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Abstract: Background: The accurate and rapid diagnosis of infections is critical for ef-
fective and timely treatment. Misdiagnosis often leads to the prescription of antibiotics
not targeting the causing agent of infection and thus be the possible development of mul-
tidrug resistance. This collectively worsens the condition and might lead to unnecessary
intervention or death. The abundance of Pseudomonas spp. in healthcare-settings and the
environment may lead to the inaccurate diagnosis of P. aeruginosa, making the treatment of
its infections challenging. P. aeruginosa is a Gram-negative, opportunistic pathogen com-
monly linked to healthcare-associated infections. Its pathogenicity is attributed to several
virulence factors correlated to enhanced survivability and colonization, invasion of the host
tissues, and the development of multidrug resistance. When advanced diagnostic facilities
are limited or unaffordable, the prescription of antibiotics solely relies on identifying the
bacteria by culture-based methods. Objectives: This study aims to validate the accuracy of
diagnosis of fifty clinical isolates preidentified as P. aeruginosa in three healthcare facilities
in Jordan. Methods: The isolates were from infected areas of patients, including skin,
wounds, ears, urine, and peritoneal cavities. Morphological and biochemical tests were
performed, and the validation relied on the polymerase chain reaction (PCR) amplification
of the 165 ribosomal ribonucleic acid (rRNA) gene. This molecular method is affordable
for medical facilities with limited finances in contrast to advanced high-cost techniques.
Results: The PCR confirmed that only 60% of the isolates were P. aeruginosa. All the
confirmed isolates could produce different pigments and form biofilms. Conclusions:
The high percentage of isolates mistakenly identified as P. aeruginosa raises concern about
the suitability of prescribed antibiotics. The present study strongly recommends using
advanced molecular methods to identify the pathogens. If conventional methods remain
the only diagnostic option, this study recommends frequent external validation for tests in
addition to performing an antibiotic susceptibility test to pinpoint the effective antibiotics
against biofilm-producing P. aeruginosa.
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1. Introduction

Pseudomonas aeruginosa is a Gram-negative, rod-like, opportunistic pathogen causing
a wide range of infections of the skin, lungs, and bloodstream. As typically found in
healthcare settings, it poses a serious risk to vulnerable patients, especially those need-
ing long-time care in hospitals for conditions including burns and wounds. It causes
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ventilator-associated pneumonia and post-surgery infections [1-3]. The bacterial adaptabil-
ity to stressful environmental conditions is attributed to the expression of virulence factors,
including exotoxin A, rhamnolipids (glycolipid biosurfactants), siderophores, pigments,
in addition to several enzymes such as elastase, alkaline protease, and lipase [4,5]. The
capability for biofilm formation and the development of antibiotic resistance are addi-
tional contributing factors to the increased pathogenicity and challenging treatment of
infections [6,7].

A systematic analysis report by the Institute for Health Metrics and Evaluation (IHME)
and the World Health Organization listed P. aeruginosa among the pathogens considered as
a global burden due to their transmissibility, treatability, and prevention [8,9]. It was esti-
mated that P. aeruginosa was responsible for 559,000 deaths annually worldwide, of which
over 300,000 were associated with antimicrobial resistance [10]. Globally, an estimated
700,000 deaths annually are currently attributable to antimicrobial resistance (AMR), with a
projected estimate of 10 million deaths by 2050 and an economic loss up to 100 trillion USD
per year [11]. In the United States, the Centers for Disease Control and Prevention (CDC)
estimated that P. aeruginosa caused 32,600 hospitalized infections with 2700 deaths in 2017,
with an increase of 32% from 2019 to 2020. In 2024, the CDC listed P. aeruginosa among the
top seven antimicrobial-resistant pathogens typically found in healthcare settings [12-14].
The Jordan National Antimicrobial Resistance report listed P. aeruginosa among eleven
bacteria and fungi of public health and clinical importance [15]. A study focused on the
Middle East and North African regions reported that the prevalence of multidrug-resistant
P. aeruginosa identified in clinical samples was 52.5% [16].

The rise in AMR necessitates investigating the causes of this problem. The misuse of
antibiotics is recognized among the reasons for the development of antibiotic resistance
(AR) in bacteria. The key to avoiding AMR is accurate and rapid diagnosis to allow the
prescription of the appropriate antibiotic. This is also critical to reducing recovery time and
high medical costs [13,14,16]. On the other hand, it is critical to discover new antimicrobial
agents from natural or synthetic resources. Several studies reported the growth inhibition
of P. aeruginosa by several plants [17-19], while others documented the development of
new synthetic compounds such as silver nanoparticles (AgNPs) to be used alone or in
combination with standard antibiotics to inhibit the growth of P. aeruginosa [20,21].

The identification of P. aeruginosa is challenging using culture-based approaches due
to the time needed for bacterial growth, with the potential for misidentification with
closely related Gram-negative species. The polymerase chain reaction (PCR) technique
has been widely used to diagnose and identify many pathogens (as was the case in an
Iraqi journal), though the use of conventional culture methods is commonly applied in
small-size clinical facilities due to affordability. Several new advanced techniques for
microbial identification, including P. aeruginosa, have been developed. Among these
techniques are Vitek/mass spectroscopy (MS), nuclear magnetic resonance spectroscopy,
matrix-assisted laser desorption/ionization—time-of-flight MS, isothermal amplification,
and next-generation sequencing [20,22,23]. The high cost and technical requirements of
such techniques limit their application to research and reference laboratories [22]. There-
fore, an accurate diagnosis of P. aeruginosa can be challenging when advanced diagnostic
facilities are limited, especially when standardized national diagnostic protocols and mon-
itoring policies are lacking [6,7]. Such limitations have led diagnostic facilities to solely
rely on culture-based approaches and analytical profile index assays with a potential for
misdiagnosis. This causes the prescription of improper antibiotics, which contributes to
AMR development in P. aseruginosa [23].

