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Abstract

This study aimed to characterize antimicrobial resistance, biofilm formation, and phenotypic
and genotypic virulence-associated traits in urinary P. aeruginosa isolates in Iraq. Methods:
Twenty P. aeruginosa isolates recovered from 100 urine samples from patients with urinary
tract infections at Al-Ramadi Teaching Hospital, Anbar, Iraq, were characterized using
conventional biochemical tests and the VITEK® 2 automated system. The expected 16S
rRNA gene amplicon was assessed in all isolates; sequencing and phylogenetic analysis were
performed on four selected isolates. Biofilm formation was assessed using the crystal violet
microtiter plate, tube adherence, and Congo red agar methods. Antimicrobial susceptibility
was tested by Kirby—Bauer disk diffusion using CLSI M100, 35th edition (2025), and the
multiple antibiotic resistance (MAR) index was calculated using six antimicrobial agents.
Phenotypic assays assessed capsule-associated extracellular polysaccharide production,
protease, lecithinase, coagulase, hemolytic and pyocin activity, pigment production, and
adhesion to human uroepithelial cells. PCR was used to detect algD, lasR, oprD, and
mexB. Separately, a retrospective review of 188 urine-culture records from 2025 identified
131 culture-positive specimens. Results: All 20 isolates were identified as P. aeruginosa
and met the study’s MDR criterion. MAR indices ranged from 0.33 to 1.00. All isolates
formed biofilms; by the crystal violet assay, four (20%) were strong producers and 16 (80%)
were moderate producers. Capsule-associated extracellular polysaccharide production,
protease activity, p-hemolysis, and pyocin activity were detected in all 20 isolates. Pyocyanin
was detected in 16 (80%) isolates, and pyoverdine was detected in seven (35%) isolates.
Adhesion indices ranged from 4.3 to 19.5 bacteria per cell, with 11 (55%) isolates classified as
high-adherence. PCR detected all four target regions in all isolates, although target detection
alone does not establish gene expression or function. In the separate retrospective survey, E.
coli was the most frequently reported organism (27.5%), and P. aeruginosa accounted for
7.6% of positive cultures. Conclusions: These findings support local resistance surveillance,
susceptibility-guided treatment, and infection-control measures. Larger studies linking
molecular, phenotypic, and patient-level outcomes are needed.
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1. Introduction

Urinary tract infections (UTIs) are among the most prevalent infectious diseases world-
wide and are a major cause of morbidity in community and healthcare settings, particu-
larly among catheterized, critically ill, and immunocompromised patients [1]. Although
Escherichia coli is the predominant uropathogen, Pseudomonas aeruginosa is a clinically im-
portant cause of complicated and catheter-associated UTIs (CAUTIs) and is associated with
treatment challenges, prolonged hospitalization, and recurrence [2,3]. Its antimicrobial re-
sistance and diverse virulence mechanisms make it an important pathogen for local clinical
characterization.

The pathogenic significance of P. aeruginosa reflects its intrinsic antimicrobial resis-
tance, capacity to acquire additional resistance determinants, and diverse virulence mech-
anisms [4,5]. Biofilm formation can contribute to persistence and reduced antimicrobial
susceptibility through matrix-associated protection and physiological heterogeneity. The
algD gene encodes GDP-mannose dehydrogenase, an enzyme involved in alginate biosyn-
thesis; however, detection of algD alone does not establish alginate production, a mucoid
phenotype, or biofilm formation [6].

Virulence regulation in P. aeruginosa involves quorum-sensing systems. The Las sys-
tem, regulated by LasR, influences the expression of several secreted virulence factors and
biofilm-associated traits [7]. Resistance mechanisms include efflux-pump activity, including
the MexAB-OprM system, whose MexB component is an RND-family transporter encoded
by mexB; reduced carbapenem uptake may also occur through loss, mutation, or downreg-
ulation of the OprD porin [8,9]. Detection of the corresponding genes does not, by itself,
establish their expression or functional activity.

Additional virulence contributors include pyocyanin-mediated host oxidative damage,
pyoverdine-facilitated iron acquisition, extracellular proteases, hemolysins, and uroepithe-
lial adhesins that initiate colonization and biofilm establishment on mucosal surfaces and
indwelling urinary devices [10,11].

Despite the clinical importance of P. aeruginosa in UTlIs, studies integrating comprehen-
sive phenotypic and genotypic characterization of urinary isolates, particularly from Middle
Eastern clinical settings, remain scarce. Epidemiological surveillance data from Anbar Gov-
ernorate, Iraq, are especially limited despite a documented high burden of antimicrobial
resistance in this region [12,13].

This study aimed to characterize urinary P. aeruginosa isolates from Al-Ramadi Teaching
Hospital using conventional identification, VITEK® 2, antimicrobial susceptibility testing,
phenotypic virulence assays, and PCR detection of selected targets (lasR, algD, oprD, and
mexB) [14,15]. The expected 16S rRNA gene amplicon was assessed in all isolates, while
sequence-based phylogenetic confirmation was performed on a selected subset. A separate
retrospective survey used the hospital bacteriology unit records for 2025 to describe the
local epidemiological profile of urine-culture findings.

2. Materials and Methods
2.1. Study Design

This cross-sectional laboratory study was conducted at Al-Ramadi Teaching Hospital,
Anbar, Iraq. Urine samples from clinically diagnosed UTI patients were referred to the
microbiology laboratory by consultant physicians from the internal medicine, urology, and
nephrology wards. Of 100 samples processed, 20 (20%) yielded confirmed multidrug-
resistant (MDR) P. aeruginosa isolates.

The study comprised two distinct components. The first was a laboratory-based inves-
tigation involving 100 urine samples, from which 20 clinical Pseudomonas aeruginosa isolates
were recovered and characterized phenotypically and genotypically. The second was a
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retrospective epidemiological survey of 188 urine-culture specimens recorded at Al-Ramadi
Teaching Hospital, Anbar, Iraq during 2025, of which 131 yielded positive cultures. These
components were analyzed independently, and their respective sample sizes, denominators,
and findings were kept separate throughout the study.

2.2. Ethical Considerations

Ethical approval was obtained from the University of Anbar Ethics Committee (Ap-
proval No. 257, 26 December 2024). Informed consent was obtained from all participants,
and full patient confidentiality was maintained throughout the study.

2.3. Sample Collection and Processing

Fresh urine samples were collected in sterile containers under aseptic conditions.
Samples were gently mixed and inoculated onto blood agar and MacConkey agar using
a calibrated loop (0.001 mL) to allow semi-quantitative assessment of bacteriuria. Plates
were incubated aerobically at 37 °C for 18-24 h, and colony counts >10° CFU/mL were
considered significant bacteriuria in the appropriate clinical context.

2.4. Biochemical Characterization and Automated Identification

Presumptive isolates were subjected to a panel of conventional biochemical tests, includ-
ing oxidase, catalase, citrate utilization, triple sugar iron (TSI) reaction, nitrate reduction,
urease, indole, Voges—Proskauer, DNase, starch hydrolysis, and growth on cetrimide agar.
The characteristic biochemical pattern, oxidase-positive, catalase-positive, citrate-positive,
alkaline TSI slant without gas or H,S production, positive nitrate reduction, and negative
reactions for indole, urease, and DNase, supported identification as P. aeruginosa [16,17].

For confirmatory identification, all presumptive isolates were processed with the
VITEK® 2 automated identification system (bioMérieux, Inc., Durham, NC, USA) using
the GN identification card, according to the manufacturer’s instructions [18]. Isolates with
high-probability identification as P. aeruginosa were included in the study and designated
PA1-PA20. The reference strain P. aeruginosa ATCC 15442 was used as a quality control
throughout all experiments.

2.5.16S rRNA Gene Amplification and Sequencing of Selected Isolates

Genomic DNA was extracted from overnight cultures of each isolate using the Geneaid
kit [19]. DNA quality was assessed by electrophoresis on a 0.8% agarose gel. The 16S
rRNA gene was amplified from all 20 isolates using universal primers, with an expected
amplicon size of approximately 450 bp. PCR products were separated on a 1.2% agarose
gel containing ethidium bromide and visualized under UV transillumination [20].

