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Abstract

Detecting antibiotic residues is vital to minimize their impact. Yet, existing
methods are complex and costly. Biosensors offer an alternative. While
many biosensors detect various antibiotics, specific ones for beta-lactams
are lacking. To address this gap, a biosensor based on the AmpC beta-
lactamase regulation system (ampR—-ampC) from Pseudomonas sp. IB20,
an Antarctic isolate, was developed in this study. The AmpR—AmpC system
is well-conserved in the genus Pseudomonas and has been extensively
studied for its involvement in peptidoglycan recycling and beta-lactam
resistance. To create the biosensor, the ampC coding sequence was re-
placed with the mCherry fluorescent protein as a reporter, resulting in a
transcriptional fusion. This construct was then inserted into Escherichia
coli SN0301, a beta-lactam hypersensitive strain, generating a whole-cell
biosensor. The biosensor demonstrated dose-dependent detection of peni-
cillins, cephalosporins and carbapenems. However, the most interesting
aspect of this work is the high sensitivity presented by the biosensor in
the detection of carbapenems, as it was able to detect 8 pg/mL of merope-
nem and 40 pg/mL of imipenem and reach levels of 1-10 ng/mL for penicil-
lins and cephalosporins. This makes the biosensor a powerful tool for the
detection of beta-lactam antibiotics, specifically carbapenems, in different
matrices.
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INTRODUCTION

The phenomenon of antibiotic resistance is a global
public health issue (Coque et al.,, 2023; Morehead
& Scarbrough, 2018) since a large quantity of these
compounds is extensively used in human health, an-
imal production and agriculture (Bengtsson-Palme
et al.,, 2018; Bengtsson-Palme & Larsson, 2015).
Antibiotics are now considered emerging pollut-
ants in various matrices, such as water sources and
food items (meat or vegetables; Feng et al.,, 2021,
Rodriguez-Gonzalez et al., 2022). This is why many
countries have implemented maximum residual limits
(MRLs) for food imported products (Griboff et al., 2020;
Liu et al., 2018). Therefore, implementing reliable and
efficient procedures to detect and measure antibiotic
concentrations in different matrices is necessary.

Various methods exist for detecting antibiotic resi-
dues, such as high-performance liquid chromatogra-
phy (HPLC) and mass spectrometry (MS) assays (Kim
et al., 2018). These methods are accurate but have
drawbacks like high costs, time consumption and
specialized equipment (Gaudin, 2017). Biosensors
have emerged as a promising alternative for quick
and cost-effective antibiotic measurement. While bi-
osensors for aminoglycosides, macrolides, and tetra-
cyclines are developed (Mehlhorn et al., 2018; Naseri
et al., 2023; Yang et al., 2023), progress in detecting
beta-lactam antibiotics is limited. Detecting penicillins
and cephalosporins is until now addressed through
enzymatic methods, aptamers and whole-cell bio-
sensors (Au et al.,, 2020; Chinnappan et al., 2020;
Lautenschlager et al., 2020; Valtonen et al., 2002;
Xiao et al., 2016), but detecting carbapenems is chal-
lenging due to their complex structure, limited sta-
bility and low abundance (Codjoe & Donkor, 2017),
presenting an ongoing challenge for accurate and
affordable measurement.

Whole-cell biosensors are emerging as an alter-
native solution for detecting beta-lactam compounds.
These biosensors involve modifying model organ-
isms through genetic alterations to introduce complex
beta-lactamase regulation systems, where the beta-
lactamase is replaced by a reporter gene. These sys-
tems are triggered by the presence of beta-lactams,
leading to the activation of the reporter gene that can be
quantified for concentration measurement. Currently,
only two studies describe biosensors with such char-
acteristics. The first study modified Escherichia
coli (E. coli) with the ampR—-ampC beta-lactamase
system from Citrobacter freundii, detecting various
beta-lactams within specific concentration ranges
(Valtonen et al., 2002). The second study involved
modifying Bacillus subtilis with the blaR 1/ system from
Staphylococcus aureus, enabling the detection of a
wide range of beta-lactam antibiotics in specific con-
centration ranges as well (Lautenschlager et al., 2020).

The AmpR-AmpC system has been described as
the most conserved and widespread resistance mech-
anism to beta-lactams in the Pseudomonas genus
(Livermore & Woodford, 2006). This system's regu-
lation has been extensively studied in Pseudomonas
aeruginosa, where AmpC beta-lactamase expression
is controlled by the AmpR transcriptional regulator, ac-
tivated by the presence of 1,6-anhydromuropeptides
linked to peptidoglycan recycling and degradation pro-
cesses (Juan et al., 2017; Torrens et al., 2019).

In our laboratory, we have characterized and stud-
ied multiple Pseudomonas isolates from Antarctica
(Higuera-Llantén et al, 2018; Vasquez-Ponce
et al., 2017, 2018). Specifically, we have discovered
that a particular isolate called Pseudomonas sp. 1B20
exhibits significantly higher levels of induction of the
ampR—ampC system compared to P. aeruginosa
when exposed to various types of beta-lactam antibi-
otics. Based on this background, we have developed
a whole-cell biosensor capable of detecting extremely
low concentrations of beta-lactams, particularly those
belonging to the carbapenem family.

EXPERIMENTAL PROCEDURES

Bacterial strains, culture conditions and
antibiotic susceptibility tests

All E. coli strains used in this study are listed in Table 1.
E. coli Top10® was employed as the host strain for
routine DNA manipulation. E. coli SN0301 strain is a
deletion mutant in the following genes: ampD1, ampA,
ampC8, pyrB, recA and rpsL (Lindquist et al., 1989); and
it was used as a final host for all the genetic constructs.
Pseudomonas sp. IB20 is an environmental strain iso-
lated from Antarctic seawater previously described by
our group (Vasquez-Ponce et al., 2018). P. aeruginosa
PAO1-V was also used as a model strain for compara-
tive purposes. All E. coli and P. aeruginosa strains
were routinely grown in 20mL of LB medium (BD™
DIFCO™) in 100mL Erlenmayer flasks, incubated at
37°C with constant shaking at 250rpm. Pseudomonas
sp. strain IB20 was grown under the same incubation
conditions, but at 25°C. Minimum inhibitory concentra-
tions (MIC) for all bacterial strains used in this study
were determined using the broth microdilution method
in Miller-Hinton medium, following the recommenda-
tions of the Clinical and Laboratory Standards Institute
(CLSI, 2018).

Quantification of ampC gene expression
To assess ampC gene induction in Pseudomonas

sp. IB20, we measured gene expression levels using
RT—qPCR after exposing the bacteria to its respective
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TABLE 1

Plasmids

pJET1.2

pUC18

pSEVA541

pSEVA541-mcherry

pSEV-B1
pSEV-B2
Pseudomonas sp. 1B20
P. aeruginosa PAO1-V

E. coli One Shot™
TOP10

E. coli SN0301

E. coli SN0301-pSEV-B1
E. coli SN0301-pSEV-B2
E. coli SN0301-mcherry

List of strains and plasmids used in this study.