The primary aim of this study is to use the PCR to validate the identification of clinical
isolates prediagnosed in three healthcare facilities in Jordan as P. aeruginosa.
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2. Results
Detection of P. aeruginosa in Clinical Samples

A total of 50 clinical samples received from three Jordanian healthcare facilities were
initially identified as P. aeruginosa. This study validated that only 30 of the 50 isolates (60%)
were P. aeruginosa based on the PCR amplification of the 165 rRNA gene. The cells of these
isolates were Gram-negative rods, motile, and non-lactose fermenters. Colonies had a
distinctive odor and grew on cetrimide agar, which is selective for Pseudomonas. All isolates
were producers of oxidase, catalase, and nitrate reductase, though only 93.3% of them were
gelatinase producers (Figure 1). It was observed that the isolates producing pyocyanin had

a higher level of oxidase and catalase activity.

Figure 1. Characterization of P. aeruginosa. (A) Appearance on chromogenic agar, (B) pigment
production, (C) oxidase test, (D) catalase test (positive in #5).

The validated P. aeruginosa isolates shown in Figure 2 were from urine (26.7%), skin
(23.3%), wounds (20%), sputum (13.3%), ears (10%), and peritoneal fluid (6.7%). All of the
isolates were pigment producers of different colors and shades.
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Figure 2. The distribution of isolates producing different pigments in comparison to the total number
of isolates confirmed to be P. aeruginosa in the clinical samples received.

The colors of the produced pigments were categorized into three main groups: a
yellow /pale yellowish green, which is a characteristic of pyoverdin; a brown pigment,
which is a characteristic of pyomelanin; and a phosphorous/blueish green, which is a
characteristic of pyocyanin (Figure 3).
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Figure 3. The categories of pigments produced by the confirmed P. aeruginosa isolates.

Table 1 shows the number of isolates producing pyocyanin as follows: three out of
seven skin isolates (42.8%), one out of three ear isolates (33.3%), two out of six wound
isolates (33.3%), two out of eight urine isolates (25%), and one out of four sputum isolates
(25%). None of the isolates of the peritoneum was capable of producing pyocyanin. The
concentration of pyocyanin varies, showing the highest level of 36.448 ng/mL, which was
produced by the sputum isolate, followed by an ear isolate (13.692 ug/mL), while the
lowest concentration (0.171 pg/mL) was produced by one of the two wound isolates.

Table 1. The concentration of pyocyanin produced by nine isolates validated as P. aeruginosa.

Isol;;eof;(a)ﬁ;l:ing S;)Suorlcaei :f Absorption at 520 nm Conc(.Fl Z;?;anin
1 Sputum 2.135 36.448
2 Ear 0.802 13.692
3 Wound 0.200 3.414
4 Wound 0.010 0.171
5 Urine 0.013 0.222
6 Urine 0.017 0.290
7 Skin 0.120 2.048
8 Skin 0.100 1.707
9 Skin 0.094 1.605

A qualitative assessment of the capability of isolates to form biofilm was conducted
for the 30 isolates confirmed as P. aeruginosa. According to the calculations and criteria
described (Section 4.2), Figure 4 shows that 40% (12/30 isolates) of isolates were strong
biofilm producers, 36.7% (11/30 isolates) were moderate biofilm producers, and 23.3%
(7/30 isolates) were weak biofilm producers.
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Figure 4. The adherence strength of the validated thirty isolates of P. aeruginosa forming biofilms.

The PCR of the 165 rRNA gene was performed to validate the identity of the bacterial
isolates as P. aeruginosa. In the amplification of the 165 rRNA gene, the gel electrophoresis
for the PCR product revealed that ONLY 30 clinical isolates showed a band at 1451 bp
which matches the size of the expected PCR product. The appearance of this band was
indicative that the isolates were P. aeruginosa. Figure 5 shows the band as it appears for
isolates (1-17).
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Figure 5. Agarose gel electrophoresis for the amplified P. aeruginosa DNA extracted from the clinical
isolates (Lanes 1-17); M-Lane: 10Kb DNA ladder; N-Lane: negative control; P-Lane: positive control
(P. aeruginosa ATCC 27853).

