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Purpose: Pseudomonas aeruginosa is an important pathogen that causes urinary tract 
infections. Carbapenems are the drugs of choice for the treatment of P. aeruginosa infections. 
However, the emergence and spread of carbapenem-resistant P. aeruginosa (CRPA) is 
a serious global health threat. In this study, we investigated the epidemiology, molecular 
characteristics, drug resistance, and virulence factors of CRPA isolated from urine samples.
Methods: A total of 124 P. aeruginosa isolates were obtained from urine samples collected 
between March 2020 and February 2021. Clonal relatedness was evaluated using multilocus 
sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE). We performed anti-
microbial susceptibility tests and investigated the presence of carbapenemase genes and 
virulence factors in CRPA isolates.
Results: The carbapenem resistance rate of the isolated P. aeruginosa was 46.7% (59/124). 
A total of 54 (91.5%) out of the 59 CRPA isolates were identified as multidrug-resistant. The 
majority of the CRPA isolates (81.4%, 48/59) harbored carbapenemase genes, such as blaIMP-6 or 
blaNDM-1. In an epidemiological analysis using MLST, 88.1% of CRPA isolates were confirmed 
to be ST773 (50.8%, 30/59) or ST235 (37.3%, 22/59). The CRPA isolates harboring blaIMP-6 and 
blaNDM-1 belonged to ST235 (PFGE pulsotypes E1-E18, F) and ST773 (PFGE pulsotypes H1- 
H2, I1-I16) subtypes, respectively. The studied CRPA isolates simultaneously harbored 10 to 14 
virulence factors of the 16 virulence factors examined. Nine virulence factor genes (toxA, exoT, 
plcH, plcN, phzM, phzS, lasB, aprA, and algD) were identified in all CRPA isolates.
Conclusion: Our study shows that P. aeruginosa ST235 harboring blaIMP-6 and ST773 
harboring blaNDM-1—known internationally as high-risk clones with multiple virulence 
factors—are widely spread in the study area. These findings suggest that continuous mon-
itoring is necessary to prevent the further spread of carbapenemase-producing CRPA.
Keywords: carbapenem resistance, metallo-β-lactamase, virulence factor, urinary tract 
infection

Introduction
Urinary tract infections (UTIs) are one of the most common types of infectious 
diseases, leading to substantial medical costs each year and showing a high rate of 
recurrence.1 Pseudomonas aeruginosa is an important pathogen, responsible for 
about 7–11% of urinary tract infections.2,3

Carbapenems, such as imipenem and meropenem, are effective antibiotics for 
the treatment of P. aeruginosa infections.4 However, as the rate of carbapenem 

Correspondence: Sun Hoe Koo  
Department of Laboratory Medicine, 
Chungnam National University Hospital, 
282 Munhwa-ro, Jung-gu, Daejeon, 35015, 
Republic of Korea  
Tel +82-42-280-7798  
Fax +82-42-280-5365  
Email shkoo7798@naver.com

Infection and Drug Resistance 2022:15 141–151                                                              141
© 2022 Park and Koo. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 4 November 2021
Accepted: 30 December 2021
Published: 14 January 2022

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-4753-9161
mailto:shkoo7798@naver.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com


resistance in P. aeruginosa has rapidly increased in recent 
years, carbapenem-resistant P. aeruginosa (CRPA) has 
become a public health concern worldwide.5 The mechan-
isms of carbapenem resistance in P. aeruginosa are multi-
factorial and a combination of processes, including the 
loss of the outer membrane proteins, overexpression of 
efflux pumps, β-lactamase derepression, and acquisition 
of carbapenemase genes, could confer resistance to carba-
penems in P. aeruginosa.6,7 Particularly, the production of 
carbapenemases in P. aeruginosa is important since CRPA 
has been rapidly spreading as a consequence of the acqui-
sition of carbapenemase genes through mobile genetic 
elements.8 So far, class A, B, and D carbapenemases 
have been identified in P. aeruginosa, and class 
B metallo-β-lactamase (MBL) enzymes, including Verona 
Integron-encoded Metallo-β-lactamase (VIM), imipene-
mases (IMP), and New Delhi metallo-β-lactamase 
(NDM), are the most prevalent carbapenemases produced 
by P. aeruginosa.9

