use methyltransferases (ArsM) to
form methylarsine gases that are volatilized from the cells [1],
while others rely on arsenic respiratory (arr) and/or arsenic-
iety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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resistance (ars) transformation systems [48]. These arsenic detox-
ification systems are tightly regulated and are only active in the
presence of certain arsenic species [40]. ArsR is a regulatory protein
that binds to the promoter region of arr, ars, and certain arsM op-
erons and inhibits their transcription unless arsenite is present
[49].

This tight regulation of gene expression by the ars operon pro-
moter (Pars) can be used for the development of whole-cell bio-
sensors designed to produce signals such as luminescence or
fluorescence. In fact, many genetically engineered whole-cell
arsenic biosensors that are regulated by ArsR and Pars have
already been developed (Table 1). For example, by placing an
essential gene required for extracellular electron transfer and
electricity production of Shewanella oneidensis under the control of
Pars [47], genetically engineered a strain that produced an increased
current in response to arsenic when inoculated into a bio-
electrochemical system (BES). A number of E. coli whole-cell bio-
sensors with reporter genes under the control of the ArsR-Pars
circuit have also been developed (Table 1), including strains whose
reporter signals have been enhanced by positive feedback loops
[19] or promoter modification [5].

Geobacter are Fe(III) reducing bacteria that are frequently found
in anoxic soils and sediments that have been contaminated with
arsenic [9,11,13,17,21,31,37]. All of the Geobacter strains that have
been sequenced to date have an ars detoxification system under the
control of arsR [7]. There are four different genes coding for putative
ArsR regulatory proteins found in the G. sulfurreducens genome
(GSU2952 (arsR1), GSU2149 (arsR2), GSU0399 (arsR3), and
GSU2625 (arsR4)) (Fig. S1). The promoters of these genes all
contain �10 and �35 transcription binding sites that are similar to
the prokaryotic consensus, and have imperfect inverted repeats
located upstream from the transcriptional start sites, which is
characteristic of ArsR binding sites [4,6] (Fig. 1). Among these pu-
tative ArsR regulatory proteins, only ArsR1 and ArsR2 have the
metal-binding motif (ELCVCDL). The amino acid sequence of ArsR2,
whose coding gene locates upstream from a gene coding for a
putative CadA protein, is more closely related to those of CadC
regulatory proteins [7]. This similarity suggests that arsR2 probably
encodes the Cd-specific regulatory protein CadC. Our recent
experimental results support this assumption (unpublished data).
In addition [7], found that among the four putative ArsR regulatory
proteins of G. sulfurreducens, only ArsR1 regulates transcription of
the ars operon in the presence of arsenite. In order to determine
whether the Geobacter ars regulatory circuit could serve as an
effective regulatory unit in an arsenic biosensor, arsR1 and its
promoter (Pars) from Geobacter sulfurreducens were placed up-
stream from a green fluorescent protein (GFP) reporter gene (gfp) so
that the expression of gfp could be induced by arsenite. These
whole-cell biosensors were optimized and the feasibility of using
Table 1
Comparison of the whole-cell biosensors constructed in this study to previously reporte

Host Reporter gene Limit of detection fo

Escherichia coli luxAB 0.09
Escherichia coli gfp 0.067
Escherichia coli egfp 0.13
Escherichia coli luxCDABE 0.01
Shewanella oneidensis mtrB 40
Escherichia coli luxCDABE 0.10
Escherichia coli gfp 0.01
Escherichia coli lacZ 0.13
Escherichia coli egfp 0.033
Escherichia coli mCherry 0.10
Escherichia coli gfp 0.01
Escherichia coli gfp 0.01

2

this biosensor to detect arsenite in practical water samples was
assessed.
2. Materials and methods

2.1. Bacterial strains and culture conditions

Geobacter sulfurreducens PCA was cultured at 30 �C under strict
anaerobic conditions in a mineral-based medium containing
15 mM acetate as the electron donor and 40 mM fumarate as the
electron acceptor, as described by Ref. [25]. E. coli TOP10 (Tiangen,
Beijing, China) was cultivated in LB (Luria Broth)medium at 37 �C. A
minimum M9 supplemented medium described by Ref. [28] was
used for fluorescent assay experiments.
2.2. Gene manipulation

