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Abstract

Introduction.Pseudomonasaeruginosaisanopportunisticgram-negative microorganism
that can cause infections requiring medical attention and is characterized by pronounced
resistance to antibiotics.

Purpose. To evaluate genetic diversity with the gene expression of the pvcABCD operon
in clinical P. aeruginosa isolates obtained in Baghdad, Irag.

Materials and methods. A total of 137 clinical samples were collected from various
sources, from which (26) P. aeruginosa isolates were confirmed by PCR targeting the 16S
rRNA and gyrB genes. Expression of pvcA - pvcD was assessed by RT-gPCR using rpoD as
a reference gene and the 222 method. Genetic relatedness and sequence variation were
evaluated using ERIC-PCR and Sanger sequencing of pvcA and pvcC.

Results. This study demonstrates that clinical P. aeruginosa isolates exhibit differential
regulation of the pvcABCD operon, characterized by down-regulation of pvcA and up-
regulation of pvcB, pvcC, and pvcD. The limited silent and missense mutations identified
in pvcA and pvcC suggest that bacterial adaptation relies primarily on compensatory
regulatory mechanisms that fine — tune gene expression under clinical stress conditions.
In parallel, the observed genetic diversity and clustering of multidrug-resistant isolates,
particularly from burn and diabetic foot ulcer sources, support the potential for
hospital-associated transmission of adapted strains and highlight their epidemiological
significance.

Conclusion. Clinical P. aeruginosa isolates showed differential regulation of the pvcABCD
operon, with down-regulation of pvcA and up-regulation of pvcB, pvcC, and pvcD. ERIC-
PCR revealed genetic diversity with clustering of burn and diabetic foot ulcer isolates
sharing similar resistance profiles, while pvcA and pvcC sequencing indicated high
conservation with limited mutations linked to increased gene expression.

Keywords: Pseudomonas aeruginosa, pvc genes, Sequencing, Antibiotic susceptibility,
RT-gPCR, ERIC-PCR
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Pesiome

BBepeHume. Pseudomonas aeruginosa — yCNIOBHO-NATOreHHbIN rpaMoTpuLaTenbHbIA MU-
KpoopraHu3m, CnocobHbIl Bbi3BaTb MHbeKLMK, TpebyioLire oKka3aHUsa MeauLMHCKOW Nno-
MOLLM 1 OTNINYAIOLLMIACA BblIPaXX€HHOWN YCTONYMBOCTbBIO K aHTUOMOTHKaM.

Llenb. MpoBecTn aHanu3 reHeTMYeCKOro pasHoobpasna Mo SKCNpeccun reHa onepoHa
pvcABCD B knuHnueckux nsonstax P. aeruginosa, nonyyeHHbix B bargage, Mpak.
Matepuanbi n metoapl. B obuiein cnoxHocTy 66110 oTo6paHo 137 KNMHUYecKnx obpas-
LOB U3 Pa3fnYHbIX UCTOYHUKOB, N3 KOTOPbIX B 26 M30nATax Gbiflo NoaTBepAeHO Hanu-
une P. aeruginosa meTtogom MNUP ¢ ncnonbsosaHnem reHos 16S pPHK 1 gyrB B KauecTBe
MuLeHeln. dkcnpeccuio pvcA — pveD oueHuanu metogom MNUP B peanbHom BpemeHn ¢
ncnonb3oBaHnem rpoD B KauecTBe pedepeHCHOro reHa, a Takxke metogom 2-AACt. le-
HeTnyecKoe poACTBO U BapuabenbHOCTb NOoCeloBaTeIbHOCTEN OLEeHMBaNMN C MOMOLLbIO
NOBTOPAIOLLENCA MeXreHHOW KoHceHcycHon MLUP sHTepobakTepuin 1 ceKBeHUPOBaHUA
no CaHrepy reHos pvcA un pvcC.