P. aeruginosa produces numerous virulence determi-
nants associated with pathogenicity, including exotoxins, 
proteases, other enzymes, pigments, secretion systems, 
alginate capsules, flagella, and pili.10 Among these, 
Exotoxin A (ETA), encoded by the toxA gene, is an 
extracellular enzyme that inhibits protein synthesis of 
host cells by deactivating of elongation factor 2 and sti-
mulates pro-inflammatory cytokine synthesis.11 ExoS, 
ExoT, ExoU, and ExoY, the effector exotoxins of type 
III secretion system (T3SS), are considered as an impor-
tant virulence determinant of P. aeruginosa.12 ExoS and 
ExoT (bi-functional type III cytotoxins) and ExoY (type- 
III toxins with adenylate cyclase activity) are responsible 
for the disruption of the actin cytoskeleton, whereas ExoU 
is a type III cytotoxic phospholipase that causes the dis-
ruption of the host cytoplasmic membrane, resulting in 
cell lysis.13,14 Meanwhile, hemolytic phospholipase 
C (PlcH) and nonhemolytic phospholipase C (PlcN) 
hydrolyze various phospholipids of the host cell mem-
brane: PlcH hydrolyzes host-associated phosphatidylcho-
line and the sphingomyelin and PlcN hydrolyzes 
phosphatidylserine and phosphatidylcholine.15 In addition, 
LasB elastase degrades the structural proteins of cells such 
as collagen, non-collagen proteins, and elastin, and LasA 
protease enhances the elastolytic activity of LasB.13,15 

Alkaline protease (AprA) is a secreted zinc metallopro-
tease that degrades components of the host immune sys-
tem, such as the complement system proteins (C1q, C2, 
C3), cytokines (IFN-γ, TNF-α), and components of the 

extracellular matrix (laminins, basal lamina) for tissue 
invasion and dissemination.13,15 Furthermore, pyoverdin 
(fluorescein), encoded by the pvdA gene, is a fluorescent 
yellow-green siderophore that facilitates the uptake of iron 
for the survival and growth of P. aeruginosa under condi-
tions of iron limitation.16 On the other hand, pyocyanin, 
a blue-green phenazone-derivative pigment, is involved in 
the inflammatory response and tissue damage during 
pathogenesis by inducing cell apoptosis via increasing 
the levels of reactive oxygen species.17 The biosynthesis 
of pyocyanin is mediated by phenazine-modifying 
enzymes, N-methyltransferase PhzM and flavin-dependent 
hydroxylase PhzS.18 Meanwhile, the pilus proteins, PilA 
(responsible for the type-IV pilus protein) and PilB 
(essential for the synthesis of type-IV pili), are involved 
in bacterial adhesion and biofilm formation.19 Alginate is 
one of the essential components of pseudomonal biofilms 
and GDP-mannose dehydrogenase, encoded by the algD 
gene, is the key enzyme in the alginate biosynthesis 
pathway.19

An understanding of the epidemiology with molecular 
characterization of carbapenemase genes is critical to char-
acterize the genetic diversity for confirming clonal diffu-
sion of CRPA and to provide strategies and infection 
control measures.20 P. aeruginosa clones such as sequence 
types (STs) ST235, ST111, ST233, ST244, ST357, ST308, 
ST175, ST277, ST654, and ST298, so-called “interna-
tional” or “high risk” clones, have been spread worldwide 
and are frequently associated with multidrug resistance.21 

However, the molecular epidemiology and distribution of 
carbapenemases in CRPA may vary between diverse geo-
graphical and clinical origins, and studies on the coexis-
tence of multidrug resistance (MDR) with multiple 
virulence factors of CRPA isolates causing UTIs are 
limited.

In this study, we aimed to evaluate the prevalence of 
antibiotic resistance and presence of carbapenemase genes 
and the various virulence factors and to carry out an 
epidemiological analysis using both multilocus sequence 
typing (MLST) and pulsed-field gel electrophoresis 
(PFGE) to reveal the current spread and cluster analysis 
of UTI-causative CRPA.