The plasmid pPROBE-NT [29], a gift from Steven Lindow
(Addgene plasmid # 37818; http://n2t.net/addgene:37818; RRID:
Addgene_37818), was used to design the ArsR-Pars-GFP construct
that was introduced into E. coli cells. This plasmid contained a
multicloning site (MCS) upstream of a promoter-less gfp reporter
gene. Four terminators located at the upstream of the MCS, which
confers a low basal level of gfp expression. The DNA fragment
containing Pars (regions 3,251,294e3,251,793 in the G. sulfureducens
chromosome) and the arsR1 (GSU2952; regions
3,251,794e3,252,135) coding sequence was amplified from
G. sulfurreducens genomic DNA via polymerase chain reaction (PCR)
using ars-F and ars-R primers (Table S1). The amplified DNA frag-
ment was then digested with restriction endonucleases Xba I and
EcoR I and inserted into the pPROBE-NT plasmid in a region directly
upstream from the gene coding for the GFP reporter gene (regions
4075e4791 in the plasmid). Insertion of arsR1 and Pars into the
plasmid was confirmed by Sanger sequencing [41] with the oligo-
nucleotides NT-Seq-F and NT-Seq-R (Table S1). The final ArsR1-Pars-
pPROBE-NT construct (pPROBE-As) (Fig. S2) was transformed into
E. coli TOP10 to make the whole-cell biosensor using the method
described by Chakrabarty (1975).
2.3. Fluorescence microscopy

E. coli cells were harvested by centrifugation at 3000 rpm for
5 min and resuspended in phosphate-buffered saline (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). After
which, an aliquot of 50 ml cell suspension was mounted on a glass
slide with a coverslip and observed by fluorescence microscopy
using an Axio Vert. A1 microscope (Carl Zeiss, Germany) equipped
with an AxioCam HRc CCD camera (Carl Zeiss, Germany).
d arsenic whole-cell biosensors.

r As (mM) Range of detection for As (mM) Reference

0.13e1.33 [46]
0.13e2.67 [20]
0e1.33 [3]
0.05e0.80 [42]
40e100 [47]
0.05e5.00 [12]
0.013e0.67 [22]
0.13e6.67 [14]
0.033e0.67 [50]
0.067e1.87 [19]
0.10e4.00 [5]
0.03e0.1 This study

http://n2t.net/addgene:37818


Fig. 1. Promoters from the 4 different arsR genes found in the G. sulfurreducens PCA and E. coli K-12 genomes. The bold and underlined sequences represent the �35 and �10
transcription binding sites; the regions highlighted in green represent inverted repeats that could be putative ArsR binding sites; the arrow and grey shaded nucleotides represent
the start of the ArsR coding sequence. The bacterial �10 site consensus sequence is TATAAT and the �35 consensus is TTGACA. The arsR1 -10 site has 2 mismatches with the
consensus (TACACT) and 1 mismatch at the �35 site (TTGACC). The arsR2 -10 site has 1 mismatch (TAGAAT) and 1 mismatch at the �35 site (TTGACG). The arsR3 -10 site has 2
mismatches at �10 (CATGAT) and 3 at �35 (CTGAAC). The arsR4 -10 site has 1 mismatch at �10 (TATAAC) and 0 mismatches at �35 (TTGACA). The E. coli K-12 -10 site has 3
mismatches at the �10 site (GACACT) and 1 at the �35 site (TTGACT).
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2.4. Quantitative reverse-transcription PCR (qRT-PCR)

