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Antimicrobial Resistance, Biofilm Formation, and Genetic
Diversity of Clinical Pseudomonas aeruginosa Isolates Revealed
by tDNA-Polymerase Chain Reaction
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ABSTRACT
Background: Pseudomonas aeruginosa is a major opportunistic pathogen associated with severe
healthcare-associated infections. Managing infections caused by this organism presents substan-
tial clinical challenges due to multidrug resistance and biofilm-mediated persistence. Therefore,
investigating the antimicrobial resistance profiles, virulence determinants, and genetic diversity of
clinical isolates is critical for epidemiological surveillance and therapeutic decision-making. Meth-
ods: This cross-sectional, laboratory-based study was conducted between February and October
2025. A total of 260 non-duplicate clinical specimens were collected from patients presenting
with diverse infections at Al-Hakeem Teaching Hospital in Najaf, Iraq. Bacterial isolation, identi-
fication, and antimicrobial susceptibility testing of P. aeruginosa were performed using standard
microbiological methods and the automated VITEK® 2 Compact system. Biofilm formation was
assessed semi-quantitatively using the tube adherence method. Polymerase chain reaction (PCR)
was performed to detect resistance- and biofilm-associated genes (mexD, oprD, pelA, and blaNDM-1).
Clonal relatedness and molecular epidemiology were evaluated by transfer RNA intergenic spacer
PCR (tDNA-PCR), followed by calculation of the clustering rate, Simpson’s Diversity Index (SDI),
and Hunter–Gaston Discriminatory Index (HGDI). Results: P. aeruginosa was identified in 30.7%
(80/260) of clinical specimens, with the highest recovery frequency observed in burn wound infec-
tions (32.5%), followed by ear infections (27.5%), urinary tract infections (22.5%), and wound infec-
tions (17.5%). Antimicrobial susceptibility testing showed the highest resistance rates against aztre-
onam and cefepime (75.0% each), followed by ticarcillin–clavulanate (66.3%), imipenem (50.0%),
ciprofloxacin (50.0%), and meropenem (41.3%), whereas ceftazidime exhibited the lowest resis-
tance rate (25.0%). Biofilm formation was demonstrated in 72.5% of isolates (42.5% strong and
30.0% moderate producers). Distribution of biofilm categories across specimen sources was not
statistically significant (P = 0.263). PCR analysis detected mexD in 68.7% of isolates, oprD in 42.5%,
and pelA in 37.5%; blaNDM-1 was not detected. PCR positivity for pelA was significantly associated
with strong biofilm production (P = 0.0035), and oprD amplicon detection was significantly associ-
atedwith imipenem resistance (P < 0.001). tDNA-PCR fingerprinting resolved 49 distinct genotypes
among the 80 isolates (27 unique patterns and 22 shared clusters comprising 53 isolates), yielding
an overall clustering rate of 66.25%. Both SDI and HGDI reached 0.986, indicating high genetic het-
erogeneity. Conclusion: Clinical P. aeruginosa isolates demonstrated high rates of antimicrobial
resistance and biofilm-forming capacity. tDNA-PCR proved to be a practical, cost-effective, and
highly discriminatory molecular typing technique for elucidating genetic diversity and detecting
clonal dissemination in clinical microbiology laboratories with limited resources.
Keywords: Pseudomonas aeruginosa, Biofilms, Drug Resistance, Bacterial, Genotyping Techniques,
Molecular Epidemiology, Polymerase Chain Reaction, tDNA-PCR

INTRODUCTION
The remarkable metabolic adaptability and physio-
logical plasticity of Pseudomonas aeruginosa under-
pin its persistence and success as a prominent op-
portunistic pathogen in clinical settings. This bac-
terium possesses an array of intrinsic and acquired
virulence determinants that substantially compli-
cate the management of healthcare-associated in-
fections, including a functional type III secretion
system, alginate capsular polysaccharide, type IV