Materials and Methods
Bacterial Isolates
Urine samples were collected into a sterile container and 
transported immediately to the microbiology Laboratory. 
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If the urine samples were not immediately treated, they 
were refrigerated for up to 24 hours. Unprocessed urine 
samples were inoculated onto MacConkey and blood agar 
plates using a 0.001-mL sterile calibrated loop for semi- 
quantitative urine culture. The plates were incubated aero-
bically at 37°C for 18–24 h. Isolates were identified using 
matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry with a MALDI Biotyper (Bruker 
Daltonics, Bremen, Germany). The common limit of 
detection that must be placed at the target spot of the 
MALDI Biotyper could be defined as approximately 
5×105 cells, and bacterial identification was reported with 
high confidence if the log (score) was ≥ 2.00. Stock 
cultures were stored at −80°C in a 1:1 mixture of 60% 
glycerol and Nutrient Broth medium (Difco, Detroit, MI, 
USA). Urine samples with concentrations greater than 105 

colony forming units (CFU)/mL of P. aeruginosa were 
included in this study.

Antimicrobial Susceptibility Testing
Antimicrobial susceptibility tests were performed using 
the broth microdilution method using Neg MIC Panel 
Type 44 and MicroScan WalkAway-96 Plus system 
(Beckman Coulter, Brea, CA, USA). Additionally, the 
minimum inhibitory concentrations (MICs) of imipenem 
and meropenem were determined using the E-test 
(Biomerieux, Marcy l’Etoile, France) on Mueller-Hinton 
agar (Difco Laboratories, Detroit, MI, USA) according to 
the Clinical and Laboratory Standards Institute 
guideline.22 P. aeruginosa ATCC 27853 was used as 
a quality control strain for antimicrobial susceptibility 
testing. P. aeruginosa resistant to at least one carbapenem 
[imipenem (MIC ≥ 8.0 µg/mL) and/or meropenem (MIC ≥ 
8.0 µg/mL)] was defined as CRPA. MDR was defined as 
resistance to at least one agent in three or more antimicro-
bial classes.23

Detection of Carbapenemase Genes and 
Virulence Factors
Genomic DNA from P. aeruginosa was extracted using the 
AccuPrep® Genomic DNA Extraction Kit (Bioneer, 
Daejeon, Korea) according to the manufacturer’s protocol. 
The presence of carbapenemase genes (blaKPC, blaIMP, 
blaVIM, blaNDM, blaGES, and blaOXA-48-like) was detected 
with polymerase chain reaction (PCR) using specific pri-
mers (Table S1). PCR reactions were run using a BioRad 
C1000 Thermal Cycler (Bio-Rad, California, USA), and 

the products were subjected to 1.5% agarose gel electro-
phoresis (Bioneer, Daejeon, Korea). The PCR products 
were sequenced using an ABI 3730xL DNA analyzer 
(Applied Biosystems, Foster City, CA, USA). The 
obtained nucleotide sequences were compared with the 
sequences in the National Center for Biotechnology 
Information (NCBI) database using Basic Local 
Alignment Search Tool (BLAST). We performed PCR to 
investigate the presence or absence of 16 virulence factor 
genes, namely toxA, exoS, exoT, exoU, exoY, plcH, plcN, 
phzM, phzS, lasA, lasB, pilA, pilB, aprA, pvdA, and algD 
(Table S2).

Multilocus Sequence Typing and 
Pulsed-Field Gel Electrophoresis
The epidemiological relatedness among the CRPA isolates 
was determined using MLST and PFGE. MLST typing of 
P. aeruginosa isolates was carried out using PCR and the 
DNA sequencing of seven housekeeping (acsA, aroE, 
guaA, mutL, nuoD, ppsA, and trpE).24 To determine the 
allelic numbers and STs, the nucleotide sequences were 
compared with the sequences in the MLST database 
(http://pubmlst.org/paeruginosa). PFGE analysis was per-
formed as previously described.25 DNA fragments 
digested with XbaI (Promega, Southampton, UK) were 
separated using a CHEF-DR® III variable angle system 
(Bio-Rad Laboratories, Hercules, CA, USA) according to 
the following conditions: initial switch time, 0.5 s; final 
switch time, 30 s; voltage, 6 V/cm; included angle, 120°; 
and run time, 17 hours. The DNA of Salmonella enterica 
serovar Braenderup H9812 (ATCC BAA-664) digested 
with XbaI (Promega) was used as a molecular size marker. 
BioNumerics software (Applied Maths, Kortrijk, Belgium) 
was used to analyze the PFGE patterns. If the Dice simi-
larity was >80% using Dice correlation for band matching 
at a 1.5% position tolerance and the unweighted pair group 
method with arithmetic average, CRPA isolates were clas-
sified into the same PFGE cluster and considered to be 
closely related.