Sanger sequencing was performed on four selected amplicons to provide additional
sequence-based confirmation. The phylogenetic tree displays four selected clinical isolates
labelled S1, 54, S6, and S14, as shown in the sequencing dataset. Sequences were compared
with reference sequences in the NCBI database using BLAST + (Version 2.17.0), and a
Neighbor-Joining tree with 1000 bootstrap replicates was generated in MEGA 11 [21].
Conventional biochemical tests and VITEK® 2 were used to identify all 20 isolates; the
sequence-based analysis should be interpreted as confirmation of the selected subset rather
than all 20 isolates.

2.6. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed using the Kirby-Bauer disk-
diffusion method on Mueller-Hinton agar (MHA), following the Clinical and Laboratory
Standards Institute (CLSI) recommendations for Pseudomonas aeruginosa (CLSI M100, 35th
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edition, 2025) [22]. Briefly, bacterial suspensions were prepared in sterile saline and adjusted
to a turbidity equivalent to a 0.5 McFarland standard. The suspensions were uniformly in-
oculated onto MHA plates to obtain a confluent bacterial lawn. Commercial antibiotic disks
were then applied, including amikacin (AK, 30 pg), aztreonam (ATM, 30 ug), piperacillin
(PRL, 100 pg), imipenem (IPM, 10 ug), gentamicin (CN, 10 ug), ciprofloxacin (CIP, 5 pug),
netilmicin (NET, 30 ug), and ceftazidime (CAZ, 30 pg). The plates were incubated at 37 °C
for 16-18 h. Subsequently, the diameters of the inhibition zones, including the antibiotic
disks, were measured in millimetres. Susceptibility results were categorized as susceptible
(S), intermediate (I), or resistant (R) according to the applicable CLSI interpretive criteria.

Isolates were classified as multidrug-resistant (MDR) if they exhibited non-susceptibility
to at least one antimicrobial agent in three or more antimicrobial categories, in accordance
with the consensus definition proposed by Magiorakos [23,24]. For MDR classification,
non-susceptibility included both intermediate and resistant results. Antimicrobial cate-
gories, rather than the number of individual agents, were considered when applying this
definition.

The multiple antibiotic resistance (MAR) index was calculated for each isolate using
the following formula:

MAR : (@)
(b)
where a represents the number of antimicrobial agents included in the MAR calculation to
which the isolate was classified as resistant, and b represents the total number of antimi-
crobial agents included in the calculation. In the present study, six antimicrobial agents
(amikacin, aztreonam, piperacillin, imipenem, ciprofloxacin, and ceftazidime) were in-
cluded; therefore, b = 6. Only resistant results were counted in the numerator, whereas
intermediate results were not counted as resistant. Accordingly, the MAR index for each
isolate was calculated by dividing the number of resistant results among these six agents by
six. Gentamicin (CN) was not assigned an S/I/R category because CLSI M100-Ed35 (2025)
does not provide disk-diffusion interpretive breakpoints for P. aeruginosa. Netilmicin (NET)
was interpreted using the applicable CLSI M100-Ed35 criteria but was excluded from the
MAR calculation because the index was defined using the six agents listed above.

2.7. Quantitative and Qualitative Biofilm Assays

Biofilm formation was assessed using three complementary methods to ensure relia-
bility and reproducibility.

2.7.1. Crystal Violet Microtiter Plate Assay

Biofilm-forming capacity was quantified using the crystal violet (CV) microtiter plate
assay as described by Stepanovic et al. (2000) [25] with minor modifications, using P.
aeruginosa ATCC 15442 as a reference control strain. Overnight cultures were adjusted to 0.5
McFarland standard (~1 x 10® CFU/mL) and diluted 1:100 in fresh TSB to yield a working
inoculum of ~1 x 10® CFU/mL. Aliquots of 200 uL were dispensed in triplicate into sterile
96-well flat-bottom polystyrene microtiter plates alongside sterile TSB negative controls,
and incubated statically at 37 °C for 24 h. Following incubation, planktonic cells were
removed by washing three times with PBS (pH 7.4), and adherent biofilms were stained
with 0.1% CV for 15 min. After washing with distilled water and air-drying, the bound dye
was solubilized in 95% ethanol, and optical density was measured at 570 nm (ODjy,) using
a microplate reader.

The optical density cut-off value (ODc) was calculated as:

ODc = OD control + 3 x SDcontrol
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where ODc represents the optical-density cut-off used for biofilm classification, OD repre-
sents the optical-density measurements from the negative-control wells, and SD represents
the standard deviation of those measurements. Isolates were categorized as non-biofilm
producers (ODj5,y < ODc), weak producers (ODc < ODs;q < 2 x ODc), moderate producers
(2 x ODc < ODygy, < 4 x ODc), or strong producers (ODs; > 4 x ODc).

2.7.2. Tube Adherence Assay

Glass tubes containing TSB were inoculated with test isolates and incubated at 37 °C
for 24 h. After decanting the broth, tubes were washed with PBS, stained with 0.1% CV for
15 min, and rinsed to remove excess dye. Visible film lining the tube wall and bottom was
recorded as biofilm-positive, and intensity was graded qualitatively as: (—) no film, (+)
weak, (++) moderate, (+++) strong, in concordance with microtiter results [17,26].

2.7.3. Congo Red Agar (CRA) Method

CRA plates were prepared using brain-heart infusion agar (37 g/L) supplemented
with 5% sucrose and 0.08 g/L Congo red dye. Isolates were streaked and incubated at 37 °C
for 24-48 h. Black, dry, crystalline colonies were interpreted as indicative of strong biofilm-
associated exopolysaccharide production, whereas red or pink colonies were classified as
weak or non-biofilm producers [17,27].

2.8. Phenotypic Detection of Capsule-Associated Extracellular Polysaccharide Production

Capsule-associated extracellular polysaccharide production was assessed using India ink
negative staining to visualize capsule-associated material [6]. A drop of 6% glucose solution
was mixed with bacterial culture, followed by a drop of India ink. The mixture was spread
into a thin film, air-dried, fixed with methanol, and stained with methyl violet for 1-2 min.
After rinsing with distilled water, the slide was examined under oil-immersion microscopy. A
clear halo surrounding stained bacterial cells was interpreted as positive for capsule-associated
extracellular polysaccharide. This method does not specifically identify alginate.

2.9. Exoenzyme Assays
2.9.1. Protease Activity

Protease production was assessed on skim-milk agar (10% skim milk in nutrient
agar) [28]. Standardized inocula were spotted onto plates and incubated at 37 °C for 24 h.
Proteolytic activity was indicated by clear zones of casein hydrolysis surrounding colonies.
Zone diameters were measured in millimeters and recorded for each isolate.

2.9.2. Lecithinase and Coagulase Activity

Lecithinase activity was evaluated on egg-yolk agar. After 24 h of incubation at 37 °C,
the presence of an opaque precipitation zone surrounding colonies was recorded as lecithi-
nase positive [29]. Coagulase production was tested by both slide and tube methods using
citrated rabbit plasma. For the slide test, one to two colonies were emulsified in a drop of
normal saline on a clean glass slide. A drop of citrated rabbit plasma was added to the
suspension and mixed gently; visible clumping within 5-10 s was interpreted as positive
(bound coagulase). All slide-negative results were confirmed by the tube test, in which
citrated rabbit plasma was diluted 1:10 in physiological saline (0.2 mL plasma + 1.8 mL
saline). Three labeled tubes test (T), positive control (Staphylococcus aureus), and negative
control (sterile broth) each received 0.5 mL of diluted plasma. The test tube was inoculated
with 0.1 mL of an 18-24-h broth culture and incubated at 37 °C; tubes were examined every
30 min for up to 4 h, and a final reading was taken at 24 h. Formation of a fibrin clot of any
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size was recorded as positive (free coagulase); absence of clot formation was recorded as
negative [30].