Description

Commercial vector used for the cloning of PCR products (selection in
ampicillin)

Cloning vector used for cloning the genetic constructs of biosensor 2
and of the construct that expresses mcherry constitutively (control
mcherry) (selection in ampicillin)

Expression plasmid used as a vector for the genetic constructs of
biosensors 1, 2 and mcherry control (selection in tetracycline)

Vector expressing mcherry constitutively (mcherry control) (selection on
tetracycline)

Vector expressing “Biosensor 1” (selection in tetracycline)
Vector expressing “Biosensor 2” (selection in tetracycline)
Environmental isolate obtained from antarctic seawater
Wild-type strain of clinical origin conserved in Madrid (CNB)

Host strain used for transformation of cloned vectors with PCR products

E. coli SNO3-derived strain mutant in ampD1 gene

Vector-carrying strain of pSEV-B1 (tetracycline selection)
Vector-carrying strain of pSEV-B2 (tetracycline selection)
Vector-carrying strain of pSEVA541-mCherry (tetracycline selection)

Reference/origin

Thermofisher

Commercial

Standard European Vector
Architecture 4.0 (CNB)

This study

This study
This study
This study
CNB

Commercial

Schmidt et al. (1995)
This study
This study
This study

subinhibitory concentrations of imipenem, carbenicillin,
ampicillin and ceftazidime as inducers. Overnight cul-
tures of IB20 were diluted in 20 mL of fresh LB medium
to an ODg, of 0.01 in 100mL Erlenmeyer flasks. The
cultures were incubated at 25°C with constant agitation
of 250rpm until they reached the exponential growth
phase (ODg,,=0.6). To provide a comparison, we also
evaluated ampC expression levels in P. aeruginosa
PAO1-V. This strain was grown under the same above-
mentioned conditions, excepting a temperature that
was set at 37°C. Once both strains reached an OD,
of 0.6, one-fourth (1/4) of their respective MIC value of
each antibiotic was individually added to the culture
media, and the cultures were grown for an additional
90min. The MIC values against antibiotics for all strains
used in this study are listed in Table S2. Subsequently,
5mL of each induced culture was harvested and cen-
trifuged at 80009 for 15min at 4°C. The resulting cell
pellets were resuspended in 270puL of TE buffer with
20pL of lysozyme (20mg/mL) and 10pL of protein-
ase K (20mg/mL), followed by a 10-min incubation at
room temperature. Next, 1 mL of TRIzol® reagent was
added to extract RNA, following the manufacturer's
guidelines (Invitrogen). The extracted RNA (5pug) was
treated with DNase TURBO (Ambion) in a 50 uL reac-
tion. Approximately 1 g of RNA was then reverse tran-
scribed using the iScript cDNA Synthesis Kit (Bio-Rad).
To demonstrate the absence of DNA contamination in
the isolated RNA, two tests were conducted. The first
test involved PCR analysis of samples that were not
subjected to reverse transcriptase treatment, with the
rpsL gene as the target. In the second test, all sam-
ples were subjected to PCR analysis targeting the rpsL

gene. If a sample successfully amplified this gene, it
underwent DNase treatment, and the process was re-
peated. Only samples that failed to yield a positive PCR
result were then quantified by real-time PCR.

RT-PCR was performed in triplicate using the
CFX96 Touch™ RT-PCR Detection System (Bio-
Rad) and the KAPA SYBR® FAST Universal gPCR kit
(Kapa Biosystems). Each reaction contained 150 mM of
each primer, 25ng of RNA and a total reaction volume
of 25puL. The relative expression in both strains was
calculated using the 2-44Ct method (Pfaffl, 2001), with
rpsL as the gene normalizer. The oligonucleotides used
in the RT-PCR experiments are found in Table S1.

Genetic engineering for the
construction of biosensors

Two strategies were used to construct the expres-
sion vector containing the transcriptional fusion of the
ampR—ampC circuit and mCherry protein. For the first
strategy, the ampR—ampC locus was amplified from the
IB20 genome using overlap extension PCR (OE-PCR),
with the ORF of ampC replaced by the mCherry gene
(Figure S1). The resulting genetic construction was
cloned into the pSEVA541 vector, creating the pSEV-
B1 vector. The second strategy involved commercial
synthesis by Genescript resulted in a transcriptional fu-
sion where AmpR is constitutively expressed under the
P3 promoter (Arce-Rodriguez et al., 2023). This con-
struction was also cloned into the pSEVA541 vector,
generating the pSEV-B2 vector. Additionally, a vector
with the constitutive mCherry under the P3 promoter
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was constructed based on pSEVA541, resulting in the
pSEVA-mCherry vector. Finally, the pSEV-B1, pSEV-
B2 and pSEV-mCherry plasmids were transformed into
the E. coli SN301 strain, producing biosensor 1, bio-
sensor 2 and the constitutive-mCherry-, respectively.
The plasmid empty-pSEVA541 was transformed in the
E. coli SNO301 strain as a control.

Demonstration of the correct
functioning of biosensors: Visualization
by microscopy

To demonstrate the proper functioning of the biosen-
sors, overnight cultures of each biosensor were diluted
at a ratio of 1:100 in 20 mL of LB medium. These diluted
cultures were incubated at 37°C with 240rpm shaking
until they reached an optical density at ODg, of 0.6.
Next, the culture's concentration was adjusted to an
ODgq of 0.01 in 150 uL of medium, and the antibiotics
ampicillin and imipenem were added to achieve final
concentrations of 125 and 1000ng/mL, respectively.
These concentrations corresponded to a quarter (1/4)
of the MIC of the antibiotics for each of the strains used.
The resulting mixture was placed in a clear 96-well flat-
bottom microplate. After 24 h of incubation at 37°C, the
samples were observed using an inverted epifluores-
cence microscope (Nikon eclipse Ti-S) with a green
light (540nm) excitation filter. Pictures were captured
using 10x magnification. The captured images are rep-
resentative fields of visualization.

Biosensor induction assays

Once microscopy confirmed that all the biosensors
could successfully detect imipenem, their response to
increasing concentrations of this antibiotic was evalu-
ated. The biosensors were cultured overnight and then
diluted 100-fold in 20mL of LB medium. They were
subsequently incubated at 37°C with 250rpm shaking
until reaching an OD,, of 0.2 (~1.6x108cells/mL) (cor-
responding to the exponential phase in a microplate)
and 0.4 (~3x108cells/mL) (corresponding to the sta-
tionary phase in a microplate) (Figure S2). Increasing
concentrations of imipenem were added to the medium
in a 2-fold dilution series, ranging from 0.04 to 125ng/
mL. Afterwards, 150 uL of the mixture was transferred
to a 96-well Black/Clear Bottom microplate (Nunc,
Thermo Scientific) and incubated at 37°C for 20h
in the VICTOR® Nivo™ plate reader (PerkinElmer).
Measurements of OD, and fluorescence production
(using 580nm excitation and 625nm emission filters)
were taken every 20min. The fluorescence units pro-
duced at each antibiotic concentration were normalized

to the ODy,, and the induction levels at each antibiotic
concentration were calculated as the fold change rela-
tive to the absence of antibiotics.

Additionally, we evaluated the response of the bio-
sensors to other types of beta-lactam antibiotics, such
as meropenem (0.004—-40ng/mL) (Carbapenem), am-
picillin  (2-2000ng/mL), carbenicillin (0.5-1000ng/
mL) (penicillins), amoxicillin-clavulanate (1-1000ng/
mL) (Penicillin + beta-lactamase inhibitor), cefuroxime
(0.5-1000ng/mL) and ceftazidime (0.5-1000ng/mL)
(Cephalosporins). Furthermore, we included polymyxin
B (1-250ng/mL) and gentamicin (1-1000 ng/mL) (ami-
noglycoside) to test the specificity of the biosensors in
the presence of non-beta-lactam drugs. In these exper-
iments, all inductions were performed in microplates
using cultures with an initial ODg,, of 0.2 (~1.6x108
cells/mL). All MIC values refer to the respective strains.

