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Abstract

Transcription factor—based bioreporters have been extensively studied for monitoring and detecting environmental toxicants.
In Escherichia coli, the multiple antibiotic resistance regulator (MarR) induces transcription upon binding to salicylic acid
(SA). We generated SA-specific E. coli cell-based bioreporters utilizing the operator region of the mar operon and MarR
as components of the reporter and sensing domains, respectively. Although bioreporters based on endogenous MarR and
wild-type E. coli cells responded to SA, their sensitivity and selectivity were insufficient for practical sample monitoring. To
improve these parameters, we genetically engineered host strains for optimal MarR expression, which enhanced the sensitiv-
ity of the biosensor to micromolar quantities of SA with increased selectivity. Under the optimized experimental conditions,
the biosensor could quantify SA in environmental samples. For validation, the SA concentration in artificially contaminated
SA-containing cosmetic samples was determined using the developed biosensor. Reliability assessment by comparing the
concentrations determined using LC-MS/MS revealed >90% accuracy of the bioreporters. Although bioreporters are not
considered standard tools for environmental monitoring, bacterial cell-based bioreporters may serve as alternative tools
owing to their affordability and simplicity. The SA biosensor developed in this study can potentially be a valuable tool for
monitoring SA in environmental systems.

Key points

o SA-responsive bioreporter is generated by employing mar operon system in E. coli

e SA specificity and selectivity were enhanced by genetic/biochemical engineering

e The novel bioreporter would be valuable for SA monitoring in environmental systems

Keywords Transcription factors (TFs) - Multiple antibiotic resistance (Mar) - Salicylic acid (SA) - Bacterial cell-based
bioreporters - Environmental monitoring

Introduction especially tolerance to diverse abiotic stress factors. SA

affects growth, photosynthesis, and carbohydrate metab-

Salicylic acid (SA) is a critical plant hormone that reg-
ulates a wide variety of metabolic pathways in plants,
including those for defense against abiotic and biotic
stress (Delaney et al. 1994; Hara et al. 2012; Yuan and
Lin 2008). An increase in SA levels induces metabolic
pathways in plants (Khan et al. 2015; Wani et al. 2017),
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olism in maize plants under salt stress (Khodary 2004)
and induces physiological and biochemical changes in
wheat seedlings under water stress (Singh and Usha
2003). It plays a crucial role in the response to abiotic
stresses across various plant species (Khan et al. 2015;
Pél et al. 2013).

In addition to its role as a plant hormone, SA and its
derivative, aspirin (acetylsalicylic acid), have various appli-
cations in different industries. SA is an active ingredient in
various medications and personal care products. Moreover,
it is used as a food preservative and a plant growth regulator
to enhance productivity in the agriculture industry. Owing
to its widespread use, SA is found in diverse products, such
as foods, medicines, cosmetics, and preservatives (Ekinci
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et al. 2011; Ikarashi et al. 2010). SA can potentially have
a negative impact on the environment (Richardson et al.
2007). Even at low concentrations, SA can be harmful to
fish, amphibians, and other aquatic organisms, affecting
their growth and reproduction (Fent et al. 2006; Nunes
et al. 2015). Due to the extensive utilization of SA in vari-
ous industries, it is possible that SA is present in influent/
effluent wastewater and sludge at relatively higher concen-
trations than other pharmaceuticals and anti-inflammatory
drugs. Moreover, the accumulation of SA in soil and water
can lead to the long-term exposure of organisms inhabiting
these environments.

Various techniques, including instrumental analysis
and optical sensors based on nanomaterials, can be used
to monitor or quantify SA levels (Engelberth et al. 2003;
Tabassum 2022; Wilbert et al. 1998). In addition, aptamer-
and fluorescence-based sensors for SA have been reported
(Chen et al. 2019; Mishra et al. 2004). Although SA quan-
tification using analytical instruments and recently devel-
oped techniques is accurate and precise, it is limited by
access to expensive tools and novel techniques. To over-
come these disadvantages, bacterial cell-based bioreport-
ers have been suggested as alternatives to conventional
instrumental analyses. Bacterial cell-based bioreporters
have been extensively studied owing to their simplicity
and low cost (Banerjee and Bhunia 2010; Gupta et al.
2019). Most bacterial cell-based bioreporters are based
on stress-responsive genetic systems in microorganisms
(Mahr and Frunzke 2016). To survive environmental
changes, microorganisms possess defense mechanisms to
detoxify external stressors, such as chemicals, heavy met-
als, and antibiotics. In most cases, the first step in defense
involves the recognition of external stress by specific tran-
scription factors (TFs). These proteins then trigger defense
mechanisms by initiating the transcription of a series of
genes or by activating specific pathways. Based on this
concept, a wide variety of bacterial cell-based bioreport-
ers for heavy metals, antibiotics, and harmful chemicals
have been developed (Fernandez-Lépez et al. 2015; Mul-
chandani 2011; Vogrinc et al. 2015). SA-sensing biore-
porters can be constructed using genetic systems that
regulate certain defense mechanisms against SA exposure.

The mar operon, consisting of multiple antibiotic resist-
ance regulator (MarR), MarA, and MarB, is a multidrug
resistance genetic system in Escherichia coli (Cohen et al.
1993; Seoane and Levy 1995). The expression of genes of
this operon is regulated by MarR upon interaction with SA.
The mode of MarR and SA binding was identified using
X-ray crystallography (Alekshun et al. 2001). Recently,
Zou et al. reported an E. coli cell-based bioreporter for SA
using MarR-P,, ., (Zou et al. 2021). They demonstrated the
tunability of the SA response and detection ranges of the
bioreporter by modulating the interaction between DNA and
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MarR. Nevertheless, it is crucial to conduct further inves-
tigations on the practical applications of SA bioreporters.
In this regard, we further investigated the SA bioreporter
using MarR-P_, o as a genetic system and enhanced its SA
detection performance by genetically engineering MarR and
E. coli strains. Under optimized experimental conditions,
the developed bioreporter could detect SA at micromolar
concentrations. In addition, the bioreporter could be used in
determining SA concentrations in artificially contaminated
samples originating from commercially available cosmetics.
The determined concentrations were comparable to those
estimated using the LC-MS/MS analysis, indicating that the
developed SA bioreporter could be reliably used to quantify
SA released in environmental systems.