3. Discussion

The management of P. aeruginosa infections is facing significant obstacles due to the
emergence of antibiotic-resistant strains. This phenomenon, along with other virulence
factors, particularly biofilm formation, contributes to the bacterial pathogenicity by enhanc-
ing survivability, colonization, and invasion of the host tissues [24-26]. The proper, timely
prescription of antibiotics depends on accurate and fast diagnosis of the infectious agent,
which can be challenging when resources are limited as is the case in developing countries
and rural areas. The present study aims to validate the diagnosis of 50 P. aeruginosa clinical
isolates received from three clinical facilities in Jordan by relying on culture-based methods
for microbial identification. The results of the phenotypic and biochemical tests are typical
for Pseudomonas species. The validation of diagnosis relied on the PCR for the amplification
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of the 165 rRNA gene because it is a quick and affordable molecular method that targets
desired genes. Our results showed that only 30 out of 50 isolates (60%) were diagnosed
correctly as P. aeruginosa. The isolates were capable of producing colored pigments named
pyoverdin, pyocyanin, and pyomelanin which are characterized by a pale/yellowish green,
blueish/phosphorous green, and brown color, respectively. Studies showed that these pig-
ments can enhance the pathogenicity of P. aeruginosa and contribute to antibiotic resistance,
particularly in biofilm-producers [27]. Pyocyanin is a peculiar green pigment that has been
studied exclusively to understand its role as a virulence factor in P. aeruginosa. The green
pigment produced by the nine isolates was of different shades and the predominance of
the yellow color is usually due to pyoverdin, which is also linked to bacterial resistance to
various antibiotics.

Pyocyanin is a critical virulence factor that enhances bacterial pathogenicity, and it
significantly exacerbates the severity and duration of bacterial infection [28]. A study
focused on studying cystic fibrosis reported that isolated P. aeruginosa can produce py-
ocyanin in high quantities, suggesting its role in disrupting the movement of respiratory
cilia, compromising host epithelial cell function, increasing mucus production, facilitating
bacterial colonization, and intensifying inflammatory response [29]. Our study reports
that the concentration of pyocyanin was in the range of 0.171 pg/mL to 36.448 pg/mL.
The variation in its production among samples collected from the same body parts of
different patients indicated no correlation to the source of samples. It is most likely that
the high concentration is associated with the pathogenicity of P. aeruginosa causing the
infection. A previous study reported that the highest concentration of pyocyanin was
produced by a sputum isolate (>10 ug/mL) [26,28,29], though this concentration is not
comparable to that secreted by the top two isolates reported for this study. Pyocyanin can
act as both a redox-active secondary metabolite and a quorum-sensing signaling molecule
inducing the production of reactive oxygen species, which causes DNA damage, disruption
of diverse cellular processes, iron sequestration, and increased expression of virulence
expression [28-32]. It maximizes the detrimental impact on host cells, as demonstrated
in several studies highlighting a possible correlation between pyocyanin production and
biofilm formation in P. aeruginosa. This relationship can be via the indirect promotion of the
release of extracellular polymers such as polysaccharides, proteins, and lipids, fostering
cellular aggregation and or it might be due to the dysregulation of quorum sensing [33-35].
The transition of P. aeruginosa to a mucoid phenotype during infection by the production
of an exopolysaccharide allows the formation of biofilms by facilitating the production of
a slime layer that enables strong adherence of cells to surfaces and to each other [36,37].
Biofilms are bacterial aggregates adaptive to environmental stresses and resistant to an-
timicrobial penetration [38]. The alginate layer of the biofilm-forming strain impedes the
host’s optimal immune function by masking antibody opsonization and inhibiting the
clearance of pathogens [39,40]. Several studies reported that the increased expression of
genes encoding extracellular factors causes the development of acute infections.

Our study highlights the importance of validating culture-based diagnosis by molecu-
lar techniques to provide an accurate treatment intervention. As this might be a challenge
to most healthcare facilities in developing countries, the validation can be achieved using
the PCR for the amplification of specific 16S rRNA genes, which was reported to be specific
in P. aeruginosa [41]. Using this basic molecular technique could be helpful to properly diag-
nosing infectious agents that are monitored due to global concerns over their development
of resistance to standard antibiotics.
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4. Materials and Methods

All chemicals were purchased from Thermo Fisher Scientific (Waltham, MA, USA),
unless mentioned otherwise.

4.1. Sample Collection

A total of 50 clinical pure isolates grown on blind-labeled blood and MacConkey agar
plates were received from three healthcare facilities in Jordan. The isolates were diagnosed
at the facilities as P. aeruginosa based on culturing methods. The isolates were obtained
from infected human skin, sputum, urine, wounds, ears, and peritoneal fluid. The study
was approved under IRB: BAU/24/11/2022-2023.

4.1.1. Biochemical Characterization

An overnight bacterial culture of each isolate was grown in the shaking incubator
(JP Selecta, Barcelona, Spain) at 37 °C to be used for subculturing, morphological, and
biochemical tests. The identification of the isolates as P. aeruginosa was validated by the
amplification of the 16S rRNA gene. The subcultures on nutrient agar were used for
phenotypic and biochemical tests. In addition, bacteria were subcultured on Cystine—
Lactose-Electrolyte-Deficient (CLED) agar, cetrimide agar, and chromogenic agar. The
CLED agar differentiates between the lactose and non-lactose fermenter bacteria, while
cetrimide is selective for P. aeruginosa. The agar plates were incubated for 24 h at 37 °C to
allow bacterial growth. The secretion of selective enzymes, including nitrate reductase,
gelatinases, catalase, and oxidase, was conducted as described below using an overnight
(18-24 h) bacterial broth [42-44].

Nitrate reduction test: An inoculum of bacterial culture was added to a tube containing
nitrate broth, and the test tube was incubated at 37 °C for 48 h. A drop of sulfanilic acid
and a drop of a-naphthylamine were added to the culture. Any color change from light
amber or clear to red indicates a positive nitrate reduction test.