RESULTS

Pseudomonas sp. IB20 induce higher
expression levels of the ampC gene
compared to P. aeruginosa PAO1 in
response to a broader spectrum of
beta-lactam antibiotics

In previous studies conducted by our research group,
we demonstrated that Pseudomonas sp. I1B20 exhibits
high resistance to beta-lactams, surpassing even P.
aeruginosa (Vasquez-Ponce et al., 2018). Considering
that AmpC beta-lactamase is a primary mechanism
of resistance to beta-lactams in the Pseudomonas
genus and is also inducible, we compared the ex-
pression of this system using RT-qPCR with subin-
hibitory concentrations of the antibiotics imipenem
(carbapenem), carbenicillin, ampicillin (penicillins)
and ceftazidime (a third-generation antipseudomonal
cephalosporin) between this isolate and P. aerugi-
nosa PAO1. The results revealed that Pseudomonas
sp. IB20 strongly induces ampC expression in the
presence of imipenem (540-fold), carbenicillin (490-
fold) and ampicillin (510-fold). In contrast, ceftazidime
showed only a three-fold induction compared to the
uninduced state (Figure 1). In contrast, PAO1 only
exhibited a strong ampC induction in the presence
of imipenem (270-fold), while carbenicillin and am-
picillin produced a two-fold induction, and no induc-
tion was observed with ceftazidime. These findings
demonstrate the high inducibility of the AmpC beta-
lactamase in 1B20, surpassing even that of PAO1,
and even responding to ceftazidime. Based on these
results, we propose that IB20 possesses an AmpR-
AmpC-dependent regulation system that is more sen-
sitive to beta-lactams than that of PAO1.
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FIGURE 1 Relative expression of the ampC gene in
Pseudomonas sp. IB20 after exposure to beta-lactam antibiotics.
The expression levels of the ampC gene from 1B20 were
determined using RT—-gPCR after exposure to subinhibitory
concentrations (1/4 of MIC values) of several beta-lactams. For
comparison, the expression levels of ampC in P. aeruginosa
PAO1-V were also evaluated. The data obtained indicated that

the ampC gene is highly induced in IB20, with the highest values
observed in the presence of imipenem, ampicillin, and carbenicillin.
In comparative terms, the expression levels of the IB20 ampC gene
were 2.4-fold higher than those observed in PAO1 in the presence
of imipenem, 2-fold higher in the presence of ceftazidime, and
270-fold higher in the presence of carbenicillin. Three biological
and technical replicates were used for this assay, and rpsL was
used as the normalizing gene (MICs PAO1-V: Imipenem 1pg/mL;
ceftazidime 1pg/mL; carbenicillin 16 pg/mL; ampicillin 1024 pg/mL.
MICs Pseudomonas sp IB20: Imipenem 1pg/mL; ceftazidime 2 pg/
mL; carbenicillin 4096 pg/mL; ampicillin 16,384 ug/mL).

The E. coli whole-cell biosensors,
based on the AmpR-AmpC regulatory
system of Pseudomonas sp. IB20, can
detect beta-lactams

As mentioned in methods, two AmpR-based reporter con-
structs were created using different methods and inserted
into a pSEVA541 plasmid. The first method involved re-
placing the ampC gene with the mCherry reporter gene,
preserving the ampR gene and intergenic regions to form
the pSEV-B1 plasmid. The second approach, proposed
by Arce-Rodriguez et al. (2023), utilized a P3 constitu-
tive promoter and a strong ribosome binding site (RBS)
to regulate AmpR expression in the pSEV-B2 plasmid.
A non-regulatory buffer sequence was placed between
the P3 promoter and the DNA sequences upstream of
the ampC gene. The mCherry reporter gene was also
cloned alone into pSEVA541 for constitutive expression
as a control (Figure 2). These constructs, along with an
empty pSEVA541 vector, were transformed into E. coli
SNO0301 to generate specific strains: Biosensor 1 (pSEV-
B1), Biosensor 2 (pSEV-B2), mCherry-constitutive con-
trol (pSEV-mCherry) and Biosensor control (empty
pSEVA541). The strains were tested by incubation with
imipenem and ampicillin, revealing significant fluores-
cence in Biosensors 1 and 2, while the Biosensor control
showed no fluorescence, confirming strain functional-
ity (Figure 3). The control biosensor was subsequently

excluded due to consistent results, and the figure did not
display the outcome of pSEV-mCherry due to saturation.

Biosensors 1 and 2 exhibit optimal activity
when the initial OD, is 0.2 and after
10 h of incubation

To determine the optimal response time, each biosen-
sor was exposed to subinhibitory concentrations of
imipenem and fluorescence was quantified for 20h.
The results demonstrated that the optimal induction
time for both Biosensor 1 and Biosensor 2 was 10h
(Figure 4A,B, respectively). No induction was observed
in the mCherry control biosensor (Figure 4C). Prior to
10h, the measurements were unstable, as were the
measurements obtained after this induction time. Once
the optimal induction time was determined for the bio-
sensors, we proceeded to estimate the optimal initial
inoculum for the induction assays. Two different cell
densities were employed: OD,, 0.2 (~1.6x108 cells/
mL) (corresponding to the exponential phase in a mi-
croplate) and 0.4 (~3x10% cells/mL) (corresponding to
the stationary phase in a microplate). For this purpose,
a range of imipenem concentrations (0.04—-20ng/mL)
was used. Figure 5 illustrates the dose-dependency
trend observed with both biosensors 1 and 2 when
an initial ODg,, of 0.2 was used (Figure 5A,B, respec-
tively). Additionally, it can be observed that biosensor
2 displayed a better response at an initial ODg, of 0.2
(Figure 5B). In contrast, when initiating with an ODg,, of
0.4, the dose-dependent phenomenon is not observed
in either biosensor 1 or biosensor 2 (Figure 5D,E, re-
spectively). No induction was observed in the mCherry
control biosensor (Figure 5C,F). Based on these find-
ings, it can be concluded that the optimal cell density is
an ODg,, of 0.2, and the optimal incubation time is 10h.

The biosensor 1 responds in a
dose-dependent manner and exhibits high
specificity for beta-lactams

To evaluate the responsiveness of biosensors 1 and
2 to beta-lactams in a dose-dependent manner, we
monitored the relative fluorescence emitted in the
presence of different types of beta-lactams: imipe-
nem, meropenem (carbapenems), ampicillin, carbeni-
cillin  (penicillins), amoxicillin-clavulanate (Penicillin
+ beta-lactamase inhibitor), cefuroxime, ceftazidime
(cephalosporins), using a wide range of subinhibi-
tory concentrations where no growth defects were
observed for any antibiotic. Biosensor 1 exhibited a
dose-dependent response. Specifically, in the case of
imipenem, the biosensor showed a dose-dependent
response from 0.04 to 15.6ng/mL, with the detection
peak at 15.6 ng/mL (Figure 6A,B). On the other hand,
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(A) Original ampRC locus

< ampR regulator PampR P evpc ampC betoloctomase
from Pseudomonas sp. 1B20 —m | :
ampR Native ORF from “‘"9“"‘&‘9‘“
Pyevdomonas sp. 1820 i
B) Biosensor 1
(B) s < ampR regulator PompR PampC mCherry reporter
Used as insert on pSEV-B1
ompR Native ORF from Intergenic regién Reporter gene
ompRC