Materials and methods
Materials

E. coli DH5a and E. coli BL21 were used as competent cells
for gene cloning and as host cells for bioreporters, respec-
tively. A Quick & Easy E. coli Gene Deletion Kit (Gene
Bridges, Heidelberg, Germany) was used to delete endog-
enous genes in E. coli. pCDF-Duet and pET-21(a) were used
to construct bioreporter plasmids carrying the sensing and
reporter elements, respectively. HotStar Taq and Pfu Turbo
(Qiagen, Hilden, Germany) were used for DNA amplifica-
tion and site-directed mutagenesis, respectively. Restriction
enzymes and T4 DNA ligase were purchased from Takara
Bio Inc. (Shiga, Japan). The chemicals, including SA, p-cou-
maric acid, caffeic acid, ferulic acid, methyl salicylate, and
aspirin, were purchased from Sigma-Aldrich (MO, USA).
Primers used in this study were purchased from Macrogen
(Seoul, Korea). The SA-containing cosmetics were pur-
chased from Korean cosmetic companies.

Plasmid construction

The gene encoding MarR was amplified using polymerase
chain reaction (PCR) with primers corresponding to the
genomic DNA of E. coli and cloned into pCDF-Duet at
Ncol and Notl sites to construct pCDF-MarR. The opera-
tor region of mar operon, P,,,,,, was amplified from the
E. coli genomic DNA and inserted into pZnt-eGFP (Yoon
et al. 2016) at Bg/II and Xbal sites to generate pMarO-eGFP.
Besides MarR WT, diverse mutants were generated to modu-
late the sensitivity and selectivity of bioreporter. Based on
the analysis of the 3-dimensional structure of MarR, the
amino acids around SA binding sites were selected and
mutated (PDB ID No. SH3R). The mutations were generated
by the site-directed mutagenesis using a pair of primers. The
amino acids, Thr72 and Arg86, were selected and mutated
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to generate MarR T72A, T72V, and R86A. To evaluate the
effects of mutagenesis, MarR mutants were introduced to
marR-deficient E. coli with pMarO-eGFP. The primers used
for plasmid construction in this study are listed in Table 1,
and the sequences of plasmids were confirmed by DNA
sequencing (Macrogen, Korea).

Generation of E. coli mutant strains and bioreporters

marR-, marR/marA-, and marR/marA/marB-deficient E.
coli BL21 cells were generated using the Quick & Easy E.
coli Gene Deletion Kit. The target genes, marR, marA, and
marB, in the mar operon and the FRT-flanked PGK-gb2-neo
cassette were amplified using PCR and were introduced into
E. coli cells harboring pRedET plasmid using the Eppen-
dorf 2510 electroporator at 1350 V, 10 pF, and 600 Q. The
cells were then induced with 10% arabinose to replace target
genes with the kanamycin resistance gene (kan). Deletion of

endogenous genes in E. coli was confirmed using PCR. The
gene-deficient E. coli strains were named E. coli-AmarR,
E. coli-AmarR/AmarA, and E. coli-AmarR/AmarA/AmarB.
The genetic characteristics of these strains are listed in
Table 2. E. coli cell-based bioreporters were generated by
introducing the sensing and reporter plasmids, pPCDF-MarR
and pMarO-eGFP, respectively, into the wild-type (WT) and
mutant E. coli strains either alone or in combination. The
characteristics of the bioreporters investigated in this study
are listed in Table 2.

Bioreporter assays
Selectivity test
A bioreporter assay was performed to verify the sensitivity

of the bioreporters, following a previously reported proto-
col with minor modifications (Jeon et al. 2022). In brief,

Table 1 List of primers used for

) Gene Sequences (5" to 3') Restriction enz.
cloning P,,,,, and marR
P,.o0 TCGAGATCTGGTGGTTGTTATCCTGTGT Bglll
CGCICTAGAATTAGTTGCCCTGGCAAG Xbal
marR ATATACCATGGGCGTGAAAAGTACCAGCGATC Ncol
ATTATGCGGCCGCGGCCTTACGGCAGGACTTT Notl
marR T72A CTGGGAGCACTGGCCCGTATGCTGG Ncol / NotI
CCAGCATACGGGCCAGTGCTCCCAG
marR T72V GACCTGGGAGCACTGGTACGTATGCTGGATCG Ncol / Notl
CGATCCAGCATACGTACCAGTGCTCCCAGGTC
marR R86A GCTGGGTGGAAGCATTGCCGAACCC Ncol / Notl
GGGTTCGGCAATGCTTCCACCCAGC
The restriction enzyme recognition sequences and mutated sequences are underlined
Table 2 List of Escherichia coli strains, plasmids, and biosensors used in this study
Name Genetic properties Ref
Strains E. coli BL21 (DE3) F~ ompT hsdSg(rg"mg")gal decm lon (DE3) Stratagene
E. coli-AmarR marR-deficient E. coli (marR is replaced by kan®) This study
E. coli-AmarR/AmarA marR/marA-deficient E.coli This study
E. coli-AmarR/AmarA/AmarB marR/marA/marB-deficient E. coli This study
Plasmids pET-21(a) pBR322 ori, Amp" Novagene
pCDF-Duet CloDEI13 ori, Str" Novagene
pMarO-eGFP pET-21(a) carrying the operator region of marR (MarO) in E. coli and This study
egfp from pEGFP-N1
pCDF-MarR pCDF-Duet carrying marR from E. coli This study
Bioreporters SA'1 E. coli BL21 (DE3) harboring pMarO-eGFP This study
SA2 E. coli BL21 (DE3) harboring pMarO-eGFP and pCDF-MarR This study
SA3 E. coli-AmarR harboring pMarO-eGFP This study
SA 4 E. coli-AmarR harboring pMarO-eGFP and pCDF-MarR This study
SA-T72A SA3 harboring pPCDF-MarR-T72A This study
SA-T72V SA3 harboring pPCDF-MarR-T72V This study
SA-R86A SA3 harboring pCDF-MarR-R86A This study
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the bioreporter cells were grown overnight at 37 °C; the
culture was then inoculated in fresh Luria—Bertani medium.
The cells were grown for approximately 2 h until the optical
density at 600 nm (ODg,) was 0.3-0.5. The cells were then
exposed to different concentrations of chemicals, includ-
ing SA, and collected after 2 h of incubation. They were
resuspended in 50 mM Tris—HCI (pH 7.0), and the eGFP
fluorescence signals were measured using a fluorescence
spectrophotometer.