Pesynbratbl. COrnacHo noslyueHHbIM aHHbIM, KNMHUYecKme nsonatol P. aeruginosa npo-
AsnAT guddepeHumanbHyio perynaumo onepoHa pvcABCD, xapakTepu3yioLLyoca CHU-
XeHVeM 3KCMpeccun reHa pvcA u NoBblleHUeM 3Kcnpeccun reHos pvceB, pvcC u pvceD.
OrpaHnyeHHOE KONMYeCTBO MONTUALLMX U MUCCEHC-MYTaLMIA, BbIABNEHHbIX B pvcA u pvcC,
npegnonaraer, YTo aganTauus 6aktepumn 6a3npyeTca B OCHOBHOM Ha KOMMEHCATOPHBbIX pe-
rYyNATOPHbIX MeXaHN3Max, KOTOpble «TOHKO» HAaCTPauBalOT SKCNPECCHIO FeHOB B YCNIOBUAX
KnnHmyeckoro ctpecca. MapannenbHo Habnofaemoe reHeTMyeckoe pasHoobpasue 1 Kna-
cTepur3auma MynbTUPE3NCTEHTHBIX N30/IATOB, 0COOEHHO 13 OXKOTOBbIX PaH U AnabeTnye-
CKUX AA3B CTOMbI, MOATBEPXKAAIOT NOTEHLMaNbHY0 BO3MOXHOCTb BHYTPUOONIbHUYHON Nepe-
[aun ajanTMPOBaHHBIX LUTAMMOB 1 MOAYEPKMBAIOT X SNNAEMMNONIONNYECKOE 3HaYeHMe.
3aknioueHune. ViccnegoBaHue npogemoHcTpupoBano anddepeHumnanbHyo perynauuio
onepoHa pvcABCD B KnuHuuyecknx msonsaTtax P. aeruginosa C MOHMXeHMEM 3Kcnpec-
CUK reHa pvcA 1 NoBbllLeHneM 3Kcnpeccun reHos pveB, pvcC u pveD. MNosTopstowanca
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MeXreHHasa KoHceHcycHas [LP sHTepobakTepuin BbisiBUNa reHeTMYecKoe pa3Hoobpasme
C Knactepm3aumen B M301ATax, NONYUYEHHbIX 13 OXKOToBbIX PaH 1 AnabeTnyeckmx A3B CTo-
Mbl, UMEIOLLMX CXOXKMNE NPOPUNN Pe3NCTEHTHOCTU. B TO ke BpemMa ceKBeHMpoBaHMe pvcA
1 pvcC NokKasano BblCOKY KOHCEPBATMBHOCTb C OFPaHNUYEHHbIM KONMUYECTBOM MyTaLUiA,
CBA3aHHbIX C MOBbILEHHON 3KCNPeCccUert reHoB.

KnioueBble cnoBa: Pseudomonas aeruginosa, reHbl pvc, CEKBeHNPOBaHWe, YyBCTBUTESb-
HOCTb K aHTUbmoTnKam, KMLIP B peanbHom BpemeHu (RT-qPCR), noBTopAioLwanca mexreH-
Has KoHceHcycHaa MNUP sHTepobakTepuin (ERIC-PCR)

B INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative, rod shaped bacterium belonging to
the family Pseudomonadaceae and is recognized as an opportunistic human pathogen
capable of causing a wide spectrum of infections involving the bloodstream, skin,
respiratory tract, and urinary tract [1, 2]. These infections may be acute or chronic
and occur predominantly in immunocompromised patients, posing a major clinical
challenge due to the organism’s pronounced antibiotic resistance and virulence
potential [3]. The pathogenicity of P. aeruginosa is mediated by numerous virulence
factors, including lipopolysaccharide, outer membrane proteins, flagella, pili, and
exopolysaccharides, which facilitate adhesion, immune evasion, and biofilm formation.
In addition, the bacterium secretes a variety of effectors through specialized secretion
systems [4, 5]. Biofilm formation represents a key pathogenic strategy, as it enhances
bacterial adherence and confers protection against antimicrobial agents and host
immune responses, thereby contributing to chronic and difficult to treat infections [6, 7]
Moreover, P.aeruginosa exhibits high genomic plasticity that enables rapid adaptation to
diverse clinical environments and favors the emergence of high risk antibiotic-resistant
clones, a capacity supported by its large genome of approximately 6.3 Mb [8]. Operons
represent a major gene regulatory mechanism in prokaryotes, allowing coordinated
gene expression and efficient metabolic adaptation, with nearly half of bacterial protein
coding genes organized in multigene operons [9]. The pvcABCD operon in P. aeruginosa
consists of four genes clustered between 2,482,045 and 2,486,118 bp on the (PAO1)
chromosome and was initially associated with pyoverdine chromophore biosynthesis
[10-12]. Later studies demonstrated that this operon has broader metabolic roles, as PvcA
and PvcB catalyze key reactions leading to the production of the secondary metabolite
paerucumarin, with PvcC and PvcD completing the biosynthetic pathway [13, 14]. The
instability of isonitrile containing metabolites and variability among pvc clusters explain
earlier difficulties in detecting paerucumarin [13], operon expression is negatively
regulated by iron and positively controlled by PvdS and the transcriptional regulator
PtxR [10]. Furthermore, local gene expression studies revealed a strong association
between pvcABCD expression and biofilm formation, where pvcA and pvcB are up-
regulated in biofilm producing isolates, whereas pvcC and pvcD are down-regulated,
supporting both enhanced adhesion and the presence of two distinct operons within
this gene cluster [11, 15].
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B PURPOSE OF THE STUDY
To evaluate genetic diversity with the gene expression of the pvcABCD operon in
clinical P. aeruginosa isolates obtained in Baghdad, Iraq.