Statistical Analysis
Statistical analyses were performed using SPSS version 21 
(IBM SPSS Statistics for Windows 21.0, IBM Corp., 
Armonk, NY, USA). Fisher’s exact test was performed to 
compare the antibiotic resistance and virulence factors of 
P. aeruginosa ST235 and ST773. Statistical significance 
was set at P < 0.05.
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Results
Clinical CRPA Isolates
From March 2020 to February 2021, a total of 124 non- 
duplicate P. aeruginosa strains were isolated at 
a concentration of 105 CFU/mL or higher from urine sam-
ples of inpatients and outpatients at Konyang University 
Hospital. CRPA accounted for 47.6% (59/124) of all isolates.

Antibiotic Resistance Profile and 
Distribution of Carbapenemase Genes in 
the CRPA Isolates
The resistance rates for imipenem and meropenem in 59 
CRPA isolates reached 100% (59/59) and 93.2% (55/59), 
respectively (Figure 1). Imipenem showed an MIC value 
greater than 32 µg/mL for most of the CRPA isolates 
(96.6%, 57/59), whereas for one isolate (1.7%), the MIC 
of imipenem was 32 µg/mL, and for another isolate (1.7%), 
it was 8 µg/mL. Likewise, meropenem showed an MIC 
value greater than 32 µg/mL for most of the CRPA isolates 
(93.2%, 55/59), while for 4 isolates (6.8%), it showed an 
MIC of 4 µg/mL; the susceptibility of these 4 isolates was 
deemed intermediate. Regarding other antibiotics, the resis-
tance rates were the highest for levofloxacin (98.3%, 58/59), 
followed by ciprofloxacin (96.6%, 57/59), gentamicin 
(91.5%, 54/59), ceftazidime (79.7%, 47/59), piperacillin- 
tazobactam (50.8%, 30/59), and aztreonam (27.1%, 16/59). 
Of all the CRPA isolates, 91.5% were MDR. Forty-eight of 
the fifty-nine CRPA isolates (81.4%) harbored the carbape-
nemase gene blaNDM-1 (45.8%, 27/59) or blaIMP-6 (35.6%, 
21/59). Other carbapenemase genes that were evaluated, 
such as blaKPC, blaVIM, blaGES, and blaOXA-48-like, were not 
detected in the CRPA isolates.

Molecular Epidemiology Based on MLST 
and PFGE
The CRPA isolates comprised seven different STs: ST773 
(50.8%, 30/59), ST235 (37.3%, 22/59), ST446 (5.1%, 3/59), 
ST111 (1.7%, 1/59), ST274 (1.7%, 1/59), ST357 (1.7%, 1/59), 
and ST1682 (1.7%, 1/59) (Figure 1). For PFGE analysis, the 
CRPA isolates were classified into 9 clusters and 47 pulso-
types. The results of the PFGE analysis according to ST type 
were as follows: ST773 comprised PFGE pulsotypes H1-H2 
and I1-I18; ST235 showed PFGE pulsotypes D, E1-E18, and 
F; ST446 showed PFGE pulsotypes B and C1-C2; ST111 
showed PFGE pulsotype G2; ST274 showed PFGE pulsotype 
A1; ST357 showed PFGE pulsotype G1; ST1682 showed 

PFGE pulsotype A2. All CRPA isolates harboring blaIMP-6 

belonged to ST235 and PFGE pulsotypes E1-E18 and F with 
>80.6% similarity for the E1-E18 pulsotype. All CRPA 
isolates harboring blaNDM-1 belonged to ST773 and PFGE 
pulsotypes H1-H2 and I1-I16 with >95.0% similarity for the 
H1-H2 pulsotype and >85.8% similarity for the I1-I16 
pulsotype.