Pseudomangs sp. 1B20

(C) Biosensor 2
Used as insert on pSEV-B2

o | 7 e T

ampR Natwve ORF from
Pseudomanes sp. 1820

Constituttve expression system of
transcriptional regulstors of SEVA

e Reporter gene

Native ompC
promoter from

Pyeudomonas sp. 1820

(D) mCherry constitutive control
Used as insert on pSEVAS41-mCherry

Reporter gene

Constitutive expression system of
transcriptional regulators of SEVA
plasmids

FIGURE 2 Scheme illustrating the construction of transcriptional fusions for biosensor generation. (A) Original ampRC gene-locus from
Pseudomonas sp. 1B20; (B) Biosensor 1; (C) Biosensor 2; (D) mCherry biosensor control. Key components: ampC betalactamase, Coding
sequence for the AmpC betalactamase; ampR regulator, Coding sequence for the AmpR protein; mCherry reporter, coding sequence

for the mCherry fluorescent protein; P3, Strong promoter for constitutive expression. Buffer sequence; pampC, promotor sequence from
ampC-coding sequence; PampR, promotor sequence from ampR-coding sequence; RBS, improved ribosomal binding site.

the maximum detection capacity (MDC) was 250ng/
mL, corresponding to half the MIC. MDC is defined as
the maximum concentration detected by the biosensor
at which no growth problems are observed. For mero-
penem, the range of concentrations in which biosensor
1 responded in a dose-dependent manner was much
more limited (0.016—0.5ng/mL), with the detection peak
at 0.5ng/mL and an MDC of 1ng/mL, which is six times
less than the MIC (Figure 6C).

Regarding penicillins, for ampicillin, the range of
concentrations for dose-dependent behaviour was
between 3.9 and 2000ng/mL, with the peak and
MDC at 2000ng/mL, which corresponds to half the
MIC (Figure 6E). For carbenicillin, the concentration
range goes from 3.9 to 1000 ng/mL, with a peak and
an MDC of 1000ng/mL, equivalent to 1/4 of the MIC
(Figure 6F). In the case of cephalosporins (cefuroxime
and ceftazidime), both showed similar behaviour with
a range of concentrations for the dose-dependent
response between 7.8 and 500ng/mL, with a peak
and an MDC of 500ng/mL, equivalent to 1/8 MIC of
cefuroxime and 1/2 MIC ceftazidime (Figure 6G,H).
When evaluating amoxicillin-clavulanate (penicillin
+ beta-lactamase inhibitor), it is observed that the
dose-dependent behaviour occurs at concentrations
between 2 and 250ng/mL, with a detection peak at

250ng/mL and an MDC of 1000 ng/mL, correspond-
ing to half the MIC (Figure 6D).

On the other hand, when evaluating biosensor 2, a
notable difference is observed compared to biosensor
1 since it is much less sensitive. Its dose-dependent
response can only be demonstrated with the antibiot-
ic's imipenem (Figure 6A,B), amoxicillin-clavulanate
(Figure 6D), ampicillin (Figure 6E) and carbenicillin
(Figure 6F). Furthermore, it is important to mention that
biosensor 2 could not detect any of the evaluated cepha-
losporins (cefuroxime and ceftazidime), or meropenem.

The specificity of the biosensors was assessed by
exposing them to non-beta-lactam antibiotics: poly-
myxin B, targeting the outer membrane of Gram-
negative bacteria and gentamicin (an aminoglycoside),
affecting ribosomes and disrupting protein synthesis.
None of these antibiotics activated the biosensors
under evaluation, confirming their specificity towards
beta-lactams (Figure S3).

Biosensor 1 exhibits very high sensitivity
to carbapenems

The last aspect evaluated for both biosensors was
the limit of detection (LOD), which represents the
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PSEV-B2
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Ampicillin

Imipenem

FIGURE 3 Microscopic visualization of biosensors exposed to sub-inhibitory concentrations of ampicillin and imipenem. Raw
fluorescence production was evaluated by microscopic visualization of biosensors 1 and 2 in cultures grown on black 96-well plates with
a transparent bottom. The cultures were grown from an initial ODg,, of 0.05 using LB medium supplemented with ampicillin (1000 ng/

mL) or imipenem (125ng/mL) corresponding to 1/4 of their respective MIC values. For comparative purposes, strain SN0301 carrying the
empty vector pPSEVA541 was also included in the testing. Microscopic visualization was performed after 24 h of culture using a green light
excitation filter (540nm) and a 10x magnification on a fluorescence microscope.

lowest concentration at which the biosensor can de-
tect a specific antibiotic (Table 2). When evaluating
this characteristic, biosensor 1 showed extremely
high sensitivity to carbapenems, being able to detect
0.04 ng/mL (40 pg/mL) of imipenem and 0.008 ng/mL
(8pg/mL) of meropenem. Likewise, when evaluat-
ing penicillins, it was found that the lower detection
limit for ampicillin and carbenicillin was 3.9ng/mL,
which indicates a great sensitivity towards this type
of beta-lactam antibiotics as well. When amoxicillin-
clavulanate (penicillin + beta-lactamase inhibitor) was
evaluated, we saw an LOD of 2, presenting a slightly
higher sensitivity than penicillins alone. Undoubtedly,
biosensor 1 exhibited a poorer performance with
cephalosporins compared to the other families of
beta-lactams evaluated. Both the dose-dependent
behaviour and the LOD were significantly worse in
this case.

Regarding biosensor 2 and its ability to detect an-
tibiotics, amoxicillin-clavulanate and ampicillin showed
a detection limit identical to that of biosensor 1 (2ng
and 3.9ng, respectively). However, for imipenem, it
presented a detection limit double that of biosensor 1,
and for carbenicillin, showed a detection limit four times
higher than biosensor 1.

Considering sensitivity, antibiotic detection capacity,
and dose-dependent response, biosensor 1 showed a
better performance than biosensor 2. Therefore, it is
proposed to rule out biosensor 2 for any improvement
and its possible implementation at a commercial bio-
technological level.

DISCUSSION

In this study, we present the development of a whole-
cell-based biosensor by genetically modifying the
E. coli SN0O301 strain, which is highly susceptible
to beta-lactams, incorporating a high-copy-number
plasmid containing the ampR—ampC system from
the Antarctic strain Pseudomonas sp. 1B20. This
regulatory system controls the expression of the
beta-lactamase AmpC, participating in the pro-
cess of repair and recycling of peptidoglycan (PG).
During this process, degradation products such as
1,6-anhydro-MurNAc peptides have been identified
as ampC inducers. In the absence of antibiotics, the
cytosolic 1,6-anhydro-MurNAc peptides are metabo-
lized by the cytosolic protein AmpD, resulting in low
levels of 1,6-anhydro-MurNAc peptides, which keeps
the system repressed (Bartowsky & Normark, 1993;
Jacobs et al., 1994; Lindquist et al., 1989). The pres-
ence of beta-lactams increases the influx of pepti-
doglycan degradation products into the cytoplasm,
saturating AmpD and inducing the ampC expres-
sion (Dietz et al., 1996; Jacobs et al., 1994; Vollmer
& Holtje, 2001). Hence, the role played by AmpD is
essential in the regulation of the expression of this
system.

