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Abstract
Chemotherapy is frequently unsuccessful in fully eradicating bacterial biofilm infections. Persisters are a main cause for the failure of antibiotic

therapies and are assumed to significantly impact the increased multidrug tolerance and unsuccessful elimination of chronic biofilm infections.

Pseudomonas aeruginosa infections are frequently linked to high rates of drug-tolerant persisters, triggering a major challenge to human health.

It is crucial to classify persisters to develop novel useful therapeutic strategies to fight infectious diseases. In this study, the mqsR gene was

selected as a novel antimicrobial target, and silencing was with antisense peptide nucleic acid (PNA) assay to eradicate the P. aeruginosa

persisters. First, they were analysed by experimental procedures. Functionality was assessed by stress conditions. We found that the

expression of mqsR (as the toxin) compared with mqsA (as antitoxin) was increased under stress conditions. We demonstrated that

when mqsR was targeted and treated with different concentrations of mqsR-PNA after 24 hours; the formation of P. aeruginosa persisters

was eradicated. Antisense mqsR-PNA in concentrations of 35 μM or more could eradicate persister cell formation in P. aeruginosa. It was

suggested that other toxin–antitoxin loci in P. aeruginosa are examined by antisense PNA to detect their functionality. However,

considering the importance of persisters in human infections, ex vivo, in vivo, preclinical and clinical settings should be highlighted.
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Introduction
Pseudomonas aeruginosa is a human opportunistic, life-
threatening pathogen, especially in individuals who lack

normal defences such as those with serious illness or who are
immunocompromised; it rarely causes disease in healthy in-
dividuals. It is the most prevalent nosocomial pathogen causing

morbidity and mortality in hospitalized patients. The important
of this pathogen rests in the presence of multidrug-resistant

strains [1–3].
This is an open access arti
Toxin–antitoxin (TAs) systems are abundant genetic mod-

ules presented on plasmids or chromosomes of bacteria as an
operon. TAs are typically comprised of closely linked genes for

toxin and its cognate antitoxin. A wide variety of cellular ac-
tivities belonging to TA systems have been clarified in the last

decade and most of them are involved in crucial cellular pro-
cessed. The first TA system shown to be involved in biofilm

formation was mqsRA, a typical type II TA, in which the toxicity
of the protein MqsR is neutralized by its conjugate antitoxin
MqsA. Several studies have demonstrated that toxin MqsR is

significantly stimulated by biofilm formation and enhanced cell
motility and has a major role in persister formation in

P. aeroginosa [4–6].
Persisters are dormant, slow-growing or growth-arrested

phenotypic variants of normal cells in bacterial populations
and are transiently antibiotic-tolerant. These cells form a sub-

population of non-dividing cells that exhibit multidrug tolerance
and survive treatment by all known antimicrobial agents. They
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TABLE 1. The sequences of the primers that were used in the PCR and Real Time PCR

Gene Primer sequence (50/30) Denaturation temperature (°C) Annealing temperature (°C) Extension temperature (°C) Cycle

mqsR F: ACGCACACCACATACACGTT 95 58.7 72 34
R: GCCTGGGTCTGTAAACATCCT

mqsA F: AATGTCCGGTTTGCCACCAG 95 58.7 72 34
R: GCATTCACCGAAGCCCGAAA

gyrB F: CTGCTTCACCAACAACATCC 95 58.7 72 34
R: GGTGGCGATCTTGAACTTCT
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withstand stress by entering a dormant state in which cellular

processes are inactive [7–16].
Persister cells are formed by Gram-negative and Gram-

positive bacteria related to biofilms, such as P. aeruginosa,
Escherichia coli and Staphylococcus aureus [17–21]. Hence, it is

important to categorize them in order to develop alternative
and novel therapeutic strategies to fight infectious diseases.