E. coli cells incubated together with different concentrations of
arsenite (0.05, 0.1 and 0.5 mM) were defined as the experimental
groups, and those incubated in the absence of arsenite were used as
a control group. Four milliliters (ml) of the cell suspensionwas used
for total RNA extraction for each sample. Total RNA was extracted
using an EASYspin Plus bacteria RNA extract kit (Aidlab Biotech,
Beijing, China). All RNA samples were checked for integrity using
agarose gel electrophoresis and had A260/A280 ratios of between 1.8
and 2.0. The RNA samples were then used to generate the first
strand of cDNA using the FastKing RT Kit (With gDNase) (Tiangen,
Beijing, China). After which, the cDNA was used as qRT-PCR tem-
plates. The gene rrsA, which codes for 16S rRNA in E. coli, was used
as the reference gene. Relative quantification of transcripts in
comparison to rrsA transcript was performed using Talent qPCR
PreMix (SYBR Green) (Tiangen, Beijing, China) on a 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). The primers
for rrsA and gfp are listed in Table S1. Each PCR mixture consisted of
a total volume of 20 ml and contained 10 ml qPCR master mix, 0.6 ml
of the appropriate primers (10 mM), 2 ml cDNA (<100 ng), 0.4 ml
50 � ROX reference dye, and 6.4 ml RNase-free H2O. The cycling
conditions were 1 cycle of denaturation at 95 �C/15 min, followed
by 40 two-segment cycles of amplification (95 �C/10 s, 60 �C/30 s)
where the fluorescence was automatically measured during PCR. A
melting curve was constructed for each primer pair to verify the
presence of one gene-specific peak and the absence of the primer
dimmer. Standard curves covering 5 orders of magnitude were
constructed with serial dilutions of cDNA. These standard curves
were generated using relative concentration vs. the threshold cycle
(Ct). The amplification efficiency of each gene (E) was calculated
based on the slopes of the standard curves:

E¼10
1

�slope � 1 (1)

The relative expression ratio of gfp in experimental group vs.
control group was calculated based on the method outlined by
Ref. [33]:
3

ratio¼ðEðgfpÞ þ 1ÞCtðgfp; controlÞ�Ctðgfp; experimentalÞ

ðEðrrsÞ þ 1ÞCtðrrs; controlÞ�Ctðrrs; experimentalÞ (2)

where E (gfp) and E (rrsA) are the amplification efficiencies of gfp
and rrsA transcripts, respectively; Ct (gfp, control) and Ct (gfp,
experimental) are Ct values for gfp in control group and experi-
mental group, respectively; Ct (rrsA, control) and Ct (rrsA, experi-
mental) are Ct values for rrsA in control group and experimental
group, respectively. All samples were from experiments with three
biological replicates. Each qPCR reaction was conducted with three
technical replicates and the mean was used for analysis.

2.5. Western blotting

The synthetic efficiencies of GFP in different media were
assessed by using Western blotting. E. coli cells incubated with or
without arsenite in different media were collected, respectively,
and subjected to protein extraction, SDS-PAGE and Western blot-
ting with reference to a previous study [30]. b-actin was monitored
as the loading control. Anti-GFP mouse monoclonal antibody
(Epsilon, Beijing, China) was used as the primary antibody to
monitor GFP, while anti-b-actin mouse monoclonal antibody
(Epsilon, Beijing, China) was used as the primary antibody to
monitor b-actin. HRP-conjugated goat anti-mouse IgG (H þ L)
(Epsilon, Beijing, China) was used as the secondary antibody. The
relative abundance of GFP was determined by dividing the signal
intensity value of GFP by that of b-actin.

2.6. Fluorescence intensity assay

Fluorescence intensity assays were conducted using the method
described by Ref. [23] with somemodifications. E. coli cells cultured
in the LBmedium containing 50 mg/ml kanamycinwere collected by
centrifugation for 5 min at 5000 rpm and 4 �C. Cell pellets were
then resuspended in 2 � LB or 2 � M9 supplemented medium to
reach a specified absorbance at 600 nm. Then the cell suspension
and the sample to be tested were mixed at a volumetric ratio of 1:1.
Thesemixtures were then incubated at 25, 30 or 37 �Cwith shaking
at 180 rpm for 4 h. A 200 ml aliquot of these cell suspensions were
used to measure fluorescence with a microplate reader (Tecan
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infinite 200) in a 96-well Costar plate. Awater samplewas prepared
by diluting a stock solution of sodium arsenite or other heavy metal
salts such as NaAsO2, Cu(NO3)2, Zn(NO3)2, Pb(NO3)2, Mn(NO3)2,
Cr(NO3)3, Ni(NO3)2, Cd(NO3)2, Co(NO3)2 and Hg(NO3)2 to a specified
concentration in distilled-deionized water. The metal concentra-
tion in each stock solution was 1000 mg/l.
2.7. Practical samples

