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ABSTRACT Antimony (Sb) is an emerging contaminant, and its on-site speciation analysis
is central to the accurate evaluation of its bioavailability and toxicity. The whole-cell biosensors
(WCBs) for Sb(lll) are promising but challenging due to the lack of Sh(lll)-specific recognition
components. Here, we constructed a novel Sb(lll)-specific WCB using an Sb(lll) transcriptional
regulator (antR) and its cognate promoter (P,,). To prevent the promoter leakage of P,
an additional regulatory gene, antR, was inserted downstream of the Sb(lll)-inducible pro-
moter, improving the sensitivity of the WCB by an order of magnitude and reaching the
detection limit at 0.009 wM, which is lower than the WHO drinking water standard of Sh.
Moreover, the WCB with double antR showed a high specificity toward Sb(lll) compared
with interfering ions at 3 orders of magnitude higher concentrations. This WCB was capable
of measuring Sb(lll) bioavailability in natural waters and sediments on-site, and its results
were not statistically different from the chemical analysis. The insights gained from this
work demonstrate that the addition of regulatory genes prevents promoter leakage and
improves the sensitivity of WCBs in field applications.

IMPORTANCE Antimony (Sb) is a redox-sensitive pollutant ubiquitous in the environment.
Sb(lll) is dominant in the subsurface and is readily oxidized to less toxic Sb(V) upon exposure
to air, and therefore, on-site Sb speciation analysis is essential to evaluate its bioavailabil-
ity and toxicity. Dissolved Sb concentration and speciation can be determined accurately
using on-site chemical sensors, but chemical sensors have difficulty determining the bio-
available Sb(lll) that is taken up by the cells. Here, we constructed an Sb(lll)-specific whole-
cell biosensor (WCB) using double Sb(lll) transcriptional regulators (antR) downstream of its
cognate promoter P,,. With an additional antR, the sensitivity of the WCB was improved
by approximately 10 times, and the promoter leakage commonly found in WCBs was
inhibited. Integrated with a tea-bag design, the WCB is able to measure Sb(lll) bioavailability
in natural water and sediments on-site. This study demonstrates the importance of inserting
one more regulatory gene to improve sensitivity.

KEYWORDS antimony, whole-cell biosensor (WCB), Sb(lll) transcriptional repressors
(antR), promoter leakage, bioavailable Sb(lll)
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FIG 1 Schematic of the Sb(lll) whole-cell biosensors (WCBs) with one antR (A) and two antRs (B).

(10, 11), and accurately identifying the bioavailable Sb(lll) presents a contemporary challenge.
Mounting evidence suggests that whole-cell biosensors (WCBs) are promising for field
detection of bioavailable heavy metal(loid)s (10, 12), with the advantage of high sensitivity,
strong specificity, and cost-effectiveness (11, 13).

Taking advantage of synthetic biology, the WCBs are realized by linking the recognition
components, including transcriptional regulators and their cognate promoters (13), to the
reporter unit, such as luciferase (14), lacZ (15), and fluorescent protein (16). The recognition
components specifically recognize target metals and then turn on the expression of reporter
genes. Thus, the targets can be quantified by measuring the signal intensity of the reporter
unit (10, 13). The WCBs for arsenite, the analog for Sb(lll), have been established successfully
with the arsenic (As)-specific binding protein ArsR (12, 14). However, ArsR is unable to pro-
vide sufficient specificity and sensitivity for Sb(lll) (17). Recently, the transcriptional regulator
antR has been reported to specifically recognize Sbflll) (18, 19), facilitating our WCB construction
for Sbo(ll).

Despite the advantages of WCBs and their successful proof of concept in the laboratory,
the progress toward field applications has been hindered. Especially, the sensitivity usually
suffers from promoter leakage (11, 13), and the complex environmental matrix may interfere
with detection (11, 16). This study aimed to construct a WCB for on-site Sb(lll) detection.
To alleviate the promoter leakage commonly found in the WCBs, we inserted double antR
genes downstream of the Sb(lll)-inducible promoter P,,. The sensitivity with double antR
genes was increased by an order of magnitude and reached the Sb(lll) detection limit at
0.009 uM. To avoid interference with the detection of the fluorescent signal, a semiperme-
able membrane was used to separate the cells from the suspension. This study provides
the first WCB for bioavailable Sb(lll) detection and demonstrates the importance of insert-
ing one more regulatory gene to improve sensitivity, precision, and accuracy.