Gelatin hydrolysis test: A heavy inoculum of an overnight bacterial culture was
stab-inoculated into tubes containing solidified gelatin and incubated at 37 °C for up to
a week, with daily check for gelatin liquefaction, which occurs at 28 °C and above. The
gelatin hydrolysis was confirmed by immersing the tube in an ice bath for 15 to 30 min. If
the liquefaction persists after exposure to cold temperature (ice bath), that indicates the
bacterial cells were capable of producing gelatinase.

Oxidase test: A bacterial colony from a fresh agar plate was rubbed onto an oxidase
disc. A color change from white to purple within 10 s indicates an oxidase activity.

Catalase test: On a slide, a drop of fresh bacterial culture and a drop of hydrogen
peroxide (3%) were added and mixed well. The formation of gas bubbles indicates a
positive test.

4.1.2. Extraction of Pyocyanin

The isolates were cultivated in Pseudomonas broth at 37 °C for 48 h. The pigment-rich
broth cultures were centrifuged at 5000 rpm for 20 min, and the supernatant was filtered
through 0.45 pm membrane nitrocellulose filters. A chloroform was added to the pigment
filtrate in a 2:1 ratio while mixing for 30 s, and then the tube was allowed to stand for
10 min to separate the layers. The bottom blue layer was removed and extracted with 1
mL of 0.2 N HCL solution with gentle mixing until the color changed to pink. The last
step of purification was repeated three times to ensure the high purity of pyocyanin. The
concentration of pyocyanin was determined by measuring its absorbance at 520 nm by a
spectrophotometer (Shimadzu-1700, Kyoto, Japan) and multiplying the absorbance value
by 17.072 [45].
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4.1.3. Molecular Identification by Polymerase Chain Reaction (PCR)

The expression of the 165 rRNA gene was determined by the PCR. The extraction of the
genomic DNA of P. aeruginosa was conducted according to the phenol/chloroform method.
Briefly, a 1.5 mL fresh bacterial suspension in brain heart infusion broth was centrifuged,
and the pellet was lysed in a mixture of 10% sodium dodecyl sulfate (SDS), Tris-EDTA
(10xTE) butffer, sodium chloride (NaCl), and CTAB buffer (hexadecyltrimethylammonium
bromide), mainly to remove the polysaccharides and polyphenols. Next, 10 uL of Proteinase
K was added, and the suspension was incubated at 37 °C for 30 min. A mixture of
phenol/chloroform/isoamyl alcohol (25:24:1) was added, and the solution was left to
settle for 10 min before centrifugation at 16,000x g for 5 min. The DNA precipitate was
obtained by adding a 0.6-0.7 volume of isopropanol then centrifuged for 15-30 min at
10,000-15,000 x g. The supernatant was discarded, and the DNA pellet was suspended in
40 pL of RNase-free water and incubated at 37 °C for 1 h. The primers used to amplify the
165 rRNA gene were designed according to [46] (Humanizing Genomics Macrogen, Seoul,
Republic of Korea) as shown below:

The forward primer-27F was 5'-AGAGTTTGATCCTGGCTCAG-3'.

The reverse primer-1392R was 5-GGTTACCTTGTTACGACTT-3'.

The 25 pL reaction mixture contained 1 uL of DNA template, 1 pL of each primer,
12 uL of the master mix (Promega, Madison, WI, USA), and 10 pL of distilled water. The
amplification was performed in the thermal reader (BIO-Rad, Hercules, CA, USA) for 35
cycles. Each cycle underwent initial denaturation at 95 °C for 5 min, denaturation at 94 °C
for 1 min, annealing at 54.2 °C for 1 min, and an extension at 72 °C for 90 sec except in the
final cycle, which was for 10 min. The integrity of the PCR product was assessed by gel
electrophoresis using 1% agarose. To 100 mL of melted agarose, 3-5 uL of ethidium bromide
(10 mg/mL) was added to allow the DNA visualization by the UV transilluminator gel
documentation system (Gel Doc 2000, Bio-Rad, USA). The PCR product for each bacterial
isolate was prepared by adding 5 pL of loading dye to 1 puL of the amplified DNA. After
the agarose solidification, each PCR product was loaded into wells, and the reference well
contained 10 Kb DNA ladder to determine the size of the PCR products. The gel was run
in TBE buffer for 40 min at 180 volts and 210 mA and then visualized with the UV imager.

4.2. Microliter Plate Assay

The attachment phase of biofilm formation was employed, using a modified microliter
plate assay [24,47,48]. Briefly, each P. aeruginosa isolate was grown in tryptic soy broth
at 37 °C overnight to allow biofilm formation. The bacterial culture was centrifuged at
4500 rpm for 15 min and washed twice with physiological buffer solution (PBS), and
the pellet was suspended in Luria—Bertani broth. The optical density (ODsyj) of the
bacterial suspension was adjusted to 0.1-0.2. In a 96-microtiter plate, a 180 uL LB broth
was dispensed in each well, and 150 uL standardized bacterial culture (approximately
1.5 x 108 CFU/mL) was added and mixed. The microplate was sealed and incubated at
37 °C for 24 h. The microplate was washed gently three times with sterile distilled water
then dried. A quantitative evaluation of the biofilm formation was conducted by staining
with crystal violet. To each well, 200 uL of 0.2% crystal violet stain was added, and the
microliter plate was incubated at room temperature for 15 min. The plate was washed
to remove the excess stain, and 100 puL of 95% ethanol was added and thoroughly mixed
before the absorbance was read at 570 nm using a 96 well-spectrophotometer at 520 nm
(Shimadzu-1700, Kyoto, Japan). The experiment was performed in triplicate, and the data
are presented as average values. The values of the negative control (ODc) and the isolate
(ODi) were determined according to the formula below [25]:

