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Abstract: Whole cell biosensors could serve as eco-friendly and cost-effective alternatives for detecting
potentially toxic bioavailable heavy metals in aquatic environments. However, they often fail to meet practical
requirements due to an insufficient limit of detection (LOD) and high background noise. In this study, we
designed a synthetic genetic circuit specifically tailored for detecting ionic mercury, which we applied to
environmental samples collected from artisanal gold mining sites in Peru. We developed two distinct versions
of the biosensor, each utilizing a different reporter protein: a fluorescent biosensor (Mer-RFP) and a
colorimetric biosensor (Mer-Blue). Mer-RFP enabled real-time monitoring of the culture’s response to mercury
samples using a plate reader, whereas Mer-Blue was analysed for colour accumulation at the endpoint using a
specially designed, low-cost camera set up for harvested cell pellets. Both biosensors exhibited negligible
baseline expression of their respective reporter proteins and responded specifically to HgBr2 in pure water.
Mer-RFP demonstrated a linear detection range from 1 nM to 1 uM, whereas Mer-Blue showed a linear range
from 2 nM to 125 nM. Our biosensors successfully detected a high concentration of ionic mercury in the reaction
bucket where artisanal miners produce a mercury-gold amalgam. However, they did not detect ionic mercury
in the water from active mining ponds, indicating a concentration lower than 3.2 nM Hg?" -a result consistent
with chemical analysis quantitation. Furthermore, we discuss the potential of Mer-Blue as a practical and
affordable monitoring tool, highlighting its stability, reliance on simple visual colorimetry, and the possibility

of sensitivity expansion to organic mercury.

Keywords: whole-cell biosensor; mercury detection; artisanal gold mining; environmental
monitoring; bioavailable heavy metals; MerR; Tn501

1. Introduction

Mercury is ubiquitous in nature but its distribution has significantly increased in recent years
due to anthropogenic activities such as coal combustion, mining, and agriculture [1,2]. This metal is
well-known for its toxicity even at low concentrations. Mercury exposure can cause fatal effects on
the kidney, nervous system and brain, and can lead to the development of Minamata disease, a
neurological syndrome caused by severe mercury poisoning [3-5]. Given its toxicity, mercury
exposure has become a potentially global health problem. To effectively control pollution, it is crucial
to monitor mercury levels in the environment [6]. However, conventional quantitative techniques
like atomic fluorescence spectrometry and atomic absorption spectrometry require expensive
equipment and specialized training for their use [7]. Moreover, the high-risk areas are geographically
extensive, which greatly hinders the efforts of environmental control authorities. Furthermore, as
these areas are typically rural and plagued by illegal practices, they are distant from specialized
personnel and high-tech development in general [8]. Therefore, there is a need to develop a cost-
effective technique for mercury monitoring to protect human health and the environment through
decentralized accessible strategies.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Whole-cell biosensors (WCBs) hold immense promise as future tools for environmental
pollutant detection. Microorganisms, remarkably adaptable, thrive in diverse environments, even
harsh ones. They possess genes that grant resistance to various toxins. As a consequence of the
significant metabolic cost linked to these resistance mechanisms, evolution has equipped them with
highly sensitive and specific regulatory circuits. Thanks to advancements in synthetic biology, the
components of these natural systems can now be incorporated into synthetic gene circuits.

Mercury-sensitive WCBs are typically based on a transcription factor called MerR as the core
sensing element. MerR recognizes a specific DNA sequence known as the operator. This operator is
an integral part of a promoter [9,10], where the RNA polymerase binds to initiate the transcription of
genes that confer resistance to metal toxicity. Importantly, this promoter is not competent for
transcription, and it is only in the presence of mercury ions that MerR, bound to the promoter-
operator sequence, responds with a conformational change that optimizes the DNA position for
recruiting active RNA polymerases[11]. In nature, MerR regulates its own expression [9,12,13]. In
engineered WCBs, MerR regulates reporter proteins which can be chromoproteins or enzymes such
as luciferases or beta-Galactosidase [14,15].

Some of these engineered systems have achieved remarkable sensitivity and low limits of
detection in research settings. Furthermore, the literature increasingly demonstrates the versatility of
potential WCB designs. While some studies focus on improving input characteristics like limit of
detection, sensitivity, dynamic range, and specificity [16,17], others prioritize user-friendly outputs
with strong signals [18-20]. These advancements are paving the way for the development of WCBs
as practical tools for environmental monitoring.