Tap water (pH 7.8 with 3.0 mM Cl�; 0.04 mM NO3
�; 0.22 mM

SO4
2�; 0.80 mM Ca2þ; 2.1 mM Fe) and different batches of treated

landfill leachates from anaerobic dynamic membrane bioreactors
(AnDMBR) [18] (pH 7.2e7.6 with 1220e1680 mg/l COD;
0.43e0.47 mM NH4

þ-N; 0.36e0.40 mM Fe) were used to assess
whether the biosensor could detect arsenite in drinking water and
treated wastewater samples. Sodium arsenite was added to the tap
water sample to simulate arsenic pollution. The concentrations of
arsenic in these samples were analyzed by the biosensor and AFS as
described by Ref. [26].
2.8. Data analysis

The response of the whole-cell biosensor to arsenic or to other
metals (such as Cu, Zn, Pb, Mn, Cr, Ni, Cd, Co and Hg) was expressed
as the induction coefficient (IC), calculated as follows:

IC¼ Fx=F0 (3)

where Fx is the mean value of fluorescence intensity induced with
metals at a certain cell density and F0 is the mean value of back-
ground fluorescence intensity induced with distilled-deionized
water (0 M metal solutions) at the same cell density.

The limit of detection for IC (LODIC) was determined as follows
[10]:

LODIC ¼ðF0 þ3SDÞ=F0 (4)

where F0 is the mean value of background fluorescence intensity
and SD is the standard deviation of F0.

The limit of detection for arsenite concentration (LODc) was the
minimum concentration of arsenite that could induce significantly
stronger fluorescence (p < 0.05) than distilled-deionized water.

All statistical analyses were conducted using GraphPad Prism
v6.02. Student’s t-test was used to determine statistical significance
(p< 0.05). Linear regression analysis was used to assess the possible
correlation between IC and arsenite concentration and to construct
standard curves for qRT-PCR. Grubb’s test was used to identify
statistical outliers.
3. Results and discussion

3.1. Construction of the whole-cell biosensor

As shown in Fig. 2a, in the absence of arsenite, the transcrip-
tional repressor ArsR1, the product of the arsR1 gene, bound Pars
and repressed the transcription of gfp, which meant that no green
fluorescence was observed (Fig. 3b). When arsenite was added to
the cells, it bound to ArsR1 and caused it to be released from Pars,
thereby inducing the transcription of arsR1 and gfp (Fig. 2b). As the
concentration of arsenite increased, the relative transcription level
of gfp gradually increased (Fig. 3a) and green fluorescence was
observed (Fig. 3b).
4

3.2. Metal specificity

The specificity of the whole-cell biosensor to arsenic was tested
with 5 different concentrations (0e7.0 mM) of 9 common heavy
metal salts (Cu(NO3)2, Zn(NO3)2, Pb(NO3)2, Mn(NO3)2, Cr(NO3)3,
Ni(NO3)2, Cd(NO3)2, Co(NO3)2 and Hg(NO3)2) in addition to sodium
arsenite. GFP could be synthesized in response to arsenite, resulting
in a statistically significant increase in the fluorescence intensity.
Besides arsenite, Hg also induced an increased fluorescence, but the
signal was much lower relative to arsenite. Other heavy metal salts
did not induce a statistically significant increase in the fluorescence
intensity (Fig. 4).