Effects of MarR

To verify the role of MarR in the mar operon, the responses
of the bioreporters, namely, SA1, SA2, SA3, and SA4, to SA
were compared. Similar to the procedure described in the
“Selectivity test” section, the bioreporters were exposed to
1 mM SA, and the eGFP fluorescence from each bioreporter
was measured by the fluorescence spectrophotometer.

Effects of MarR overexpression

To validate the effect of the amount of MarR on the perfor-
mance of the bioreporters, the expression levels of recombi-
nant marR were modulated by induction with isopropylthio-
p-galactoside (IPTG). The bioreporters were induced with
0-50 pM of IPTG at an ODg, of 0.2 and subsequently
exposed to 1 mM of SA at an ODg, of 0.4. The expression
levels of eGFP were analyzed after 2 h of exposure and indi-
cated as induction coefficients.

Effects of mutations on MarR

To evaluate the effects of MarR mutants on the selectivity
and sensitivity of bioreporters, MarR mutants were intro-
duced to marR-deficient E. coli with pMarO-eGFP. The
bioreporters using different MarRs as sensing elements were
applied to the bioreporter assay to investigate the effects of
mutations on target selectivity and sensitivity. The biore-
porters were exposed to SA and its derivatives, and the
fluorescence signals were measured and compared to the
bioreporter having MarR WT as the sensing element.

Measurement of fluorescence signals
from the bioreporters

E. coli cells (1 mL) exposed to SA and its derivatives were
collected, and the cell pellets were resuspended in 50 mM
Tris—HCI (pH 7.4). The samples were then placed in a fluo-
rescence spectrophotometer (FluoroMate FS-2; Scinco,
Korea) equipped with a xenon lamp as a light source to
measure the intensity of eGFP fluorescence. The excita-
tion wavelength was fixed at 480 nm, and emission fluores-
cence signals were collected at 500-600 nm ranges with a
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bandwidth filter of 5 nm. The arbitrary unit for fluorescence
signals was converted to the induction coefficient (fluores-
cence signals with exposure/fluorescence signals without
exposure) after correcting for ODg, values. The emission
fluorescence values at 520 nm were taken for the analysis.

Quantification of SA in commercial cosmetics
Bioreporter-based assay

To evaluate the applicability of the newly developed biore-
porters, SA levels in artificially contaminated samples were
quantified. The samples were prepared by mixing different
concentrations of commercial cosmetics with water. As
described in the above section, the samples were added to
the bioreporters SA2 and SA4 together with 10 pM IPTG.
The eGFP fluorescence intensities for the bioreporters were
determined, and the SA concentrations were calculated
based on standard curves. A standard curve was obtained
by spiking with a known concentration of SA, ranging from
0 to 5 mM under the same experimental conditions.

Quantification using LC-MS/MS

The SA concentrations in the cosmetic samples were quan-
tified using an LCMS-8060 equipped with a Nexera X2
UHPLC (Shimadzu Corporation, Japan) coupled with an
Acquity UPLC BEH Shield RP18 column (150X 2.1 mm,
1.7 um, Nihon Waters K. K., Japan). The cosmetic samples
were serially diluted up to 20,000 times and injected. Sepa-
ration was performed using gradient programs with 0.1%
formic acid in water as mobile phase A and 0.1% formic
acid in acetonitrile as mobile phase B; the flow rate was
0.2 mL/min. For the subsequent MS/MS analysis, nitrogen
and argon gases were used as the heating and drying and
collision gases, respectively. SA was detected in multiple
reaction monitoring mode at m/z 137.2-93.0, 137.2-65.1,
and 137.2-74.9 as product ions with corresponding collision
energies of 15, 34, and 25 V, respectively.

Statistical analysis

Statistical analysis and data validation were performed using
R version 4.3.0 and package DescTools version 0.99.59
(Signorell et al. 2019; Team RDC 2009).

Results

Specificity of bioreporters toward salicylic acid

The SA-responsive bioreporters were constructed by intro-
ducing the plasmid pMarO-eGFP carrying P,,,.,:egfp into
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E. coli BL21 WT. As shown in Fig. 1a, the transcription
of egfp under P,,,,, was regulated by endogenous MarR,
and the presence of SA induced the release of MarR from
the operator sequence, resulting in the expression of eGFP.
Thus, the amount of SA was determined by measuring the
eGFP expression. The MarR-binding sites in the operator
region are shown in Fig. 1b. To elucidate the SA-sensing
ability of the bioreporter, a bioreporter assay was con-
ducted using 0-5 mM SA. After 2 h of exposure, the inten-
sity of eGFP fluorescence was measured and indicated as
an induction coefficient (Fig. 2a). The response toward
SA increased in a concentration-dependent manner; how-
ever, the signal started to decrease above 2 mM SA. This
could be due to the toxic effects of SA on E. coli growth.
Although the bioreporter showed proportional responses
toward SA, the induction coefficients upon SA exposure
were not sufficient for quantification because only a 3-fold
increase was observed at 2 mM SA exposure. Thus, it was
necessary to improve the sensitivity of these bioreporters
for use as a tool to monitor SA.