2.9.3. Hemolysin Production

A. Hemolysis on Blood Agar—Blood agar medium was prepared according to the manufac-
turer’s instructions and sterilized by autoclaving. After the medium cooled to 45-50 °C,
5% human blood obtained from the hospital blood bank was added aseptically. Human
blood was used because it was readily available through the hospital blood bank, whereas
sheep blood was not readily accessible locally. The bacterial isolates were streaked onto
the blood agar plates and incubated at 37 °C for 24 h. p-Hemolytic activity was assessed
by observing the presence of a clear zone surrounding bacterial growth.

B. Cell-Free Hemolysin Assay—Cell-free hemolytic activity was assessed using the
method described by Ridder et al. [30], with modifications. Briefly, 1.5 mL of a 2%
suspension of washed human erythrocytes was mixed with 1.5 mL of cell-free bacterial
supernatant obtained from planktonic cultures at a 1:1 (v/v) ratio. Human blood was
obtained from the hospital blood bank. A negative control was prepared by mixing
1.5 mL of the same erythrocyte suspension with 1.5 mL of sterile culture medium
without bacterial supernatant. A positive control representing complete erythrocyte
lysis was included. The mixtures were incubated at 37 °C for 2 h and subsequently
centrifuged at 5000x g for 5 min. The absorbance of the resulting supernatants was
measured at 545 nm using a microplate spectrophotometer.

Hemolytic activity was expressed as a percentage and calculated using the following

equation [31].

A le— A ti
HemolyticActivity (%) = —oib < — £ CEATVE

A positive — A negative

where A_sample is the absorbance of erythrocytes mixed with cell-free bacterial supernatant,
A_negative is the absorbance of erythrocytes mixed with sterile culture medium, and
A_positive is the absorbance corresponding to complete erythrocyte lysis.

2.9.4. Pyocin Production

The agar well diffusion method (Fyfe et al., 1984) [32] was applied for the estimation of
pyocin production, but with slight modifications. Nutrient broth containing a 0.5 McFarland
standard of a susceptible S. aureus indicator strain was allowed to incubate for 18 h at 37 °C.
These were then spread uniformly across Mueller-Hinton agar plates.

Isolates were grown in nutrient broth for 24 h at 37 °C and were centrifuged at 10,000x ¢
for 15 min. Supernatants were then filtered to sterilize using 0.22 ym membrane filters. Wells
were prepared in the agar plates, and 100 puL aliquots of the filtered supernatants were added.
Plates were incubated at 37 °C for 24 h, and diameters of inhibition zones were determined.
Each experiment was performed in triplicate.

2.9.5. Pigment Production

Pyocyanin and pyoverdine production were assessed by culturing isolates on cetrimide
agar and visually inspecting pigment formation after incubation at 37 °C. Pyocyanin was
identified by its characteristic blue-green colour, whereas pyoverdine was recorded as
a yellow-green fluorescent pigment. Results were recorded qualitatively as positive or
negative for each isolate [33,34].

https://doi.org/10.3390/joma3020031


https://doi.org/10.3390/joma3020031

J. Oman Med. Assoc. 2026, 3, 31

7 of 24

2.10. Adhesion to Human Uroepithelial Cells

The adhesion assay was based on a published epithelial-cell adherence method [35],
with modifications described by Reid and Sobel [36].

Bacterial cells were centrifuged for 10 min at 10,000 rpm, 4 °C, and washed three times
with phosphate-buffered saline (PBS, pH 7.2). The bacterial suspension was diluted and
adjusted to 1 x 108 CFU/mL. Uroepithelial cells were isolated from pooled morning urine
samples from four healthy female volunteers. The urine samples were pelleted by centrifuging
10 mL of urine at 5000 rpm for 10 min, then examined under a microscope by streaking one
drop on a microscope slide and evaluating the presence of epithelial cells in the samples.
After staining with 0.01% Trypan blue, cells were washed three times with PBS (pH 7.2) and
counted in a Neubauer chamber. Viable uroepithelial cells were diluted to 1 x 10° cells/mL.
An equal volume (1 mL) of each suspension (bacterial and uroepithelial cells) was mixed and
incubated for 1 h at 37 °C. The smears were air-dried, fixed with methanol, and stained with
Giemsa stain. Bacteria adhering to 30 uroepithelial cells were counted microscopically, and the
average number of adhering bacteria per cell was calculated. Each experiment was performed
in triplicate.

2.11. PCR Detection of Virulence and Resistance-Associated Genes

Genomic DNA extracted as described above was used as a template for PCR ampli-
fication of four target genes. All target genes were amplified using the same PCR cycling
program, consisting of 30 cycles of denaturation at 94 °C for 1 min, annealing at 60 °C for
1 min, and extension at 72 °C for 1 min. The primer sequences, expected amplicon sizes,
and PCR cycling conditions are summarized in Table 1. PCR products were separated by
electrophoresis on a 1.2% agarose gel containing ethidium bromide and visualized under
UV transillumination. Amplicons of the expected sizes were interpreted as positive, and
the presence or absence of each target gene was recorded for all isolates [37].

Table 1. PCR primers and amplification conditions used for detection of virulence and resistance-
associated genes.

Forward Primer (5'—3")

Gene Function Reverse Primer (5'—>3)
16S rRNA Species confirmation chgg ((j: é CC;; g éﬁggg%fl%gi% 450 [38,39]

aleD Alginate TTCCCTCGCAGAGAAAACATC 520 [40]

§ biosynthesis CCTGGTTGATCAGGTCGATCT
lasR Las quorum-sensing CGGGTATCGTACTAGGTGCATCA 1100 [41]

regulator GACGGGAAAGCCAGGAAACTT

oD Ouf:rr_l;flgzﬂf::ne TCCGCAGGTAGCACTCAGTTC 191 2]

P porin AAGCCGGATTCATAGGTGGTG
mexB MexAB-OprM efflux GCCATTCTCATCGTGGAGTT 249 [24]

pump transporter GAACAGCGGTACCCAGAAGA

PCR cycling conditions: All target genes were amplified using the same program: 30 cycles of denaturation at
94 °C for 1 min, annealing at 60 °C for 1 min, and extension at 72 °C for 1 min.
2.12. Retrospective Epidemiological Survey

A retrospective epidemiological study was conducted by reviewing the bacteriology
unit registry of Al-Ramadi Teaching Hospital, Ramadi, Anbar Governorate, Iraq, for the year
2025. All urine culture records were extracted, including date of collection, patient gender,
hospital ward, VITEK 2 microbiological identification result, and antibiotic susceptibility
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profiles. Patient names were replaced with anonymous numerical identifiers (UTI-001 to
UTI-188) to ensure confidentiality. A total of 188 urine specimens were included. Culture
results, bacterial species distribution, and antibiotic resistance and sensitivity patterns were
analyzed descriptively.

2.13. Statistical Analysis

Data were entered into Microsoft Excel and analyzed using GraphPad Prism (version
8.4; GraphPad Software, San Diego, CA, USA). Quantitative measurements are summa-
rized as mean * standard deviation (SD) from three independent replicates. Differences in
inhibition-zone diameters across the eight antimicrobial disks were assessed using the Fried-
man test followed by pairwise Wilcoxon signed-rank tests with Holm correction for multiple
comparisons. Hemolysis measurements were compared using one-way ANOVA followed
by Tukey’s multiple-comparisons test. Adhesion categories were assigned descriptively us-
ing predefined thresholds; no inferential comparison was made between categories derived
from the same adhesion index. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Isolation, Identification, and Confirmation of P. aeruginosa Urinary Isolates

Of the 100 urine samples processed, 20 isolates (20%) were identified as P. aeruginosa
based on colony morphology, Gram-negative rod morphology, motility, oxidase and catalase
positivity, and the characteristic biochemical profile. VITEK® 2 assigned high-confidence
identification as P. aeruginosa to all 20 isolates, designated PA1-PA20. All 20 isolates yielded
the expected approximately 450 bp 16S rRNA gene PCR amplicon. Sanger sequencing and
phylogenetic analysis were performed on four selected isolates (labelled S1, 54, S6, and S14
in the sequence dataset), which clustered with reference P. aeruginosa sequences (Figure 1).