B MATERIALS AND METHODS

Sample Collection

A total of 137 clinical samples were collected from various age groups and sexes,
including (48 burn swabs, 40 wound swabs, 22 diabetic foot ulcers, and 27 urine) samples,
between November 2024 and February 2025.

Bacterial Isolates Identification

Molecular identification of the bacterial isolates was performed using the 16S rRNA
and gyrB genes, which were considered reliable diagnostic genes for confirming the
identity of P. aeruginosa. Out of 137 clinical swabs collected, PCR results confirmed 26
isolates as belonging to P. aeruginosa, genomic DNA was extracted by using the EasyPure®
Bacteria Genomic DNA Kit (TransGen Biotech, China), according to the manufacturer’s
instructions. The bacterial cultures were grown overnight, harvested by centrifugation,
and the resulting pellets were processed for DNA purification and elution as described in
the kit protocol.

Conventional PCR amplification was carried out using specific primers targeting the
16S rRNA and gyrB genes gene in the table 1. Each 25 pL reaction mixture contained
12.5 pL of 2x EasyTag® PCR SuperMix, 1 uL of each primer (10 pmol), 3 uL of DNA template,
and 7.5 pL of nuclease-free water. PCR cycling program was optimized as follows: an initial
denaturation at 94 °C for 1-9 minutes, followed by 40 cycles of denaturation at 94 °C
for 30 seconds, annealing at 63 °C for 30 seconds, and extension at 72 °C for 30 seconds.
A final extension step was carried out at 72 °C for 5-15 minutes to ensure complete
elongation of all amplicons. PCR products were subsequently separated by agarose gel
electrophoresis and visualized to confirm the presence of the expected amplification
bands for the 16S rRNA and gyrB genes.

Checking for Antibiotic Resistance

We used the Kirby — Bauer disc diffusion method to ascertain if they were resistant
to antibiotics [16]. say that this was done in line with the rules specified by the Clinical
and Laboratory Standards Institute [17]. We collected some colonies from a culture that
had been growing overnight and put them in 2 cc of saline solution. This lowered the
concentration to the 0.5 McFarland standard. A sterile cotton swab was used to evenly
spread the bacterial suspension across the surfaces of all the Mueller - Hinton agar plates
in three directions (about 60° each time) to make sure that all of them were infected. The
dishes were left out at room temperature for 30 minutes to soak up any extra moisture.
After that, sterile forceps were used to put antibiotic discs on the agar surface. The plates
were then stored at 37 °C for 24 hours. We used a ruler to measure the diameter of the
inhibitory zones surrounding each disc. Then we put the isolates into three groups:
susceptible, intermediate, or resistant.
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Primers Design

The primers used in this study are listed in Table 1. All primers were synthesized in
lyophilized form by Macrogen (Korea). Upon arrival, they were spun down and dissolved
in DNase- and RNase-free water according to the manufacturer’s instructions to prepare a
stock solution (100 uM). A working solution (10 uM) was then prepared by diluting 10 uL
of the stock solution in 90 pL of nuclease-free water. Both stock and working solutions
were gently mixed and stored at -23 °C until use.