RESULTS

Proof of concept for Sb(lll) whole-cell biosensor. To construct the whole-cell biosen-
sor (WCB) for bioavailable Sb(lll) analysis, the recombinant plasmid with one or two transcrip-
tional regulators (antR) was transformed separately into Escherichia coli AW3110. As shown
in Fig. 1A, an Sb(lll) transcriptional regulator (antR), its cognate promoter (P,,), and the reporter
gene gfp were inserted into a plasmid pUC57, namely, pUC57-P,,-antR-gfp (3,623 bp), or pAG
in short. To avoid the background expression of P, due to the possible leakage, one more
antR was inserted downstream of P, resulting in pUC57-P,,-antR-antR-gfp (4016 bp), or
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FIG 2 Growth curves of the strain AW3110/pAG (A) and AW3110/pAAG (B) at different concentrations of Sb(lll).

pAAG in short (Fig. 1B). Thus, in the absence of inducer Sb(lll), P,,, was firmly bound by
expressed AntR, which effectively reduces promoter leakage.

To verify the successful construction of WCBs, the recombinant plasmids pAG and pAAG
were isolated from the recombinant E. coli AW3110 strains and then identified by double
digestion and sequencing. The gel electrophoresis resolved the identical size to the target
fragments and the sequencing results further, suggesting that the construction of recombi-
nant plasmids met the design goal (see Table S1 in the supplemental material).

To analyze the GFP fluorescence expressed by engineered strain AW3110, the cells were
examined under a confocal microscope. As shown in Fig. S1 in the supplemental material,
strain AW3110/pAAG exhibited an appreciable fluorescence upon Sb(lll) addition. On the
other hand, in the absence of Sb(lll), a rather weak fluorescence signal was observed, suggest-
ing the promoter leakage of the WCB. Notably, strain AW3110/pUC57 alone, as a control, pre-
sented no fluorescence signal. Moreover, to explore the relevance of the expression of GFP
and the Sb(lll) concentration, reverse transcriptase quantitative PCR (RT-qPCR) assays were per-
formed to analyze the relative expression levels of GFP in the strains AW3110/pAAG with
increasing Sb(lll) concentrations. As shown in Fig. S2 in the supplemental material, the expres-
sion of GFP linearly correlated with Sb(lll) concentration, indicating that the construction of
WCB meets the design requirements.

The resistance of engineered strains to Sh(lll). To determine an appropriate Sb
(Il) concentration range for evaluating the performance of WCBs, the Sb(lll) resistance of
engineered strains was investigated. Thus, the growth curves of strains AW3110/pAG and
AW3110/pAAG were measured as a function of Sb(lll) concentration. Figure 2 shows that the
bacteria entered the logarithmic phase and the stationary phase of growth after incubation
for about 1 and 8 h, respectively, at 37°C. In addition, the resistance of the two strains
to >100 uM Sb(lll) was not significantly different (P = 0.2 [100 uM], P = 0.8 [300 uMI),
illustrating that AntR contributed little to the Sb(lll) resistance. Moreover, as shown in
Fig. S3 in the supplemental material, the resistance of strain AW3110/pAG to different Sb
(1) concentrations had no obvious difference with AW3110/pUC57 (P > 0.05) (detailed in
Table S2 in the supplemental material), suggesting that AntR may not play a major role in the
Sb(lll) resistance, which is in agreement with a previous study (18). In addition, no significant
tolerance was observed when Sb(lll) was <10 M and Sb(lll) was >100 wM, where the Sb
(1) toxicity was pronounced and the cells barely grew (Fig. 2). Therefore, the concentra-
tion range of 0 to 100 uM was used to explore the response of WCBs to Sb(lll).