Considering the above information, the simulta-
neous deletion of the non-inducible beta-lactamase
ampC8 and ampD1 in the E. coli SN0301 strain makes
this bacterium an ideal host for the development of
beta-lactam biosensors. Eliminating ampC8 enhances
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FIGURE 4 Determination of the optimal response time of

the constructed biosensors. Cultures of each biosensor were
supplemented with subinhibitory concentrations of imipenem to
evaluate its effect on fluorescence production over time. The raw
fluorescence values were normalized to ODg, and the biosensor
induction capacity was expressed as the fold change of the relative
fluorescence compared to the absence of the drug. (A) Biosensor
1; (B) Biosensor 2; (C) mCherry control biosensor. The red bars
represent concentrations of 2ng/mL (1/256 of the MIC), 16 ng/mL
(1/32 of the MIC) and 125ng/mL (1/4 of the MIC), from the lightest
to the darkest.

susceptibility to beta-lactams and lowers the antibiotic
concentration threshold at which this bacterium re-
sponds to damage in the PG structure. Similarly, the
loss of AmpD leads to a more substantial accumula-
tion of the inducing peptide, 1,6-anhydro-MurNAc, in
the presence of beta-lactam antibiotics. This, in turn,
significantly enhances the sensitivity of AmpR activa-
tion, consequently increasing the expression of AmpC
(Dik et al., 2020), even in heterologously expressed
ampR—ampC systems (Schmidt et al., 1995; Valtonen
et al.,, 2002). In our experiments, we observed that
in Pseudomonas sp. IB20 high levels of ampC gene
expression are induced in the presence of imipenem,
ampicillin and carbenicillin but not ceftazidime. On the
other hand, biosensor 1 was able to produce a dose-
dependent response in all tested antibiotics, including
ceftazidime and cefuroxime. In that sense, it is likely
that the genetic background of SN0301, and especially
the mutation in ampD, could play a key role in the ability
to induce the ampR—-ampC system in this strain.

Until now, the heterologous expression of ampR—
ampC systems in ampD mutants of E. coli has been

addressed in two studies. One of them is the beta-
lactam biosensor made by Valtonen et al. (2002), which
expresses the ampR—ampC system from C. freundii,
also in SN0301. Although this biosensor was able to
respond to the presence of several cephalosporins,
neither ceftazidime nor cefuroxime was included in this
study. In another study, Schmidtke and Hanson (2006)
reported that an E. coli ampD mutant susceptible to
ceftazidime acquires resistance to this antibiotic when
heterologously expressing a blaACT-1-ampR sys-
tem. Although this study demonstrated an increase
in blaACT-1 expression, it remains unknown whether
it occurred through a derepression or hyperinduction
phenotype, since expression levels of the blaACT-1
gene in the presence or absence of antibiotics were
not evaluated.

While it is highly likely that the ability of biosensor
1 to respond to ceftazidime is significantly influenced
by the lack of ampD in E. coli SN0301, other elements
could be involved, such as penicillin-binding proteins
(PBPs). In contrast, the malfunction of biosensor 2
would have its origin in this same regulation circuit.
This biosensor overexpresses the ampR regulator,
which allows AmpR to always be available for binding
to PG residues. However, it seems that the constant
presence of this regulator protein means that the sys-
tem does not “turn on” or does not have precise reg-
ulation. Furthermore, AmpR has been designated as
a global regulator in P. aeruginosa (Balasubramanian
et al., 2015; Caille et al., 2014; Vadlamani et al., 2015).
Therefore, its constitutive expression could impact
gene expression in E. coli, potentially leading to fail-
ures in the biosensor. Taking these results into account,
the constant presence of AmpR and its role as a global
regulator does not allow the development of an optimal
biosensor, which led us to discard biosensor 2.

Anotherinteresting finding is that antibiotics belong-
ing to the same beta-lactam subclass induce similar
dose-response profiles in biosensor 1 (Figure 7). This
similarity is supported by the affinity of different types
of beta-lactams for penicillin-binding proteins (PBPs).
Although this phenomenon has been extensively
studied in both Gram-positive and Gram-negative
bacteria, the output response of the cell-based bi-
osensors developed by Valtonen et al. (2002) and
Lautenschlager et al. (2020) does not seem to share
similar dose—response profiles for related drugs.
Nevertheless, the affinity of beta-lactams for these
enzymes in E. coli has been described, and it may
be crucial for the generation of 1,6-anhydro-MurNAc
and the efficiency of the biosensor's activation. For
instance, studies in E. coli have demonstrated that
cephalosporins bind preferentially to PBP3 and
PBP1, inhibiting them in a dose-dependent manner
(Davies et al., 2007; Gutmann et al., 1986; Preston
et al., 1990). Additionally, it has been observed
that the inhibition of both PBPs by ceftazidime and
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FIGURE 5 Effect of initial cell density on the fluorescent response of biosensors exposed to subinhibitory concentrations of imipenem.
Fluorescence production of biosensors was evaluated in microplates at two different initial cell densities: ODg, 0.2 (exponential phase)
and 0.4 (stationary phase). (A and D) Biosensor 1; (B and E) Biosensor 2; (C and F) mCherry control biosensor. The red bars represent the
relative inductions of fluorescence production at 0.04, 0.08, 0.16, 0.3, 0.6, 1.25, 2.5, 5.0, 10 and 20ng/mL, from the lightest to the darkest

bar.

cefuroxime is significantly stronger in E. coli than in
P. aeruginosa (Fontana et al., 2000), which supports
the results obtained in this study. Alternatively, peni-
cillins, especially carbenicillin and ampicillin, showed
a linear dose—response profile (Figure 7). However,
amoxicillin-clavulanate reached saturation points
near the minimum inhibitory concentration (MIC). In
general, penicillins bind to a wide and varied range
of PBPs (Kocaoglu & Carlson, 2015), which leads to
effective induction levels but could cause a kind of
“stoichiometric dilution”. Therefore, penicillins are ef-
fective inducers of AmpC, although they may not be
as potent as carbapenems. In contrast, carbapenems
exhibit superior performance by activating the circuit
at very low concentrations, thanks to their exception-
ally high affinity for PBP2 and PBP4 (Kocaoglu &
Carlson, 2015; Preston et al., 1990). At this point, it is
crucial to emphasize the role of PBP4 in the activation
of AmpC in both P. aeruginosa and E. coli. It has been
documented that mutations in this enzyme lead to sig-
nificant alterations in the quality and quantity of mod-
ifications in the muropeptides, the AmpR inducers.
Consequently, it has been reported that potent PBP4
inhibitors, such as imipenem and meropenem, act as
robust inducers of AmpC (Moya et al., 2009; Sanders
et al.,, 1997; Torrens et al., 2019). Finally, clavulanic
acid, commonly used in combination with amoxicil-
lin, is a potent inducer of AmpC expression (Ruppé