Virulence Factor Genes
All CRPA strains carried at least 10 virulence factors from 
among the 16 virulence factor genes (Table 1). Nine viru-
lence factor genes (toxA, exoT, plcN, plcH, phzM, phzS, 
lasB, aprA, and algD) were identified in all CRPA isolates. 
The exoY and exoU genes showed a high prevalence [98.3% 
(58/59) and 94.9% (56/59)], respectively. The prevalence of 
the other virulence factors was as follows: lasA, 39.0% (23/ 
59); pvdA, 10.2% (6/59); exoS, 6.8% (4/59); and pilA, 6.8% 
(4/59). pilB was not detected in any of the CRPA strains 
tested. Except for one IMP-6-producing CRPA ST235 iso-
late with exoS+/exoU+ genotype, the other 58 CRPA isolates 
had either exoS-/exoU+ (94.8%, 55/58) or exoS+/exoU- 
(5.2%, 3/58) genotypes (Figure 1). The most frequent 
combination of virulence factors detected among all CRPA 
isolates was toxA, exoT, exoU, exoY, plcH, plcN, phzM, phzS, 
lasB, aprA, and algD (55.9%, 33/59). CRPA isolates harbor-
ing 14 virulence factor genes accounted for 6.8% (4/59) of 
the isolates. The most frequent combination for ST773 
comprised 11 virulence factors (toxA, exoT, exoU, exoY, 
plcH, plcN, phzM, phzS, lasB, aprA, and algD) (86.7%, 
26/30). In the case of ST235, a combination of 12 virulence 
factors (toxA, exoT, exoU, exoY, plcH, plcN, phzM, phzS, 
lasA, lasB, aprA, and algD) was observed with the highest 
frequency (63.6%, 14/22). The exoU gene was identified in 
all CRPA ST235, 357, 446, and 773 isolates, while the exoS 
gene was identified in the ST111, 274, and 1682 CRPA 
isolates (Figure 1). The pilA gene was identified only in 
the CRPA ST446 and 1682 isolates, which did not show 
carbapenemase production.

Comparison of Antibiotic Resistance and 
Virulence Factors Between ST235 and 
ST773
In the comparative analysis of ST235 and ST773—the 
major clones of CRPA isolates in this study—no signifi-
cant difference between the number of antibiotics to which 
the strains were resistant was observed (P = 0.655). The 
prevalence of piperacillin-tazobactam resistance in ST235 
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and ST773 was 9.1% (2/22) and 86.7% (26/30), respec-
tively. Most of the ST773 isolates showed resistance to 
piperacillin-tazobactam (P < 0.001) (Table 2). On the other 
hand, when comparing the prevalence of aztreonam resis-
tance, ST235 and ST773 showed a prevalence of 50.0% 
(11/22) and 6.7% (2/30), respectively. Most of the ST773 
strains were susceptible or intermediate to aztreonam (P = 
0.001). There was no significant difference between ST235 
and ST773 with respect to the prevalence of resistance for 
the other antibiotics tested. In the distribution of virulence 

factors, the lasA gene was identified at a higher rate in 
ST235 (68.2%, 15/22) than in ST773 (13.3%, 4/30), and 
this observation was statistically significant (P < 0.001). 
There was no statistically significant difference between 
ST235 and ST773 with respect to the distribution of other 
virulence factors, except for lasA.

Discussion
CRPA causes serious problems, such as limiting the ther-
apeutic options available for the treatment and prolonging 

Figure 1 Dendrogram based on pulsed-field gel electrophoresis patterns, multilocus sequence typing, carbapenemase gene, and antibiotic susceptibility profiles of 59 
carbapenem-resistant P. aeruginosa. The red, green, and blue squares indicate resistant, intermediate, and susceptible to each antibiotic, respectively. The numbers in the 
imipenem and meropenem boxes indicate the MICs (µg/mL) for each antibiotic. 
Abbreviations: IPM, imipenem; MPM, meropenem; CAZ, ceftazidime; FEP, cefepime; PTZ, piperacillin-tazobactam; GEN, gentamicin; TM, tobramycin; AMK, amikacin; ATM, 
aztreonam; CIP, ciprofloxacin; LVX, levofloxacin.
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the patients’ hospital stays.26,27 The phenotypic and geno-
typic characterization of CRPA is crucial for providing 
insights into its epidemiological features.28 In this study, 
the carbapenem-resistance rate of P. aeruginosa isolated 
from urine samples was 47.6%. Moreover, 91.5% of the 
CRPA isolates were multidrug-resistant P. aeruginosa. The 
rate of carbapenem resistance of P. aeruginosa isolated 
from various clinical specimens has been reported to 
vary from 1% to 75.3% in different previous 
studies.27,29,30 Meanwhile, the carbapenem-resistance rate 
of P. aeruginosa in clinical urine samples has been 
reported to be approximately 56%.31