However, many innovations face challenges in real-world application. These limitations include
restrictive GMO regulations [21], portability issues, and the inherent difficulty of maintaining living
cells. Furthermore, while WCBs show promise in the lab, their adoption for sensitive applications like
environmental monitoring and health necessitates extensive validation with real-world
environmental samples. This gap between lab capabilities and real-world needs underscores the
critical need for refinement, enhancement, and the involvement of the research community alongside
policymakers and local authorities. In this complex context, tailoring sensors to specific environments
might be necessary, making local development and testing crucial. Unfortunately, researchers in
developing countries, where access to standard analytical techniques is most limited, haven't been
extensively involved in these advancements.

With the long-term goal of developing a user-friendly, locally produced biosensor, we designed
a simple circuit using readily available gene parts. We wished to explore if the simplest approach
could produce adequate sensitivity parameters, without necessarily resourcing to most recent
strategies of advanced bioengineering such as transcriptional amplifiers or the engineering of metal
transporters [22]. We developed two versions of our biosensor using first a fluorescent reporter (RFP)
which allowed a full characterization of its functioning and interdependence of signal and cell density
during growth. The second version uses a colorimetric reporter (AmilCP), visible by naked eye, that
we coupled to a low-cost custom-made camera setup. We tested our WCB with real samples from
currently operating artisanal gold mining sites in Madre de Dios, Peru. The results are promising and
encourage further development.

Despite these encouraging results, we observed that the rate of bacterial growth affects the
output signal and thus may interfere with the detection of ionic mercury in environmental samples.
These observations, which result from the general constraints of resource allocation to native versus
heterologous functions [23], underscore the importance of fully characterizing WCBs as living
cultures. This entails following reliable and reproducible protocols of microbiological manipulation
in addition to directly measuring practical parameters such as LOD, sensitivity, and dynamic range.
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2. Materials and Methods

2.1. Bacterial Strains, Plasmids, Media, and Reagents

E. coli DH5a [fhuA2 A(argF-lacZ)U169 phoA ginV44 @80 A (lacZ)M15 gyrA96 recAl real Al endAl
this-1 hsdR17] was used as the host cell for DNA manipulation. Other strains of E. coli (BL21 start DE3
plys, Rosseta, BL21 (DE3), BL21 Codon Plus (DE3) RIL, and SoluBL21) were evaluated as chassis for
the optimal functioning of the biosensors (Figure S1). The plasmid pUC57, which carries ampicillin
(AMP) resistance, was used as the vector for both versions of the mercury WCB. For DNA cloning
processes, E. coli cells were grown in Lauri Bertani (LB) medium. The characterization assays were
conducted in M9 minimal medium (Sigma-Aldrich), supplemented with 0.24% (w/v) glucose, 0.2%
cas-amino acids, 2 mM MgSO: and 1 mM CaClz. Mercury (II) bromide (HgBrz2) was used as the
inducing agent. Both HgBr2 and AMP were purchased from Sigma-Aldrich in solid form, dissolved
in ultrapure water and filtered through 0.22 um syringe filters. The HgBr2 solutions were diluted as

specified in Supplementary Table S1.

2.2. Plasmid Circuit Construction

The sequences for merR gene and its promoter-operator were obtained from the transposon
Tn501 from Pseudomonas aeruginosa plasmid pVS1 (GenBank: Z00027.1). These parts were combined
in silico with the P429 synthetic promoter [24]; amilCP gene (BioBrick BBa_K592009) [25], and two
transcription terminators (lambda TR2 and BioBrick BBa_B0014), to design the biosensor circuit
described in the section 3.1 and illustrated in Figure 1. The circuit was synthesized and cloned into
the pUC57 vector by GeneScript Biotech, resulting in the creation of the pUC-Mer-Blue plasmid.
Subsequently, the amilCP gene was replaced by rfp reporter gene [26] through traditional cloning,
resulting in the formation of the pUC-Mer-RFP plasmid. All sequences used in this study are
summarized in supplementary Table S2.

A o 2 B
20 MerR Hg [Hg2*]
Hg" , *® Without With
MerR 1 - ®
ta 1L"’

Lambda TR2 P429 Tn501 BBa_B001 _“ -
w e Omer pwmy amilCPblue
-35  -10 e ®
o v

Figure 1. Design of synthetic genetic circuit to detect ionic mercury. (A) The schematic shows how
this genetic circuit works. The expression of MerR sensor protein (MerR) is driven by constitutive
promoter P429. MerR protein binds to operator mer (Omer), repressing the expression of the amilCP
or rfp gene. In presence of Hg?", MerR sensor binds to its cognate ligand (ionic mercury) and activates
the expression of the reporter gene (amilCP or rfp). (B) Pellets of cells from overnight cultures in the
presence or absence of 125 nM HgBr>.