Sensitivity and specificity. To examine the sensitivity, the WCBs AW3110/pAG and
AW3110/pAAG were exposed to 0 to 100 uM Sb(lll) for 2 h at 37°C. In the absence of
Sb(lll), the induction coefficient (IC) value of AW3110/pAAG (5.1 = 0.1) was significantly
lower than that of AW3110/pAG (8.6 = 0.2), indicating that the double antR effectively
alleviated the promoter leakage. As shown in Fig. 3, the linear dependence of IC on the loga-
rithmic Sb(lll) concentration started at 0.1 and 0.01 M for AW3110/pAG and AW3110/pAAG,
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FIG 3 Concentration-dependent responses of the WCBs AW3110/pAG (A) and AW3110/pAAG (B) to 0 to 100
M Sb(lll). The dotted line indicates that the Sb(lll) concentration reaches half of the maximum IC value. Error
bars represent the standard deviation (n = 3).

respectively, suggesting that double antR enhanced the sensitivity by an order of magnitude.
Meanwhile, the slope of the linear curve of AW3110/pAAG (8.7) is greater than that of
AW3110/pAG (6.9) at a 95% confidence level, implying a more sensitive response. Moreover,
the half-saturation Sb(lll) that reaches the maximum IC was about 1 M (log = 3) for pAAG
and 5 uM (log = 3.7) for pAG, emphasizing a better sensitivity for AW3110/pAAG again.
Notably, AW3110/pAAG with the detection limit of 0.009 ©M, as detailed in the supplemental
material, is capable of measuring Sb for the WHO drinking water standard (0.05 M or 6 ug/L).

To evaluate the specificity of the WCBs toward Sb(lll), the interference from potential
coexisting metals was examined, including As(llI/V), Ca(ll), Cd(ll), Co(ll), Cr(lll), Cu(ll), Fe(lll),
Mg(ll), Mn(ll), Ni(ll), Pb(ll), and Sb(V). As shown in Fig. 4, AW3110/pAAG exhibited a high
IC value (>16) with 0.1 uM Sb(lll), compared with the IC value at around 4.23 with 10 to
100 uM interfering metals. In addition, the IC values of the two WCBs did not fluctuate
significantly in the concentration range of 0 to 100 «M, indicating that the WCBs did not
respond to interfering metals. Notably, the IC value of AW3110/pAAG to interfering metals
was much lower than that of AW3110/pAG (7 % 1). To determine the effect of the antR
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FIG 4 The specificity of the WCBs AW3110/pAG (A) and AW3110/pAAG (B) to Sb(lll) (0.1 wM) and other
potential coexisting ions (10 to 100 wM). Error bars represent the standard deviation (n = 3).
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FIG 5 (A) Linear correlation between Sb(lll) concentration of river water samples measured by the biosensor and AFS
method. (B) Linear correlation between bioavailable Sb(lll) in sediments extracted by the biosensor and chemical
extraction method. (C) The total Sb concentration in sediments (vertical bars) and the percentage of bioavailable Sb

(I in total Sb (scatter). Error bars represent the standard deviation (n = 3).

addition on the specificity, the matched-sample t test was performed. As shown in Table S3 in
the supplemental material, the IC values of AW3110/pAAG were significantly different from
that of AW3110/pAG (P < 0.05), suggesting that by inserting an additional antR into the Sb(lll)
WCB, the background signal was diminished and the promoter leakage was alleviated.

Measuring bioavailable Sb(lll) in environmental samples. To evaluate the applica-
tion of AW3110/pAAG in the field, Sb(lll) in 15 river water samples was analyzed, and the
results were compared with high-pressure liquid chromatography-atomic fluorescence spec-
trometry (HPLC-AFS) (Fig. 5A). A linear correlation with a slope of 0.94 was obtained between
WCB and AFS for Sb(lll), ranging from 1.8 £ 0.3 to 62 £ 6 uM. In particular, no significant dif-
ference in Sb(lll) concentrations was found by these two methods (P = 0.1), implying our WCB
is capable of Sh(lll) detection for aquatic samples.