pili, and a potent capacity for biofilm development1.
According to estimates by the National Institutes of
Health (NIH), microbial biofilms contribute to ap-
proximately 65% of all acutemicrobial infections and
up to 80% of chronic infectious diseases1,2. Within
biofilm architectures, bacterial cells are encased in
a self-produced extracellular polymeric matrix that
impedes antimicrobial penetration, protects against
host immune defenses, and fosters physiological tol-
erance 2.
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P. aeruginosa employs multiple multifaceted mech-
anisms that confer resistance to clinically vital an-
timicrobial classes. These mechanisms include
the inducible production of chromosomally en-
coded AmpC β-lactamase, an enzyme that hy-
drolyzes penicillins and cephalosporins3; transcrip-
tional downregulation, mutational disruption, or
total loss of the OprD outer membrane porin,
which selectively mediates carbapenem entry into
the bacterial cell 4,5; and the active extrusion
of antimicrobial agents via multidrug resistance-
nodulation-division (RND) efflux pumps, predomi-
nantly MexAB–OprM and MexCD–OprJ (the latter
partially encoded bymexD) 4,5. Furthermore, mobile
genetic elements frequently mediate the acquisition
of metallo-β-lactamases (MBLs), such as New Delhi
metallo-β-lactamase (NDM), conferring broad resis-
tance against almost all β-lactams, including car-
bapenems 5.
Molecular typing methods are essential for eluci-
dating the transmission dynamics, genetic diversity,
and clonal relatedness of clinical pathogens. Ref-
erence approaches in molecular epidemiology in-
clude multilocus sequence typing (MLST), whole-
genome sequencing (WGS), and pulsed-field gel
electrophoresis (PFGE) 6. While MLST and WGS
represent sequence-based modalities and PFGE is
a macrorestriction band-based technique, each pro-
vides high discriminatory resolution for tracking
epidemic lineages6. However, routine clinical imple-
mentation of these advanced tools remains severely
constrained in many resource-limited hospital lab-
oratories due to high instrumentation costs, spe-
cialized bioinformatic requirements, and prolonged
turnaround times7.
Transfer RNA intergenic spacer PCR (tDNA-PCR)
has emerged as a rapid, accessible, and reproducible
PCR-based fingerprinting method8,9. This tech-
nique utilizes consensus primers complementary to
conserved flanking tRNA gene sequences to amplify
the variable spacer regions located between adja-
cent tRNA loci. Because bacterial lineages exhibit
pronounced structural variations in both the length
and nucleotide sequence of these intergenic spacers,
electrophoretic resolution of the resulting ampli-
cons generates distinct, strain-specific banding pat-
terns 8,9. Multiple studies have demonstrated that
tDNA-PCR delivers robust discriminatory perfor-
mance, making it a viable preliminary surveillance
tool when sequencing-based technologies are un-
available 8. Accordingly, this study aimed to inves-
tigate the antimicrobial resistance patterns, biofilm-
forming capacity, distribution of key resistance and

virulence genes (mexD, oprD, pelA, and blaNDM-1),
and genetic diversity of clinical P. aeruginosa isolates
using tDNA-PCR fingerprinting.

MATERIALS ANDMETHODS
Study Design and Clinical Setting
A cross-sectional, laboratory-based investigation
was conducted from February to October 2025 at
Al-Hakeem Teaching Hospital in Najaf Governorate,
Iraq. The study was structured and reported in ac-
cordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines. A total of 260 consecutive, non-duplicate
clinical specimens were collected from inpatients
and outpatients presenting with symptoms of uri-
nary tract, wound, burn, and ear infections. Only
one specimen was collected per eligible patient who
visited the hospital during the designated sampling
interval. A formal a priori sample size calcula-
tion was not conducted, and all presenting patients
meeting inclusion criteria were enrolled. Exclusion
criteria comprised patients with known chronic pre-
existing medical conditions, pregnant women, and
individuals undergoing ongoing antimicrobial ther-
apy or systemic chemotherapy at the time of speci-
men collection.

Specimen Collection and Bacterial Identi-
fication
Clinical specimens—including wound swabs, mid-
stream urine samples, burn exudate swabs, and ear
discharge swabs—were obtained under strict aseptic
precautions and transported immediately to the di-
agnostic microbiology laboratory. Specimens were
inoculated onto nutrient agar, MacConkey agar, and
cetrimide agar (selective medium for Pseudomonas),
followed by aerobic incubation at 37 ℃ for 24 hours.
Presumptive identification of P. aeruginosa was es-
tablished based on colony morphology, character-
istic pigmentation, grape-like odor, Gram-negative
bacillary morphology, and conventional biochemi-
cal reactions (including oxidase and catalase posi-
tivity). Final species confirmation was performed
using the automated VITEK® 2 Compact system
(bioMérieux, Marcy-l’Étoile, France) with GN iden-
tification cards in accordance with the manufac-
turer’s operational instructions.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility testing of all con-
firmed P. aeruginosa isolates was executed on the
automated VITEK® 2 Compact system utilizing
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AST-N222 cards. Susceptibility interpretations were
categorized into resistant, intermediate/susceptible-
dose dependent (SDD), and susceptible adhering
to the Clinical and Laboratory Standards In-
stitute (CLSI) M100 guidelines (35th edition,
2025). The antimicrobial panel evaluated eight
agents: meropenem (MEM), imipenem (IPM),
aztreonam (ATM), ticarcillin–clavulanate (TIM),
piperacillin/tazobactam (TZP), ceftazidime (CAZ),
cefepime (FEP), and ciprofloxacin (CIP).