2.3. Reporter Expression Assay

To activate the biosensor prior to the assays, a single colony of E. coli harbouring a sensor
plasmid (pUC-Mer-Blue or pUC-Mer-RFP) was taken from an LB-agar Petri dish and grown
overnight in M9 medium with 50 pg/mL ampicillin at 37 °C with 220 rpm constant shaking. The
bacterial culture was diluted to the indicated density for the starting of each assay.

Measurements of 200 pL microcultures were taken with a microplate reader (Tecan Infinite 200
Pro) every 15 min for 16 h at 37°C with fast shaking. All presented conditions were measured in three
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independent wells. The fluorescence of RFP was measured in arbitrary fluorescence units (AFU)
using the settings: excitation 570 nm, emission 615 nm. Bacterial growth was determined by optical
density at 600 nm (OD600).

For each induction assay in a microplate reader, 5 pL of a HgBr2 solution of the adequate
concentration was added to 195 pL of culture to reach the annotated final concentrations. To assay
the effect of induction with mercury at different times, the experiment started with a dilution of 1:1000
from an overnight culture, resulting in an initial OD600 of 0.002. Subsequent experiments were run
with an initial OD600 of 0.002.

To quantify the accumulation of the reporter protein AmilCP, cultures were initiated similarly,
but with 10 mL volumes instead of 200 pL. Induction was triggered by adding 10 uL of an HgBr2
solution to reach the concentration specified in the text. The cultures were then incubated at 37 °C for
16 hours with vigorous shaking at 220 rpm. To harvest the cells, 1 mL aliquots of culture were loaded
into 1.5 mL microtubes and centrifuged at high speed. This process was repeated five times to obtain
a large pellet. Following the procedure described by Liljeruhm et al. in 2018 [27], photographs of the
pellets in 1.5 mL microtubes were captured. These microtubes were positioned in a custom-built set-
up ensuring consistent illumination and camera positioning. A representative nine-pixel area was
selected from the image of each pellet to calculate the average colour intensity across the three red,
green, and blue (RGB) channels. Colour intensity was computed as the Euclidean distance (E) in the
RGB space relative to a white reference pellet (non-transformed E. coli cells), as previously described
[27], using the equation:

E= 2\/(Rsample - Rref)z + (Gsample - Gref)2 + (Bsample - Bref)z (1)

Here, Rsample, Gsampte, Bsampie represent the average colour intensities from each RGB channel in the
nine-pixel area of the pellet image from the sample of the biosensor, while R, Gry, and Br denote the
corresponding values for a reference pellet of non-transformed E. coli.

2.4. Environmental Samples from Madre de Dios, Peru

Samples of water (knee-high) and samples of 50-50% water-sediment mix (pond bottom) were
collected from two active artisanal gold mining sites: Laberinto district and Isla de los Monos, in
Puerto Maldonado, Madre de Dios, Peru. In total, seven samples were collected: four from active
mining ponds, two from old, inactive mining ponds, and one from the amalgam reaction bucket
(Table 1). The latter is representative of the residues that artisanal miners discard into rivers or mine
ponds after the amalgamation process is complete. All samples were centrifuged at 4,000 rpm for 10
minutes to isolate the aqueous fractions, which were then passed through 0.22 um syringe filters to
obtain sterile dissolved water samples.

Table 1. Mercury concentrations obtained from the biosensor and ICPMS analysis. The values are the
means of three measurements and the corresponding standard deviations are indicated.

SF-ICP-MS Mer-RFP Mer-Blue
Place Status Type of sample Std. Dev.Std. Dev. [Hgl nM Std. Dev. [Hg] nM Std. Dev.
Active Pond Water 0.48 +0.12 3.2>% 4.6 >*
Laberinto district ctve ro Water-Sediment 2.72 +0.31 3.2>* 4.6 >*
L tve ond Water 068 018 32>* 4.6 >
P Water-Sediment 062 +0.04 32> 4.6>*
Water 0.60 +0.24 3.2>* 4.6 >*
Isl 1 Acti

sla delos monos ctive pond Water-Sediment 2.37 005 3.2>F 4.6>*

Reaction bucket  Recently mixed Water 2513  +038  52.3* +11.4  459* +43

*Values are reported as double due to the 2x dilution factor applied to the samples in the culture
medium.
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Before ICP-MS analysis, hydrochloric acid (HCI) (Fisher, Analytical grade, 37%) was added to
the dissolved samples, achieving a final concentration of 5% HCIl in samples. Afterwards, these
samples were transported and analysed for Hg concentrations by using Sector Filed-IC"MS (Thermo,
Element 2) at the research unit of Archaeology, Environmental and Geochemistry of Vrije Universiteit
Brussel (VUB).