To measure the bioavailable Sb(lll) in sediments using WCB, the platform was constructed
as shown in Fig. S4 in the supplemental material. Using a semipermeable membrane, the cells
were separated from the suspension to facilitate the detection of fluorescent signals.
Especially, the results of HPLC-AFS show that no significant difference existed in the Sb
concentration inside and outside the semipermeable membrane (P = 0.2) (detailed in Table
S4 in the supplemental material), confirming the feasibility of the detection system. The solu-
ble Sb(lll) fraction obtained by MgCl, extraction was defined as the bioavailable Sb(lll) of
sediments, representing the Sb(lll) that entered the bacterial cells (20, 21). In addition, to
determine the bioavailable Sb(lll) concentration in sediments by WCB, the calibration curve
was performed using 1 M MgCl, (see Fig. S5 in the supplemental material).

As shown in Fig. 5B, the bioavailable Sb(lll) in eight sediment samples determined by the
WCB exhibited no significant difference with the chemical extraction method (P = 0.3). In
particular, the bioavailable Sb(lll) (0 to 265 mg/kg of body weight) was much lower than the
total Sb (0 to 2,450 mg/kg) (Fig. 5C). This finding is mainly because Sh(lll) is readily complexed
with natural organic materials or other macromolecules and the complexation may prevent
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Sb from entering the cells (13). Thus, it has been well recognized that the bioavailable fraction
is not necessarily equal to the dissolved fraction (22), which suggests that evaluating the avail-
able Sb(lll) in sediments is more crucial for the accurate evaluation of Sb toxicity.

DISCUSSION

The toxicity of Sb(lll) has garnered public attention and motivated recent research
on Sb(lll) monitoring. To assess the bioavailable Sb(lll) of natural samples, the microbial-based
whole-cell biosensors (WCBs) have attracted our attention. The research on arsenic (As)-WCBs
showed that the discovery of the As(lll)-specific binding protein ArsR was central to the con-
struction of As-WCBs (12, 13). Due to the similar properties of Sb and As, an Sb biosensor was
constructed based on the modification of the binding site of ArsR, but its specificity and sensi-
tivity were insufficient (17). The lack of Sb(ll) specific regulatory elements limited previous
attempts at constructing Sb-specific WCBs. Recently, the transcriptional regulatory factor AntR
that specifically recognizes Sb(lll) has been reported (18, 19), which enabled the construction
of Sb(lll)-specific WCBs. Using the design of double antR insertion, we constructed a novel Sb
(Il WCB AW3110/pAAG with a detection limit of 0.009 wM, which is sensitive enough to
measure samples below the WHO maximum contaminant level of 0.05 M Sb (Fig. 3 and
4). Thus, our study demonstrates the potential of AntR in the construction of WCB for Sbulll)
analysis. However, to realize the progress of WCB from proof of concept to practical field
applications, two main concerns need to be addressed.

One of the concerns is the promoter leakage commonly existed in WCBs (13, 14), which
seriously lowers the sensitivity of WCBs. To address this issue, many attempts have been
adopted, such as increasing transcriptional regulator binding sites (23), modifying ribosome-
binding sites (24), and using a positive feedback signal amplifier (12). In this study, to alleviate
the promoter leakage of Sb WCB, we inserted one more antR downstream of the Sb(lll)-induci-
ble promoter P, (see Fig. S6 in the supplemental material). In the absence of Sb(lll), double
copies of antR expressed more AntR protein to bind tightly to P,,, thereby reducing the back-
ground expression (Fig. S6B). Notably, the detection limit of AW3110/pAAG (0.009 M) was
improved nearly 10 times compared with that of AW3110/pAG (0.091 wM), demonstrating
that the additional regulatory gene is able to reduce promoter leakage (Fig. 3).