ODc = average ODc + (3 x standard deviation (SD) of ODc)
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ODi = average of ODi — Odc

Based on the above calculations, the strength for biofilm formation was classified into
four categories [25]:
Strongly adherent 40Dc < OD
Moderately adherent 20Dc < OD < 40Dc
Weakly adherent ODc <OD <2 0Dc
Non-adherent ODi < ODc

4.3. Statistical Analysis

All bioassays were performed in triplicate, and data are presented as mean values
with or without standard deviation (SD). The difference between the readings of the control
the and sample was analyzed using Student’s t-test, and it was considered significant when
p < 0.05.

5. Conclusions

This study highlights the importance of the molecular detection of P. aeruginosa in
clinical settings. It strongly recommends using a molecular-based assay targeting preserved
regions of P. aeruginosa genes to allow effective treatment, especially in older and im-
munocompromised patients. However, if conventional methods remain the only option for
detection in healthcare practices, it is recommended to evaluate multiple signature virulence
factors, including pigment production and/or biofilm formation, to avoid misidentification
with other Gram-negative bacteria.

Author Contributions: H.LA.-D.: Conceptualization; data curation; formal analysis; funding ac-
quisition; investigation; methodology; project administration; resources; supervision; validation;
visualization; writing—original draft. L.F.A.-N.: Conceptualization; data curation; formal analysis;
investigation; methodology; resources; validation; visualization; reviewing and editing the final
manuscript. S.Z.: Investigation; data curation; validation; visualization. All authors have read and
agreed to the published version of the manuscript.

Funding: Abdul Hameed Shoman Foundation (Research Grant No. 4/2017).

Institutional Review Board Statement: This study to validate the diagnosis of isolates was approved
under IRB: BAU/24/11/2022-2023.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors acknowledge Al-Ahliyya Amman University, Central State Univer-
sity, and Al-Balqa University for their technical support.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

1.  Healthcare Business News, Trends & Developments Healthcare-in-Europe.com. Available online: https:/ /healthcare-in-europe.

com/en/home/ (accessed on 1 February 2025).

2. Ito, C.A.S,; Bail, L.; Arend, LN.V.S,; da Nogueira, K.S.; Tuon, EEF. The Activity of Ceftazidime/Avibactam against Carbapenem-
Resistant Pseudomonas aeruginosa. Infect. Dis. 2021, 53, 386-389. [CrossRef] [PubMed]

3. Litwin, A.; Rojek, S.; Gozdzik, W.; Duszynska, W. Pseudomonas aeruginosa Device Associated—Healthcare Associated Infections

and Its Multidrug Resistance at Intensive Care Unit of University Hospital: Polish, 8.5-Year, Prospective, Single-Centre Study:.
BMC Infect. Dis. 2021, 21, 180. [CrossRef]

4.  O’Donnell, J.N.; Bidell, M.R,; Lodise, T.P. Approach to the Treatment of Patients with Serious Multidrug-Resistant
Pseudomonas aeruginosa Infections. Pharmacother. |. Hum. Pharmacol. Drug Ther. 2020, 40, 952-969. [CrossRef]


https://healthcare-in-europe.com/en/home/
https://healthcare-in-europe.com/en/home/
https://doi.org/10.1080/23744235.2020.1867763
https://www.ncbi.nlm.nih.gov/pubmed/33423568
https://doi.org/10.1186/s12879-021-05883-5
https://doi.org/10.1002/phar.2449

Antibiotics 2025, 14, 509 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rezzoagli, C.; Archetti, M.; Mignot, I.; Baumgartner, M.; Kiimmerli, R. Combining Antibiotics with Antivirulence Compounds Can
Have Synergistic Effects and Reverse Selection for Antibiotic Resistance in Pseudomonas aeruginosa. PLoS Biol. 2020, 18, e3000805.
[CrossRef]

Tuon, FF; Dantas, L.R.; Suss, PH.; Tasca Ribeiro, V.S. Pathogenesis of the Pseudomonas aeruginosa Biofilm: A Review. Pathogens
2022, 11, 300. [CrossRef] [PubMed]

Breidenstein, E.B.M.; de la Fuente-Nufiez, C.; Hancock, R.E.W. Pseudomonas aeruginosa: All Roads Lead to Resistance. Trends
Microbiol. 2011, 19, 419-426. [CrossRef]

IHME Pathogen Core Group. Global Burden Associated with 85 Pathogens in 2019: A Systematic Analysis for the Global Burden
of Disease Study 2019. Lancet. Infect. Dis. 2024, 24, 868-895. [CrossRef] [PubMed]

World Health Organization. WHO Bacterial Priority Pathogens List, 2024: Bacterial Pathogens of Public Health Importance
to Guide Research, Development and Strategies to Prevent and Control Antimicrobial Resistance. Available online: https:
/ /www.who.int/publications/i/item /9789240093461 (accessed on 1 February 2025).