gb|MH489002.1| P. aeruginosa — Iraq (2017)
gb|MZ642605.1| P. aeruginosa — Austria (2019)
gb|MH368362.1| P. aeruginosa — China (2017)
gb|CP128277.1| P. aeruginosa — Poland (2013)

P. aeruginosa — Taiwan (2014)

gb|CP115294.1| P. aeruginosa — Denmark (2009)
gb|MZ021406.1| P. aeruginosa — Malaysia (2018)
gb|CP092629.1| P. aeruginosa — Viet Nam (2020)

gb|CP063390.1| P. aeruginosa — Switzerland (2011)

gb|CP139424.1| P. aeruginosa — Uruguay (2022)

gb|CP075830.1| P. aeruginosa — Belgium (2016)

gb|OP209787.1| P. aeruginosa — Nigeria (2022)

gb|KP799012.1| P. aeruginosa — Pakistan (2013)

S1

sS4

gb|OR029393.1| P. aeruginosa — Bangladesh (2022)

dbj|AB900067.1| P. aeruginosa — India (2012)

gb|MG571567.1| P. aeruginosa — Egypt (2017)

S14

S6

Figure 1. Phylogenetic relationships among four selected clinical isolates labelled S1, S4, 56, and S14
in the sequencing dataset and reference sequences obtained from GenBank. The tree was constructed
using the Neighbor-Joining method with 1000 bootstrap replicates. Sequence-based phylogenetic
analysis was performed on this selected subset; all 20 isolates were assessed by 165 rRNA gene PCR.
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Additional identification documentation, including biochemical characterization,
colony morphology, Gram staining, and motility findings, is provided in Supplementary
Table S1 and Figures S1 and S2.

3.2. Antimicrobial Susceptibility Profile and MDR Status

Antimicrobial susceptibility testing of the 20 urinary P. aeruginosa clinical isolates
revealed a substantial burden of antimicrobial resistance (Figure 2 and Table 2). Using the
applicable CLSI M100-Ed35 interpretive criteria, resistance was observed in 90% of isolates
to amikacin (AK), 45% to aztreonam (ATM), 85% to piperacillin (PRL), 80% to imipenem
(IPM), 95% to ciprofloxacin (CIP), and 100% to ceftazidime (CAZ) and netilmicin (NET).
For aztreonam, 35% of isolates were intermediate and 20% susceptible; for piperacillin,
10% were intermediate and 5% susceptible; for imipenem, 5% were intermediate and
15% susceptible; and for ciprofloxacin, 5% were intermediate. The remaining isolates in
these categories were resistant. No isolates were susceptible to ciprofloxacin or ceftazidime.
Gentamicin (CN) zone diameters are shown, but S/I/R categories were not assigned because
CLSI M100-Ed35 does not provide disk-diffusion interpretive breakpoints for P. aeruginosa.

25=-
a
E 20— 5
- ab
f =
=2 15= bc
O
'E bc b
: i
[<})
S 5
N
0 | | | | | | | |
ATM PRL IPM CIP CN AK NET CAZ
Antibiotics

Figure 2. Mean inhibition-zone diameters (mm) of eight antibiotic disks tested against 20 urinary
Pseudomonas aeruginosa clinical isolates using the Kirby-Bauer disk diffusion method. Bars represent
the mean = standard deviation (SD). Differences among antibiotics were assessed using the Friedman
test, followed by pairwise Wilcoxon signed-rank tests with Holm correction for multiple comparisons.
Where indicated, different lowercase letters denote statistically significant differences between groups
(adjusted p < 0.05).

The multiple antibiotic resistance (MAR) index was calculated for each isolate using
six antimicrobial agents: amikacin (AK), aztreonam (ATM), piperacillin (PRL), imipenem
(IPM), ciprofloxacin (CIP), and ceftazidime (CAZ). The index was calculated as MAR = a/6,
where a represents the number of these six agents to which an isolate was classified as resistant.
Intermediate results were not counted as resistant. Across all 20 isolates, MAR indices ranged
from 0.33 to 1.00, with a mean of 0.825 (approximately 0.83). Fifteen isolates (75%) had MAR
indices >0.80, and seven isolates (35%) had a MAR index of 1.00. PA3 had the lowest MAR
index (0.33), whereas PA4, PAS8, PA13, PA15, PA16, PA17, and PA20 had an MAR index of 1.00.
PA19 had an MAR index of 0.83.
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Table 2. Antibiotic Susceptibility Profiles and MAR Indices of 20 Urinary Pseudomonas aeruginosa

Clinical Isolates.

Isolate AK ATM PRL IPM CN CIP NET CAZ MAR (a/6)
PA1 10 (R) 20 (1) 11 (R) 7(R)  10(NI) 18 (R) 8 (R) 8 (R) 0.83
PA2 9 (R) 19 (I) 15(R)  10(R) 11(NI) 14 (R) 9 (R) 9 (R) 0.83
PA3 17 (S) 23 (S) 16 (R) 24(S) 14 (NI) 24 (1) 7 (R) 8 (R) 0.33
PA4 10 (R) 9 (R) 6 (R) 9 (R) 9(NI) 11 (R) 8 (R) 7 (R) 1.00
PA5 8 (R) 25 (S) 15 (R) 23(S) 11(NI)  6(R) 9 (R) 9 (R) 0.67
PA6 14 (R) 20 (I) 9 (R) 9 (R) 6 (NI) 6 (R) 7 (R) 7 (R) 0.83
PA7 19 (S) 20 (1) 25 (S) 11(R)  7(NI) 9 (R) 8 (R) 9 (R) 0.50
PA8 9 (R) 8 (R) 14 (R) 9(R)  19(NI)  9(R) 7 (R) 8 (R) 1.00
PA9 9 (R) 18 (I) 11 (R) 9(R)  10(NI)  8(R) 9 (R) 8 (R) 0.83
PA10 6 (R) 22 (S) 12(R) 10(R) 6(NI) 11 (R) 8 (R) 6 (R) 0.83
PA11 8 (R) 20 (I) 16 (R) 20 (S) 6 (NI) 7 (R) 10(R)  6(R) 0.67
PA12 9 (R) 22 (S) 16 (R) 8 (R) 6(NI) 10 (R) 6 (R) 6 (R) 0.83
PA13 11 (R) 8 (R) 7 (R) 11(R) 8(NI) 11 (R) 8 (R) 9 (R) 1.00
PA14 7 (R) 18 (I) 9 (R) 9 (R) 9(NI) 12 (R) 6(R) 10 (R) 0.83
PA15 8 (R) 6 (R) 7 (R) 7 (R) 6(NI) 10 (R) 8 (R) 7 (R) 1.00
PA16 8 (R) 9 (R) 12 (R) 7 (R) 6 (NI) 8 (R) 9 (R) 7 (R) 1.00
PA17 9 (R) 11(R) 15(R) 13(R) 6 (NI) 9 (R) 11(R) 9(R) 1.00
PA18 9 (R) 6 (R) 18 (I) 16 (I) 9 (NI) 8 (R) 8(R) 10 (R) 0.67
PA19 9 (R) 12 (R) 20 (1) 12(R)  6(NI) 9 (R) 7(R) 11 (R) 0.83
PA20 7 (R) 8 (R) 16(R) 13(R) 8(NI)  10(R) 9(R)  12(R) 1.00

Note: Values are inhibition-zone diameters (mm), followed by the susceptibility interpretation in parentheses: S,
susceptible; I, intermediate; R, resistant. NI indicates thatno S/I/R category was assigned because CLSI M100-Ed35
(2025) does not provide disk-diffusion interpretive breakpoints for gentamicin against P. aeruginosa. AK, amikacin;
ATM, aztreonam; PRL, piperacillin; IPM, imipenem; CN, gentamicin; CIP, ciprofloxacin; NET, netilmicin; CAZ,
ceftazidime. The MAR index was calculated as a/6, where a is the number of resistant results among AK, ATM,
PRL, IPM, CIP, and CAZ; intermediate results were not counted as resistant. Netilmicin was interpreted using the
applicable CLSI M100-Ed35 criteria but was excluded from the MAR calculation.