The production of carbapenemases is associated with 
clinical problems such as treatment failure due to reduced 
activity against last-resort antibiotics and epidemiological 

issues due to transmission to various bacteria.32 In this 
study, blaNDM-1 or blaIMP-6 were detected in 81.4% of 
the CRPA isolates. This confirmed that carbapenem resis-
tance in the isolated P. aeruginosa strains was mainly 
mediated by the production of carbapenemases. IMP- and 
VIM-type MBLs are the most common carbapenemases 
produced by P. aeruginosa worldwide, followed by the 
GES variants of Ambler class A.33 IMP-6 has become 
the most prevalent MBL type among CRPA isolates in 
South Korea.30,34 Since carbapenemase genes are trans-
mitted by mobile genetic elements, there could be a high 
potential for rapid dissemination.31,35

P. aeruginosa ST773 and ST235 were the predominant 
clones among the CRPA isolates in this study. Moreover, 
90.0% of ST773 harbored blaNDM-1 and 95.5% of ST235 

Table 1 Distribution of Virulence Factors According to Sequence Type (ST) of Carbapenem-Resistant P. aeruginosa Isolates

No. of 
Virulence 
Factors

Virulence Factor 
Profiles

ST (%)

ST773 
(n=30)

ST235 
(n=22)

ST446 
(n=3)

ST111 
(n=1)

ST274 
(n=1)

ST1682 
(n=1)

ST357 
(n=1)

Total 
(n=59)

10 toxA, exoT, exoU, plcH, plcN, 
phzM, phzS, lasB, aprA, algD

0 1 (4.5%) 0 0 0 0 0 1 (1.7%)

11 toxA, exoT, exoU, exoY, plcH, 
plcN, phzM, phzS, lasB, 
aprA, algD

26 (86.7%) 6 (27.3%) 0 0 0 0 1 (100%) 33 (55.9%)

11 toxA, exoS, exoT, exoY, plcH, 
plcN, phzM, phzS, lasB, 
aprA, algD

0 0 0 0 1 (100%) 0 0 1 (1.7%)

12 toxA, exoT, exoU, exoY, plcH, 
plcN, phzM, phzS, lasA, lasB, 
aprA, algD

4 (13.3%) 14 (63.6%) 0 0 0 0 0 18 (30.5%)

13 toxA, exoT, exoU, exoY, plcH, 
plcN, phzM, phzS, lasB, pilA, 
aprA, pvdA, algD

0 0 1 (33.3%) 0 0 0 0 1 (1.7%)

13 toxA, exoS, exoT, exoY, plcH, 
plcN, phzM, phzS, lasA, lasB, 
aprA, pvdA, algD

0 0 0 1 (100%) 0 0 0 1 (1.7%)

14 toxA, exoT, exoU, exoY, plcH, 
plcN, phzM, phzS, lasA, lasB, 
pilA, aprA, pvdA, algD

0 0 2 (66.7%) 0 0 0 0 2 (3.4%)

14 toxA, exoS, exoT, exoY, plcH, 
plcN, phzM, phzS, lasA, lasB, 
pilA, aprA, pvdA, algD

0 0 0 0 0 1 (100%) 0 1 (1.7%)

14 toxA, exoS, exoT, exoU, exoY, 
plcH, plcN, phzM, phzS, 
lasA, lasB, aprA, pvdA, algD

0 1 (4.5%) 0 0 0 0 0 1 (1.7%)
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harbored blaIMP-6. P. aeruginosa ST235, a founder strain 
of the clonal complex CC235, is known as a representative 
high-risk clone associated with the multidrug-resistant 
phenotype worldwide and produces over 60 different var-
iants of β-lactamases, including carbapenemases 
from classes A and B, along with the expression of multi-
ple virulence factors.21,36 In addition, P. aeruginosa ST111 

and ST357 identified in this study have been 
considered as high-risk clones with a global 
distribution.21,37 Previous research has confirmed that 
IMP-6-producing P. aeruginosa ST235 is prevalent nation-
wide in South Korea and that its IMP-6 gene is located on 
a class 1 integron.25,30,38 On the other hand, NDM-1-pro-
ducing P. aeruginosa ST773 was first reported in 