In addition to sensitivity, the selectivity toward targets
is another critical aspect of bioreporters. To verify selec-
tivity, the bioreporters were exposed to 1 mM SA and its
derivatives, including aspirin, ferulic acid, p-coumaric
acid, caffeic acid, and methyl salicylic acid (Fig. 2b).
Although the best response was obtained upon SA treat-
ment, weak responses with induction coefficients <2 were
also obtained from the tested derivatives. Because all the
tested compounds were similar in structure, it would be
desirable that the bioreporters exhibit broad selectivity
(Fig. 2c¢). Notably, the fluorescence intensity of eGFP
without exposure was > 3000 arbitrary units (Figure S1).
It was assumed that the ability of endogenous MarR to act
as a repressor was insufficient to repress the transcription
of genes under P, .. To clarify this, the sensitivity of the
bioreporters to SA was further investigated with different
levels of MarR expression.

(a)
pCDF-MarR
+SA", 1
. e m ?
—| MarO egfp |—
pMarO-eGFP
= Salicylic acid eGFP (O MarR

Fig. 1 Illustration of salicylic acid (SA) biosensors. a The working
mechanism of SA-sensing biosensors. The egfp fused with the pro-
moter region (P,,,,,) of the mar operon was regulated by MarR in the
presence of SA. SA induced the release of MarR from the promoter

The roles of MarR on SA-sensing properties

Since MarR acts as a target sensing module and is a regula-
tor in the mar operon, it was necessary to elucidate its role
in this bioreporter system. As E. coli BL21 WT possess-
ing endogenous MarR was used as the host strain for the
bioreporters, a marR-deficient E. coli strain (E. coli-AmarR)
was generated and used as a host strain for comparison. To
investigate the role of MarR in bioreporters, all four biore-
porters developed in this study were used in the bioreporter
assay. The bioreporters were exposed to 1 mM SA at an
ODy of 0.3-0.4, and the fluorescence signals were meas-
ured after 2 h (Fig. 3). As shown in Fig. 3a, the fluorescence
signals from all the bioreporters, except for SA3, were lower
without SA exposure than they were after the exposure. For
SA3, strong fluorescence signals were observed regardless
of SA treatment. It was assumed that MarR acts as a repres-
sor and that the genes under P,,,,, are transcribed constitu-
tively without MarR. However, SA4, which was SA3 with
recombinant MarR, showed responses similar to those of
SAT1 and SA2. These results confirmed that the mar operon
was regulated by MarR as a transcriptional regulator and
that MarR was responsible for SA-related responses. Inter-
estingly, the repression by recombinant MarR was higher
than that by endogenous MarR when comparing SA1 and
SA4. However, this was not caused by functional differ-
ences in endogenous and recombinant MarRs because the
amino acid sequences of both endogenous and recombinant
MarRs were identical. This was due to the amount of MarR
expressed by the recombinant and endogenous genes. This
was confirmed by comparing the responses of SA1 and SA2
without SA exposure (Fig. 3a). SA2, with both endogenous
and recombinant MarR, showed a much weaker signal and,
thereby, had the highest induction coefficient (Fig. 3b). This
answers the question discussed in the “Specificity of biore-
porters toward salicylic acid” section on how the amount of
MarR was related to the sensitivity of bioreporters. Thus,

(b)
P ..-o sequence

TGGTGGTTGTTATCCTGTGTATCTGGGTTATCAGCGAAAAGTATAAGGGG
TAAACAAGGATAAAGTGTCACTCTTTAGCTAGCCTTGCATCGCATTGAAC
AAAACTTGAACCGATTTAGCAAAACGTGGCATCGGTCAATTCATTCATTT
GACTTATACTTGCCTGGGCAATATTATCCCCTGCAACTAATTACTTGCCAG
GGCAACTAATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT

MarR binding site RBS

region, resulting in the expression of eGFP. b The DNA sequence of
P,...o0 used for constructing the SA-sensing plasmid. The highlighted
regions indicate the MarR-binding and ribosome-binding sites
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bioreporter sensitivity can be modulated by controlling the
expression of regulatory proteins.

Effect of MarR overexpression on bioreporters

The sensitivity of SA bioreporters was enhanced by increas-
ing the level of MarR in E. coli cells. The induction coef-
ficients of the bioreporters to 1 mM SA increased approxi-
mately 3-fold upon the addition of recombinant marR
located under the T7 promoter in the pCDF-Duet vector.
Because the sensitivity of the SA bioreporter was related
to the amount of MarR, the expression level of MarR was
modulated using 0, 10, and 50 pM IPTG. Among the tested
concentrations, 50 pM IPTG inhibited the growth of E. coli
resulting in a decrease in induction coefficients (Fig. 4). At
10 pM, IPTG treatment resulted in approximately 20% and
40% increase in signals from SA2 and SA4, respectively, in
response to 1 mM SA (Fig. 4). The increase in MarR expres-
sion enhanced the response to SA with respect to the induc-
tion coefficient by lowering the signals (arbitrary fluores-
cence signals) without SA treatment. Thus, it was concluded
that the bioreporter SA2 with 10 pM IPTG treatment was
optimal for monitoring SA, and this experimental condition
was used for further study.

Target selectivity of E. coli cell-based bioreporters

The bioreporter with both endogenous and recombi-
nant MarR showed an improved SA response, which was
enhanced by IPTG treatment. Under these experimental
conditions, the target selectivity of bioreporters was further
investigated because SA1, the bioreporter regulated by only

(a)
10
seskok
- 8 J
=
2 *
9
g, T
g |
=
=
g 4
=
=
=
= T
2 T
0
Ctrl OouM 10pM 50uM
IPTG concentration (unM)
Fig.4 Effect of MarR overexpression by induction with

isopropylthio-f$-galactoside (IPTG) on Escherichia coli cell-based
biosensors. The induction coefficients of biosensors SA2 (a) and SA4
(b) exposed to 1 mM of salicylic acid (SA) after induction with dif-
ferent concentrations of IPTG. Control indicates the biosensor with-

endogenous MarR, E. coli with pMarO-eGFP, showed broad
target selectivity (Fig. 2b). As shown in Fig. 5, SA2, E. coli
with pMarO-eGFP/pCDF-MarR, and SA4, E. coli-AmarR
with pMarO-eGFP/pCDF-MarR, were exposed to 1 mM SA
and its derivatives with and without 10 pM IPTG induction.
Without IPTG induction, SA2 showed approximately two
times higher response toward SA than toward other chemi-
cals, and SA4 showed a similar response as SA1 (Fig. 5a and
b). In contrast, SA2 with IPTG induction showed an approxi-
mately fourfold enhanced response to SA than others, and
SA4 showed a 2.5-fold enhanced response (Fig. 5c¢ and d).
As shown in Fig. 5c, the responses toward other chemicals
indicated about 1-2 times the induction of coefficients,
whereas the response toward SA was 8.5 times the induc-
tion of coefficients. Thus, the increase in MarR expression
in the bioreporters improved the selectivity and sensitivity
only toward SA, whereas the responses toward other tested
chemicals were not affected by IPTG treatment. Although
the MarR levels in E. coli cells were not determined, and
interference caused by other factors should be considered,
it was concluded that the bioreporter SA2 treated with IPTG
was an SA-specific bioreporter.