RT-qPCR Quantification of Pvc Operon Genes

The expression levels of the pvcA, pvcB, pvcC, and pvcD genes belonging to the pvcABCD
operon, along with the housekeeping gene rpoD, were evaluated in P. aeruginosa clinical
isolates using real-time quantitative PCR (RT-gPCR). Total RNA was extracted from the
bacterial pellets using the TransZol Up Plus RNA Extraction Kit (TransGen Biotech, China)
following the manufacturer’s recommendations. To avoid genomic DNA contamination,
the extracted RNA was treated with DNase enzyme and immediately stored at —20 °C

Table 1
A list of primers used during this study
. . Templet
Primers Pr!m,er sequence Itnnealmg, 1 length, Reference
(5°-3) (°C) b
p

Housekeeping primers

rpoD RNA F-ACAAGATCCGCAAGGTACTGAA

polymerase 60 180 [18]

A R-ATCGCCCAGGTGCGAAT
sigma factor

RT-qPCR primers

F-CCTGTCGCTGTCGTTCCT
PvcA R-CCTGGTAGGCGCTGATGT 59 143 (

F-ATTCCCCATCCTGCGTT
PvcB R-CGTGCAACAGGGTCAGG 57 212 Second author

F-AAGGCGATCCACGAGATG
PvcC R-CGAAGAACACAACAGCGA 56 187 Second author

F-CCTCTCGGCCCTGCTT
PvcD RTCGGGTAGCTGCGGTTC >8 158 [

Detection primers

F-GCACTTTAAGTTGGGAGGAA
1651 RNA R-CTTTACGCCCARTRAWTCCG >8 144 (1]

F-CCTGACCATCCGTCGCCACAAC
Gyr8 R-CGCAGCAGGATGCCGACGCC 66 220 (201

Sequencing primers

PycA F-AGCGCATCCAGCTGTTCTAT 56 978 Second author
R-ATCATGTGGATGCCGAACTT

F-GTCGCCAGGTCTACCTCAAC
PvcC R-AGCGGATAGTCGAAGGGACT 58 1499 Second author

ERIC-PCR primers

F-CACTTAGGGGTCCTCGAATGTA .
ERIC R-AAGTAAGTGACTGGGGTGAGCG 60 Variable | [21]
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until use. The purified RNA was then reverse-transcribed into complementary DNA
(cDNA) using the EasyScript® One-Step gDNA Removal and cDNA Synthesis Super Mix
Kit (TransGen Biotech, China) according to the manufacturer’s protocol. Each RT-qPCR
reaction was prepared in a final volume of 20 pL, consisting of 10 uL of TransStart® Top
Green gPCR Super Mix, 2 uL of cDNA template, 2 pL of primer mix (1 pL forward + 1 L
reverse), and 6 L of nuclease-free water.

The thermal profile consisted of an initial denaturation at 95 °C for 30 s, followed
by 40 cycles of denaturation at 95 °C for 10 s, annealing at gene-specific temperatures
(60 °C for pvcA, pvcB, pvcD, and rpoD; 56 °C for pvcC), and extension at 72 °C for 20 s.
Each reaction was carried out in triplicate to ensure accuracy. The rpoD gene, encoding
the RNA polymerase sigma factor, served as the internal control for normalization of
gene expression levels. Relative expression for each target gene was calculated using the
comparative AACt method, based on the mean cycle threshold (Ct) values of the target
and reference genes.

Genotyping of Pseudomonas aeruginosa Isolates by ERIC-PCR Technique

Genotyping of P. aeruginosa isolates was performed using ERIC-PCR to assess the
genetic relationships among 19 clinical isolates. Amplification was performed using
specific ERIC primers under defined amplification conditions. The PCR products were then
separated by agarose gel electrophoresis and visualized under UV light. Banding patterns
were scored as present or absent and analyzed using (UPGMA clustering) to generate
dendrograms describing the genetic relationships among the isolates.

DNA Sequencing

Sangersequencing was carried out on the PCR-amplified fragments usingan ABI3730XL
automated DNA sequencer (Macrogen Corporation, Korea). The extracted DNA from 17
P. aeruginosa isolates was subjected to direct sequencing, And the obtained nucleotide
sequences were analyzed and compared with reference sequences using BLAST (Basic
Local Alignment Search Tool) in the National Center for Biotechnology Information (NCBI)
website (www.ncbi.nlm.nih.gov).