As shown in Fig. 4A, the promoter leakage also reduced the specificity of WCBs. Generally,
the specificity may be improved by protein engineering to modify the interactions between
the inducer Sb(lll) in this study and the regulator (17, 25). A previous study on arsenic biosen-
sors showed that a specific WCB was obtained by modulating the number and location
of cysteines forming coordinative covalent bonds with arsenic species (26). By mutating
Cys102 of the ArsR repressor to serine, a WCB with high selectivity for aromatic and triva-
lent methyl arsenic species was constructed (25). In our study, in addition to improving
the sensitivity of WCBs, the insertion of an additional antR alleviated the promoter leak-
age and decreased its response to interference metals (Fig. 4B). Our AW3110/pAAG exhibited
a high specificity toward Sb(lll) compared with other metal ions at 3 orders of magnitude
higher concentrations.

Another concern of WCBs is that the interference of the complex environmental matrix
hinders the actual environment application. Only a fraction of Sb(lll) in soils and sediments
is soluble and termed the bioavailable fraction (10, 11). The WCBs based on the biological
stress response mechanism of viable cells have been used to measure metal bioavailability
(11, 25). However, colloidal particles may interfere with the fluorescence and optical den-
sity at 600 nm (ODg,,) signals due to their strong refraction and absorption of light (26, 27).
Here, we used a semipermeable membrane to separate the biosensor bacteria from the sus-
pension (Fig. S4). Notably, the concentration of bioavailable Sb(lll) in sediments measured
by WCB existed with no significant difference from the chemical extraction method (P = 0.4)
(Fig. 5B). Thus, the microbial-based WCBs effectively reflect the bioavailable Sb(lll), which is
of great importance for evaluating Sb(lll) exposure. Moreover, freeze-dried bacteria were pre-
pared, making these WCBs reagent like. The activity of the cells was recovered in about
30 min (see Fig. S7 in the supplemental material), enabling the convenient use of WCBs in
the field.
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TABLE 1 Sequences of oligonucleotide primers used in this work?

Name Sequence (5'-3’) Target

ant-F GCTGGCCTTTTGCTCACATGTTCCCTGGCGTGCATGGCA Construction of pAG

ant-R  AAAGCCATTTATCCGCCAGCTTGCTGTT Construction of pAG

gfp-F TTGGCGGATAAATGTCGAAGGGCGAGGAGC Construction of pAG

gfp-R  GTACTGAGAGTGCACCATATGCTACTTGTACAGCTCGTCCATGCC  Construction of pAG

ant-F GCTGGCCTTTTGCTCACATGTTCCCTGGCGTGCATGGCA Construction of pAAG

ant-R AAAGCCATTTATCCGCCAGCTTGCTGTT Construction of pAAG
antR-F GCTGGCGGATAAATGGCTTTAGAAAAGAGAAATGAACTAC Construction of pAAG
antR-R  CGCCCTTCGACATCATGATTACGCCAAGCTTTTATCC Construction of pAAG

gfp-F AATCATGATGTCGAAGGGCGAGGAGC Construction of pAAG

gfp-R GTACTGAGAGTGCACCATATGCTACTTGTACAGCTCGTCCATGCC  Construction of pAAG

YZ-F AGCAACGCGGCCTTTTTACG Verification of pAG or pAAG
YZ-R  GCGCGTTTCGGTGATGACGG Verification of pAG or pAAG
gfp-F ATGTCGAAGGGCGAGGAGCT Used for RT-gPCR

gfp-R CTACTTGTACAGCTCGTCCA Used for RT-gPCR

165-F  CAAGGGCACAACCTCCAAGT Used for RT-gPCR

165-R  TGTAGCGGTGAAATGCGTAG Used for RT-gPCR

aRestriction enzyme cutting sites are underlined.

In conclusion, this study provides the first whole-cell biosensor for bioavailable Sb
(I) detection and demonstrates the importance of inserting one more regulatory gene to
prevent promoter leakage and to improve the sensitivity of WCB.