For analysis with both Mer-Blue and Mer-RFP, 5 mL aliquots of each sterile-filtered (0.22 pum)
sample were mixed with 4.5 mL of 2X M9 medium supplemented with glucose and casamino acids.
This resulted in a total volume of 9.5 mL per sample. We then inoculated each sample with 0.5 mL of
an overnight WCB culture that had been pre-resuspended in fresh medium. This step diluted the
samples by half and the culture by a factor of 20, leading to an initial OD600 of 0.05.

2.5. Data Analysis

2.5.1. Relative Concentration of the Reporter Protein

The fluorescence of RFP was normalized by the density of the culture, according to the
expression:

Fluo  Fluorescencesgmpie — Fluorescenceygny )
0D600 0D60054mpie — 0D600,;4nk )

where Fluorescencepqn, and 0D600y,,,, represent the fluorescence and absorbance of the
culture medium, respectively.
2.5.2. Promoter Activity

The promoter activity is defined here as the protein synthesis rate normalized by the density of
the culture, denoted as f(t), and calculated through the following expression [28]:

1 dfluo 1 <Fluon 11— Fluon)

F® =0Db600 dt - 0600,

®)

th1 — tn

2.5.3. Dose-Response Curves

The maximum protein synthesis rate in the exponential phase, denoted as F,,,, where
d(f(t))/dt = 0, was determined for each concentration of the inducer to evaluate the dose-response
relationship [29]. The resulting data were plotted in a dose-response graph (Figures 3C and 4B) and
fitted to a Hill function. This model aims to describe the relationship between the input and output
signals of a genetic circuit at steady state, given by the form:

g
Fnax = Ymin + Yimax (m) 4

Where F,,, is the steady-state synthesis rate for the reporter protein under the control of the
inducible promoter retrieved from Tn501; ,,;, is the baseline protein synthesis rate from the same
promotor without induction; ¥4, is the maximum protein synthesis attainable by the system; I is
the concentration of inducer (i.e. ionic mercury, Hg?*); his the Hill coefficient, and K" is the Hill
constant which equals the concentration of external input [I] that yields a half-maximal response.

The experimental data were fitted using the Nonlinear Least Squares method, implemented
through in the R programming language.

2.5.4. Calculation of Linear Range

To determine the range of concentrations over which the biosensor responds linearly to changes
in the inducer concentration, we employed a logarithmic transformation of the variables [Hg?*] and
Fax- This was followed by a linear regression analysis to establish the equation:
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m(Epax) =m- ln[ng+] + Yo )

Here, m is the slope of the linear function, and y, is the intercept on the y-axis when
In[Hg?*] = 0. We then applied this equation to estimate the concentration of ionic mercury in
environmental samples, similar to the approach described in [30].

2.5.5. Calculation of Limit of Detection (LOD)

LOD is defined as the smallest concentration that can be detected and distinguished from the
baseline signal. It was calculated using the following equation [31]:
In(LOD) = 3.3 0,/m (6)

where g, is standard deviation of the linear regression, and m is the slope of the Eq. 4.

2.5.6. Bacterial Growth

To analyse possible differences in growth when the biosensor is exposed to different
concentrations of ionic mercury, the culture’s density, calculated as 0D600,4,p1e — OD600,yc4i0m
was used to compute the culture’s growth rate using the following equation:

0D600,,,, — 0D600
dOD600/dt = il z @)

ther — tn

The maximum growth rate observed in each culture was then used to compare growth rates
across different concentrations of mercury.

3. Results

3.1. Design of A Synthetic Genetic Circuit for Mercury Detection

In this study, we developed an E. coli WCB based on an uncoupled genetic circuit, meaning that
the expressions of the transcription factor and the reporter protein originate from separate, divergent,
and physically distant promoters. This circuit incorporates the MerR transcription factor from
Pseudomonas aeruginosa as its core element, selected for its high specificity for ionic mercury [9,32]. To
regulate the expression of merR gene, we employed the P429 medium-strength synthetic promoter,
which was previously used to achieve optimal concentrations of MerR protein [24]. As reporter
proteins, we selected RFP and AmilCP proteins due to the absence of endogenous red fluorescence
or blue colour in the host E. coli cells. Notably, the chosen excitation and emission wavelengths for
RFP detection produced no autofluorescence from our cultures. Similarly, blue is a rare color in
biological systems, suggesting AmilCP will provide a striking contrast in diverse settings. We
controlled the expression of the reporter genes using the native promoter from Tn501, which contains
a mer operator (Omer) positioned between the -10 and -35 regions recognized by RNA polymerase
[10]. To prevent unintended interference between the P429 promoter controlling the MerR
constitutive expression and the promoter from Tn501 controlling the reporter’s inducible expression,
we inserted a 500 bp sequence between them (Figure 1A). Additionally, restriction sites flanking each
circuit element were included to facilitate future modifications (Supplementary Table S2).