et al., 2015) and binds strongly to PBP2 (Chambers
& Miick, 1992). This could explain why biosensor 1
produces an output response that more closely re-
sembles the asymptotic profile of carbapenems than
the linear profile of penicillins (Figure 7).
Undoubtedly, the most outstanding characteristic
of biosensor 1 is its remarkably high sensitivity for
detecting carbapenems. It can detect as low as 40 pg/
mL of imipenem and 8 pg/mL of meropenem, which
greatly surpasses the sensitivity of whole-cell biosen-
sors developed for this type of antibiotic. In fact, it
is 60 times more sensitive than the biosensor devel-
oped by Valtonen et al. (2002), which can detect up
to 2500 pg of imipenem, and 125 times more sensi-
tive than the biosensor developed by Lautenschlager
et al. (2020), capable of detecting 1000 pg of mero-
penem. Additionally, it exhibits detection limits com-
parable to biosensors based on beta-lactamases
coupled to circuits (Andresen et al.,, 2018; Meng
et al., 2021) and conventional methods such as HPLC
or MS (Andresen et al., 2018; Parker et al., 2019). It
is important to highlight that this biosensor is highly
efficient in detecting low concentrations of evalu-
ated antibiotics, particularly carbapenems. However,
its performance has been observed to decrease at
high concentrations. Nonetheless, it is crucial to
consider that the concentrations of antibiotics to be
detected in different matrices generally fall within
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FIGURE 6 Detection of different beta-lactam antibiotics by the constructed biosensors. (A) Low concentrations of imipenem; (B) High
concentrations of imipenem; (C) Meropenem; (D) Amoxicillin-clavulanate; (E) Cefuroxime; (F) Ceftazidime; (G) Ampicillin; (H) Cabernicillin.
Raw fluorescence values were normalized to ODg, and relative to the basal fluorescence produced in the absence of antibiotics (y-
axes). The data was obtained after 10h of incubation at 37°C. The antibiotic ranges vary for each compound according to their respective

minimum inhibitory concentration (MIC). The black bars correspond to biosensor 1, the grey bars to biosensor 2,

mCherry biosensor control.

TABLE 2 Limits of detection of biosensors for the different beta-lactam antibiotics tested.

IPM MEM AMC AMP CAR
Biosensor 1 0.04 0.008 2 3.9 3.9
Biosensor 2 0.08 n/d 2 3.9 15.6

Note: Values are represented in ng/pL.

and the red bars to the

CXM CAZ
7.8 7.8
n/d n/d

Abbreviaitions: AMC, amoxicillin-clavulanate; AMP, ampicillin; CAR, carbenicillin; CAZ, ceftazidime; CXM, cefuroxime; IMP, imipenem; MEM, meropenem; n/d,

not detected.
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FIGURE 7 Dose—response profiles of Rank 1
biosensors against drugs belonging to the
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the range of picograms to nanograms (Alnassrallah
et al., 2022; Griboff et al., 2020; Sharafati-Chaleshtori
et al., 2013), making the biosensor suitable for fulfill-
ing the detection needs of these compounds.

In summary, the success of this biosensor can
be attributed to the combination of the E. coli isolate
SNO0301, which is highly susceptible to beta-lactams,
and its incorporation into a high copy number plasmid
carrying the ampR—ampC regulation system of the
Antarctic isolate Pseudomonas sp. 1B20. This system
is highly inducible by these antibiotics and enables the
biosensor to detect a wide variety of them. Finally, it is
necessary to conduct further studies to explore differ-
ent host organisms or enhance the existing ones. This
exploration will enable the optimization of various as-
pects, such as the speed of detection, thereby increas-
ing the effectiveness and performance of biosensor 1.

AUTHOR CONTRIBUTIONS

Sebastian Higuera-Llantén: Formal analysis (lead);
investigation (equal); writing — original draft (lead);
writing — review and editing (supporting). Manuel
Alcalde-Rico: Conceptualization (equal); data cu-
ration (equal); formal analysis (equal); investigation
(equal); methodology (equal); supervision (support-
ing); validation (equal); writing — original draft (sup-
porting); writing — review and editing (supporting).
Felipe Vasquez-Ponce: Data curation (supporting);
formal analysis (supporting); investigation (equal);
methodology (supporting); writing — original draft
(supporting); writing — review and editing (supporting).
Claudia Ibacache-Quiroga: Project administration
(lead); supervision (supporting); writing — review and
editing (supporting). Jesus Blazquez: Formal analy-
sis (lead); methodology (equal); supervision (sup-
porting); writing — original draft (supporting); writing
— review and editing (supporting). Jorge Olivares-
Pacheco: Conceptualization (lead); formal analysis
(lead); funding acquisition (lead); investigation (sup-
porting); methodology (equal); project administration

I I I | 1

I |
1/8 1/4 1/2
Antibiotic concentration MIC MIC MIC

(lead); supervision (lead); writing — original draft (sup-
porting); writing — review and editing (lead).

FUNDING INFORMATION
This work was funded by the ANID Millennium Science
Initiative/Millennium Initiative for Collaborative Research
on Bacterial Resistance, MICROB-R, NCN17-08 and
grant REDES190148 from ANID and DIUV-CIDI 4/2016
from Universidad de Valparaiso.

CONFLICT OF INTEREST STATEMENT

The authors declare that the research was conducted
in the absence of any commercial or financial relation-
ships that could be construed as a potential conflict of
interest.

ORCID

Sebastian Higuera-Llantén (© https://orcid.
org/0009-0006-0181-2846

Manuel Alcalde-Rico © https://orcid.
org/0000-0002-1987-4600

Felipe Vasquez-Ponce © https://orcid.
org/0000-0002-9447-8325

Claudia Ibacache-Quiroga © https://orcid.
org/0000-0002-1978-6109

Jesus Blazquez (©© https://orcid.
org/0000-0003-0495-3848

Jorge Olivares-Pacheco © https://orcid.

org/0000-0002-6841-7182

REFERENCES

Alnassrallah, M.N., Alzoman, N.Z. & Almomen, A. (2022) Qualitative
immunoassay for the determination of tetracycline antibiotic
residues in milk samples followed by a quantitative improved
HPLC-DAD method. Scientific Reports, 12, 14502.

Andresen, M., Araos, J., Wong, K.Y., Leung, Y.C., So, L.Y., Wong,
W.T. et al. (2018) Evaluation of meropenem pharmacokinet-
ics in an experimental acute respiratory distress syndrome
(ARDS) model during extracorporeal membrane oxygenation
(ECMO) by using a PenP B-lactamase biosensor. Sensors,
18, 1424.


https://orcid.org/0009-0006-0181-2846
https://orcid.org/0009-0006-0181-2846
https://orcid.org/0009-0006-0181-2846
https://orcid.org/0000-0002-1987-4600
https://orcid.org/0000-0002-1987-4600
https://orcid.org/0000-0002-1987-4600
https://orcid.org/0000-0002-9447-8325
https://orcid.org/0000-0002-9447-8325
https://orcid.org/0000-0002-9447-8325
https://orcid.org/0000-0002-1978-6109
https://orcid.org/0000-0002-1978-6109
https://orcid.org/0000-0002-1978-6109
https://orcid.org/0000-0003-0495-3848
https://orcid.org/0000-0003-0495-3848
https://orcid.org/0000-0003-0495-3848
https://orcid.org/0000-0002-6841-7182
https://orcid.org/0000-0002-6841-7182
https://orcid.org/0000-0002-6841-7182

HIGUERA-LLANTEN ET AL.

12 of 13

Arce-Rodriguez, A., Benedetti, I., Borrero-De Acuia, J.M., Silva-
Rocha, R. & de Lorenzo, V. (2023) Standardization of inducer-
activated broad host range expression modules: debugging
and refactoring an alkane-responsive AlkS/PalkB device.
Synthetic Biology, 8, 1-11.

Au, HW.,, Tsang, M.W., Chen, Y.W., So, P.K., Wong, K.Y. & Leung,
Y.C. (2020) BADAN-conjugated p-lactamases as biosensors
for p-lactam antibiotic detection. PLoS One, 15, €0241594.