Gellatly, S.L.; Hancock, R.E.W. Pseudomonas aeruginosa: New Insights into Pathogenesis and Host Defenses. Pathog. Dis. 2013, 67,
159-173. [CrossRef]

O'Neill, J. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. Review on Antimicrobial Resistance.
2014. Available online: https:/ /amr-review.org/sites/default/files/ AMR%20Review%20Paper%20-%20Tackling %20a%20crisis %
20for%20the%20health%20and%20wealth%200f%20nations_1.pdf (accessed on 15 January 2025).

CDC. About Pseudomonas aeruginosa. Pseudomonas aeruginosa. Available online: https://www.cdc.gov/pseudomonas-aeruginosa/
about/index.html (accessed on 15 January 2025).

CDC. COVID-19: U.S. Impact on Antimicrobial Resistance, Special Report 2022. Atlanta, GA: U.S. Department of Health and
Human Services. Available online: https://www.thelancet.com/journals/lancet/article /PIIS0140-6736(21)02724-0/ fulltext
(accessed on 15 January 2025).

CDC. Antibiotic Resistance Threats in the United States; U.S. Department of Health and Human Services: Atlanta, GA, USA,
2019. Available online: https://www.cdc.gov/antimicrobial-resistance/data-research/threats/index.html (accessed on 15
January 2025).

Jordan Ministry of Health, 2023, Jordan Surveillance of Antimicrobial Resistance Annual Report 2022. Available online:
https:/ /www.moh.gov;jo/ebv4.0/root_storage/ar/eb_list_page/jordan_national amr_surveillance_report_2023.pdf (accessed
on 1 February 2025).

Al-Orphaly, M.; Hadi, H.A ; Eltayeb, FX.; AlHail, H.; Samuel, B.G.; Sultan, A.A.; Skariah, S. Epidemiology of multidrug-resistant
Pseudomonas aeruginosa in the Middle East and North Africa region. mSphere 2021, 6, €00202-21. [CrossRef]

Abu-Niaaj, L.E,; Al-Daghistani, H.I.; Katampe, I.; Abu-Irmaileh, B.; Bustanji, Y.K. Pomegranate Peel: Bioactivities as Antimicrobial
and Cytotoxic Agents. Food Sci. Nutr. 2024, 12, 2818-2832. [CrossRef]

Al-Daghistani, H.I.; Abu-Niaaj, L.E; Bustanji, Y.; Al-Hamaideh, K.D.; Al-Salamat, H.; Nassar, M.N.; Jaber, HM.; Amer, N.H.;
Abu-Irmaileh, B.; Al-Nuaimi, A.H.D. Antibacterial and Cytotoxicity Evaluation of Arum Hygrophilum Bioss. Dir. Open Access J.
2021, 25, 7306-7316. [CrossRef]

Qaralleh, H.; Saghir, S.A.M.; Al-limoun, M.O.; Dmor, S.M.; Khleifat, K.; Al-Ahmad, B.E.M.; Al-Omari, L.; Tabana, Y.; Mothana,
R.A.; Al-Yousef, H.M.; et al. Effect of Matricaria aurea Essential Oils on Biofilm Development, Virulence Factors and Quorum
Sensing-Dependent Genes of Pseudomonas aeruginosa. Pharmaceuticals 2024, 17, 386. [CrossRef] [PubMed]

Khleifat, K.; Qaralleh, H.; Al-Limoun, M.; Alqaraleh, M.; Abu Hajleh, M.N.; Al-Frouhk, R.; Al-Omari, L.; Buqain, R.A.; Dmour,
S.M. Antibacterial Activity of Silver Nanoparticles Synthesized by Aspergillus flavus and its Synergistic Effect with Antibiotics.
J. Pure Appl. Microbiol. 2022, 16, 1722-1735. [CrossRef]

Al-Akhras, A.A.; Zahra, ].A.; El-Abadelah, M.M.; Abu-Niaaj, L.F.; Khanfar, M.A. 8-Amino-7-(Aryl/Hetaryl) Fluoroquinolones.
An Emerging Set of Synthetic Antibacterial Agents. Z. Naturforschung C 2022, 78, 157-168. [CrossRef] [PubMed]

Bristy, S.F.; Uddin, M.R.; Meghla, B.A; Tisha, T.A.; Uddin, M.A_; Islam, M.T.; Mie, M.; Kobatake, E.; Khondoker, M.U.; Mou, T.J.;
et al. Misdiagnosis of bacterial pathogens by the diagnostic centers: A potential route for antibiotic resistance. J. Appl. Pharm. Sci.
2024, 14, 163-173. [CrossRef]

Jami Al-Ahmadi, G.; Zahmatkesh Roodsari, R. Fast and Specific Detection of Pseudomonas aeruginosa from Other Pseudomonas
Species by PCR. Ann. Burn. Fire Disasters 2016, 29, 264-267.