3.2. Testing the Biosensor Circuit

The plasmids pUC-Mer-RFP and pUC-Mer-Blue were introduced into E. coli DH5a competent
cells. As first analysis, both WCBs were cultured in the presence and absence of 125 nM ionic mercury.
Initial results revealed significant red or blue staining in the pellet of cells obtained from the mercury-
containing biosensor cultures, contrasting with the mercury-free samples (see Figure 1B).

On the other hand, the performance of a genetic circuit can vary significantly between different
bacterial chassis, even if the same genetic circuit is used in each strain[33]. The results showed that E.
coli DH5a served as the best host cell for our biosensor circuit (Figure S1). Henceforth, we will refer
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to the WCBs constituted by DH5a cells carrying the pUC-Mer-RFP and pUC-Mer-Blue plasmids as
Mer-RFP and Mer-Blue, respectively.

3.3. Reporter Expression Induced at Various Phases of Bacterial Growth

The subsequent analysis of WCB behaviour involved various phases of bacterial growth, starting
at a low culture density. As outlined in the Materials and Methods section, the Mer-RFP biosensor
was cultured starting at an OD600 of 0.002 and exposed to 50 nM Hg?* (final concentration) at
different induction times: 0, 2, 4, 6, and 8 hours. Our analysis revealed that exposure to 50 nM Hg?*
at any given time did not produce significant differences in bacterial growth or maximum growth
rate (Figure 2A).

Subsequently, we estimated the RFP synthesis rate by determining the change in fluorescence
during various growth phases. Given that the OD600 in this experiment starts at very low values,
normalizing the RFP synthesis rate and growth rate over OD600 resulted in noisy results that were
difficult to interpret. Therefore, in this experiment, we estimated the promoter activity without
normalization. In this manner, the change in fluorescence per unit time (dfluo/dt) and the growth
rate (d0D600/dt) can be interpreted as the production rate and the growth rate of the culture as a
whole, respectively. As depicted in Figure 2B, when mercury was introduced during the lag phase
(induction at 0 hours), the promoter was activated slowly. However, this activation was transient and
was suppressed during the early exponential phase. When induced during the exponential phase (at
2 or 4 hours), the reporter’s promoter was rapidly activated, revealing a linear relationship between
the fluorescence production rate and the culture's growth rate (Figure 2C). If the induction was done
later, closer to the stationary phase (at 6 and 8 hours), promoter activity was also triggered, albeit to
a lesser extent, as its decrease coincided with the decrease in growth rate. This response was shorter
and consequently accumulated less signal compared to the response observed at 2 and 4 hours of
induction.

Finally, we calculated the promoter activity as indicated in the Materials and Methods section.
This was done using only the exponential phase data, where the OD600 values are less noisy and
allow for more realistic normalization than in the lag phase. As shown in Figure 2D, the rate of
synthesis per unit of culture density (a proxy for production per cell) reached a significantly higher
value after induction at 2 h compared to other induction times. The OD600 at this optimum induction
time was 0.025 in the microplate reader (which corresponded to an OD600 of 0.050 in a 1 cm path
length cuvette). Therefore, we selected this bacterial density as the starting point for further
characterization of our biosensors.


https://doi.org/10.20944/preprints202404.1933.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1933.v1

8
A B
0.90 _ 1 R 100 A Growth rate a
£0.075 |
N < 050 N Induction time 10.075 O
0.75 : 0?] éoozs I I I I I I | ; 75 D
o e 2h e ) (o))
S 060} « 4n 0.000 1 © o
D . 6h F hadonime | = 50 0050
Q045 = 8h = 5
0.30 - —
. g 25 0.025?
0.15 i —
0.00 © o 0.000
0 2 4 6 810121416 0246 810121416
Time(h) Time(h)
C D
100
~—~
N L
£ 80 1 600 Induction time
. Induction time L N
S - R?=0.92 A ~0h
. 50| *2n R | 0h
] + 4h R°=086 <+ 2h
bt S 400 i
3 40 .. ! < 8h
°) : =t
S w0 . S 200
© =
0 =
0.02 0.04 0.06 0.08

dODgoo/dt (h—1) 2 4 TIGme(?]) 10 12

Figure 2. Dynamics of the inducible promoter behaviour during bacterial growth. (A) Bacterial
growth of MerR-RFP biosensor induced at different times. The inner graph shows the maximum
observable growth rate between different induction times. Error bars are + one standard error. (B)
Fluorescence synthesis rate of sample in different bacterial growth phases. The bacterial growth phase
was determined by analysing the In (OD600). The growth rates plotted in black correspond to the
cultures induced at 2 hours. The growth phases can be classified as: lag phase, from 0 to 2 hours;
exponential phase, from 2.5 to 8.5 hours; and stationary phase, from 9 to 16 hours. (C) Linear
relationship between fluorescent protein synthesis rate and growth rate during the exponential phase.
(D) Promoter activity in the exponential phase. All values are mean of three independent samples.