Antisense treatment approaches are a biotechnological form of
antibacterial agents that use chemical analogues of short single-
stranded nucleic acid sequences modified to form stable olig-

omers. Peptide nucleic acid (PNA) is characterized as a novel
approach in antisense treatment. The properties of PNA make

it appropriate for antisense treatment in bacterial cells [22,23].
In this study, antisense treatment is applied for artificial blocking

of TA systems as an antibacterial strategy. The aim of the
current study was the eradication of P. aeruginosa persister cells

by antisense mqsR-PNA.
Materials and methods
Bacterial isolates and identification
In this study, a total of 80 unduplicated P. aeruginosa isolates

were collected from different clinical samples (burn, wound
swab, urine, sterile body fluids, ear and catheters) and identified

by routine biochemical and microbiological tests between May
2017 and March 2018 from Baghdad hospitals, Iraq. Stock

cultures were preserved in TSB (HiMedia, Mumbai, India)
containing 15% glycerol (HiMedia) at −80°C.

Bacterial persister cells assay
To identify the persistence of P. aeruginosa isolates, we used the
previously described protocol of Canas-Duarte et al. [24]. In

brief, overnight cultures were diluted to a turbidity of 0.5
McFarland, then 1 mL of 0.5 McFarland was used to induce

persister formation. Then the bacterial cultures were exposed
to 200 μL of lysis solution and lysozyme. Finally, cell survival

was determined by overnight drop culture.
© 2021 The Authors. Published by Elsevier Ltd, NMNI, 41, 100868
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
DNA extraction and evaluation of the mqsR, mqsA

genes
Total DNA was extracted using the genomic DNA extraction

kit (WizPrep gDNA mini Kit; WizBio Solutions, Seongnam,
South Korea) according to the manufacturer’s protocol. DNA

purity, quality and quantity were measured using a NanoDrop
instrument (Titertek Berthold, Pforzheim, Germany). Total

extracted DNAs of isolates were immediately stored at –20°C
for further analysis. PCR were carried out using specific
primers for amplifying mqsRA genes as described previously

[25]. Subsequently, PCR products were observed using elec-
trophoresis with 1% agarose gel stained by DNA safe on a Gel

Doc XR+ system (Bio-Rad, Hercules, CA, USA). The sequences
of the primers and conditions are listed in Table 1. PCR

products were analysed on 1% (weight/volume) agarose gels by
electrophoresis (Merck, Darmstadt, Germany). PCR products

were visualized under UV and photographed.

Growth of P. aeruginosa in normal and stress conditions
Pseudomonas aeruginosa persister cells were cultured in

Mueller–Hinton agar and incubated at 37°C overnight. One
colony was resuspended in Mueller–Hinton broth medium for

normal conditions, while to create stress conditions other
bacteria were cultured in Mueller–Hinton broth media in the

presence of ciprofloxacin (256 μg/mL).

Evaluation ofmqsR andmqsA gene expression in normal
and stress conditions
First, RNA was extracted under normal and stress conditions
with a Total RNA Prep Kit (BioFACT™, Daejeon, South

Korea). Briefly, the isolates were cultured on nutrient agar
(Merck) for 24 hours and incubated at 37°C. Then, the isolates

were inoculated into Luria–Bertani broth medium (Merck) and
incubated for 24 hours at 37°C, and in the presence of cipro-

floxacin (256 μg/mL) as normal and stress conditions, respec-
tively. RNA was extracted under normal and stress conditions
using Total RNA Prep Kit (BioFACT™) according to the

manufacturer’s instructions.
nses/by-nc-nd/4.0/).
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In the next step, the cDNA was synthesized using BioFact™

RT Series (BioFACT™). The specific primers for the TA genes
and gyrB (housekeeping gene) were synthesized by Alph DNA

(Montreal, Quebec H3C 0J7, Canada).
To measure the activities of mqsR and mqsA genes in normal

and stress conditions, real-time PCR was performed. The gyrB
gene was used as a housekeeping gene. The Real-Time PCR
System (Bio-Rad) was used with the following conditions: 95°C

for 3 minutes as an initial step for DNA polymerase activation; 95°
C for 15 seconds, 58.5°C for 30 seconds as the annealing step and

68°C for 30 seconds as the extension step (40 cycles for each).
The lack of primer dimers was proved by the melting curve, as

well as by running the PCR products in a 1% agarose gel. The
primer sequences for mqsR and mqsA genes are listed in Table 1.