Analysis of Data

Data analysis involved processing results from Rotor-Gene Q Series Software,
including Ct value recording, amplification plots, dissociation curves, and consolidated
reports. Gene expression was quantified using the ACt method by subtracting the Ct of
the housekeeping gene from the target gene for both control and patient samples. The
normalized expression ratio was calculated as 2"22%, The AACt method was then used
to compare patient and control groups by subtracting the control ACt from the patient
ACt, with relative fold change determined as 2"22%, reflecting gene expression changes
normalized to the housekeeping gene and relative to controls.

Statistical Analysis

ERIC-PCR data were analyzed using Dice and Jaccard coefficients, and clustered by the
UPGMA method to generate dendrograms for genetic relatedness.
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B RESULTS

Bacterial Isolates and Identification

The presence of 26 bacterial isolates was confirmed by Molecular detection was
achieved using the 16S rRNA (144 bp) and gyrB (220 bp) genes, as in Figure 1, 2.

Gene Expression Analysis

Expression levels of pvcABCD operon genes were assessed in (26) clinical isolates of
P. aeruginosa using RT-qPCR and analyzed using the Livak method (2A-AACt), with rpoD
serving as the internal reference gene for normalization. According to the standard
criterion, genes with a fold change value greater than one (>1) were considered up-
regulated, while genes with a fold change value less than one (<1) were considered
down-regulated [22]. The pvcABCD operon showed a differential gene expression
pattern, with pvcA expression decreasing to (0.49), while pvc B, pvcC, and pvcD

9 87 6 5 4 3 2 1M

144bp
16SrRNA

Fig. 1. Amplified 16S rRNA products of P. aeruginosa isolates. Electrophoresed on 1% agarose for 60 min
at 70 volt. The product size was 144 bp. M: DNA Ladder (100 bp)

9 8 7 6 5 45SECESlEhi

Fig. 2. Amplified Gyr B products of P. aeruginosa. isolates. Electrophoresed on 1% agarose for 60 min
at 70 volt. The product size was 220 bp. M: DNA Ladder (100 bp)
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Table 2
Fold of pvcABCD expression depending on 2"22“ method
group  pvcet ofctrpop  Meamofact Meansnct U CRCSCe
PvcA 28.38 23.14 5.24 -1.87 13.71 0.49
PvcB 22.82 23.14 -0.32 0.28 242 244
PvcC 27.15 23.14 4.01 -0.17 6.10 5.49
PvcD 26.44 23.14 3.30 -0.64 3.18 3.08

expression increased to 2.44, 5.49, and 3.08, respectively, particularly the pvcC and pvcD
genes, as shown in Table 2.

ERIC-PCR Genotypes and Antibiotic Resistance Patterns

ERIC-PCR analysis of 19 clinical P. aeruginosa isolates revealed considerable genetic
diversity, asindicated by distinct banding patterns on agarose gels Figure 3. Cluster analysis
using UPGMA generated a dendrogram showing several genetic clusters at intermediate
dissimilarity levels (=25-30 units), alongside genetically distinct isolates Figure 4. Notably,
certain clustered isolates exhibited similar antibiotic resistance profiles. Isolates 2 and
5 clustered at a distance of =14 and shared resistance to (TCC, IPM, CAZ), while isolates
20 and 12 clustered at =17 and showed multidrug resistance to (TCC, IPM, CAZ, PRL, ATM,
AK). Similarly, isolates 17 and 14 clustered at =19 with comparable resistance patterns.
ERIC-PCR analysis also showed genetic similarity between isolates 8 and 15 despite the
difference in clinical source, with similarity in resistance patterns. In contrast, isolates
6 and 11 appeared as separate branches, indicating marked genetic divergence. These
results demonstrate a relationship between ERIC-PCR genotypes and antibiotic resistance
profiles among the studied isolates Table 3.