3.3. Optimization of test conditions

Different media, temperatures and cell densities were tested to
determine the optimal conditions that should be used for whole-
cell biosensor assays. Arsenite induction experiments were con-
ducted in LB and M9 supplemented medium. Cells grown in LB
medium could detect arsenite in the range of 0.03e0.3 mM, while
those grown in M9 supplemented medium had a detection limit of
0.01 mM. A linear relationship (R2 ¼ 0.998; p ¼ 0.0005) between IC
and arsenite concentration was found within the concentration
range of 0.03e0.1 mM (2.25e7.5 mg/l) (Fig. 5a). These detection
values are comparable to the whole-cell biosensors constructed
based on E. coli strains that contained optimized arsenite-sensing
elements [5,22] or those isolated from the arsenic polluted sites
[42]. By altering the base composition of the �10 site and the
location of the ArsR binding site (ABS) in the arsenite-regulated
promoter of E. coli, the induction of the promoter could be
increased by 11 fold [5]. [22] identified the arsenite-induced arsR
operon for both low background and high expression through three
successive rounds of fluorescence activated cell sorting (FACS) with
a bidirectional strategy [42]. isolated an E. coli strain with high
tolerance towards arsenic from Hooghly River (West Bengal, India)
and a whole-cell biosensor with the range of detection of
0.05e0.80 mM was then developed based on this strain. It is
possible that by using these aforementioned strategies, the ArsR1-
Pars of G. sulfurreducens with a higher sensitivity towards arsenite
can be obtained. These results show that the ArsR1-Pars of
G. sulfurreducens has a greater potential for a more sensitive
detection of arsenite.

Differences in biosensor sensitivity was observed when cells
were grown on two different media types and were consistent with
studies that have shown that the sensitivities of whole-cell bio-
sensors for heavy metals such as cadmium [45] and copper [23]
were higher in M9 supplemented medium than they were in LB
medium. We also assessed the relative abundance of GFP in
different media by usingWestern blotting. After arsenite induction,
there was no significant difference in the relative abundance of GFP
between E. coli cells cultured in LB and M9 medium. In the absence
of arsenite, however, the relative abundance of GFP in E. coli cells
cultured in LB medium was higher than that in M9 medium, indi-
cating that the background synthesis of GFP was higher in LB me-
dium (Fig. S5). This observation was consistent with the results of
the fluorescence intensity (Fig. 5a).

Since the biosensor performed better in M9 supplemented
medium than in LB medium, the former was used to determine the
optimal temperature and cell density parameters. As shown in
Fig. 5b and S6, the optimal temperature for arsenite induction was
30 �C. Biosensor assays conducted at various cell densities showed
that arsenic sensitivity was greatest when the OD600 was 0.2 (Fig. 5c
and S7). Previous studies also found that the response of thewhole-
cell biosensors decreased at higher cell densities [8,23,39]. Under
optimal conditions, there was a strong positive correlation



Fig. 2. Schematic of the whole-cell biosensor based on the ArsR1-Pars-gfp regulatory circuit. (a) In the absence of arsenite, (b) in the presence of arsenite.

Fig. 3. (a) The number of gfp transcripts normalized against transcripts from the constitutively expressed rrsA gene (which codes for 16S rRNA) in cells exposed to various con-
centrations of arsenite. (Temperature: 30 �C; cell density: OD600 ¼ 0.2; medium: M9 supplemented medium; induction time: 4 h. All experiments were conducted in triplicate.) (b)
Fluorescence micrographs of the E. coli cells constructed in this study after induction with 0.1 mM arsenite.
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(R2 ¼ 0.998; p ¼ 0.0005) between IC and arsenite concentration
5

within the concentration range of 0.03e0.1 mM (2.25e7.5 mg/l),



Fig. 4. Induction coefficient (IC) of the whole-cell biosensor in response to different
metal ions. Induction from 10 common metal ions was tested. (All cells were induced
for 4 h at 30 �C in M9 supplemented medium. Values are means and standard de-
viations obtained from experiments with three biological replicates.)

Fig. 5. Optimization of arsenic detection conditions. (a) Induction coefficient (IC) in
response to arsenite in LB and M9 supplemented medium. (Temperature: 30 �C; cell
density: OD600 ¼ 0.2; induction time: 4 h) (b) IC in response to arsenite at different
temperatures. (Medium: M9 supplemented medium; cell density: OD600 ¼ 0.2; in-
duction time: 4 h) (c) IC in response to arsenite under different cell densities. (Me-
dium: M9 supplemented medium; temperature: 30 �C; induction time: 4 h. Values are
means and standard deviations obtained from experiments with three biological
replicates.)
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which is below theWHO’s standard for drinking water quality [32].
Samples with higher concentrations of arsenite can be quantified
after dilution.