Detection of Biofilm Production
Phenotypic biofilm production was evaluated using
the semi-quantitative tube adherence method orig-
inally described by Christensen et al.10, with refer-
ence strain P. aeruginosa PAO1 (ATCC 15692) serv-
ing as the positive control. Briefly, pure bacterial
colonies were inoculated into glass culture tubes
containing 10 mL of trypticase soy broth (TSB) sup-
plemented with 1% D-glucose and incubated stati-
cally at 37 ℃ for 24 hours. Following incubation, the
contents were decanted, and the tubes were rinsed
four times with phosphate-buffered saline (PBS,
pH 7.2) to eliminate non-adherent, planktonic cells.
After air-drying at room temperature, adherent
biofilms were fixed and stained with 0.1% (w/v) crys-
tal violet solution for 15 minutes. Excess stain was
decanted, and the tubes were washed thoroughly
with deionized water and inverted to dry. Biofilm
production was scored visually: the presence of an
adherent dye film lining both the lower tube walls
and bottomwas classified as positive (categorized as
strong or moderate), whereas the absence of stain-
ing or the presence of a faint ring restricted exclu-
sively to the liquid–air interface was classified as
negative (weak or non-producer)10,11. Although the
quantitative microtiter plate assay represents the
reference standard, the semi-quantitative tube ad-
herence method was selected due to its operational
simplicity, low cost, and proven utility for screening
clinical isolates in resource-limited diagnostic set-
tings 10,11.

DNA Extraction and PCR Detection of Re-
sistance and Biofilm Genes
Bacterial genomic DNA was extracted from single
overnight colonies cultured on Luria–Bertani (LB)
agar using the Geneaid DNA Mini Kit (Geneaid
Biotech Ltd., New Taipei City, Taiwan) according
to the manufacturer’s protocol. Extracted DNA pu-
rity and concentration were verified spectrophoto-
metrically. Conventional uniplex PCR assays were

conducted to detect the presence of mexD, oprD,
pelA, and blaNDM-1 using 2× Promega PCR Mas-
ter Mix (Promega Corp., Madison, WI, USA). Spe-
cific oligonucleotide primer sequences and their ex-
pected amplicon sizes are provided in Supplemen-
tary Table S1. Detailed thermal cycling parameters
are summarized in Supplementary Table S2. Ampli-
fied products were resolved alongside a 100-bp to
3,000-bp molecular weight DNA ladder on a 1.5%
(w/v) agarose gel stained with ethidium bromide in
1× TAE buffer at 80 V for 60minutes. Band visualiza-
tion and digital image acquisition were carried out
using an ultraviolet (UV) transilluminator documen-
tation system.

Molecular Typing by tDNA-PCR
Genotypic fingerprinting was performed using
transfer RNA intergenic spacer PCR (tDNA-PCR)
with the consensus primer pair T5A (5′-AGT CCG
GTG CTC TAA CCA ACT GAC-3′) and T3B (5′-AGG
TCG CGG GTT CGA ATC C-3′), which target con-
served tRNA gene margins8,9. PCR amplifications
were assembled in a final reaction volume of 25 µL
containing 50 ng of template genomic DNA, 20 pmol
of each primer, 0.16 mM of each dNTP, 1.5 mM
MgCl2, 1 U of Taq DNA polymerase, and 1× reac-
tion buffer 8,9. Amplification was executed under the
following thermal cycling parameters: initial denat-
uration at 94 ℃ for 2 minutes; 30 cycles of denatura-
tion at 94 ℃ for 30 seconds, primer annealing at 55
℃ for 30 seconds, and extension at 72 ℃ for 2 min-
utes; followed by a final extension cycle at 72 ℃ for
10 minutes. Amplified products were separated by
horizontal electrophoresis on a 1.6% (w/v) agarose
gel in 0.5× TBE buffer at a field strength of 10 V/cm
and stained with ethidium bromide. Banding pat-
terns were visualized under UV transillumination.

Statistical and Epidemiological Analysis
Data entry and statistical analyses were performed
using IBM SPSS Statistics version 23.0 (IBM Corp.,
Armonk, NY, USA). Descriptive variables were sum-
marized as counts and percentages. Categorical
associations were examined using Pearson’s Chi-
square test (χ²) or Fisher’s exact test when expected
cell frequencies were less than 5. A two-tailed P-
value < 0.05 was defined as statistically significant.
Clonal relatedness from tDNA-PCR profiles was es-
tablished by cluster analysis using the unweighted
pair group method with arithmetic mean (UPGMA).
Clustered patterns were defined as two or more
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isolates displaying identical electrophoretic finger-
prints. The clustering rate was computed using the
standard formula:

Clustering rate (%) = (Nc/N)×100

whereNc represents the number of clustered isolates
and N represents the total number of isolates. The
discriminatory capability of tDNA-PCR was quan-
tified using Simpson’s Diversity Index (SDI) and
the Hunter–Gaston Discriminatory Index (HGDI).
Complete datasets were available for all 80 con-
firmed P. aeruginosa isolates, with no missing val-
ues.

Ethics Approval and Consent to Partici-
pate
The study protocol was reviewed and approved by
the Institutional Review Board and Ethics Commit-
tee of Al-Hakeem Teaching Hospital, Najaf Health
Directorate (IRB Approval No. 3668, approved on
January 30, 2025). The requirement for individ-
ual patient informed consent was formally waived
by the ethics committee as clinical specimens were
collected during standard diagnostic procedures
and all patient-identifying information was fully
anonymized prior to analysis.