PNA design and PNA array
To design antisense PNAs complementary to mqsR mRNAs,
the −20 to +20 region of the start codon was targeted. The

PNA synthesized by Panagene Company (Daejeon, South Ko-
rea) was as follows: mqsR: (KFF) 3K-AEEA- ATGGAAAA

GTAC-k. To improve the cell entry (KFF) 3K (K is lysine and
F is phenylalanine) was covalently conjugated to PNA, with the

linker AEEA (aminoethoxyethoxyacetic acid).

Antisense mqsR-PNA treatment of P. aeruginosa
persisters
An MIC assay was performed for each PNA and isolates ac-
cording to the protocol of broth microdilution methods

[26,27]. To determine the MIC for mqsR-PNA in persister
P. aeruginosa we used the turbidity assay by McFarland scale.

Briefly, a 0.5 McFarland standard of persister P. aeruginosa
containing the mqsR TA gene was prepared. Then, 200 μL of 0.5

McFarland of persister suspension was added to Costar
microplates (Sigma-Aldrich Chemie GmbH, Taufkirchen, Ger-
many), and various concentrations of PNAs 1–35 μM and five-

fold of MIC of ciprofloxacin were added for evaluation. The
Costar microplate was incubated at 37°C, then the plate was

read with a spectrophotometer at OD620 every 2 hours. The
effects of PNA at different concentrations (1–35 μmol) against

P. aeruginosa were examined. The negative control was
Mueller–Hinton broth, and Mueller–Hinton broth containing

bacteria without PNA was used as the positive control.

Evaluation of genes after PNA treatment
The quantitative RT-PCR was performed to evaluate the

expression level of mqsR and mqsA genes after treatment of the
culture with PNA. This method was used to detect the ability of

PNA in controlling expression of mqsR in persistence of
P. aeruginosa. The method of quantitative RT-PCR has been

described above.
This is an open access artic
Statistical analysis
To determine the fold change of the turbidity assay, the optical
densities of samples were obtained as follows: ODreal = OD

samples – OD negative control; second, the OD was changed
to CFU/mL as McFarland scale. Then, folds of both quantitative

PCR and turbidity assay were obtained as follows: Fold
change = concentration of positive control/concentration of
samples. The negative control was PNA plus medium without

bacteria.
Results
Bacterial persisters and TAs loci in P. aeruginosa
Using the Canas-Duarte et al. protocol [24], six P. aeruginosa

persister isolates were found. The presence of mqsR and mqsA
genes was investigated, and results showed that all 80 isolates

(100%) were positive for both TA genes.

The expression of TA loci on normal and stress
conditions
In normal conditions, both genes were expressed but we found
that the expression of mqsR (as the toxin) compared with mqsA

(as antitoxin) was increased under stress conditions. Hence,
mqsR could play a role in persistence formation.

Eradication of persister cells by antisense mqsR-PNA
therapy
For a gene to be targeted for drug discovery, it must play a key
role in the survival of the organism. Accordingly, these genes

play an essential role in biofilm formation and stringent re-
sponses. However, because of the important role of the mqsRA
TA system in pathogenic bacteria, the expression of mqsR and

mqsA genes, as attractive targets, under stress and normal
conditions, was investigated. Surprisingly, our findings showed

that the expression of the mqsA gene under stress conditions
was stopped, whereas expression of the mqsR gene showed

higher expression. Interestingly, the expression of these two
genes in normal conditions was almost equal.