3.4. Characterization of Mer-RFP

We profiled the dose response of Mer-RFP using microcultures with an initial OD600 of 0.05.
These cultures were exposed to a range of final Hg?* concentrations from 1 to 2000 nM. As expected,
normalized fluorescence increased over time at all mercury concentrations, including the lowest (1
nM Hg?). Interestingly, the response wasn't entirely smooth. We observed an initial burst of reporter
production within the first hour, followed by a decrease and then a steady rise starting at around 2
hours. This continued even as the cultures entered stationary phase. We did not anticipate this rapid
response within the first hour, given the RFP's maturation time of close to 60 minutes. To investigate
the mechanisms behind this initial burst, a faster maturing fluorescent protein, such as GFPmut3
(maturation time: 4 minutes), would be necessary.

We observe that, at 2 uM Hg?, the normalized fluorescence was lower than that obtained at 500
nM and 1 uM (Figure 3A). Additionally, at this concentration, the growth rate was negatively
affected, resulting in a lower maximum growth rate than at other concentrations (Figure S2). This
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observation suggests that 2 uM Hg?* is above a toxic threshold concentration, causing a decrease in
both fluorescence and growth rate.

To accurately determine the biosensor’s linear range and limit of detection (LOD), we first
calculated the promoter activity for each mercury concentration. We then used the maximum value
of protein synthesis rate (F,4,) for each concentration as a representative point to create a dose-
response curve (Figure 3B). Finally, the dose-response data were plotted using a natural logarithmic
transformation of the Hg?* concentration and the F,,,. Our results showed that the biosensor
response was linear within the range of 1 nM to 1 uM of Hg? (In Fy,, = 0.84 - In[Hg**] + 3.1).
According to this linear regression, we determined the LOD to be 1.6 nM, which is well below the
World Health Organization’s recommended limit of 0.001 mg/kg (5 nM, assuming water density of
1) for natural mineral waters [34] (Figure 3C).
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Figure 3. Characterization of Mer-RFP biosensor. (A) Fluorescence of Mer-RFP biosensor normalized
by the density of the culture in response to different concentration of ionic mercury. (B) The maximum
promoter activity, Fpqy, for each concentration was used to generate a dose-response curve. The F,,,
of the cultures with 2 uM HgBr2 concentration was excluded from the plot. The line represents a fitting
to Hill function: K = 305nM, Y = 150, Pmaxr = 6,000, h = 1.6. (C) The linear range of Mer-
RFP biosensor. The dose-response curve was linearized by plotting the logarithms of the F,,, and
Hg?* concentration values. All symbols represent means of 3 independent samples and the error bars
indicate + one standard error.

3.5. Characterization of Mer-Blue

Unlike the real-time measurement of RFP production, to characterize Mer-Blue biosensor, the
accumulation of AmilCP reporter protein was measured by quantifying the colour intensity at a
single time point. As shown in Figure 4A, the biosensor allowed visual detection within the
concentration range of 5 nM to 250 nM Hg?* directly in culture medium. Cells were harvested by
centrifugation and the colour intensity in the pellets was measured from photographs, extending the
range of detection down to 2 nM.

To calculate the biosensor parameters, the intensity of blue colour measured for each
concentration was used to create the dose-response curve (Figure 4B). We linearized the dose-
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response curve using the logarithmic transformation of both Hg? concentration and the colour
intensity signal E defined in the Materials and Methods section. Our result showed that Mer-Blue
had a linear range from 2 to 125 nM Hg?". This relationship determined the linear regression equation:
InE = 0.36 - In[Hg**] + 3.2 (Figure 4C). Utilizing this linear regression, we determined the LOD to
be 2.3 nM, which is also below the WHO recommended limit for drinking water (0.001 mg/kg, or 5
nM) [34].

When the concentration of Hg? exceeded 250 nM, the accumulation of colour showed a drop.
Although it was observed that this concentration of Hg? did not have a toxic effect on bacterial
growth by itself, the pellet of Mer-Blue biosensor was smaller than for other concentrations (Figure
3A). This suggests a detrimental interaction between the production of AmilCP and the exposure to
mercury, possibly due to an antagonism between the synthesis of this reporter protein and stress-
related proteins.