RESULTS
Prevalence and Clinical Distribution of P.
aeruginosa
A total of 260 clinical specimens collected from dis-
tinct infection sites were processed. Through con-
ventionalmicrobiological examination, selective cul-
ture, biochemical assays, and automated VITEK®
2 identification, P. aeruginosa was isolated from
30.7% (80/260) of the specimens. Stratification of
the 80 P. aeruginosa isolates across anatomical in-
fection sources showed that burn wound infections
accounted for the largest proportion (32.5%, 26/80),
followed by ear discharge infections (27.5%, 22/80),
urinary tract infections (22.5%, 18/80), and general
wound infections (17.5%, 14/80). A statistically sig-
nificant association was observed between the clini-
cal specimen source and bacterial category (P. aerug-
inosa versus non-P. aeruginosa pathogens; χ² = 45.12,
df = 3, P < 0.001; Table 1).

Antimicrobial Susceptibility Profiles
Susceptibility testing against eight antipseu-
domonal agents revealed marked resistance
among the 80 confirmed clinical isolates (Table 2).
The highest resistance rates were observed for

aztreonam (75.0%, 60/80) and cefepime (75.0%,
60/80), followed by ticarcillin–clavulanate (66.3%,
53/80), imipenem (50.0%, 40/80), and ciprofloxacin
(50.0%, 40/80). Intermediate levels of resistance
were recorded for meropenem (41.3%, 33/80) and
piperacillin/tazobactam (33.8%, 27/80; an additional
10.0% [8/80] were categorized as susceptible-dose
dependent [SDD]). Conversely, the lowest resis-
tance rate was documented for ceftazidime (25.0%,
20/80; 75.0% susceptible).

Biofilm Formation Phenotypes
Assessment of biofilm-forming capacity revealed
that 72.5% (58/80) of P. aeruginosa isolates were
biofilm formers, consisting of 42.5% (34/80) strong
and 30.0% (24/80) moderate producers. Only 17.5%
(14/80) produced weak biofilms, and 10.0% (8/80)
were classified as non-biofilm formers (Table 3).
Isolates recovered from ear infections displayed
the highest proportion of strong biofilm producers
(63.6%, 14/22), followed by wound infections (50.0%,
7/14), burn infections (34.6%, 9/26), and urinary tract
infections (22.2%, 4/18). Moderate biofilm produc-
tion predominated among burn (42.3%, 11/26) and
urinary tract isolates (38.9%, 7/18). Cross-tabulation
of biofilm categories by anatomical infection source
demonstrated no statistically significant difference
(χ² = 11.185, df = 9, P = 0.263; Table 3).

Prevalence of Resistance and Biofilm Vir-
ulence Genes
PCR screening of target loci demonstrated diver-
gent distribution across the isolates (Table 4). The
multidrug efflux pump gene mexD was detected in
68.7% (55/80) of isolates. The carbapenem porin-
encoding gene oprD was amplified in 42.5% (34/80)
of isolates, whereas the biofilm exopolysaccharide
biosynthesis gene pelA was present in 37.5% (30/80).
In contrast, the acquired metallo-β-lactamase gene
blaNDM-1 was not detected in any isolate (0.0%, 0/80).

Genotype–Phenotype Correlation Analy-
sis
Statistical correlation revealed a significant associa-
tion between PCR detection of the pelA gene and the
strong biofilm-forming phenotype (χ² = 8.525, P =
0.0035; Supplementary Table S3). Similarly, a highly
significant association was identified between oprD
PCR amplicon detection and imipenem resistance
(χ² = 46.036, P < 0.001). Conversely, no statistically
significant association was observed between mexD
PCR positivity and cefepime resistance (χ² = 1.571,
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Table 1: Distribution of Pseudomonas aeruginosa and non-Pseudomonas bacterial isolates according
to clinical specimen source (N = 260).

Specimen Source P. aeruginosa n (%) Other Bacteria n (%) Total Specimens n (%)

Wound infection 14 (17.5) 83 (46.1) 97 (37.3)

Burn infection 26 (32.5) 14 (7.8) 40 (15.4)

Urinary tract infection (UTI) 18 (22.5) 62 (34.4) 80 (30.8)

Ear infection 22 (27.5) 21 (11.7) 43 (16.5)

Total 80 (100.0) 180 (100.0) 260 (100.0)

Data represent absolute isolate counts (n) and relative proportions (%) of P. aeruginosa versus other bacterial
species isolated from 260 consecutive, non-duplicate clinical specimens collected at Al-Hakeem Teaching Hos-
pital, Najaf, Iraq. Burn wounds represented the most frequent anatomical niche for P. aeruginosa recovery.
Categorical comparisons were evaluated using Pearson’s Chi-square test (χ² = 45.12, degrees of freedom [df]
= 3, P < 0.001), indicating a statistically significant difference in the recovery rate of P. aeruginosa relative to
other bacterial pathogens across clinical sites. Abbreviations: df, degrees of freedom; n, number of isolates;
UTI, urinary tract infection.

Table 2: Antimicrobial susceptibility and resistance profiles of clinical Pseudomonas aeruginosa
isolates (n = 80).