Effects of MarR mutants on bioreporters

Since the properties of TF-based bioreporters were deter-
mined by the target selectivity and specificity of TFs, the
performance of bioreporters could be modulated by genetic
engineering on TFs. As shown in Fig. 6a, MarR forms a
dimer to play as a TF and has two SA binding sites on each
monomer (Hao et al. 2014). To modulate the target sensing
properties, the amino acids in SA binding sites 1 and 2 were

10
- 8
=
2
2
b 6 sokok
D
g [
<
E L
5 4
=
= *
= T
- T
= l
0
Ctrl ouM 10pM 50uM
IPTG concentration (nM)

out SA exposure. The data were derived from more than three rep-
licate experiments. Asterisks indicate significant difference in data
compared with control (*P<0.05, **P<0.01, ***P<0.001 using
Dunnett’s test)
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Fig. 5 Effect of MarR overexpression on the sensitivity and selectiv-
ity of biosensors toward salicylic acid. a Responses of the biosen-
sor SA2 to 1 mM SA and its derivatives without isopropylthio-S-
galactoside (IPTG) treatment. b Responses of the biosensor SA4 to
1 mM SA and derivatives without IPTG. ¢ Responses of the biosen-
sor SA2 treated with IPTG. d Responses of the biosensor SA4 treated

mutated to generate 2 MarR mutants named MarR-T72A,
MarR-T72V, and MarR-R86A. They were introduced in E.
coli-AmarR with pMarO-eGFP and compared to SA4. The
responses toward SA and its derivatives were measured by
the bioreporter assay. As a result, it was noticed that the
responses toward SA and other chemicals were enhanced
with the increase of background signals compared to SA4
(Fig. 6b). Although the nascent signals to SA increased, the
responses from other chemicals were also increased, espe-
cially to aspirin (Fig. 6¢). It was assumed that the mutations
on Thr72 and R86 caused the increase in target accessibility
and weakening DNA binding. On the other hand, MarR-
R86A showed enhanced responses toward SA, aspirin, and
ferulic acid with strong background signals. This result
might be caused by the conformational changes in MarR-
R86A weakening the DNA binding ability. Thus, it was
noticed that the genetic engineering on TFs could show the
effects on target selectivity and sensitivity of bioreporters
as well as on DNA binding properties. Consequently, it was
concluded that SA2 having both endogenous and exogenous
MarR WT was the best bioreporter for SA quantification.
Therefore, SA2 was used for SA quantification in further
investigation in this study. However, the genetic engineering
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with IPTG (Ctrl, without exposure; SA, salicylic acid; ASP, aspi-
rin; FER, ferulic acid; P-COU, p-coumaric acid; CAF, caffeic acid;
MES, methyl salicylic acid). Asterisks indicate significant differences
in data compared with control (*P <0.05, **P<0.01, ***P<0.001
using Dunnett’s test)

on MarR implied the possibility of extending the application
of the mar operon system for detecting aspirin and other
derivatives.

Quantification of SAs originating from cosmetics

To verify the applicability of the newly developed SA
bioreporters, SA originating from commercially available
cosmetics was quantified using the bioreporter SA2 under
optimized conditions. Three different skin-soothing prod-
ucts were purchased and used as samples. Based on the
description of ingredients, products A and B contained
0.5% and 2.0% (w/w) SA, respectively; however, no such
description was available for product C. For quantifica-
tion, the standard curves were obtained using the biore-
porter assay for IPTG-treated SA2, and the induction
coefficients were determined after 0-5 mM SA exposure
(Fig. 7a). Because the responses decreased at 2 mM and
high SA concentrations, a standard curve was constructed
for 0-1 mM SA exposure, and the equation from linear
regression analysis was used to calculate the SA concen-
tration (Fig. 7b). Based on the calibration curve, 5 pM of



Applied Microbiology and Biotechnology (2024) 108:148 Page9of12 148

(@
SA binding site 2

(b)

12000 12

ocl mSA BASP BFER
.

10000 v T 10 .
=) -
=< 8000 . S
— <9
= = ek
2 E
% 6000 S s
H . = .
£ ks 2
8 g Fdk
g 400 24
s g
El . e
= 2000 T 2 ]

) .f.i- [ E ) [ [
SA4 724 72V R86A SA4 TI2A 72V R86A

Fig.6 The structure of MarR dimer and the responses of bioreporter induced by SA, ASP, and FER exposures. ¢ The induction coefficient
employing MarR mutants as sensing elements to SA and its deriva- values of SA4, T72A, T72V, and R86A toward SA, ASP, and FER.
tives. a A dimer structure of MarR with 4 SAs (PDB ID. 5H3R). b Asterisks indicate significant differences in data compared with con-
The nascent fluorescence signals of SA4, T72A, T72V, and R86A trol (*P<0.05, **P<0.01, ***P <0.001 using Dunnett’s test)

(a) (b)
10 6
8 3 y = 3.4898x + 0.8269
= B 2=0.9915
3 sS4 e
2 6 =
£ =
8 e 3| T e
© S e
g R
5 S22 e
2] PR
< 5 |
£ 2 R )
1 Qpe”®
0 0
0 1 2 3 4 5 0 0.2 0.4 0.6 0.8 1
SA concentration [mM] SA concentration [mM]

Fig.7 Standard curves for salicylic acid (SA) quantification. a The standard curve obtained from the biosensor SA2 for SA quanti-
Responses of biosensor SA2 exposed to 0-5 mM of salicylic acid for fication. The data were obtained from more than three experiments.
2 h after 10 pM of isopropylthio-f3-galactoside (IPTG) treatment. b The standard deviation is indicated as error bars

@ Springer



148 Page 100f 12

Applied Microbiology and Biotechnology (2024) 108:148

Table 3 Quantification of salicylic acid in commercial cosmetics

Cosmetics Concentration [mM] Accuracy (%)
Bioreporter LC-MS/MS

A 31.55+4.50 29.64+5.07 93.9

B 105.57+18.22 106.77+6.26 98.9

C 27.48+10.64 25.98+3.24 94.5

SA was the lowest concentration that showed significant
differences from statistical analysis, and the limit of linear-
ity was observed at about 1.5 mM (Fig. 7).