Hemmuati, J.; Nazari, M.; Fatemeh Sadat Abolhasani; Ahmadi, A.; Asghari, B. In Vitro Investigation of Relationship between
Quorum-Sensing System Genes, Biofilm Forming Ability, and Drug Resistance in Clinical Isolates of Pseudomonas aeruginosa.
BMC Microbiol. 2024, 24, 99. [CrossRef]

Elexson, N.; Sabrina, H.; Dalene, L.; Eddy, B.; Nurul, ER.; Nasra, P.; Grace, B.; Nick, L.; Amirah, Z.].; Nur, D.Z,; et al. Assessment
of Pseudomonas aeruginosa biofilm-forming capacities from drinking water in water vending machine. Food Res. 2022, 6, 76-83.
Shouman, H.; Heba Shehta Said; Kenawy, H.I.; Hassan, R. Molecular and Biological Characterization of Pyocyanin from Clinical
and Environmental Pseudomonas aeruginosa. Microb. Cell Factories 2023, 22, 166. [CrossRef]


https://doi.org/10.1371/journal.pbio.3000805
https://doi.org/10.3390/pathogens11030300
https://www.ncbi.nlm.nih.gov/pubmed/35335624
https://doi.org/10.1016/j.tim.2011.04.005
https://doi.org/10.1016/S1473-3099(24)00158-0
https://www.ncbi.nlm.nih.gov/pubmed/38640940
https://www.who.int/publications/i/item/9789240093461
https://www.who.int/publications/i/item/9789240093461
https://doi.org/10.1111/2049-632X.12033
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%20for%20the%20health%20and%20wealth%20of%20nations_1.pdf
https://www.cdc.gov/pseudomonas-aeruginosa/about/index.html
https://www.cdc.gov/pseudomonas-aeruginosa/about/index.html
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(21)02724-0/fulltext
https://www.cdc.gov/antimicrobial-resistance/data-research/threats/index.html
https://www.moh.gov.jo/ebv4.0/root_storage/ar/eb_list_page/jordan_national_amr_surveillance_report_2023.pdf
https://doi.org/10.1128/mSphere.00202-21
https://doi.org/10.1002/fsn3.3963
https://doi.org/10.26355/eurrev_202112_27424
https://doi.org/10.3390/ph17030386
https://www.ncbi.nlm.nih.gov/pubmed/38543172
https://doi.org/10.22207/JPAM.16.3.13
https://doi.org/10.1515/znc-2022-0143
https://www.ncbi.nlm.nih.gov/pubmed/36278497
https://doi.org/10.7324/JAPS.2024.175488
https://doi.org/10.1186/s12866-024-03249-w
https://doi.org/10.1186/s12934-023-02169-0

Antibiotics 2025, 14, 509 11 of 11

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

Rani, A.; Azmi, W. An overview on biosynthesis and applications of extracellular pyocyanin pigment and its role in
Pseudomonas aeruginosa pathogenesis. Ann. Phytomed. 2019, 10, 90. [CrossRef]

Bhargava, N.; Sharma, P.; Capalash, N. Pyocyanin Stimulates Quorum Sensing-Mediated Tolerance to Oxidative Stress and
Increases Persister Cell Populations in Acinetobacter Baumannii. Infect. Immun. 2014, 82, 3417-3425. [CrossRef]

Mudaliar, S.B.; Bharath Prasad, A.S. A Biomedical Perspective of Pyocyanin from Pseudomonas aeruginosa: Its Applications and
Challenges. World ]. Microbiol. Biotechnol. 2024, 40, 90. [CrossRef] [PubMed]

Jayaseelan, S.; Ramaswamy, D.; Dharmaraj, S. Pyocyanin: Production, Applications, Challenges and New Insights. World ].
Microbiol. Biotechnol. 2014, 30, 1159-1168. [CrossRef]

Meirelles, L.A.; Newman, D.K. Both Toxic and Beneficial Effects of Pyocyanin Contribute to the Lifecycle of Pseudormonas aeruginosa.
Mol. Microbiol. 2018, 110, 995-1010. [CrossRef] [PubMed]

O’Malley, Y.; Reszka, K.J.; Rasmussen, G.T.; Abdalla, M.Y.; Denning, G.M.; Britigan, B.E. The Pseudomonas Secretory Product
Pyocyanin Inhibits Catalase Activity in Human Lung Epithelial Cells. Am. ]. Physiol.-Lung Cell. Mol. Physiol. 2003, 285,
L1077-L1086. [CrossRef] [PubMed]

Hall, S.; McDermott, C.; Anoopkumar-Dukie, S.; McFarland, A.; Forbes, A.; Perkins, A.; Davey, A.; Chess-Williams, R.; Kiefel,
M.; Arora, D.; et al. Cellular Effects of Pyocyanin, a Secreted Virulence Factor of Pseudomonas aeruginosa. Toxins 2016, 8, 236.
[CrossRef]

Foksinski, P; Blank, A.; Kaczorek-Lukowska, E.; Mataczewska, J.; Wrébel, M.; Wéjcik, E.A.; Sowiniska, P; Pietrzyk, N.; Matusiak,
R.; Wojcik, R. Does Every Strain of Pseudomonas aeruginosa Attack the Same? Results of a Study of the Prevalence of Virulence
Factors of Strains Obtained from Different Animal Species in Northeastern Poland. Pathogens 2024, 13, 979. [CrossRef]

Chimi, L.Y.; Noubom, M.; Bisso, B.N.; Singor Njateng, G.S.; Dzoyem, ].P. Biofilm Formation, Pyocyanin Production, and Antibiotic
Resistance Profile of Pseudomonas aeruginosa Isolates from Wounds. Int. ]. Microbiol. 2024, 2024, 1207536. [CrossRef] [PubMed]
[PubMed Central]