Balasubramanian, D., Kumari, H. & Mathee, K. (2015) Pseudomonas
aeruginosa AmpR: an acute—chronic switch regulator.
Pathogens and Disease, 73, 1.

Bartowsky, E. & Normark, S. (1993) Interactions of wild-type and mu-
tant AmpR of Citrobacter freundii with target DNA. Molecular
Microbiology, 10, 555-565.

Bengtsson-Palme, J., Kristiansson, E. & Larsson, D.G.J. (2018)
Environmental factors influencing the development and spread
of antibiotic resistance. FEMS Microbiology Reviews, 42,
68-80.

Bengtsson-Palme, J. & Larsson, D.G.J. (2015) Antibiotic resistance
genes in the environment: prioritizing risks. Nature Reviews.
Microbiology, 13, 396.

Caille, O., Zincke, D., Merighi, M., Balasubramanian, D., Kumari,
H., Kong, K.F. et al. (2014) Structural and functional charac-
terization of Pseudomonas aeruginosa global regulator AmpR.
Journal of Bacteriology, 196, 3890-3902.

Chambers, H.F. & Miick, C. (1992) Characterization of penicillin-
binding protein 2 of Staphylococcus aureus: deacylation re-
action and identification of two penicillin-binding peptides.
Antimicrobial Agents and Chemotherapy, 36, 656—661.

Chinnappan, R., Eissa, S., Alotaibi, A., Siddiqua, A., Alsager, O.A. &
Zourob, M. (2020) In vitro selection of DNA aptamers and their
integration in a competitive voltammetric biosensor for azlocil-
lin determination in wastewater. Analytica Chimica Acta, 1101,
149-156.

CLSI. (2018) Performance standards for antimicrobial susceptibil-
ity testing. Wyne, PA, USA: Clinical and Laboratory Standards
Institute.

Codjoe, F.S. & Donkor, E.S. (2017) Carbapenem resistance: a re-
view. Medical Science, 6, 1.

Coque, T.M., Cantén, R., Pérez-Cobas, A.E., Fernandez-de-Bobadilla,
M.D. & Baquero, F. (2023) Antimicrobial resistance in the global
health network: known unknowns and challenges for efficient re-
sponses in the 21st century. Microorganisms, 11, 1050.

Davies, T.A., Page, M.G.P., Shang, W., Andrew, T., Kania, M. &
Bush, K. (2007) Binding of ceftobiprole and comparators to the
penicillin-binding proteins of Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, and Streptococcus
pneumoniae. Antimicrobial Agents and Chemotherapy, 51,
2621-2624.

Dietz, H., Pfeifle, D. & Wiedemann, B. (1996) Location of N-
acetylmuramyl-L-alanyl-D-glutamylmesodiaminopimelic acid,
presumed signal molecule for p-lactamase induction, in the
bacterial cell. Antimicrobial Agents and Chemotherapy, 40,
2173-2177.

Dik, D.A., Kim, C., Madukoma, C.S., Fisher, J.F., Shrout, J.D.
& Mobashery, S. (2020) Fluorescence assessment of the
ampR-signaling network of Pseudomonas aeruginosa to ex-
posure to p-lactam antibiotics. ACS Chemical Biology, 15,
1184-1194.

Feng, G., Huang, H. & Chen, Y. (2021) Effects of emerging pol-
lutants on the occurrence and transfer of antibiotic resis-
tance genes: a review. Journal of Hazardous Materials, 420,
126602.

Fontana, R., Cornaglia, G., Ligozzi, M. & Mazzariol, A. (2000) The
final goal: penicillin-binding proteins and the target of cephalo-
sporins. Clinical Microbiology and Infection, 6, 34—40.

Gaudin, V. (2017) Advances in biosensor development for the
screening of antibiotic residues in food products of animal

origin: a comprehensive review. Biosensors & Bioelectronics,
90, 363-377.

Griboff, J., Carrizo, J.C., Bonansea, R.l., Valdés, M.E., Wunderlin,
D.A. & Amé, M.V. (2020) Multiantibiotic residues in commer-
cial fish from Argentina. The presence of mixtures of antibiot-
ics in edible fish, a challenge to health risk assessment. Food
Chemistry, 332, 127380.

Gutmann, L., Vincent, S., Billot-Klein, D., Acar, J.F., Mréna, E. &
Williamson, R. (1986) Involvement of penicillin-binding protein
2 with other penicillin-binding proteins in lysis of Escherichia
coli by some p-lactam antibiotics alone and in synergistic lytic
effect of amdinocillin (mecillinam). Antimicrobial Agents and
Chemotherapy, 30, 906—-912.

Higuera-Llantén, S., Vasquez-Ponce, F., Nufiez-Gallegos, M.,
Pavlov, M.S., Marshall, S. & Olivares-Pacheco, J. (2018)
Phenotypic and genotypic characterization of a novel
multi-antibiotic-resistant, alginate hyperproducing strain of
Pseudomonas mandelii isolated in Antarctica. Polar Biology,
41, 469-480.

Jacobs, C., Huang, L.J., Bartowsky, E., Normark, S. & Park, J.T.
(1994) Bacterial cell wall recycling provides cytosolic muropep-
tides as effectors for B-lactamase induction. EMBO Journal,
13, 4684-4694.

Juan, C., Torrens, G., Gonzalez-Nicolau, M. & Oliver, A. (2017)
Diversity and regulation of intrinsic p-lactamases from non-
fermenting and other gram-negative opportunistic pathogens.
FEMS Microbiology Reviews, 41, 781-815.

Kim, C., Ryu, H.D., Chung, E.G., Kim, Y. & Lee, J.k. (2018) A review
of analytical procedures for the simultaneous determination
of medically important veterinary antibiotics in environmental
water: sample preparation, liquid chromatography, and mass
spectrometry. Journal of Environmental Management, 217,
629-645.

Kocaoglu, O. & Carlson, E.E. (2015) Profiling of p-lactam selectiv-
ity for penicillin-binding proteins in Escherichia coli strain DC2.
Antimicrobial Agents and Chemotherapy, 59, 2785-2790.

Lautenschlager, N., Popp, P.F. & Mascher, T. (2020) Development
of a novel heterologous p-lactam-specific whole-cell biosensor
in Bacillus subtilis. Journal of Biological Engineering, 14, 1-14.

Lindquist, S., Lindberg, F. & Normark, S. (1989) Binding of the
Citrobacter freundii ampR regulator to a single DNA site pro-
vides both autoregulation and activation of the inducible ampC
p-lactamase gene. Journal of Bacteriology, 171, 3746—-3753.

Liu, X., Lu, S., Guo, W, Xi, B. & Wang, W. (2018) Antibiotics in the
aquatic environments: a review of lakes, China. Science of the
Total Environment, 627, 1195-1208.

Livermore, D.M. & Woodford, N. (2006) The beta-lactamase threat
in Enterobacteriaceae, Pseudomonas and Acinetobacter.
Trends in Microbiology, 14, 413—420.

Mehlhorn, A., Rahimi, P. & Joseph, Y. (2018) Aptamer-based biosen-
sors for antibiotic detection: a review. Biosensors, 8, 54.

Meng, Q., Liu, S., Meng, J., Feng, J., Mecklenburg, M., Zhu, L.
et al. (2021) Rapid personalized AMR diagnostics using two-
dimensional antibiotic resistance profiling strategy employing a
thermometric NDM-1 biosensor. Biosensors & Bioelectronics,
193, 113526.