Antimicrobial Agent Resistant n (%) SDD / Intermediate n (%) Susceptible n (%)

Meropenem (MEM) 33 (41.3) 0 (0.0) 47 (58.8)

Imipenem (IPM) 40 (50.0) 0 (0.0) 40 (50.0)

Aztreonam (ATM) 60 (75.0) 0 (0.0) 20 (25.0)

Ticarcillin–clavulanate (TIM) 53 (66.3) 0 (0.0) 27 (33.8)

Piperacillin/tazobactam (TZP) 27 (33.8) 8 SDD (10.0) 45 (56.3)

Ceftazidime (CAZ) 20 (25.0) 0 (0.0) 60 (75.0)

Cefepime (FEP) 60 (75.0) 0 (0.0) 20 (25.0)

Ciprofloxacin (CIP) 40 (50.0) 0 (0.0) 40 (50.0)

Minimum inhibitory concentrations (MICs) were determined using the automated VITEK® 2 Compact plat-
form and interpreted in accordance with the Clinical and Laboratory Standards Institute (CLSI) M100 doc-
ument (35th edition, 2025). Values represent the number and percentage [n (%)] of isolates classified under
each interpretive category. Aztreonam and cefepime demonstrated the highest resistance frequencies (75.0%
each), whereas ceftazidime exhibited the lowest resistance frequency (25.0%), indicating preserved suscepti-
bility to third-generation antipseudomonal cephalosporins in themajority of isolates. Abbreviations: ATM,
aztreonam; CAZ, ceftazidime; CIP, ciprofloxacin; CLSI, Clinical and Laboratory Standards Institute; FEP, ce-
fepime; IPM, imipenem; MEM, meropenem; SDD, susceptible-dose dependent; TIM, ticarcillin–clavulanate;
TZP, piperacillin/tazobactam.

Table 3: Phenotypic biofilm formation capacity of clinical Pseudomonas aeruginosa isolates stratified by
anatomical infection source (n = 80).

Infection Source Strong n
(%)

Moderate n
(%)

Weak n
(%)

Non-producer n
(%)

Total
n

Burn infections 9 (34.6) 11 (42.3) 4 (15.4) 2 (7.7) 26

Ear infections 14 (63.6) 4 (18.2) 2 (9.1) 2 (9.1) 22

Urinary tract infections
(UTIs)

4 (22.2) 7 (38.9) 5 (27.8) 2 (11.1) 18

Wound infections 7 (50.0) 2 (14.3) 3 (21.4) 2 (14.3) 14

Total 34 (42.5) 24 (30.0) 14 (17.5) 8 (10.0) 80

Biofilm formation was assessed semi-quantitatively using the tube adherence method in trypticase soy broth enriched
with 1% glucose, with P. aeruginosa PAO1 (ATCC 15692) utilized as a positive reference control. Overall, 72.5% (58/80) of
isolates were biofilm producers (strong andmoderate categories combined). Cross-tabulation between biofilm-producing
phenotypes and infection sources was tested using Pearson’s Chi-square test (χ² = 11.185, df = 9, P = 0.263), indicating
no statistically significant difference in biofilm-forming category across clinical sites. Abbreviations: ATCC, American
Type Culture Collection; df, degrees of freedom; n, number of isolates; UTI, urinary tract infection.
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Table 4: Detection frequency of antimicrobial resistance and biofilm-associated virulence genes in
clinical Pseudomonas aeruginosa isolates (n = 80).

Gene Target Encoded Function / Target Positive (n) Positive (%)

oprD Outer membrane porin D (carbapenem entry channel) 34 42.5

mexD MexCD–OprJ multidrug efflux pump component 55 68.7

pelA Pel exopolysaccharide biosynthesis deacetylase 30 37.5

blaNDM-1 New Delhi metallo-β-lactamase 1 (carbapenemase) 0 0.0

Total genomic DNA extracted from 80 confirmed clinical isolates was evaluated by uniplex polymerase chain
reaction (PCR) using specific primers targeting key chromosomal resistance determinants (oprD,mexD), an
exopolysaccharide biosynthetic determinant (pelA), and a transferable metallo-β-lactamase gene (blaNDM-1).
The mexD efflux pump gene was detected in over two-thirds of isolates, whereas the acquired carbapene-
mase blaNDM-1 was completely absent. Positive detection of pelA was significantly associated with strong
biofilm production (P = 0.0035), and detection of oprD ampliconswas significantly associatedwith imipenem
resistance (P < 0.001). Abbreviations: blaNDM-1, NewDelhi metallo-β-lactamase 1;mexD, membrane fusion
protein of the MexCD–OprJ system; n, number of positive isolates; oprD, outer membrane porin D; PCR,
polymerase chain reaction; pelA, pellicle polysaccharide biosynthesis protein A.

P = 0.2101), nor between oprD PCR positivity and
meropenem resistance (χ² = 0.201, P = 0.6542; Sup-
plementary Table S3).