201918171615141312M11 g sebad 3 2 1

1500bp

Fig. 3. ERIC-PCR banding patterns of P. aeruginosa isolates showing variability that reflects genetic
diversity
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Fig. 4. ERIC-PCR dendrogram of 19 P. aeruginosa isolates

Table 3

Genetic distance, source of isolation, and antibiotic resistance types of P. aeruginosa
:::ia()tfe g?;::::e =) Source Antibiotic resistance type
2 burns TCC, IPM, CAZ, LEV, PRL, ATM, AK
4 =14 DFU TCC, IPM, LEV, ATM
5 Burns TCC, IPM, CAZ
8 35 Burns TCC, IPM, LEV
15 DFU TCC, IPM, CAZ, LEV, PRL, ATM
12 17 Burns TCC, IPM, CAZ, LEV, PRL, ATM, AK
20 Burns TCC, IPM, CAZ, PRL, ATM, AK
14 <20 Burns TCC, IPM, CAZ, LEV, PRL, ATM, AK
17 Burns TCC, IPM, CAZ, LEV, ATM, AK

Notes: DFU - Diabetic Foot Ulcer; AK - Amikacin; ATM - Aztreonam; PRL - Piperacillin; CAZ - Ceftazidime; IPM - Imipenem;
LEV - Levofloxacin; TCC - Ticarcillin / Clavulanic acid.

DNA Sequencing with Gene Folding for the PvcA and PvcC Genes
This study integrated gene expression data with sequence analysis by selecting the
pvc A and pvcC genes. sequence analysis was performed on 13 isolates for pvcA and
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t SA_FA.abY... EREVTRNNSNS G G G G GESAVTSTEN G SRR GG G G G TG G G G RN GG G G T GG G G G Gl
t» 6A_FA.abY... RNV G G G G GENSSVTOTEN G NN GO G G G AN G A G G G G T T G GG GO G T G MG G G G G

24 FA.abY.., WREETRENENS G G G G G EEAVTOTEN G TR GG G G INEART G TSR G G G G N T G O GG G G |G M G G G G G T
o 3A FA.ab1... SONSTOMENENSI G G G G G OSEARTSTND G OSNOTS G O G G G NN G ATTEET G G G G NN NN G N G G G O G AT G G G G G G N

Fig. 6. Alignment of the pvcC gene sequence of P. aeruginosa isolates with the reference strain by using
Geneious Prime software

9 isolates for pvcC. The amplified products were subjected to Sanger sequencing, and the
resulting sequences were compared with reference sequences deposited in the (NCBI)
GenBank database to assess potential sequence variations in relation to gene expression
patterns, as in Figures 5 and 6 and Tables 4 and 5.

B DISCUSSION

The 16S rRNA gene is considered the gold standard for bacterial identification because
it is present in all bacteria and contains conserved and variable regions that enable
genus-level discrimination using PCR [23, 24]. A previous study demonstrated the high
efficiency of the 16S rRNA gene in identifying P. aeruginosa and distinguishing it from
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Table 4
Sequence variation with gene folding for the pvcA gene
No.Of Fold | Type 9f . Location Nucleotide | Codon Amino acid change Predicted
sample | pvcA | substitution change change effect
14 ?;:; Transversion | 2482503 | G—C GCC—CCC | Alanine—Proline Missense
12 25.99 . .
4004780 [ T—-C CGT—CGC | Arginine—Arginine
16 19.16
24 36.76 | Transition Silent
25 22.94 4004828 | T—C ACT—ACC | Threonine—Threonine
26 29.65
4 17.15
6 16.22
7 0.03
13 11.39
17 0.04
23 27.47
Table 5
Sequence variation with gene folding for the pvcC gene
No. Of sample fold pvcC Sequence
2 0.16
3 0.90
4 1.00
5 492
6 43.71
7 0.24
9 293
10 1.32
1 6.11 Mutant

other Pseudomonas species, with most isolates yielding positive results [25, 26]. A local
Iragi study conducted in 2019 reported a high sensitivity of (96%) for the molecular
detection of P. aeruginosa bacteria using the 16S rRNA gene [27]. In contrast, the gyrB
gene exhibits greater sequence diversity than 16S rRNA, allowing more accurate species —
level discrimination, particularly among closely related species [28-30]. Recent studies
further confirmed that the combined use of 16S rRNA and gyrB genes provides high
reliability for the molecular diagnosis of P. aeruginosa by PCR, as each gene complements
the other in precise bacterial identification [31].