Multidrug resistance (MDR) was defined as non-susceptibility to at least one antimi-
crobial agent in three or more antimicrobial categories, in accordance with the consensus
definition proposed by Magiorakos et al. [23]. Both resistant and intermediate results were
considered non-susceptible for this classification. Based on the susceptibility results in
Table 2, all 20 isolates (100%) met the MDR criterion. PA3 also met this criterion because
it was resistant to piperacillin and ceftazidime and showed intermediate susceptibility to
ciprofloxacin, representing non-susceptibility across three antimicrobial categories.

Inhibition-zone diameters differed significantly among the eight tested antimicrobial
disks, according to the Friedman test (x*(7) = 35.13, p < 0.001). The largest mean inhibition-
zone diameters were observed for ATM (15.20 + 6.49 mm) and PRL (13.50 + 4.73 mm),
whereas the smallest were observed for NET (8.00 + 1.26 mm) and CAZ (8.30 + 1.66 mm).
Pairwise Wilcoxon signed-rank tests with Holm correction identified significant differences
between PRL and NET (adjusted p = 0.007), PRL and CAZ (adjusted p = 0.010), IPM and
CAZ (adjusted p = 0.017), IPM and NET (adjusted p = 0.021), and ATM and NET (adjusted
p = 0.033). These comparisons indicate differences in measured inhibition-zone diameters
and should not be interpreted as direct evidence of comparative clinical efficacy.
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3.3. Biofilm-Forming Ability
All 20 urinary P. aeruginosa clinical isolates demonstrated biofilm-forming capacity

across all three assay methods, with varying intensities (Table 3). No isolate was classified
as a non-biofilm producer by any method.

Table 3. Biofilm formation by 20 urinary P. aeruginosa isolates and the ATCC 15442 reference strain,
assessed using three complementary methods.

Isolate CV (Mean + SD) Biofilm Tube Assay CRA Method

PA1 0.3940 £ 0.0111 Strong +++ Black Crystalline
PA2 0.2250 £ 0.0259 Moderate ++ Black Crystalline
PA3 0.2767 + 0.0432 Moderate ++ Black Crystalline
PA4 0.4433 £ 0.0155 Strong +++ Black Crystalline
PA5 0.2970 £ 0.0204 Moderate +++ Black Crystalline
PA6 0.4337 £ 0.0076 Strong +++ Black Crystalline
PA7 0.3100 £ 0.0471 Moderate +++ Black Crystalline
PA8 0.2823 £+ 0.0180 Moderate +++ Black Crystalline
PA9 0.2270 £ 0.0299 Moderate + Black Crystalline
PA10 0.2713 £ 0.0200 Moderate ++ Black Crystalline
PA11 0.2827 £ 0.0225 Moderate +++ Black Crystalline
PA12 0.2393 £+ 0.0144 Moderate + Black Crystalline
PA13 0.2900 + 0.0382 Moderate ++ Black Crystalline
PA14 0.4460 £ 0.0312 Strong +++ Black Crystalline
PA15 0.2533 + 0.0236 Moderate ++ Black Crystalline
PA16 0.3033 £ 0.0108 Moderate +++ Black Crystalline
PA17 0.2767 £ 0.0051 Moderate ++ Black Crystalline
PA18 0.2333 £ 0.0068 Moderate ++ Black Crystalline
PA19 0.2700 £ 0.0182 Moderate ++ Black Crystalline
PA20 0.2100 £ 0.0085 Moderate + Black Crystalline
?5T4c4§ 0.1713 + 0.0095 Weak — pink

Note: CV = crystal violet microtiter plate assay. ODc = 0.0900 (mean of negative controls 0.0600 + 3 x SD 0.0100).
Biofilm categories [25]: Non-biofilm (OD < 0.0900); Weak (0.0900 < OD < 0.1800); Moderate (0.1800 < OD < 0.3600);
Strong (OD > 0.3600). Tube assay: (+) weak; (++) moderate; (+++) strong. CRA: black/dry colony = biofilm
producer; pink/red = weak/non-producer. ATCC 15442 was used as the reference control strain.

In the CV microtiter plate assay (ODc = 0.0900), 4 isolates (20%) were classified as strong
biofilm producers: PA1 (0.3940 + 0.0111), PA4 (0.4433 + 0.0155), PA6 (0.4337 + 0.0076), and
PA14 (0.4460 % 0.0312), with mean ODs;, values exceeding the 4 x ODc threshold of 0.3600.
The remaining 16 isolates (80%) were classified as moderate biofilm producers, with mean
ODxy, values ranging from 0.2100 £ 0.0085 (PA20) to 0.3100 £ 0.0471 (PA7), all falling within
the 2 x ODc—4 x ODc range (0.1800-0.3600). The reference strain P. aeruginosa ATCC 15442
yielded a mean ODs5y, of 0.1713 + 0.0095, classified as a weak biofilm producer, confirming
the validity and reliability of the assay conditions.

In the tube adherence assay, strong biofilm formation (+++) was observed in PA1, PA4,
PA5, PA6, PA7, PAS, PA11, PA14, PA16 (9 isolates; 45%), moderate formation (++) in PA2,
PA3, PA10, PA13, PA15, PA17, PA18, PA19 (8 isolates; 40%), and weak formation (+) in PA9,
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PA12, and PA20 (3 isolates; 15%). By the Congo Red Agar (CRA) method, all 20 clinical
isolates produced black crystalline colonies, consistent with strong exopolysaccharide-
mediated biofilm production, while ATCC 15442 produced pink colonies, indicative of
weak or absent biofilm formation. Overall concordance across the three methods was high,
with all 20 isolates (100%) confirmed as biofilm producers. Strong and moderate producers
constituted 100% of clinical isolates by the quantitative CV assay, and the qualitative tube
adherence and CRA methods were largely consistent with these findings. The strong-to-
moderate biofilm-forming phenotype observed across all isolates, combined with their MDR
profile, underscores the significant clinical challenge posed by these urinary P. aeruginosa
strains, as biofilm formation is a well-established mechanism of antibiotic tolerance and
treatment failure.

3.4. Pyocin Production

All 20 clinical P. aeruginosa isolates produced pyocin activity, although inhibition-zone diame-
ters varied substantially (Table 4). Inhibition zones against the S. aureus ATCC 25923 indicator
strain ranged from 5.03 £ 1.72 mm (PA12) to 25.03 £ 0.25 mm (PA1). Five isolates (PA1, PA4, PA9,
PA14, and PA19) were classified as strong producers (>20 mm), three (PA2, PA11, and PA12)
showed weak activity (<10 mm), and the remaining 12 showed moderate activity (1020 mm).

Table 4. Pyocin production by urinary P. aeruginosa isolates, determined by the well-diffusion method
against Staphylococcus aureus ATCC 25923.

Isolate Inhibition Zone (mm) Mean + SD Activity Classification
PA1 25.03 £0.25 Strong
PA2 8.67 £1.53 Weak
PA3 10.67 £ 1.53 Moderate
PA4 21.50 £ 1.18 Strong
PA5 13.80 £ 0.30 Moderate
PA6 10.50 + 0.30 Moderate
PA7 13.80 £ 0.30 Moderate
PAS 11.73 £ 0.95 Moderate
PA9 21.87 £1.42 Strong
PA10 15.30 + 0.89 Moderate
PA11 6.50 £ 1.18 Weak
PA12 503 +1.72 Weak
PA13 17.03 £ 1.54 Moderate
PA14 22.80 + 0.30 Strong
PA15 18.97 £ 0.25 Moderate
PAl6 12.83 + 0.65 Moderate
PA17 13.80 £ 0.30 Moderate
PA18 10.50 + 0.30 Moderate
PA19 20.47 £ 0.35 Strong
PA20 19.40 £ 1.25 Moderate

ATCC 15442 3.04 £1.78 Weak

Note: Values represent mean + SD from three independent replicates. Activity classification: weak (<10 mm),
moderate (10-20 mm), and strong (>20 mm).
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Representative agar plates showing pyocin production and inhibition-zone measure-
ments for the clinical isolates are presented in Supplementary Figures S4 and S5.