Molecular Fingerprinting and Genetic Di-
versity by tDNA-PCR
Cluster analysis of tDNA-PCR fingerprints resolved
the 80 clinical P. aeruginosa isolates into two ma-
jor clusters, designated Cluster A and Cluster B, at
a 50% pattern similarity threshold. At a 70% simi-
larity cutoff, each major cluster was further subdi-
vided into two subclusters: Subcluster A1 (n = 26
isolates), Subcluster A2 (n = 18 isolates), Subclus-
ter B1 (n = 30 isolates), and Subcluster B2 (n = 6
isolates) (Figure 1, Figure 2). Each subcluster con-
tained isolates originating from disparate anatomi-
cal infection sources. Furthermore, multiple isolates
obtained from distinct patient infection types ex-
hibited identical tDNA-PCR electrophoretic profiles.
In total, the 80 isolates were classified into 49 dis-
tinct genotypes, comprising 27 unique profiles and
22 shared profiles encompassing 53 clustered iso-
lates. The overall clustering rate was 66.25% (Ta-
ble 5). Both Simpson’s Diversity Index (SDI) and
the Hunter–Gaston Discriminatory Index (HGDI)
yielded an identical value of 0.986, indicating high
discriminatory capacity and extensive genetic poly-
morphism among circulating isolates.

DISCUSSION
In this hospital-based investigation, P. aeruginosa
accounted for 30.7% of 260 clinical specimens, cor-
roborating its standing as a major opportunistic
pathogen in healthcare settings. This recovery rate
aligns closely with surveillance studies conducted in

Table 5: Molecular epidemiological typingmetrics
and discriminatory indices of tDNA-PCR
fingerprinting for clinical Pseudomonas aeruginosa
isolates (n = 80).

Typing Parameter Observed Value

Total isolates analyzed (N) 80

Distinct genotypes identified 49

Unique genotypes (single-isolate
patterns)

27

Clustered genotypes (shared
patterns)

22

Total number of clustered
isolates (Nc)

53

Clustering rate (%) 66.25%

Simpson’s Diversity Index (SDI) 0.986

Hunter–Gaston Discriminatory
Index (HGDI)

0.986

Fingerprint patterns generated by transfer RNA intergenic
spacer polymerase chain reaction (tDNA-PCR) were eval-
uated to determine clonal clustering and genetic diversity.
Clustering rate was calculated as (Nc / N) × 100, where Nc

represents the total number of isolates falling into shared
clusters (n = 53) and N is the total isolate cohort (n = 80).
SDI and HGDI values of 0.986 indicate excellent discrimi-
natory power (> 0.95 is considered high-resolution for epi-
demiological typing), demonstrating that tDNA-PCR can
effectively resolve distinct lineages while identifying com-
mon hospital-circulating clones. Abbreviations: HGDI,
Hunter–Gaston Discriminatory Index; N, total sample size;
Nc, number of clustered isolates; SDI, Simpson’s Diversity
Index; tDNA-PCR, transfer RNA intergenic spacer poly-
merase chain reaction.

Duhok, Iraq, which reported a 29.3% isolation fre-

quency 12, and in Baghdad, Iraq, where P. aeruginosa

constituted 36.0% of clinical isolates13. In contrast,
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Figure 1: Dendrogramofgenetic relatednessandclonaldistributionamong80clinicalPseudomonasaerug-
inosa isolates determined by tDNA-PCR fingerprinting. Banding patterns obtained from transfer RNA inter-
genic spacer polymerase chain reaction (tDNA-PCR) utilizing primers T5A and T3B were analyzed using the un-
weighted pair group method with arithmetic mean (UPGMA). Dendrogram branch lengths represent percentage
genetic similarity. At a 50% pattern similarity threshold, isolates segregated into two major clusters, designated
Cluster A and Cluster B. Applying a 70% similarity threshold further resolved these lineages into four distinct sub-
clusters: Subcluster A1 (n = 26 isolates), Subcluster A2 (n = 18 isolates), Subcluster B1 (n = 30 isolates), and Sub-
cluster B2 (n = 6 isolates). Circulating clones were distributed across diverse specimen types (burn wounds, ear
swabs, midstream urine, and general surgical wounds). Multiple isolates recovered from distinct clinical sources
exhibited identical electrophoretic profiles, demonstrating inter-departmental transmission and dissemination
of shared clonal lineages within the hospital environment. Abbreviations: tDNA-PCR, transfer RNA intergenic
spacer polymerase chain reaction; UPGMA, unweighted pair group method with arithmetic mean.

a lower prevalence (19.3%) was reported from spe-
cialized hospital settings in Ethiopia14. The clini-
cal ubiquity and persistence of P. aeruginosa stem
from itsminimal nutritional requirements, tolerance
to physical desiccation, intrinsic antimicrobial resis-
tance, and propensity to colonize medical devices
and moist hospital reservoirs15.