Consistent with observations from previous whole-cell biosensors utilizing the MerR
transcription factor [35], Mer-Blue displayed minimal response to other metals. In tests with Ag, Cd,
Cr, Fe, Ni, Pb, and Zn, none significantly increased the signal. Additionally, when a metal sample
was co-administered with 100 nM Hg?, it did not interfere with the signal output of Mer-Blue (Figure
S3, Supplementary Materials).

2 5 10 25 50 125 250

2+
[ Hg [nM
B C
200 10
> y=3.2+0.36 x
> 5 8
=150 e R?=0.98
2 . o)
L E° |
€ 100 3 o, | |
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Figure 4. Characterization of Mer-blue biosensor. (A) Response of Mer-blue biosensor to increasing
mercury concentrations, 16 hours post induction. Top, biosensor cultures in M9 medium. Botom, 5
mL of each culture were centrifuged, and their photographs were taken using the custom-built camera
set-up. (B) Dose-response curve. Pellet pictures were analysed for colour intensity. The curve
represents fitting to a Hill function: K/* = 23.67 nM, ¥, = 0.9088, Y0, = 161.74, h = 0.6986.
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(C) Linearization of the dose-response curve. All values are the means of 3 independent samples and
the error bars indicate + one standard error.

3.1. Analysis of Environment Sample from Madre de Dios, Peru

To assess their functionality for environmental monitoring, we tested our Mer-RFP and Mer-
Blue biosensors against samples extracted from artisanal gold mining sites. We collected seven
samples from the surrounding areas of Puerto Maldonado, in the Peruvian region of Madre de Dios.
As described in the Materials and Methods section, the samples were diluted to 50% with a mixture
of 2x culture medium and a biosensor inoculum. Subsequently, after incubation and applying the
linear equations from Figures 3C and 4C, we utilized the biosensors responses to calculate the
concentration of ionic mercury in each sample.

Our analysis (Table 1) showed undetectable levels of ionic mercury in most samples. This aligns
with the chemical analysis, which revealed total mercury concentrations below the limits of detection
(LOD) for both Mer-Blue and Mer-RFP. The highest mercury content was found in water-sediment
samples from active mining ponds (2.72 and 2.37 nM Hg, respectively). However, after a two-fold
dilution during sample preparation, these concentrations approached the lower LOD for Mer-RFP.
Disappointingly, Mer-RFP did not detect any mercury in these samples. Even though the diluted
concentrations (1.36 and 1.16 nM Hg) were close to the LOD (1.6 nM), they apparently fell just below
the detection threshold.

In contrast, a sample from the amalgam reaction bucket contained significantly higher levels of
ionic mercury. The Mer-RFP biosensor measured 52.3 nM Hg?, while the Mer-Blue biosensor
detected 45.9 nM Hg?. Chemical analysis revealed a lower concentration of 25.13 nM Hg?, but all
values remained within the same order of magnitude (Table 1).

4. Discussion

In this study, we developed two versions of a whole-cell mercury biosensor: Mer-RFP and Mer-
Blue, based on the MerR transcription factor and the native promoter-operator retrieved from P.
aeruginosa Tn501 transposon. Mer-RFP and Mer-Blue exhibit undetectable baseline expression of the
reporter proteins and LODs below the WHO limit for drinking water, detecting from 1.6 nM Hg?*
and 2.3 nM Hg?, respectively. Additionally, Mer-RFP exhibits a remarkably wide dynamic range
with linearity from 1 to 1000 nM Hg?*, whereas the linear range of Mer-Blue covers from 2 to 125 nM
Hg?, thus demonstrating their potential applicability for a wide range of mercury concentrations.

Our biosensors exhibited some of the best performances when compared to previously reported
mercury biosensors [24,30,32], [35,36] (see Table S3, supplementary materials). This makes them a
promising candidate for developing effective tools for monitoring environmental samples. These
results are encouraging especially when considering that the circuit is relatively simple and still could
receive innovative improvements recently introduced in the field of WCBs. A study achieved a
remarkable improvement in the LODs for arsenic by lowering the expression of the sensing
transcription factor, repressor ArsR. This allowed lower amounts of the analyte to trigger the de-
repression of the reporter promoter [22]. In that study, the lowered expression of MerR also improved
the LOD for this metal, however, unlike ArsR, MerR needs to remain bound to DNA for reporter
expression. In our study, we use a high expression of MerR through a medium-strength promoter
(P429) in a high-copy plasmid. It's worth investigating whether lowering MerR expression could
improve the LOD of our biosensors, considering theirs achieved a tenfold lower detection limit
compared to ours. Unfortunately, fine-tuning transcription factor expression in a stable way might
be challenging due to environmental noise and unpredictable sample contents. This is especially true
considering the strong link between cell growth and protein production.