Table 2 Comparative Analysis of the Antibiotic Resistance Patterns and Virulence Factors According to ST235 Clone (n=22) and 
ST773 Clone (n=30)

Variable ST235 (n=22) (%) ST773 (n=30) (%) P-value

Resistance of 
antibiotics

Impenem 22 (100.0) 30 (100.0) 1.000

Meropenem 21 (95.5) 27 (90.0) 0.629

Ceftazidime 20 (90.9) 27 (90.0) 1.000

Cefepime 21 (95.5) 27 (90.0) 0.629

Piperacillin-tazobactam 2 (9.1) 26 (86.7) <0.001

Gentamicin 22 (100.0) 30 (100.0) 1.000

Tobramycin 22 (100.0) 30 (100.0) 1.000

Amikacin 21 (95.5) 27 (90.0) 0.629

Aztreonam 11 (50.0) 2 (6.7) 0.001

Ciprofloxacin 22 (100.0) 30 (100.0) 1.000

Levofloxacin 22 (100.0) 30 (100.0) 1.000

Virulence factors toxA 22 (100.0) 30 (100.0) 1.000

exoS 1 (4.5) 0 (0.0) 0.423

exoT 22 (100.0) 30 (100.0) 1.000

exoU 22 (100.0) 30 (100.0) 1.000

exoY 21 (95.5) 30 (100.0) 0.423

plcH 22 (100.0) 30 (100.0) 1.000

plcN 22 (100.0) 30 (100.0) 1.000

phzM 22 (100.0) 30 (100.0) 1.000

phzS 22 (100.0) 30 (100.0) 1.000

lasA 15 (68.2) 4 (13.3) <0.001

lasB 22 (100.0) 30 (100.0) 1.000

pilA 0 (0.0) 0 (0.0) 1.000

pilB 0 (0.0) 0 (0.0) 1.000

aprA 22 (100.0) 30 (100.0) 1.000

pvdA 1 (4.5) 0 (0.0) 0.423

algD 22 (100.0) 30 (100.0) 1.000
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South Korea in urine and wound samples in 2020, and the 
NDM-1 gene was found to be located within the integra-
tive and conjugative element on the bacterial 
chromosome.33 Similar to the findings of previous studies, 
NDM-1-producing P. aeruginosa ST773 in our study 
exhibited multidrug resistance to most antibiotics, such 
as β-lactam-β-lactamase inhibitor combinations (piperacil-
lin-tazobactam), cephalosporins (ceftazidime, cefepime), 
carbapenems (imipenem, meropenem), aminoglycosides 
(gentamicin, tobramycin, amikacin), and fluoroquinolones 
(ciprofloxacin, levofloxacin).33,39 The results of the PFGE 
analysis showed that P. aeruginosa ST773 and ST235, 
which were each divided into two clonal groups, were 
closely related, indicating the possibility of clonal spread.

CRPA isolates showing a co-existence of virulence 
factors with multidrug resistance determinants have 
become an emerging threat.40 Data on the interaction 
between antibiotic resistance and virulence factors is 
essential to address bacterial infections and to provide 
management strategies.41 In this study, we investigated 
the distribution and prevalence of virulence factor genes 
in CRPA isolated from UTI samples. Nine virulence factor 
genes (toxA, exoT, plcN, plcH, phzM, phzS, lasB, aprA, 
and algD) were detected in all CRPA isolates. These 
results suggest that these factors may play an important 
role in the pathogenesis of CRPA-mediated UTIs. ExoS, 
ExoT, ExoU, and ExoY, four effector proteins of the T3SS, 
have been identified in P. aeruginosa.42,43 In this study, the 
prevalence of the exoT gene in all CRPA isolates was 
100%, followed by exoY (98.3%), exoU (94.9%), and 
exoS (6.8%). Although P. aeruginosa carries genes encod-
ing T3SS, most strains do not have all four genes as 
a complete set.43 In particular, almost all P. aeruginosa 
harbor either exoS or exoU genes, but rarely exhibit both 
genes.43,44 Similarly, in our study, except for one CRPA 
isolate harboring both exoU and exoS, the other 58 CRPA 
isolates harbored either exoU or exoS. The prevalence of 
the exoS- /exoU+ genotype (94.8%, 55/58) was much 
higher than that of the exoS+ /exoU- genotype (5.2%, 3/ 
58). Globally, exoS is found in 58%–72%, and exoU in 
28–42% of P. aeruginosa isolated from clinical 
samples.40,43,45 In a recent study investigating the preva-
lence of exoS according to the presence of carbapenemase 
genes, exoS prevalence was found to be significantly lower 
in the CRPA group harboring carbapenemase genes 
(18.2%) than the CRPA group not harboring carbapene-
mase genes (77.0%) (P < 0.001).19 Similarly, in our study, 
the exoS gene was identified in carbapenemase- 