Morehead, M.S. & Scarbrough, C. (2018) Emergence of global anti-
biotic resistance. Primary Care, 45, 467—484.

Moya, B., Détsch, A., Juan, C., Blazquez, J., Zamorano, L., Haussler,
S. et al. (2009) B-Lactam resistance response triggered by in-
activation of a nonessential penicillin-binding protein. PLoS
Pathogens, 5, e1000353.

Naseri, M., Niazi, A., Bagherzadeh, K., Konoz, E. & Samadikhah,
H.R. (2023) Modified electrochemical aptasensor for ultrasen-
sitive detection of tetracycline: in silico and in vitro studies.
Food Chemistry, 421, 136195.

Parker, S.L., Pandey, S., Sime, F.B., Lipman, J., Roberts, J.A. &
Wallis, S.C. (2019) A validated LC-MSMS method for the



HYPERSENSITIVE BIOSENSOR FOR BETA-LACTAMS

simultaneous quantification of meropenem and vaborbac-
tam in human plasma and renal replacement therapy effluent
and its application to a pharmacokinetic study. Analytical and
Bioanalytical Chemistry, 411, 7831-7840.

Pfaffl, M.W. (2001) A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Research, 29, e45.

Preston, D.A., Wu, C.Y.E., Blaszczak, L.C., Seitz, D.E. & Halligan,
N.G. (1990) Biological characterization of a new radioac-
tive labeling reagent for bacterial penicillin-binding proteins.
Antimicrobial Agents and Chemotherapy, 34, 718—-721.

Rodriguez-Gonzalez, L., Nufiez-Delgado, A., Alvarez-Rodriguez,
E., Garcia-Campos, E., Martin, A., Diaz-Ravifia, M. et al.
(2022) Effects of ciprofloxacin, trimethoprim, and amoxicillin on
microbial structure and growth as emerging pollutants reaching
crop soils. Environmental Research, 214, 113916.

Ruppé, E., Woerther, P.L. & Barbier, F. (2015) Mechanisms of antimi-
crobial resistance in gram-negative bacilli. Annals of Intensive
Care, 5, 1-15.

Sanders, C.C., Bradford, P.A., Ehrhardt, A.F., Bush, K., Young, K.D.,
Henderson, T.A. et al. (1997) Penicillin-binding proteins and
induction of AmpC beta-lactamase. Antimicrobial Agents and
Chemotherapy, 41, 2013-2015.

Schmidt, H., Korfmann, G., Barth, H. & Martin, H.H. (1995) The
signal transducer encoded by ampG is essential for induction
of chromosomal AmpC p-lactamase in Escherichia coli by p-
lactam antibiotics and “unspecific” inducers. Microbiology, 141,
1085-1092.

Schmidtke, A.J. & Hanson, N.D. (2006) Model system to evaluate
the effect of ampD mutations on AmpC-mediated B-lactam
resistance. Antimicrobial Agents and Chemotherapy, 50,
2030-2037.

Sharafati-Chaleshtori, R., Mardani, G., Rafieian-Kopaei, M.,
Sharafati-Chaleshtori, A. & Drees, F. (2013) Residues of
oxytetracycline in cultured rainbow trout. Pakistan Journal of
Biological Sciences, 16, 1419-1422.

Torrens, G., Hernandez, S.B., Ayala, J.A., Moya, B., Juan, C., Cava,
F. et al. (2019) Regulation of AmpC-driven f-lactam resistance
in Pseudomonas aeruginosa: different pathways, different sig-
naling. mSystems, 4, 10-1128.

Vadlamani, G., Thomas, M.D., Patel, T.R., Donald, L.J., Reeve,
T.M., Stetefeld, J. et al. (2015) The p-lactamase gene reg-
ulator AmpR is a tetramer that recognizes and binds the D-
Ala-D-Ala motif of its repressor UDP-N-acetylmuramic acid
(MurNAc)-pentapeptide. The Journal of Biological Chemistry,
290, 2630-2643.

_ 13 of 13

Valtonen, S.J., Kurittu, J.S. & Karp, M.T. (2002) A luminescent
Escherichia coli biosensor for the high throughput detection of
beta-lactams. Journal of Biomolecular Screening, 7, 127-134.

Vasquez-Ponce, F., Higuera-Llantén, S., Pavlov, M.S., Marshall, S.H. &
Olivares-Pacheco, J. (2018) Phylogenetic MLSA and phenotypic
analysis identification of three probable novel Pseudomonas spe-
cies isolated on King George Island, south Shetland, Antarctica.
Brazilian Journal of Microbiology, 49, 695—702.

Vasquez-Ponce, F., Higuera-Llantén, S., Pavlov, M.S., Ramirez-
Orellana, R., Marshall, S.H. & Olivares-Pacheco, J. (2017)
Alginate overproduction and biofilm formation by psychrotolerant
Pseudomonas mandelii depend on temperature in Antarctic ma-
rine sediments. Electronic Journal of Biotechnology, 28, 27—-34.

Vollmer, W. & Holtje, J.V. (2001) Morphogenesis of Escherichia coli.
Current Opinion in Microbiology, 4, 625-633.

Xiao, F., Li, G., Wu, Y., Chen, Q., Wu, Z. & Yu, R. (2016) Label-free
photonic crystal-based p-lactamase biosensor for p-lactam
antibiotic and p-lactamase inhibitor. Analytical Chemistry, 88,
9207-9212.

Yang, S., Li, C., Zhan, H., Liu, R., Chen, W., Wang, X. et al. (2023)
A label-free fluorescent biosensor based on specific aptamer-
templated silver nanoclusters for the detection of tetracycline.
Journal of Nanobiotechnology, 21, 22.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Higuera-Llantén, S.,
Alcalde-Rico, M., Vasquez-Ponce, F., Ibacache-
Quiroga, C., Blazquez, J. & Olivares-Pacheco, J.
(2024) A whole-cell hypersensitive biosensor for
beta-lactams based on the AmpR-AmpC
regulatory circuit from the Antarctic Pseudomonas
sp. IB20. Microbial Biotechnology, 17, €14385.
Available from: https://doi.org/10.1111/1751-
791514385



https://doi.org/10.1111/1751-7915.14385
https://doi.org/10.1111/1751-7915.14385

	A whole-­cell hypersensitive biosensor for beta-­lactams based on the AmpR-­AmpC regulatory circuit from the Antarctic Pseudomonas sp. IB20
	Abstract
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	Bacterial strains, culture conditions and antibiotic susceptibility tests
	Quantification of ampC gene expression
	Genetic engineering for the construction of biosensors
	Demonstration of the correct functioning of biosensors: Visualization by microscopy
	Biosensor induction assays

	RESULTS
	Pseudomonas sp. IB20 induce higher expression levels of the ampC gene compared to P. aeruginosa PAO1 in response to a broader spectrum of beta-­lactam antibiotics
	The E. coli whole-­cell biosensors, based on the AmpR–AmpC regulatory system of Pseudomonas sp. IB20, can detect beta-­lactams
	Biosensors 1 and 2 exhibit optimal activity when the initial OD600 is 0.2 and after 10 h of incubation
	The biosensor 1 responds in a dose-­dependent manner and exhibits high specificity for beta-­lactams
	Biosensor 1 exhibits very high sensitivity to carbapenems

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