MATERIALS AND METHODS

Strain, plasmid, and reagents. Escherichia coli AW3110 is the arsRBC deletion mutant of E. coli
W3110 (28, 29). To eliminate the interference of endogenous arsR, strain AW3110 was used for gene cloning
and as the host of whole-cell biosensors (WCBs). The antR (WP_034375793) gene and its promoter (P,,) from
Comamonas testosterone JL40 were chemically synthesized, codon optimized, and cloned into pUC57, generat-
ing plasmid pUC57-antR (Sangon Biotech, Shanghai, China). The plasmid pCDFDuet-1 was purchased from
Sangon and used to obtain the gfp gene. The pUC57 plasmid was used to construct recombinant plasmids to
carry the Sb(lll) transcriptional repressors (antR), its cognate promoters (P,,,,), and reporter gene gfp.

All reagents are of analytical grade and were obtained from commercial sources, which were detailed in
the supplemental material. The Luria-Bertani (LB) medium was used to aerobically incubate engineering bacte-
ria, and its specific components are shown in the supplemental material. The solid plates needed an additional
1.5% (wt/vol) agar and were supplemented with 100 wg/mL of ampicillin (Amp™) for selecting positive colo-
nies. PCR reagents were purchased from Mei5 Biotechnology, Co., Ltd. (Beijing, China).

Construction of the sensor plasmids. The recombinant plasmids were constructed using the ho-
mologous recombination method. In detail, the linear vector pUC57 was first constructed by restriction
endonucleases Ndel and Pcil (New England BioLabs, Beijing, China). Then, the P, (192 bp), antR (375 bp), and
gfp (717 bp) fragments were amplified separately using the plasmids pUC57-antR and pCDFDuet-1 as the tem-
plate. Finally, the linear vector pUC57 and the obtained fragments were assembled by the ClonExpress Ultra
one-step cloning kit C115 (Vazyme, Nanjing, China). The reporter gfp was under the control of the promoter
P, in vector plasmid pUC57, generating plasmid pUC57-P,,-antR-gfp. All constructs were confirmed by dou-
ble digestion/gel electrophoresis and Sanger sequencing by TsingKe (Beijing, China). The primers designed for
PCR ampilification or plasmid verification were listed in Table 1 and were chemically synthesized by TsingKe.

To further explore the fluorescence properties of GFP expressed by engineered strains, strains AW3110/pAG
and AW3110/pAAG with or without Sb(lll) treatment were observed under a confocal microscope. The confocal
images of the strain AW3110/pUC57 under the same conditions were served as the black. Confocal imaging
was performed using a Leica SP5 confocal laser scanning microscopy (German) with fluorescence mode under
an excitation of 405 nm and emission wavelength of 410 to 700 nm. To explore the relevance between the
expression of GFP and the Sb(lll) concentration, the RNA of strains AW3110/pAAG with 0 to 100 wM Sb(lll) was
extracted, and RT-qPCR was carried out (5). The information on primers is shown in Table 1. A detailed descrip-
tion of RNA extraction and RT-gPCR is shown in the supplemental material.

Growth curve of the WCB strains. To determine the Sb(lll) concentration range for studying the
performance of WCBs, the toxic effect of Sb(lll) on engineered strains needs to be clarified. Strains
AW3110/pAG and AW3110/pAAG were grown overnight in LB medium containing 100 xg/mL of Amp™ at 37°C
with shaking at 200 rpm. The optical density at 600 nm (ODy,,) of the cultures was adjusted to 2.0 using fresh LB
medium, and 0.5-mL cultures were transferred to 50 mL fresh medium containing Sb(lll) with different final con-
centrations (from 0 to 500 xM). Then the strains were incubated at 37°C with shaking at 200 rpm, and the growth
of strains was monitored periodically by OD,,, using a UV spectrophotometer (DR 2800; Hach, China).