Analysis by infection site revealed that burn wounds
were the primary clinical source (32.5%), consistent
with findings from northern Iran reporting a 36.1%
prevalence in burn units16. Severe thermal injuries
disrupt the cutaneous epithelial barrier, impair local
cellular immunity, and necessitate prolonged hos-
pitalization and extensive therapeutic intervention,
thereby establishing an optimal niche for P. aerugi-
nosa colonization and invasive disease. Conversely,

studies in Addis Ababa, Ethiopia, documented a
lower frequency (12.8%) among burn patients17, re-
flecting regional differences in infection control pro-
tocols and patient populations.
The antimicrobial susceptibility profile revealed pro-
nounced resistance to frontline antipseudomonal β-
lactams, particularly aztreonam (75.0%), cefepime
(75.0%), and ticarcillin–clavulanate (66.3%), along-
side elevated resistance to imipenem (50.0%) and
ciprofloxacin (50.0%). These findings mirror high
resistance rates reported across the Middle East
and North Africa; for instance, an Egyptian surveil-
lance study recorded resistance exceeding 80% to
multiple β-lactams and aminoglycosides18. In con-
trast, Said et al. 12 observed that 78.9% of iso-
lates remained imipenem-susceptible, while Asame-
new et al. 14 reported lower resistance to cefepime
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Figure 2: Representative agarose gel electrophoresis of tDNA-PCR fingerprint profiles of clinical Pseu-
domonas aeruginosa isolates. PCR amplification of transfer RNA intergenic spacer regions was carried out with
conserved primers T5A and T3B. Amplicons were resolved by horizontal electrophoresis on a 1.6% (w/v) agarose
gel in 0.5× Tris-borate-EDTA (TBE) buffer at 10 V/cm and visualized by ethidiumbromide staining under ultraviolet
(UV) transillumination. Lane M: DNAmolecular weight ladder (100–3,000 bp). Lanes 1 through 19: representative
tDNA-PCR fingerprint profiles generated from clinical P. aeruginosa isolates recovered from diverse clinical infec-
tion sources. The distinct variation in amplicon number andmolecular size reflects the length and sequence poly-
morphisms of the tRNA intergenic spacers across different strains. Abbreviations: bp, base pairs; M, molecular
weight size marker; TBE, Tris-borate-EDTA; tDNA-PCR, transfer RNA intergenic spacer polymerase chain reaction;
UV, ultraviolet.

(51.0%), ceftazidime (50.0%), imipenem (28.4%), and
ciprofloxacin (14.9%). The elevated resistance ob-
served in our center reflects intense selective pres-
sures driven by empirical broad-spectrum antibiotic
usage.

A notable observation in this study was the
higher resistance rate to cefepime (75.0%) com-
pared to ceftazidime (25.0%). In typical AmpC
β-lactamase hyperproducers, cross-resistance be-
tween both extended-spectrum cephalosporins is
customary. However, preferential resistance to ce-
fepime while retaining ceftazidime susceptibility
has been documented previously19,20. This phe-
notypic discordance is frequently governed by ac-
tive multidrug efflux mechanisms, specifically the
upregulation of MexCD–OprJ or MexXY–OprM ef-
flux systems, combined with mutations in regula-
tory genes (e.g., nfxB) that selectively diminish intra-
cellular cefepime accumulation without conferring
concomitant high-level ceftazidime resistance19,20.

Biofilm formation was confirmed in 72.5% of iso-
lates, with 42.5% displaying a strong biofilm phe-
notype. These rates are congruent with reports by
Farhan et al. 21 (80.0% biofilm formers) and Abou
Elez et al. 18 (100% biofilm formers, 73.1% strong).