3.5. Capsule-Associated Extracellular Polysaccharide and Exoenzyme Activity

Phenotypic testing indicated capsule-associated extracellular polysaccharide production
in all 20 clinical isolates and the ATCC 15442 reference strain (Table 5). Because India ink
reveals capsule-associated material generally, this result should not be interpreted as alginate-
specific detection. Protease activity was detected in all 20 clinical isolates, as indicated by
clear casein-hydrolysis zones on skim-milk agar. Lecithinase and coagulase activity were
not detected under the assay conditions used (Table 5); these negative results should not be
interpreted as evidence that the factors are universally absent or irrelevant to uropathogenicity.
Representative images of the phenotypic assays are provided in Supplementary Figure S3.

Table 5. Virulence phenotype profile of urinary P. aeruginosa isolates (PA1-PA20) and ATCC 15442
reference strain.

Isolates
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Note: (+) = positive; (—) = negative.

3.6. Hemolysin Production

All 20 isolates exhibited B-hemolysis on blood agar. Quantitative cell-free hemolysis
ranged from 2.20 + 0.20% (PA20) to 13.20 * 7.30% (PA6), with most isolates showing
values below 10% (Figure 3). PA3, PA6, PA7, PA9, PA10, and PA15 showed comparatively
higher hemolysis values than the other clinical isolates. The ATCC 15442 reference strain
showed minimal hemolysis (0.87 £ 0.64%). One-way ANOVA followed by Tukey’s multiple-
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comparisons test identified PA6 as significantly higher than the reference strain (p < 0.001).
These results describe erythrocyte lysis under the assay conditions and should not be
interpreted as direct measures of clinical severity.

Cell-free hemolytic activity of Pseudomonas aeruginosa isolates

= N
[ o
1 1

Hemolytic activity (%)
°
1
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Clinical isolates

Figure 3. Cell-free hemolytic activity of P. aeruginosa clinical isolates. Data are shown as individ-
ual replicates with mean * standard deviation. One-way ANOVA followed by Tukey’s multiple-
comparisons test identified significantly higher hemolytic activity for PA6 than for the ATCC reference
strain (*** p < 0.001).

3.7. Pigment Production and Adhesion to Uroepithelial Cells

Pyocyanin was detected in 16 of 20 clinical isolates (80%), whereas pyoverdine was detected
in seven of 20 isolates (35%), consistent with the isolate-level results in Table 5. The pigments
were identified by their characteristic colour or fluorescence as described in the Methods.

Adhesion to human uroepithelial cells varied among isolates (Table 6, Figure 4). Adhesion
indices ranged from 4.3 to 19.5 bacteria per cell, with an overall mean of 11.4 + 5.1 bacteria per
cell. Based on the predefined thresholds, 11 isolates (55%) were classified as high-adherence
(>10 bacteria/cell), seven (35%) as moderate (5-10 bacteria/cell), and two (10%) as low-
adherence (<5 bacteria/cell). These categories are descriptive classifications derived from the
same adhesion index and were not compared using an inferential statistical test.

Table 6. Adhesion index and adhesion category of urinary P. aeruginosa isolates and ATCC 15442
reference strain.

Isolate Adhesion Index (Bacteria/Cell) Adhesion Category
PA1 62+05 Moderate
PA2 125+ 0.8 High
PA3 81+06 Moderate
PA4 43+04 Low
PA5 152 +1.1 High
PA6 184 +1.3 High
PA7 13.6 £ 0.9 High
PA8 75105 Moderate
PA9 102 +£ 0.7 High
PA10 141 £ 0.8 High
PA11 6.8 £ 0.6 Moderate
PA12 93107 Moderate
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Table 6. Cont.
Isolate Adhesion Index (Bacteria/Cell) Adhesion Category

PA13 167 £1.2 High
PA14 195+ 14 High
PA15 56+ 04 Moderate
PA1l6 11.8 £ 0.9 High
PA17 72+05 Moderate
PA18 48+03 Low
PA19 179+12 High
PA20 188+ 1.3 High

ATCC 15442 62+ 05 Moderate

Adhesion categories: low (<5 bacteria/cell), moderate (5-10 bacteria/cell), and high (>10 bacteria/cell). Values
represent mean + SD from three replicates.

Figure 4. Representative micrographs of P. aeruginosa adhering to human uroepithelial cells. Quanti-
tative adhesion indices for the individual isolates are provided in Table 6.

3.8. Detection of Virulence and Resistance-Associated Genes

PCR amplification of the four target regions, algD, lasR, oprD, and mexB, was performed
on genomic DNA from all 20 urinary P. aeruginosa isolates (PA1-PA20), with P. aeruginosa
ATCC 15442 as a positive control. Representative gel images of four selected isolates are
shown in Figure 5.

The algD target, associated with alginate biosynthesis, was detected in all 20 isolates
(100%) and produced the expected amplicon of approximately 520 bp. This establishes the
presence of the targeted DNA region but does not demonstrate algD expression or alginate
production. The India ink results indicate capsule-associated extracellular polysaccharide,
which is not specific to alginate.
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A.lasR (~1,100bp)  B.algD (~520 bp) C. oprD (~191 bp) D. mexB (~249 bp)

Figure 5. Representative PCR amplification of algD, lasR, oprD, and mexB in four selected P. aeruginosa
isolates (PA1, PA4, PA6, and PA14). Panel (A): lasR (~1100 bp); panel (B): algD (~520 bp); panel
(C): oprD (~191 bp); and panel (D): mexB (~249 bp). Lane M represents the 100-bp DNA ladder;
lanes 2-5 represent PA1, PA4, PA6, and PA14, respectively, and lane (+) represents P. aeruginosa ATCC
15442 as the positive control. the figure shows representative gel examples; all 20 isolates were tested
and were positive for all four target regions. The 165 rRNA gene sequences for the sequenced isolates
were deposited in GenBank under accession numbers PV014006 (PA1), PV014007 (PA4), PV014008
(PA6), and PV014009 (PA14) (submission ID: SUB15032956).

The lasR target was detected in all 20 isolates (100%), producing the expected amplicon
of approximately 1100 bp. This confirms the presence of the targeted region but does not
establish that lasR is intact, expressed, or functionally regulates quorum-sensing pathways.

The oprD target was detected in all 20 isolates (100%), with an expected amplicon
of 191 bp. Detection of this region does not exclude sequence changes elsewhere in oprD
or reduced expression, and it cannot establish the mechanism underlying the observed
imipenem resistance.

The mexB target was detected in all 20 isolates (100%), with an expected amplicon of
249 bp. Its presence is consistent with the genetic potential for the MexAB-OprM efflux sys-
tem but does not establish overexpression or causation of resistance to any specific antibiotic.
Chloramphenicol was not included in the susceptibility panel, so no chloramphenicol-
resistance conclusion is drawn from this study.

Taken together, the phenotypic assays documented biofilm formation, capsule-
associated extracellular polysaccharide, protease activity, p-hemolysis, pyocin activity, vari-
able pigment production, and variable adhesion. PCR detected all four target regions in all
20 isolates. Because target detection was uniform, these data cannot establish associations
between gene presence or absence and differences in resistance or virulence phenotypes.
The findings demonstrate the coexistence of MDR and multiple virulence-associated traits
in this cohort, not a causal relationship between individual genes and phenotypes.

3.9. Epidemiological Profile of UTI (2025)

A retrospective review of the Al-Ramadi Teaching Hospital bacteriology registry for
2025 identified 188 urine-culture records. Of these, 131 (69.7%) were culture-positive and
57 (30.3%) showed no growth. Female patients accounted for 52.7% of records (n = 99),
compared with 47.3% for male patients (n = 89) (Figure 6).
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Figure 6. Retrospective epidemiological summary of the 2025 urine-culture records: (A) patient sex
distribution among 188 records; (B) distribution of Gram-negative, Gram-positive, fungal, and other
groups among the 131 culture-positive records.