Our results clearly confirmed that when mqsR mRNA was
inhibited, the formation of persisters was eradicated (Figs. 1–3).
After treatment with different concentrations of mqsR-PNA,

the findings indicated that the expression of mqsR was
decreased and there was an increase of antitoxin (mqsA), which

confirmed the eradicated persistence activity of mqsR-PNA
(Fig. 1). Fig. 2 also depicts the eradication of persister

P. aeruginosa after treatment of mqsR-PNA at 35 μM concen-
tration after 24 hours. Fig. 3 also shows that a concentration of

35 μM from mqsR-PNA led to complete removal of all forms of
bacteria, both normal and persister cells.
© 2021 The Authors. Published by Elsevier Ltd, NMNI, 41, 100868
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIG. 1. Results of RT-qPCR for mqsR-PNA in different concentrations (1–35 μmol). mqsR silencing with peptide-PNAs in Pseudomonas aeruginosa.

mqsR was slowly inhibited by mqsR-PNA in different concentrations. The y-axis is the rate of expression in fold change. The x-axis is the different

concentrations of mqsR-PNA. * mm: μmol.
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Discussion
Chronic infections present a therapeutic challenge and removal
of P. aeruginosa persisters is difficult. On the other hand,

P. aeruginosa persisters also show resistance to several antibi-
otics and are responsible for many infections [1].
FIG. 2. Alterations OD of persister P. aeruginosa after treating with differe

growth inhibition of persister P. aeruginosa at 35 μM concentration after 24

© 2021 The Authors. Published by Elsevier Ltd, NMNI, 41, 100868
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
This persistence is a major medical challenge, as it leads to
the overuse of antibiotics and therefore to increased antimi-

crobial resistance [5,6]. As we know the stresses that bacteria
encounter during the infection of a host are triggers for the

formation of persisters [5,6].
Various biological functions are proposed for TA systems

and experimental evidence has shown that these systems have a
nt concentrations of mqsR-PNA after 24 hours. The mqsR-PNA led to

hours. Y-axis: OD 620nm; X-axis: time (hour).

nses/by-nc-nd/4.0/).
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FIG. 3. A concentration of 35 μM from mqsR-PNA completely

removes bacteria and precursor cells. Left plate shows normal condi-

tions without the use of any mqsR-PNA and the right plate is after

treatment with 35 μM mqsR-PNA.
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wide range of functions, including defence against bacterio-
phages, formation of persister cells and programmed cell death.

Generally, given the nature of TA systems, the toxin is
neutralized permanently by the antitoxin [28].

Many studies have been conducted with PNA, and they have
confirmed that because of the good stability of PNA, its non-
toxicity even at high concentrations and its high specificity for

the target mRNA, it is an exciting procedure for researchers to
pursue. We targeted the TA system of P. aeruginosa persisters

with antisense PNA and have collected valuable data. Several
previous reports have demonstrated the effective role of the

PNA method against pathogens [29–31].
On the one hand, as shown in the results, the mqsRA TA

system showed low mqsA antitoxin expression and higher mqsR
expression under stress conditions. Therefore, the functionality

was confirmed, when the antitoxin was exposed by PNA, the
toxicity killed the bacteria, and its function was confirmed.
Hence, our findings represent a new candidate for antimicrobial

targeting in P. aeruginosa persisters.
Considering the importance of P. aeruginosa and its potential

for infection, the focus is on finding genes that are involved in
pathogenesis and are essential for the survival of the organism,

which could open a new window on the microbiology of the
organism.

It is important that PNA can kill microorganisms in a short
time and at very low concentrations, such as micromolar,
compared with antibiotics. Therefore, it is recommended that

other virulence genes in P. aeruginosa are analysed by antisense
PNA to detect their functionality and identify their role. Also, it
This is an open access artic
is clearly necessary for mqsR-PNA to be extensively assayed for

its safety in subsequent research in cell culture, animal studies,
preclinical studies or clinical trials.
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