Additionally, it was confirmed that the expression of
eGFP was regulated well by MarR because the original
fluorescence signals of SA2 without SA exposure showed
about 200 arbitrary units (Figure S2). Various dilutions of
the cosmetic samples were analyzed using the bioreporter
assay under the same experimental conditions. The induc-
tion coefficients after exposure to cosmetic samples were
converted to concentrations based on standard curves. The
SA concentrations in products A, B, and C were calculated
to be 31.55, 105.57, and 27.48 mM, respectively (Table 3).
At 0.5% and 2.0% (w/w), the SA concentration in the prod-
ucts would be 36.2 and 145 mM, respectively. Although
the values determined by the bioreporter assays were simi-
lar to those calculated from the product description, they
were further confirmed using LC-MS/MS.

For LC-MS/MS analysis, the 5 to 100 ppb ranges of
standard SA were injected at room temperature, and the
peak area was measured to obtain the calibration curve.
The relationship between the concentration of SA and
the peak area was analyzed by a linear regression fit and
obtained a calibration curve with 0.998 R-squared values.
The SA concentrations in the cosmetics determined using
LC-MS/MS are also listed in Table 3. The performance
of the bioreporter assay was represented as relative accu-
racy, which is defined as [values from bioreporter assay]/
[values from LC-MS/MS]. The SA concentrations in prod-
ucts A, B, and C determined using the bioreporter assay
were comparable to those determined using the LC-MS/
MS analysis, showing an accuracy of >93%. Several other
ingredients present in the cosmetics might have affected
the quantification using bioreporters, whereas only SA
was detected using LC-MS/MS. Nonetheless, with>93%

accuracy, the SA bioreporters developed in this study
showed superior SA selectivity over other bioreporters.
Therefore, the SA bioreporters developed in this study can
be used as an alternative tool for monitoring SA.

Discussion

Salicylic acid is widely used in various industries, such
as agriculture and pharmaceutical industries, and is an
ingredient of many personal care products. Although the
adverse effects of SA are not considered a severe threat,
higher SA concentrations can be present in the upper
trophic levels of the food chain through bioaccumulation
(Bai and Acharya 2019; Boxall 2004). The instrument-
based analysis was employed for SA monitoring, but it was
needed to have a simple and convenient tool to monitor SA
concentrations in diverse environmental systems. In this
regard, bacterial cell-based bioreporters would be a good
alternative as a simple and cheap technique. Except for
industrial usage, SA is a plant hormone and a key factor
for defense against various stresses including pathogen
infections. To avoid this defense system, microorganisms
such as bacteria and viruses have metabolic pathways to
degrade the phytohormones. Proteins in the MarR family
control multiple antibiotic resistance to antibiotics, organic
solvents, and oxidative stress (Alekshun et al. 2001). These
proteins also control the synthesis of pathogenic factors in
some microbes that infect humans and plants (Miller and
Sulavik 1996). The proteins in the MarR family have been
identified in various microorganisms, and E. coli has MarR
that regulates the mar operon negatively in the presence of
SA. Thus, the operator region of mar operon (P,,,,.,) and
MarR were employed as a genetic system for devising the
SA bioreporters.

As described above, the E. coli having pMarO-eGFP
showed responses toward SA, but the sensitivity and
selectivity toward SA were not reached to the criteria for
sensors. To solve this problem, the experimental condi-
tions were optimized by genetic engineering and modulat-
ing the expression level of MarR. Conclusively, the mar
operon—based bioreporters showed sufficient specificity
toward SA under the optimized experimental conditions.
In fact, characteristics including target specificity and

Table 4 Comparison of salicylic acid sensing E. coli cell-based bioreporters

Analytes Host strains TFs Range of detection Response time Ref

SA, 3-methyl SA, Aspirin E. coli Rarstonia sp. NagR 2.4~2500 pM 20 min-3 h (Mitchell and Gu 2005)
SA E. coli E. coli MarR 2~15mM Not specified (Zou et al. 2021)

SA, naphthalene E. coli P. putida NahR 0.001 ~5 mM 2h (Shin 2010)

SA E. coli E.coli MarR 0.01~1 mM 1-2h This study
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selectivity, detection limitations, and detection ranges were
considered for evaluating the capability of the bioreporters.
Considering the working mechanisms of TF-based biore-
porters, their selectivity relies on the interactions between
ligands and regulatory proteins. Jiang et al. reported that
the sensitivity of bioreporters for p-coumaric acid was
modulated by controlling the strength of the promoters for
regulatory proteins and by weakening the binding of regu-
latory proteins to the operator regions (Jiang et al. 2020).
Because modulation of the strength of the promoter controls
the expression levels of regulatory proteins, it is also related
to the manipulation of the dynamic ranges of bioreport-
ers as well as their sensitivity (Yoon et al. 2016; Zou et al.
2021). In this regard, it was observed the increase in MarR
expression enhanced the sensitivity of SA bioreporters in
this study. In addition, the genetic engineering on MarR has
been investigated to enhance the performance of bioreport-
ers. Based on structural analysis, the amino acids related to
SA binding, Thr72 and Arg86, were selected and mutated.
In concordance with previous studies, the mutations on
MarRs showed the changes in target selectivity and sensi-
tivity (Fig. 6). However, the bioreporters employing MarR
mutants as regulatory proteins showed insufficient proper-
ties for SA qantification. Although the responses toward
SA were increased, the responses from aspirin and ferru-
lic acid were also increased. The mutations investigated in
this study might induce the conformational changes, thereby
broadening target selectivity and weakening DNA binding.
Because of the complexity of MarR-SA interactions, it was
not easy to obtain the desired properties by simple genetic
engineering. Although the enhancement of SA-sensing
performance of bioreporters was not obtained by MarR
engineering in this study, it was suggested the potential to
extend the applications of the mar operon system for new
target sensing with further investigation.