Among the positive cultures, Escherichia coli was the most frequently identified
uropathogen (27.5%, n = 36), followed by Staphylococcus aureus (26.0%, n = 34), Kleb-
siella pneumoniae (9.2%, n = 12), Candida/yeast (8.4%, n = 11), Pseudomonas aeruginosa (7.6%,
n = 10), Streptococcus spp. (6.9%, n = 9), Enterococcus faecalis (3.8%, n = 5), and Burkholderia
spp. (2.3%, n = 3). Additional organisms were classified under the “Others” category, as
presented in Table 7.

Table 7. Bacterial species recovered from 188 urine culture records reviewed retrospectively at
Al-Ramadi Teaching Hospital, Ramadji, Iraq, in 2025.

Rank Organism No. of Isolates % of Positives
1 Escherichia coli 36 27.5%
2 Staphylococcus aureus 34 26.0%
3 Klebsiella pneumoniae 12 9.2%
4 Candida /Yeast 11 8.4%
5 Pseudomonas aeruginosa 10 7.6%
6 Streptococcus spp. 9 6.9%
7 Enterococcus faecalis 5 3.8%
8 Burkholderia spp. 3 2.3%
9 Others 11 8.4%

Note: E. coli was the most frequently identified uropathogen (27.5%), followed by S. aureus (26.0%); K. pneumoniae
ranked third (9.2%). Two E. coli isolates were reported as ESBL-producing based on VITEK 2 MIC data, and two P.
aeruginosa isolates were recorded as pan-drug-resistant in the urology ward. These findings describe the hospital
records reviewed in this study and should not be generalized beyond the sampled population.

Regarding antibiotic resistance, ciprofloxacin exhibited the highest resistance frequency
(n = 40, 30.5%), followed by gentamicin (n = 33, 25.2%), ceftriaxone (n = 23, 17.6%),
ampicillin (n =21, 16.0%), and trimethoprim/sulfamethoxazole (n =21, 16.0%). Conversely,

amikacin demonstrated the highest sensitivity rate (n = 58, 44.3%), followed by gentamicin
(n =49, 37.4%), imipenem (n = 43, 32.8%), and nitrofurantoin (n = 43, 32.8%) (Table 8).
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Table 8. Antibiotic Susceptibility Profiles of Bacterial Isolates Recovered from UTI Patients in 2025.

Antibiotic Class No. Resistant (R) No. Sensitive (S) Pres:;rf\iilr;ant
ciprofloxacin Fluoroquinolone 40 31 Resistant
gentamicin Aminoglycoside 33 49 Mixed

amikacin Aminoglycoside 17 58 Sensitive
tobramycin Aminoglycoside 21 25 Mixed
imipenem Carbapenem — 43 Sensitive
meropenem Carbapenem — 24 Sensitive
ceftriaxone Cep?i_ogse;orm 23 — Resistant
ceftazidime Cep?)l:;ilfs?orin 16 28 Mixed
ampicillin Penicillin 21 — Resistant
piperacillin spect]i EtrinI(’ieeri;illm 18 — Resistant
trifmethop rim/sul- Folate Inhibitor 21 — Resistant
amethoxazole
levofloxacin Fluoroquinolone 16 24 Mixed
nitrofurantoin Nitrofuran — 43 Sensitive
erythromycin Macrolide 18 — Resistant
tetracycline Tetracycline 18 — Resistant
tigecycline Glycylcycline — 27 Sensitive

Note: values indicate the dominant phenotype. (—) indicates not prominently reported in the opposite category.

4. Discussion

This study characterized phenotypic virulence-associated traits and antimicrobial re-
sistance in 20 P. aeruginosa isolates recovered from urine samples. Conventional biochemical
tests and VITEK® 2 identified all 20 isolates as P. aeruginosa, and all yielded the expected
16S rRNA gene PCR amplicon. Sequence-based phylogenetic analysis was performed on
four selected isolates, rather than on the entire collection. The 20% proportion observed
in the laboratory component should therefore be interpreted in the context of its sample
and sampling strategy, not as a hospital-wide prevalence estimate. In the separate 2025
retrospective cohort, P. aeruginosa accounted for 7.6% of positive urine cultures.

The main finding was the coexistence of multidrug resistance (MDR) and biofilm-
forming capacity among the urinary P. aeruginosa isolates. All 20 isolates met the study’s
MDR criterion, and the MAR indices ranged from 0.33 to 1.00; 15 isolates (75%) had MAR
indices >0.80. The Friedman test identified differences in inhibition-zone diameters among
the eight tested antimicrobial disks (x2(7) = 35.13, p < 0.001). The largest mean zones were
observed for aztreonam and piperacillin, while the smallest were observed for netilmicin
and ceftazidime. These measurements describe in-vitro inhibition-zone differences and do
not establish comparative clinical efficacy. The underlying resistance mechanisms were not
directly tested.

All 20 isolates had MAR indices above 0.20. This threshold has historically been used
in source-tracking studies of antimicrobial-resistant E. coli, but it is not a validated clinical-
outcome threshold for P. aeruginosa. Its interpretation in this clinical cohort should therefore
be cautious [43].

The universal biofilm-forming capacity detected by the crystal violet, tube adherence,
and Congo red agar methods supports the classification of all 20 clinical isolates as biofilm
producers. In the quantitative crystal violet assay, four isolates (20%) were strong producers
and 16 (80%) were moderate producers. Biofilms on urinary catheters and uroepithelial
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surfaces can be difficult to eradicate and may contribute to persistence or recurrence of
catheter-associated infections [1,4]. Detection of algD and lasR is biologically relevant to
alginate biosynthesis and quorum-sensing regulation, respectively, but PCR positivity alone
does not demonstrate transcription, protein production, or functional activity. Because all
isolates carried the four targeted regions, their presence cannot explain the variation in
biofilm intensity observed in this cohort. The coexistence of MDR and biofilm formation
may complicate bacterial eradication, but these data do not establish a causal relationship
between the traits.

The broad phenotypic profile included capsule-associated extracellular polysaccharide
production, protease activity, and B-hemolysis in all clinical isolates, alongside variable pyocin
activity intensity and pigment production. Lecithinase and coagulase activity were not detected
under the assay conditions used; these negative findings do not establish that the factors are
unimportant in other settings. Pyocyanin and pyoverdine are associated with oxidative stress
and iron acquisition, respectively, but their clinical effects were not measured in this study.
The strong pyocin activity observed in five isolates is of microbiological interest, although its
contribution to competition within polymicrobial urinary infections was not evaluated.

Adhesion to uroepithelial cells, an early step in UTI pathogenesis, was high in 55%
of isolates, with adhesion indices ranging from 4.3 to 19.5 bacteria per cell. Adhesion
is important in urinary tract colonization, and variation in this phenotype may reflect
differences in the expression or activity of surface-associated structures and regulatory
pathways that were not measured directly in this study [1,35]. Together with biofilm
formation, the observed adhesion phenotype is consistent with the potential for colonization
and persistence on uroepithelial surfaces or urinary devices; however, the study did not
directly assess catheter-associated outcomes.

The genotype—phenotype findings should be interpreted as complementary observa-
tions rather than proof of direct causation. PCR detected algD, lasR, oprD, and mexB target
regions in all 20 isolates, whereas biofilm intensity and cellular adhesion varied. Thus,
presence or absence of these targets did not explain the phenotypic variation in this cohort.
Detection of mexB is consistent with the genetic potential for MexAB-OprM-mediated
efflux, but it does not establish pump overexpression or its contribution to an individual
isolate’s resistance profile. Detection of an oprD amplicon confirms only the presence of
the targeted DNA region; it does not exclude sequence changes elsewhere in the gene or
reduced expression, and it cannot identify the mechanism responsible for imipenem resis-
tance. As all isolates were positive for all four targets, presence/absence associations with
MDR, biofilm intensity, or adhesion could not be tested. Future studies should combine
gene sequencing, quantitative expression analysis, functional efflux or porin assays, and
isolate-level correlation analyses.

The combined MDR and virulence-associated phenotype observed here is broadly
consistent with reports from other settings [2,4]. This study adds a single-cohort description
of urinary isolates by integrating antimicrobial susceptibility, biofilm assays, adhesion
measurements, and selected virulence-associated phenotypes. The relatively small, single-
centre sample should be considered when interpreting these findings.