The pvcABCD operon is considered one of the major secondary metabolic pathways in
P. aeruginosa, as it participates in the biosynthesis of paerucumarin through a sequential
series of enzymatic reactions involving PvcA, PvcB, PvcC, and PvcD [13, 32]. Paerucumarin
has been reported to play multiple roles associated with bacterial virulence, including
enhancement of adhesion via regulation of cup genes, contribution to iron homeostasis,
and indirect effects on antibiotic resistance mechanisms [11, 32, 33].
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Local study has shown that increased expression of pvcB is associated with enhanced
biofilm development and adaptation to clinical environments [15, 34]. Furthermore,
suggest that the pvcAB and pvcCD gene clusters may be regulated as independent
transcriptional units, which may explain the pronounced expression of pvcC and pvcD
observed in clinical isolates [15].

The ERIC-PCR analysis revealed the presence of distinct genetic clusters among
P.aeruginosaisolates, where genetic relatedness among certain isolates was accompanied
by clear similarities in antibiotic resistance patterns, particularly among burn isolates,
indicating the possible dissemination of epidemic strains within the same clinical
environment [35]. In addition, clustering of isolates originating from different clinical
sources within the same genetic group was observed, suggesting that some resistant
strains are capable of spreading throughout the hospital environment rather than being
confined to a single clinical source [36]. In contrast, several isolates appeared as genetically
distant, independent branches, reflecting the high genetic diversity of this pathogen and
the presence of distinct strains not linked to direct epidemiological transmission chains
[37, 38]. The findings of this study are consistent with previous research demonstrating
clear genetic relatedness among multidrug-resistant P. aeruginosa isolates, particularly
those recovered from burns and wounds, indicating the circulation of epidemic strains
within the same clinical environment [39]. Recent reports have further indicated
that identical genotypes detected among isolates from different patients provide
strong evidence of in hospital transmission through patients or healthcare associated
environmental sources rather than random similarity [40, 41]. Hospital acquired outbreaks
caused by multidrug-resistant P. aeruginosa therefore represent a serious epidemiological
challenge, particularly in high-risk units such as burn wards, underscoring the importance
of molecular surveillance to support infection control programs and identify transmission
routes [9, 42, 43]. Although ERIC-PCR is a rapid, cost effective, and practical method for
assessing genetic relatedness in molecular epidemiological studies, its limitations in
discriminating closely related strains highlight the need to complement it with higher-
resolution approaches, such as whole genome sequencing, for a more comprehensive
interpretation of genetic diversity [44].

Gene sequencing and expression analyses of pvcA and pvcC in P. aeruginosa isolates
revealed elevated transcript levels, particularly in isolates harboring the G—C mutation
in pvcA at position 2,482,503, resulting in an Ala to Pro substitution predicted to affect
protein folding. This pattern is consistent with stress induced mutagenesis models, in
which environmental stress triggers transcriptional reprogramming that up-regulates
survival related genes despite the presence of structurally detrimental mutations, serving
as a compensatory mechanism to maintain pathway function [45-47]. Sequencing
analysis identified recurrent silent mutations in the pvcA gene among five Pseudomonas
aeruginosa clinical isolates, characterized by synonymous T—C substitutions that did not
alter the encoded amino acids but were associated with marked up regulation of pvcA.
This pattern supports evidence that silent mutations can influence gene expression
through effects on mRNA structure, stability, and translation efficiency [48]. In contrast,
isolates lacking mutations in pvcA or pvcC showed variable expression levels, reflecting
the complex regulation of the pvcABCD operon by iron availability, regulatory factors
such as PvdS and PtxR, and environmental stress signals, as well as intrinsic transcriptional
and post transcriptional heterogeneity within bacterial operons [11, 15, 49].
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B CONCLUSION

Clinical P. aeruginosa isolates exhibited differential regulation of the pvcABCD operon,
characterized by down-regulation of pvcA and up-regulation of pvcB, pvcC, and pvcD,
reflecting transcriptional adaptation to clinical stress. Mutations in pvcA and pvcC were
associated with increased gene expression, suggesting compensatory regulatory
mechanisms, while ERIC-PCR analysis revealed genetic diversity with clustering of
burn and diabetic foot ulcer isolates, supporting the possibility of hospital — acquired
transmission of multidrug-resistant strains.
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