nonproducing CRPA isolates, except for one carbapene-
mase-producing CRPA isolate harboring exoS+/exoU+. 
Further studies are needed to determine the correlation 
between exoS gene incidence and carbapenemase produc-
tion. In the distribution of the exoU and exoS genes 
according to the STs, exoU was identified in all ST235, 
357, 446 and 773 isolates and exoS was identified in all 
ST111, 274, and 1682 isolates, corroborating the findings 
of previous research.44 Among the elastase-related lasA 
and lasB genes, lasA was identified in 39.0% of all 
CRPA isolates, and the prevalence of lasA between the 
strains ST235 (68.2%) and ST773 (13.3%) differed sig-
nificantly (P < 0.001). This result is different from 
a previous finding in which all ST235 CRPA strains car-
ried the lasA gene.44 In contrast, the lasB gene was 
detected in all the tested CRPA strains isolated from 
urine, confirming the necessity of this virulence gene for 
the pathogenesis of UTIs, as observed in previous 
studies.46 The pili-encoding genes, pilA and pilB, were 
observed at relatively low percentages (6.8% and 0%, 
respectively) among the studied CRPA strains. These 
results were similar to those of a previous study, which 
showed that the prevalence of pilA and pilB genes was 
19.2% and 0%, respectively, in P. aeruginosa derived from 
children with UTIs.47 In addition, the pilA gene was iden-
tified only in carbapenemase-nonproducing ST446 and 
1682 CRPA strains; however, additional studies are needed 
to confirm and further analyze this result. Pyoverdine, 
a siderophore that aids bacterial iron uptake, plays an 
essential role in lung infections, such as cystic 
fibrosis.13,48,49 In our study, 10.2% of the CRPA isolates 
exhibited the pvdA gene. This result differed from the 
results of the research carried out by Tielen et al, in 
which pyoverdine could be detected in all P. aeruginosa 
isolates from UTIs and catheter-associated UTIs, suggest-
ing that pyoverdine plays an important role in iron-limited 
conditions such as those of the human urinary tract.50 

Therefore, the role of pyoverdine in UTIs remains unclear.
This study has a few limitations. First, no investigation 

on the mechanism of carbapenem resistance other than the 
identification of carbapenemases has been conducted in 
this study. Therefore, further investigation of the other 
mechanisms of carbapenem resistance, such as lack of 
OprD porins or overexpression of efflux pumps among 
the remaining carbapenemase-nonproducing strains, is 
needed. Second, as this was a single-center study, further 
studies are required to gain insight into the overall epide-
miology of CRPA isolates in South Korea. Nevertheless, 
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this study has important implications for clinicians treating 
UTIs caused by CRPA strains by providing important 
information regarding their production of carbapenemases, 
epidemiological characteristics, and virulence factors.

Conclusion
The present research confirmed that in the study area, most 
CRPA strains causing UTIs are multidrug-resistant and 
produce carbapenemases, including the NDM-1-producing 
ST773 and IMP-6-producing ST235, and have already 
disseminated in this area. The CRPA isolates also exhib-
ited multiple virulence factors. This finding suggests that it 
is important to continuously strengthen the monitoring of 
carbapenemase-producing P. aeruginosa to prevent further 
spread and that strategies for appropriate antibiotic use 
need to be established to overcome the treatment failure 
of CRPA-related infections.
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