To compare the performance of the novel SA bioreporter,
the E. coli cell-based bioreporters able to detect SA employ-
ing different TF systems are listed in Table 4. The bioreporters
based on NagR and NahR from Rarstonia sp. and P. putida,
respectively, showed multi-target responses because the
regulatory proteins were not specific to SA even if the limit
of detection (LOD) was low (Mitchell and Gu 2005; Shin
2010). Although Zou et al. had reported the SA bioreporter
based on mar operon system, their invesitgation was focused
on SA responses of biosensors rather than the quantitative
analysis of SA. (Zou et al. 2021). On the other hand, we devel-
oped SA-specific E. coli cell-based bioreporters employing
the mar operon system with genetic engineering and optimiza-
tion of the experimental conditions because the bioreporter
based on the native mar operon system showed insufficient
sensitivity and selectivity toward SA. To enhance the per-
formance of the developed bioreporters, the expression level
of MarR was modulated by adding recombinant MarR and

IPTG. The capability of the bioreporters to quantify SA was
verified by determining the concentrations of SA originating
from commercial cosmetics. Considering the high accuracy
of the bioreporters in SA quantification vis-a-vis LC-MS/MS,
the SA bioreporters could be used as an alternative tool to
monitor SA. Our results also suggested that genetic engineer-
ing and modulation of the expression of regulatory proteins
could be used to enhance the performance of bioreporters
employing TF-based systems.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-024-13006-8.

Author contribution Conceptualization, G.J. and Y.Y.; methodology,
Y.K. and B.K.; investigation, Y.K. and Y.J.; data analysis, Y.J. and
B.K.; writing—original draft preparation, Y.K., G.J. and Y.Y.; writ-
ing—review and editing, G.J. and Y.Y.; visualization, Y.K. and B.K.;
supervision, Y.Y.; funding acquisition, Y.Y. All authors have read and
agreed to the published version of the manuscript. Authorship must
be limited to those who have contributed substantially to the work
reported.

Funding This work was supported by Konkuk University 2022 (to
Y.Y).

Data availability Not applicable.

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alekshun MN, Levy SB, Mealy TR, Seaton BA, Head JF (2001) The
crystal structure of MarR, a regulator of multiple antibiotic resist-
ance, at 2.3 A resolution. Nat Struct Mol Biol 8(8):710-714

Bai X, Acharya K (2019) Uptake of endocrine-disrupting chemicals
by quagga mussels (Dreissena bugensis) in an urban-impacted
aquatic ecosystem. Environ Sci Pollut Res 26:250-258

Banerjee P, Bhunia AK (2010) Cell-based biosensor for rapid screen-
ing of pathogens and toxins. Biosens Bioelectron 26(1):99-106

@ Springer


https://doi.org/10.1007/s00253-024-13006-8
http://creativecommons.org/licenses/by/4.0/

148 Page 120f 12

Applied Microbiology and Biotechnology (2024) 108:148

Boxall AB (2004) The environmental side effects of medication:
how are human and veterinary medicines in soils and water
bodies affecting human and environmental health? EMBO Rep
5(12):1110-1116

Chen C, Feng S, Zhou M, Ji C, Que L, Wang W (2019) Development
of a structure-switching aptamer-based nanosensor for salicylic
acid detection. Biosens Bioelectron 140:111342

Cohen SP, Levy SB, Foulds J, Rosner JL (1993) Salicylate induc-
tion of antibiotic resistance in Escherichia coli: activation of
the mar operon and a mar-independent pathway. J Bacteriol
175(24):7856-7862

Delaney TP, Uknes S, Vernooij B, Friedrich L, Weymann K, Negrotto
D, Gaftney T, Gut-Rella M, Kessmann H, Ward E (1994) A
central role of salicylic acid in plant disease resistance. Science
266(5188):1247-1250

Ekinci D, Sentiirk M, Kiifrevioglu Oi (2011) Salicylic acid derivatives:
synthesis, features and usage as therapeutic tools. Expert Opin
Ther Patents 21(12):1831-1841

Engelberth J, Schmelz EA, Alborn HT, Cardoza YJ, Huang J, Tum-
linson JH (2003) Simultaneous quantification of jasmonic acid
and salicylic acid in plants by vapor-phase extraction and gas
chromatography-chemical ionization-mass spectrometry. Anal
Biochem 312(2):242-250

Fent K, Weston AA, Caminada D (2006) Ecotoxicology of human
pharmaceuticals. Aquat Toxicol 76(2):122-159

Fernandez-Lopez R, Ruiz R, de la Cruz F, Moncalian G (2015) Tran-
scription factor-based biosensors enlightened by the analyte. Front
Microbiol 6:648

Gupta N, Renugopalakrishnan V, Liepmann D, Paulmurugan R, Mal-
hotra BD (2019) Cell-based biosensors: recent trends, challenges
and future perspectives. Biosens Bioelectron 141:111435

Hao Z, Lou H, Zhu R, Zhu J, Zhang D, Zhao BS, Zeng S, Chen X, Chan
J, He C (2014) The multiple antibiotic resistance regulator MarR
is a copper sensor in Escherichia coli. Nat Chem Biol 10(1):21-28

Hara M, Furukawa J, Sato A, Mizoguchi T, Miura K (2012) Abiotic
stress and role of salicylic acid in plants. Abiotic stress responses
in plants: metabolism, productivity and sustainability 235-251