Evaluation of the sensitivity and specificity of WCBs. To evaluate the sensitivity and specificity of
WCBs, 3 mL of the overnight cultures, with an ODy,, adjusted to 1.2, was added to 3 mL of ion solution. The Sb
(Il and potential interfering ions, such as As(llI/V), Ca(ll), Cd(ll), Co(ll), Cr(lll), Cu(ll), Fe(lll), Mg(ll), Mn(ll), Ni(ll), Pb(ll),
and Sb(V), were added separately at a specific concentration. The incubation experiments were conducted for
2 h at 37°C with shaking at 200 rpm, and then the OD,,, was monitored. The relative fluorescence unit (RFU)
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was measured by an Edinburgh FLS1000 spectrofluorometer system equipped with a temperature-control com-
ponent (Oxford microstatDN) with an excitation/emission of 450/530 nm. All experiments were performed in
triplicate, and the E. coli AW3110/pUC57 exposed noninducer was used as the negative control.

The induction coefficient (IC) was calculated and used to present the fluorescent intensity (12), as follows:
IC = AFU/BFU, where the arbitrary fluorescence unit (AFU) is defined as the RFU divided by the OD,,, at specific
Sb(lll) concentrations. The background fluorescence unit (BFU) is defined as the RFU of AW3110/pUC57 culture
without metal ions divided by its ODg,. A linear correlation between the Sb(lll) concentrations and the IC val-
ues was performed to analyze the sensitivity of WCBs. The matched-sample t test was performed to analyze
possible significant differences in specificity between AW3110/pAG and AW3110/pAAG.

Measurement of real environmental samples. To evaluate the application potential of the WCB in
the real environment, the Sb(lll) concentrations of 15 river water samples were tested by WCB and AFS,
respectively. A total of 3 mL of river sample was mixed with 3 mL of overnight cultures, and the ODj, value
was adjusted to 1.2. The culture was incubated for 2 h at 37°C with shaking at 200 rpm, and then the OD,,,
and the RFU of strains were measured. To verify the results of the WCB analysis, the Sb(lll) concentration of
real samples was certified by the HPLC-AFS standard method. The experiment details of the HPLC-AFS are
described in the supplemental material.

To realize the convenience of using WCBs in the real field, freeze-dried bacteria were prepared using skim
milk as a protectant. Furthermore, the reconstitution time of the freeze-dried bacteria was determined using
the incubation experiments. The details of freeze-dried bacterial preparation and reconstitution are shown in the
supplemental material. Briefly, the freeze-dried bacteria (OD,, 0.6) were suspended in 20 mL of LB medium to
restore for 30 min at room temperature without shaking. Then, the cultures were packed in a semipermeable
membrane (MD34-7000; Vake, USA) to prepare the tea bags.

To measure the bioavailable Sb(lll) in sediments using WCBs, the detection system was constructed,
as shown in Fig. S4. Using a semipermeable membrane as a tea-bag design, WCB bacteria can be separated
from suspension to facilitate the detection of fluorescent signals. The sediment was first suspended in
100 mL of a 1 M MgCl, solution at a ratio of 1:100 to extract the bioavailable Sh(lll) (20, 21). Then, the tea bag
was immersed in the extraction solution. After 2 h, the ODy,, value and the fluorescence intensity of bacteria
were detected to evaluate the Sb(lll) bioavailability. Following the same process, the calibration curve was per-
formed in the range of 0 to 100 M Sb(lll) in 1 M MgCl, to determine the Sb(lll) concentration in sediments by
WCB. To verify the results of the WCB analysis, the Sb(lll) concentration in the extraction solution was certified by
the HPLC-AFS standard method. The sediments used in the study are described in our previous work (21). The
details of all environmental samples to be tested are listed in Table S5 and S6 in the supplemental material.

Statistical analysis. The statistical analysis was carried out using the software IBM SPSS Statistics 22.
The correlation analysis between two different elements was conducted. The independent-sample t test
or the matched-sample t test was performed to ascertain possible significant differences between the
AW3110/pAG and AW3110/pAAG groups. The method of minimizing the residual sum of squares was used to
estimate the Sb(lll) concentration range of the quantitative calibration curve of the biosensor (30). Significance
was considered when the P value was <0.05.

Data availability. All data are shown here and in the supplemental material. The NCBI accession
number of antR from C. testosterone JL40 is WP_034375793. All plasmids and strains used in the study will be
available by the corresponding author upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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