From a clinical perspective, the coexistence of MDR, biofilm formation, and uroepithe-
lial adhesion may complicate eradication of urinary P. aeruginosa, particularly in complicated
or catheter-associated infections. These findings support susceptibility-guided antimicrobial
selection, appropriate urinary-catheter management, and infection-prevention practices.
However, the study did not link individual isolates’ genotypes and phenotypes to patient-
level data on symptom severity, catheter exposure, recurrence, comorbidities, or treatment
response. The possible implications for persistence or treatment difficulty should therefore
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be considered biologically plausible rather than demonstrated associations with clinical
manifestations or patient outcomes.

Limitations include the small number of P. aeruginosa isolates (n = 20) from a sin-
gle centre, which may limit generalizability. Sequence-based phylogenetic analysis was
performed on only four selected isolates, and PCR detection was not accompanied by full-
length sequencing, gene-expression measurements, or functional assays. Because algD, lasR,
oprD, and mexB were detected in all isolates, the study could not test whether gene presence
or absence was associated with variation in biofilm formation, adhesion, or resistance. The
retrospective component lacked complete patient-level outcome information, including
treatment response, recurrence, catheter exposure, and comorbidities. Human erythrocytes
were used in the hemolysis assays because sheep blood was not readily available locally; this
may limit direct comparability with studies using sheep erythrocytes. Future multicentre
studies with larger cohorts, functional testing, and linked clinical outcomes are needed.

The retrospective survey included 188 urine-culture records, of which 131 (69.7%) were
culture-positive. This was a descriptive hospital-record review, and the culture positivity rate
should not be interpreted as a population-level prevalence estimate. The sex distribution
was relatively balanced, with 99 female and 89 male records. The separate laboratory
component involved 100 urine samples and 20 P. aeruginosa isolates; the denominators and
findings of the two components should be interpreted independently.

E. coli was the most frequently identified organism in the retrospective survey, accounting
for 27.5% of positive cultures. P. aeruginosa accounted for 7.6% of positive cultures, and two iso-
lates from urology ward records were reported as pan-drug-resistant. Ciprofloxacin resistance
was recorded in 30.5% of the positive-culture cohort, while trimethoprim/sulfamethoxazole
resistance was recorded in 16.0%. Because these agents have been used empirically in some
local settings, the findings support reviewing empirical-treatment protocols against current,
institution-specific surveillance data. The highest recorded susceptibility proportions were
for amikacin and imipenem (44.3% and 32.8%, respectively), but these proportions also indi-
cate that susceptibility remained limited. Treatment decisions should therefore be guided by
validated susceptibility results and the patient’s clinical context.

Emerging rapid antimicrobial susceptibility testing (AST) technologies may be relevant
to UTI management where resistance is common. Conventional culture and susceptibility
workflows can delay targeted treatment, whereas selected rapid platforms have reported
results within approximately 30 min to a few hours, depending on the technology, specimen,
and workflow [44,45]. Molecular-phenotypic approaches can provide complementary
information by detecting selected resistance determinants alongside direct assessment of
bacterial response to antibiotics; however, molecular panels are limited to their targets,
and gene detection alone does not establish the expressed susceptibility phenotype. In
proof-of-concept urine studies, a ready-to-use three-dimensional microwell array enabled
direct single-cell AST and minimum inhibitory concentration assessment for E. coli in
approximately three hours [46], while an enzyme-based on-filter method reported a sample-
to-result time of about one hour after 20 min of antibiotic exposure [47]. If appropriately
validated, such approaches could support earlier susceptibility-guided decisions. However,
the cited urine-based studies primarily evaluated E. coli, and these technologies were
not assessed in the present study. Their performance for P. aeruginosa, locally relevant
antimicrobial agents, polymicrobial specimens, and clinical outcomes in Anbar requires
further analytical and multicentre clinical validation. Rapid AST should therefore be viewed
as a promising complement to, rather than a replacement for, standardized culture-based
susceptibility testing.
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5. Conclusions

Urinary P. aeruginosa isolates in this study displayed multidrug resistance and multiple
virulence-associated traits. All 20 isolates met the study’s MDR criterion and showed
moderate-to-strong biofilm formation in the crystal violet assay. PCR detected algD, lasR,
oprD, and mexB target regions in all isolates, although target detection alone does not
establish gene expression or function. These findings support continued local surveillance,
susceptibility-guided antimicrobial use, and effective infection-control practices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/joma3020031/s1, Supplementary Table S1. Biochemical characteri-
zation of confirmed P. aeruginosa urinary isolates (PA1-PA20) compared with ATCC 15442 reference
strain. Figure S1. Representative colony morphology of clinical urinary P. aeruginosa isolates grown
on (A) blood agar, (B) MacConkey agar, and (C) cetrimide agar. These images are illustrative; isolate-
level identification findings are summarized in the main manuscript. Figure S2. Representative
Gram-stained preparation showing Gram-negative rod morphology (A) and a representative motility
assessment (B). These images provide supplementary identification documentation; species confir-
mation was also supported by automated identification and 165 rRNA gene analysis, as described in
the main manuscript. Figure S3. Phenotypic assays of urinary P. aeruginosa isolates: (a) extracellular
polysaccharide detection; (b) protease activity; (c) lecithinase activity; and (d) coagulase activity
using the tube method and slide method. Figure S4. Representative agar plates illustrating pyocin
production by urinary Pseudomonas aeruginosa clinical isolates using the well-diffusion assay against
Staphylococcus aureus ATCC 25923. Figure S5. Pyocin production by P. aeruginosa clinical isolates was
determined using the well-diffusion method. Inhibition-zone diameters (mm) are presented as mean
+ standard deviation from three independent replicates, with individual data points illustrating
variability.

Author Contributions: M.I.M. was responsible for conceptualization, methodology, data collection,
experimentation, data analysis, and drafting the manuscript. V.S. contributed to supervision, vali-
dation, interpretation of the results, and manuscript revision. P.P. participated in data analysis, and
V.A.A. contributed to data interpretation and validation. M.M. assisted with manuscript revision and
data interpretation. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Indian Council for Cultural Relations [ICCR] under the
Atal Bihari Vajpayee General Scholarship Scheme for the academic year 2023-2024 [Reference No.
PC9239622970173].

Institutional Review Board Statement: Ethical approval for this study was granted by the Ethics
Committee at the University of Anbar, Iraq, approval number 257, on 26 December 2024.

Informed Consent Statement: All participants were provided with clear information about the
objectives of this study, and written informed consent was obtained from each patient before urine
samples were collected, in accordance with ethical and institutional guidelines.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to patient confidentiality and ethical restrictions.

Acknowledgments: The authors acknowledge the Department of Biotechnology, Bharathiar Uni-
versity, for providing laboratory facilities and technical assistance throughout the study. During
the preparation of this manuscript, Al-assisted tools (ChatGPT-5.3) were used solely for language
editing and grammar improvement. All scientific content, experimental design, data analysis, and
conclusions were developed independently by the authors. The authors have reviewed and edited
the output and take full responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/joma3020031


https://www.mdpi.com/article/10.3390/joma3020031/s1
https://www.mdpi.com/article/10.3390/joma3020031/s1
https://doi.org/10.3390/joma3020031

J. Oman Med. Assoc. 2026, 3, 31 22 of 24

Abbreviations

ATCC American Type Culture Collection
ANOVA  Analysis of variance

AK amikacin

ATM aztreonam

BHI Brain heart infusion

CAZ ceftazidime

CAUTI  Catheter-associated urinary tract infection
CFU Colony-forming unit(s)

CIP ciprofloxacin

CLSI Clinical and Laboratory Standards Institute
CRA Congo red agar

Ccv Crystal violet

DNase Deoxyribonuclease
MDR Multidrug-resistant
MHA Mueller-Hinton agar

MAR Multiple antibiotic resistance
OD Optical density

OprD Outer membrane porin D
PBS Phosphate-buffered saline
PRL piperacillin

QS Quorum sensing

SD Standard deviation

TSI Triple sugar iron

UTI Urinary tract infection

VITEK Automated microbial identification system
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