Ikarashi Y, Uchino T, Nishimura T (2010) Analysis of preservatives
used in cosmetic products: salicylic acid, sodium benzoate,
sodium dehydroacetate, potassium sorbate, phenoxyethanol, and
parabens. Kokuritsu Iyakuhin Shokuhin Eisei Kenkyujo Hokoku
Bullet Natl Inst Health Sci 128:85-90

Jeon Y, Lee Y, Kim Y, Park C, Choi H, Jang G, Yoon Y (2022)
Development of novel Escherichia coli cell-based biosensors
to monitor Mn (II) in environmental systems. Front Microbiol
13:1051926-1051926

Jiang T, Li C, Yan Y (2020) Optimization of ap-coumaric acid biosen-
sor system for versatile dynamic performance. ACS Synth Biol
10(1):132-144

Khan MIR, Fatma M, Per TS, Anjum NA, Khan NA (2015) Salicylic
acid-induced abiotic stress tolerance and underlying mechanisms
in plants. Front Plant Sci 6:462

Khodary S (2004) Effect of salicylic acid on the growth, photosynthesis
and carbohydrate metabolism in salt stressed maize plants. Int J
Agric Biol 6(1):5-8

Mahr R, Frunzke J (2016) Transcription factor-based biosensors in
biotechnology: current state and future prospects. Appl Microbiol
Biotechnol 100(1):79-90

Miller PF, Sulavik MC (1996) Overlaps and parallels in the regulation
of intrinsic multiple-antibiotic resistance in Escherichia coli. Mol
Microbiol 21(3):441-448

@ Springer

Mishra H, Misra V, Mehata M, Pant T, Tripathi H (2004) Fluorescence
studies of salicylic acid doped poly (vinyl alcohol) film as a water/
humidity sensor. J Phys Chem A 108(12):2346-2352

Mitchell RJ, Gu MB (2005) Construction and evaluation of nagR-
nagAa: lux fusion strains in biosensing for salicylic acid deriva-
tives. Appl Biochem Biotechnol 120:183-197

Mulchandani A (2011) Microbial biosensors for organophosphate pes-
ticides. Appl Biochem Biotechnol 165:687-699

Nunes B, Campos J, Gomes R, Braga M, Ramos A, Antunes S, Correia
A (2015) Ecotoxicological effects of salicylic acid in the freshwa-
ter fish Salmo trutta fario: antioxidant mechanisms and histologi-
cal alterations. Environ Sci Pollut Res 22:667-678

Pal M, Szalai G, Kovacs V, Gondor O, Janda T (2013) Salicylic acid-
mediated abiotic stress tolerance. Salicylic Acid: Plant Growth
and Development 183-247

Richardson SD, Plewa MJ, Wagner ED, Schoeny R, DeMarini DM
(2007) Occurrence, genotoxicity, and carcinogenicity of regu-
lated and emerging disinfection by-products in drinking water:
a review and roadmap for research. Mutat Res-Rev Mutat Res
636(1-3):178-242

Seoane AS, Levy SB (1995) Characterization of MarR, the repressor
of the multiple antibiotic resistance (mar) operon in Escherichia
coli. J Bacteriol 177(12):3414-3419

Shin HJ (2010) Development of highly-sensitive microbial biosen-
sors by mutation of the nahR regulatory gene. J Biotechnol
150(2):246-250

Signorell A, Aho K, Alfons A, Anderegg N, Aragon T, Arppe A, Bad-
deley A, Barton K, Bolker B, Borchers HW (2019) DescTools:
tools for descriptive statistics. R Package Version 099(28):17

Singh B, Usha K (2003) Salicylic acid induced physiological and bio-
chemical changes in wheat seedlings under water stress. Plant
Growth Regul 39:137-141

Tabassum S (2022) Real-time quantification of salicylic acid with a
fiber optic sensor functionalized by gold nanoparticles-copper
metal organic conjugate coating. In: Sensing for Agriculture and
Food Quality and Safety XIV. vol 12120. SPIE, p 52-59

Team RDC (2009) A language and environment for statistical comput-
ing. http://wwwR-project.org

Vogrinc D, Vodovnik M, Marinsek-Logar R (2015) Microbial biosen-
sors for environmental monitoring. Acta Agric Solv 106(2):67-75

Wani AB, Chadar H, Wani AH, Singh S, Upadhyay N (2017) Salicylic
acid to decrease plant stress. Environ Chem Lett 15:101-123

Wilbert SM, Ericsson LH, Gordon MP (1998) Quantification of jas-
monic acid, methyl jasmonate, and salicylic acid in plants by
capillary liquid chromatography electrospray tandem mass spec-
trometry. Anal Biochem 257(2):186-194

Yoon Y, Kim S, Chae Y, Kang Y, Lee Y, Jeong S-W, An Y-J (2016) Use
of tunable whole-cell bioreporters to assess bioavailable cadmium
and remediation performance in soils. PLoS ONE 11(5):e0154506

Yuan S, Lin H-H (2008) Minireview: role of salicylic acid in plant
abiotic stress. Z Naturforsch C 63(5-6):313-320

Zou Y, Li C, Zhang R, Jiang T, Liu N, Wang J, Wang X, Yan Y
(2021) Exploring the tunability and dynamic properties of
MarR-PmarO sensor system in Escherichia coli. ACS Synth Biol
10(8):2076-2086

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://wwwR-project.org

	A novel Escherichia coli cell–based bioreporter for quantification of salicylic acid in cosmetics
	Abstract 
	Key points
	Introduction
	Materials and methods
	Materials
	Plasmid construction
	Generation of E. coli mutant strains and bioreporters
	Bioreporter assays
	Selectivity test
	Effects of MarR
	Effects of MarR overexpression
	Effects of mutations on MarR

	Measurement of fluorescence signals from the bioreporters
	Quantification of SA in commercial cosmetics
	Bioreporter-based assay
	Quantification using LC–MSMS

	Statistical analysis

	Results
	Specificity of bioreporters toward salicylic acid
	The roles of MarR on SA-sensing properties
	Effect of MarR overexpression on bioreporters
	Target selectivity of E. coli cell–based bioreporters
	Effects of MarR mutants on bioreporters
	Quantification of SAs originating from cosmetics

	Discussion
	References