3.4. Practical application and perspective

Tests were conducted to assess whether the biosensor could be
used to detect arsenic in drinking water and treated wastewater
samples. Sodium arsenite was added to tap water samples to
simulate arsenic pollution. Detection of arsenite in tap water and
treated leachate samples from AnDMBRs using the biosensors was
just as accurate (relative differences were no more than 7%) as AFS
(Table 2). Considering that AFS requires concentrated hydrochloric
acid, thiourea and ascorbic acid for pretreatment and 5% hydro-
chloric acid and argon gas for measurement, the whole-cell
biosensor only requires cell suspensions. Therefore, the latter is
more cost-effective and produces considerably less liquid waste.
Although some organics and bacteria exist in the treated leachate
samples, they did not result in significant interferences with the
testing results in this study. However, the organics and bacteria in
other environmental water samples may affect the performance of
the whole-cell biosensors. Given that the E. coli strain constructed
in this study harbors a plasmid with a kanamycin resistance
marker, other bacteria cannot grow during the testing process and
their influences on the testing results can be minimized. In addi-
tion, a strain that constitutively produces a GFP signal can be used
as a control to measure the signal changes caused by the organics
and bacteria in the samples. Therefore, the influences of organics
and other bacteria can be overcome by subtracting out the signal
changes [16]. By eliminating these biotic and abiotic interferences,
the feasibility of using a whole-cell biosensor for low-cost and low-
emission arsenite detection in real world scenarios could be greatly
improved.

G. sulfurreducens is an electrogenic bacterium that can generate
electric current via type IV pili-based direct electron transfer in a
microbial fuel cell (MFC) [38], whichmakes it an ideal candidate for
the construction of bioelectrochemical sensors [24]. demonstrated
that the expression of high conductive pili in a pili-deficient mutant
strain of P. aeruginosa could increase the bioelectricity output of
P. aeruginosa in MFS systems. If the gene coding for electrically
conductive pili is placed under the control of the arsR regulatory
circuit in a pili-deficient strain of G. sulfurreducens or P. aeruginosa,
6

the bioelectricity output can most likely be controlled by arsenite
so that in situ arsenite monitoring without having to collect sam-
ples can be developed. Considering that the biosensor relies on
genetically modified bacteria, the potential environmental risks
caused by its pass through need to be assessed before field
application.



Table 2
Tapwater supplementedwith arsenite and treated landfill leachate fromAnDMBRswere used to assess the efficacy of thewhole-cell biosensor and to compare its sensitivity to
AFS. The relative difference was calculated as follows: relative difference ¼ [(result by biosensor - result by AFS)/result by AFS] � 100%.

Source of sample Results by AFS (mM) Results by biosensor (mM) Relative difference (%)

Polluted tap water 1 0.039 0.036 �7
Polluted tap water 2 0.058 0.054 �7
Polluted tap water 3 0.092 0.088 �4
Treated leachate 1 0.059 0.056 �5
Treated leachate 2 0.043 0.045 þ6
Treated leachate 3 0.068 0.070 þ3
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4. Conclusions

In this study, an E. coli whole-cell biosensor was designed in
which the gene coding for GFP was placed under the control of the
ArsR1-Pars regulatory circuit from G. sulfurreducens. Optimal
biosensor assay conditions were determined and resulted in a
detection limit of 0.01 mMwith a linear range of detection between
0.03 and 0.1 mM (2.25e7.5 mg/l). These values are significantly lower
than WHO’s drinking water quality standard. The feasibility of us-
ing the whole-cell biosensor to detect arsenic in practical water
samples such as drinking water and treated landfill leachate was
verified. This study demonstrates that the ArsR1-Pars from
G. sulfurreducens provides a sensitive detection of As and infor-
mation from this study can be used to design an evenmore effective
arsenic biosensor in the future.
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