Aside from improvements at the level of the core regulation circuit, other enhancements may be
introduced in the presentation of the cellular chassis, and the protocols for sample processing. For
example, our sample protocol requires diluting them by half, which effectively doubles the limit of
detection (LOD). We proceeded in this way aiming to perform the analysis of environmental samples
in conditions that were as similar as possible to the conditions used for the analysis of the sensors.
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However, this dilution could be avoided if the growth conditions were less restrictive. The output
signal is highly sensitive to the growth curve, as shown with Mer-RFP, where the induction time
determines the reporter protein accumulation curve. Similarly, Mer-Blue shows a lower signal when
growth is affected by high mercury concentrations. This interdependence between gene expression
and the growth curve is inherent to bacterial physiology[23]. We believe this dependence might be
the main reason why WCBs are not yet reliable enough for widespread environmental monitoring.
Therefore, future developments should focus on decoupling the growth curve from sensitivity. An
attractive strategy could be to reduce the burden of signal production by replacing the chromogenic
output with an enzymatic one. Since a few enzyme molecules can theoretically produce unlimited
product, reporter expression could be lowered. This would decrease the metabolic burden,
potentially improving cell robustness and signal output. Another approach involves novel
techniques for immobilizing freeze-dried cell-free extracts[37-39]. This strategy separates growth
from sample presentation. Cells are grown under controlled laboratory conditions, then freeze-dried
extracts with very high biomass are used for analysis. These extracts no longer require growth,
simplifying the process.

In its current stage of development, the Mer-Blue biosensor may offer a cost-effective solution
for performing quick screening for high mercury pollution in settings where microbiological
manipulation is accessible while standard chemical analysis is not. Unlike their fluorescence-based
counterparts, MerR-Blue utilizes a colorimetric reporter gene, enabling straightforward analysis via
relatively simple microbiological manipulations. This eliminates the need for expensive plate readers
with fluorimeter functions, replacing them with a low-cost DIY camera setup, a simple centrifuge,
and a personal computer [20,24,30]. Importantly, Mer-Blue demonstrated remarkable stability across
generations, retaining its sensitivity even after ten passages (Figure 54).

When attempting to analyse samples from diverse regions of Peru, such as Iquitos and
Cajamarca, using Mer-Blue, we encountered instances where this biosensor did not grow, making it
impossible to determine whether ionic mercury was present or absent (Figure S5). This evident
drawback highlights the importance of exploring methods to minimize the impact of bacterial growth
on the expression of reporter genes in WCB in order to produce reliable results in spite of varying
conditions.

We evaluated the effectiveness of the biosensors using samples from artisanal gold mining in
Madre de Dios, Peru. As elucidated in the results section, only the sample from the reaction amalgam
bucket exhibited mercury levels surpassing the WHO threshold by one order of magnitude. This
finding indicates that a significant portion of metallic mercury (Hg?) added by the miner is
transformed into its ionic form (Hg?"), enabling our biosensor to detect it. When the waste from the
bucket is discarded in the rivers or mining ponds, the concentration of ionic mercury decreases due
to its dilution within a large mass of water. Thus, we observed low mercury concentrations in active
mining ponds. However, the intricate mercury cycle makes it difficult to assess the significance of
this finding. While such low-concentration ionic mercury may not be directly toxic, the true danger
lies in its conversion to the highly toxic methylmercury (MeHg). The uptake of MeHg by aquatic
species is faster than its removal (bioaccumulation), and its concentrations increase with each trophic
level (biomagnification) [40,41]. This raises major concerns regarding environmental pollution and
human health [8]. As a step towards developing tools for the detection of different chemical species
of mercury, we inserted the merB gene into our pUC-Mer-Blue plasmid. Cells transformed with this
plasmid produce the organomercurial lyase, MerB, which converts organic ethyl- or methylmercury
into ionic mercury, thus allowing our original circuit to detect it [14,42,43]. Despite promising initial
results, showing the production of blue colour in response to methylmercury standards (Figure S6),
the response varied significantly among different colonies (not shown). Thus, further experiments
are necessary to develop a reliable methylmercury biosensor.

5. Conclusions

In this study, we have illustrated the potential of a simple circuit based on MerR transcription
factor to fulfil practical necessities in low-tech settings. The Mer-RFP fluorescent biosensor allowed
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detailed dose-response profiling of the circuit, real-time characterization of signal expression and its
dependence on growth. The Mer-Blue colorimetric biosensor may provide an economical solution to
substantially enhance environmental surveillance in Peru. Despite the ongoing challenge of
interference from other pollutants affecting bacterial growth, with additional optimization, our
biosensor technology could become an integral component of a comprehensive mercury monitoring
strategy.
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