Biofilm development serves as a formidable sur-
vival adaptation that thwarts antimicrobial efficacy
by creating a physical barrier to antibiotic diffu-
sion, establishing oxygen- and nutrient-depletedmi-
croenvironments that promotemetabolic dormancy,
and shielding bacteria from host complement and
phagocytic clearance 22.
Molecular analysis identified the mexD efflux gene
in 68.7% of isolates. Overexpression of the MexCD–
OprJ multidrug efflux pump contributes signifi-
cantly to elevated minimum inhibitory concentra-
tions (MICs) against fluoroquinolones, zwitterionic
cephalosporins (cefepime), and macrolides, often
acting synergistically with target mutations or en-
zymatic degradation 23. The porin gene oprD was
detected in 42.5% of isolates, while pelA was de-
tected in 37.5%. We identified a statistically sig-
nificant association between pelA PCR positivity
and the strong biofilm phenotype (P = 0.0035), cor-
roborating the structural necessity of the Pel ex-
opolysaccharide in maintaining biofilm matrix in-
tegrity and cell–cell cohesion 24,25. Nevertheless, the
overall prevalence of pelA (37.5%) was lower than
the total biofilm-forming rate (72.5%). This dis-
crepancy underscores that biofilm biogenesis in P.
aeruginosa is a multifactorial process coordinated by
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alternative redundant pathways, including the Psl
polysaccharide operon, alginate biosynthesis ma-
chinery, type IV pili, flagella, and bis-(3′-5′)-cyclic
dimeric guanosine monophosphate (c-di-GMP) sig-
naling circuits 26. Consequently, biofilm develop-
ment cannot be ascribed solely to a single genetic
locus.
The metallo-β-lactamase gene blaNDM-1 was absent
across all 80 isolates. This finding indicates that
carbapenem resistance in this cohort was mediated
by non-NDM mechanisms. Resistance to carbapen-
ems in P. aeruginosa frequently arises from muta-
tional inactivation of OprD, stable derepression of
chromosomal AmpC, or overexpression of MexAB–
OprM, as well as the potential presence of other
transferable carbapenemase genes such as blaVIM,
blaIMP, or blaOXA variants 26,27. Interestingly, oprD
PCR amplicons were significantly more frequent
among imipenem-resistant isolates (P < 0.001). This
phenomenon is consistent with published evidence
demonstrating that positive PCR amplification of an
oprD fragment does not guarantee the synthesis of
an intact, functional porin channel 28,29. Previous
molecular investigations have demonstrated that
PCR-positive oprD alleles in carbapenem-resistant
isolates frequently harbor disruptive point muta-
tions, frame-shifts, premature stop codons, or inser-
tion elements that truncate or abrogate OprD pro-
tein expression 28,29. Similarly, the association be-
tween mexD detection and cefepime resistance was
not statistically significant (P = 0.2101). Standard
PCR demonstrates gene presence rather than tran-
scriptional expression or functional pump assembly;
hence, PCR detection alone is insufficient to predict
phenotypic resistance30,31.
Genotypic fingerprinting by tDNA-PCR revealed 49
distinct patterns among the 80 isolates, includ-
ing 27 unique genotypes and 22 clustered geno-
types encompassing 53 strains (clustering rate =
66.25%). Both Simpson’s Diversity Index and the
Hunter–GastonDiscriminatory Index reached 0.986.
These results demonstrate extensive genetic poly-
morphism among clinical strains while simultane-
ously confirming the existence of clonal dissemina-
tion across the institution. Crucially, identical fin-
gerprint profiles were identified in isolates recovered
from different anatomical sources (burns, wounds,
urine, ear). This observation points to cross-
transmission or the circulation of shared environ-
mental clones across distinct hospital departments.
Similar molecular diversity patterns have been doc-
umented in Brazil9 (eight genotypes among clini-
cal isolates) and Egypt 8 (21 genotypes, seven clus-

ters, Simpson’s index 0.921). The higher diversity in-
dex observed here (0.986) underscores the polyclonal
composition of clinical P. aeruginosa in this health-
care center.
The high propensity for biofilm development identi-
fied herein emphasizes the urgent clinical necessity
for non-conventional therapeuticmodalities to over-
come chronic recalcitrant infections. Novel adjunc-
tive strategies under active investigation include
bacteriophage therapy, synthetic antimicrobial pep-
tides, and quorum-sensing inhibitors32,33. Sev-
eral recent studies have shown that bacteriophage–
antibiotic combinations exert potent synergistic ef-
fects, degrading extracellular matrix architecture,
reducing biofilm biomass, and clearing established
P. aeruginosa infections 34,35. Incorporating these bi-
ological and molecular strategies into conventional
antimicrobial regimens represents a promising av-
enue for mitigating persistent infections.

STUDY LIMITATIONS
This study has several limitations that should be ac-
knowledged. First, biofilm production was assessed
using the semi-quantitative tube adherence assay
rather than the quantitative microtiter plate assay
or confocal laser scanningmicroscopy. Although the
tube method is cost-effective and suited for screen-
ing, its visual scoring involves potential subjectiv-
ity and inter-observer variability. Second, conven-
tional PCR assays only established the presence
or absence of target gene regions, without provid-
ing nucleotide sequence integrity, mutational anal-
ysis, or quantitative transcriptional expression lev-
els (e.g., via RT-qPCR). Third, although tDNA-PCR
demonstrated high discriminatory capacity, it offers
lower resolution and inter-laboratory standardiza-
tion than whole-genome sequencing or multilocus
sequence typing. Finally, the study was conducted
at a single tertiary hospital, which may limit the
generalizability of the findings to broader geograph-
ical regions.

CONCLUSION
This study demonstrates a high prevalence of mul-
tidrug resistance and biofilm-forming capability
among clinical P. aeruginosa isolates recovered from
diverse hospital infections. Resistance to aztreonam
and cefepime was particularly prominent. Biofilm
formation was documented in 72.5% of isolates and
was significantly associated with the presence of
the pelA gene. The absence of blaNDM-1, coupled
with the detection ofmexD and oprD, indicates that
chromosomalmechanisms and non-NDMpathways
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drive carbapenem and β-lactam resistance in this
setting. Molecular fingerprinting by tDNA-PCR re-
vealed extensive genetic diversity (HGDI = 0.986)
while identifying shared clonal clusters circulat-
ing across different clinical services. tDNA-PCR
represents a rapid, economical, and discriminative
molecular epidemiological tool for tracking clinical
P. aeruginosa in resource-constrained environments.
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phate; CIP: Ciprofloxacin; CLSI: Clinical and
Laboratory Standards Institute; df: Degrees of
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HGDI: Hunter–Gaston Discriminatory Index; IPM:
Imipenem; IRB: Institutional Review Board; LB:
Luria–Bertani / Lysogeny broth; MBL: Metallo-
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