Thi, M.T.T.; Wibowo, D.; Rehm, B.H.A. Pseudomonas aeruginosa Biofilms. Int. ]. Mol. Sci. 2020, 21, 8671. [CrossRef]

Pritt, B.; O’Brien, L.; Winn, W. Mucoid Pseudomonasin Cystic Fibrosis. Am. J. Clin. Pathol. 2007, 128, 32-34. [CrossRef]

Donlan, R.M.; Costerton, J.W. Biofilms: Survival Mechanisms of Clinically Relevant Microorganisms. Clin. Microbiol. Rev. 2002,
15,167-193. [CrossRef] [PubMed]

Heoiby, N.; Ciofu, O.; Bjarnsholt, T. Pseudomonas aeruginosa biofilms in Cystic Fibrosis. Future Microbiol. 2010, 5, 1663-1674.
[CrossRef] [PubMed]

Schulze, A.; Mitterer, F.; Pombo, J.P; Schild, S. Biofilms by Bacterial Human Pathogens: Clinical Relevance—Development,
Composition and Regulation—Therapeutical Strategies. Microb. Cell 2021, 8, 28-56. [CrossRef]

Shaw, E.; Wuest, WM. Virulence Attenuating Combination Therapy: A Potential Multi-Target Synergy Approach to Treat
Pseudomonas aeruginosa Infections in Cystic Fibrosis Patients. RSC Med. Chem. 2020, 11, 358-369. [CrossRef] [PubMed]

Wu, M,; Li, X. Klebsiella Pneumoniae and Pseudomonas aeruginosa. Mol. Med. Microbiol. 2015, 3, 1547-1564. [CrossRef]
Alexander, S.K.; Strete, D. Microbiology; A Photographic Atlas for the Laboratory, Benjamin Cummings; Addison Wesley Longman,
Inc.: Mishawaka, IN, USA, 2001; pp. 102-104.

Acharya, T. Nitrate Reduction Test: Principle, Procedure and Results. Available online: http://microbeonline.com/nitrate-
reduction-test-principle-procedure-results/ (accessed on 15 January 2025).

Darwesh, O.M.; Barakat, K.M.; Mattar, M.Z.; Sabae, S.Z.; Hassan, S.H. Production of Antimicrobial Blue Green Pigment Pyocyanin
by Marine Pseudomonas aeruginosa. Biointerface Res. Appl. Chem. 2019, 9, 4334—4339. [CrossRef]

El-Fouly, M.; Shahin, A.; El-Bialy, H.A.; Omara, A. Biosynthesis of pyocyanin pigment by Pseudomonas aeruginosa. J. Radiat. Res.
Appl. Sci. 2014, 8, 36-48. [CrossRef]

Kirmusaoglu, S.; Kasikgi, H. Identification of ica-dependent biofilm production by Staphylococcus aureus clinical isolates and
antibiofilm effects of ascorbic acid against biofilm production. J. Clin. Pathol. 2020, 73, 261-266. [CrossRef]

Adeyemo, R.O.; Famuyide, I.M.; Dzoyem, ].P; Lyndy Joy, M. Anti-Biofilm, Antibacterial, and Anti-Quorum Sensing Activities of
Selected South African Plants Traditionally Used to Treat Diarrhoea. Evid.-Based Complement. Altern. Med. 2022, 2022, e1307801.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.21276/ap.2019.8.2.4
https://doi.org/10.1128/IAI.01600-14
https://doi.org/10.1007/s11274-024-03889-0
https://www.ncbi.nlm.nih.gov/pubmed/38341389
https://doi.org/10.1007/s11274-013-1552-5
https://doi.org/10.1111/mmi.14132
https://www.ncbi.nlm.nih.gov/pubmed/30230061
https://doi.org/10.1152/ajplung.00198.2003
https://www.ncbi.nlm.nih.gov/pubmed/12871859
https://doi.org/10.3390/toxins8080236
https://doi.org/10.3390/pathogens13110979
https://doi.org/10.1155/2024/1207536
https://www.ncbi.nlm.nih.gov/pubmed/38414729
https://pmc.ncbi.nlm.nih.gov/articles/PMC10898945
https://doi.org/10.3390/ijms21228671
https://doi.org/10.1309/KJRPC7DD5TR9NTDM
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://www.ncbi.nlm.nih.gov/pubmed/11932229
https://doi.org/10.2217/fmb.10.125
https://www.ncbi.nlm.nih.gov/pubmed/21133688
https://doi.org/10.15698/mic2021.02.741
https://doi.org/10.1039/C9MD00566H
https://www.ncbi.nlm.nih.gov/pubmed/33479641
https://doi.org/10.1016/b978-0-12-397169-2.00087-1
http://microbeonline.com/nitrate-reduction-test-principle-procedure-results/
http://microbeonline.com/nitrate-reduction-test-principle-procedure-results/
https://doi.org/10.33263/briac95.334339
https://doi.org/10.1016/j.jrras.2014.10.007
https://doi.org/10.1136/jclinpath-2019-206280
https://doi.org/10.1155/2022/1307801

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Sample Collection 
	Biochemical Characterization 
	Extraction of Pyocyanin 
	Molecular Identification by Polymerase Chain Reaction (PCR) 

	Microliter Plate Assay 
	Statistical Analysis 

	Conclusions 
	References

