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Abstract: Pseudomonas aeruginosa causes urinary tract infections associated with catheters by forming
biofilms on the surface of indwelling catheters. Therefore, controlling the spread of the bacteria is
crucial to preventing its transmission in hospitals and the environment. Thus, our objective was to
determine the antibiotic susceptibility profiles of twenty-five P. aeruginosa isolates from UTIs at the
Medical Center of Trás-os-Montes and Alto Douro (CHTMAD). Biofilm formation and motility are
also virulence factors studied in this work. Out of the twenty-five P. aeruginosa isolates, 16% exhibited
multidrug resistance, being resistant to at least three classes of antibiotics. However, the isolates
showed a high prevalence of susceptibility to amikacin and tobramycin. Resistance to carbapenem
antibiotics, essential for treating infections when other antibiotics fail, was low in this study, Notably,
92% of the isolates demonstrated intermediate sensitivity to ciprofloxacin, raising concerns about its
efficacy in controlling the disease. Genotypic analysis revealed the presence of various β-lactamase
genes, with class B metallo-β-lactamases (MBLs) being the most common. The blaNDM, blaSPM, and
blaVIM-VIM2 genes were detected in 16%, 60%, and 12% of the strains, respectively. The presence
of these genes highlights the emerging threat of MBL-mediated resistance. Additionally, virulence
gene analysis showed varying prevalence rates among the strains. The exoU gene, associated with
cytotoxicity, was found in only one isolate, while other genes such as exoS, exoA, exoY, and exoT
had a high prevalence. The toxA and lasB genes were present in all isolates, whereas the lasA gene
was absent. The presence of various virulence genes suggests the potential of these strains to cause
severe infections. This pathogen demonstrated proficiency in producing biofilms, as 92% of the
isolates were found to be capable of doing so. Currently, antibiotic resistance is one of the most
serious public health problems, as options become inadequate with the continued emergence and
spread of multidrug-resistant strains, combined with the high rate of biofilm production and the
ease of dissemination. In conclusion, this study provides insights into the antibiotic resistance and
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virulence profiles of P. aeruginosa strains isolated from human urine infections, highlighting the need
for continued surveillance and appropriate therapeutic approaches.

Keywords: Pseudomonas aeruginosa; biofilm; motility; antibiotic resistance; virulence

1. Introduction

Pseudomonas aeruginosa is one of the most opportunistic and common Gram-negative
bacteria, being a main source of human, animal, and plant infections [1]. P. aeruginosa has a
great diversity of pathoadaptive characteristics and virulence mechanisms that promote its
colonization, survival, and proliferation in different environments (human, animal, and
plant infections) [2,3]. The first step of the infectious process is the binding of P. aeruginosa
to the epithelial host cell. The machinery responsible for bacterial motility, flagella and pili,
act as tethers in the initial attachment of bacteria to surface glycolipids of epithelial cells [4].
Upon contact with the host cell, the type III secretion system (T3SS) is activated, allowing P.
aeruginosa to inject secreted toxins (ExoS, ExoY, ExoT, and ExoU) through a syringe-like
device directly into the host’s cytoplasm. These effector proteins participate, to varying
degrees, in cytotoxicity during the invasion and dissemination of this bacterium [5,6].
Other systems are also activated during the infection process, such as type II secretion
system (T2SS), which secrete other virulence factors such as elastase, exotoxin A, alkaline
phosphatase, and phospholipase C into the extracellular space. These virulence factors aid
in the invasion process, destroying the protective glycocalyx of the respiratory epithelium
and exposing epithelial ligands to P. aeruginosa [7,8]. The tssC gene in P. aeruginosa is an
important component of the type VI secretion system (T6SS), a complex nanomachine that
allows bacteria to deliver toxins or other effector molecules into target cells [9]. The TssC
protein is a structural component of the T6SS apparatus, and it plays a critical role in the
assembly and function of the system. The TssC protein is required for the stability of the
T6SS apparatus, and it helps anchor the baseplate complex to the bacterial cell envelope. In
addition, it is necessary for the formation of the Hcp tube, which is a key component of the
T6SS that delivers effector molecules to target cells. The TssC protein is also important for
the virulence of P. aeruginosa, as it allows the bacterium to deliver toxins or other virulence
factors into host cells. Mutants lacking the TssC gene have been shown to be attenuated in
virulence both in vitro and in vivo [9,10].

In P. aeruginosa, both in acute and chronic infections, there is an infinity of regulatory
systems at its disposal that allow it to adapt to its environment and defend itself against
the host. Quorum sensing (QS) is an example of such a system and demonstrates the
adaptability of P. aeruginosa [11]. These systems allow P. aeruginosa isolates to grow in
biofilms, communicating and coordinating the production and release of virulence fac-
tors [12]. The P. aeruginosa genome contains a large number of genes that encode outer
membrane proteins involved in adhesion, motility, antimicrobial efflux, virulence factor
export, and environmental detection by two-component systems. Thus, it is not surprising
that the genome of this bacterium contains a variety of predicted genes that are involved in
the regulation of virulence genes [13].

The ability of P. aeruginosa to move by swimming, swarming, and twitching is crucial
for the bacterium to colonize both living and non-living surfaces, as well as for its spread
across these surfaces [6]. Many planktonic organisms can initially colonize a surface using a
flagellum to swim towards the surface and attach themselves via bacterial adhesins, such as
type IV pili and flagella. In the case of P. aeruginosa, it can undergo the flagellum-mediated
swimming motility and the surface-associated swarming and twitching motilities, which
are predominantly mediated by hyperflagellation and type IV pili, respectively [14,15].
Pili are hair-like structures on the surface of bacteria that are important for attachment
to surfaces and for motility. P. aeruginosa has two types of pili: type IV pili (T4P) and
type IVa pili (T4aP) [16,17]. The genes pilA and pilB are involved in the biosynthesis
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and assembly of T4P in P. aeruginosa. PilA is the major subunit protein of T4P, and it
is responsible for the structure and function of the pili. The pilA gene is located in the
pilin gene cluster of P. aeruginosa, which also contains several other genes involved in
the biosynthesis and assembly of T4P. The expression of pilA is regulated by several
factors, including quorum sensing and environmental signals [17,18]. PilB is an ATPase
that is involved in the assembly and disassembly of T4P. The pilB gene is located outside
of the pilin gene cluster, and its expression is also regulated by quorum sensing and
environmental signals [17,19]. Motility also contributes to the formation of biofilms, which
are structured communities of bacteria associated with the surface [15]. These bacterial
communities are highly persistent and protected from adverse conditions owing to their
specialized structures. Normally, biofilms are enclosed within the extracellular polymer
matrix, leading to the production and specific secretion of exopolysaccharides, DNA,
and/or protein by the bacterium itself [1]. Biofilm formation is the source of a major
problem for the host, as these biofilms are often resistant to antibiotics, phagocytosis, and
surfactants, making them difficult to remove once established [20]. The biofilm formation
process in P. aeruginosa is regulated by a number of genetic and environmental factors.
One of the key systems involved in biofilm formation is the quorum sensing system. This
system allows bacteria to communicate with one another and coordinate their behavior
based on cell density [21,22]. In P. aeruginosa, the quorum sensing system is mediated by
a number of small signaling molecules, including acyl-homoserine lactones (AHLs) and
2-heptyl-3-hydroxy-4-quinolone (PQS). Another important factor in biofilm formation is
the production of extracellular polymeric substances (EPS). These substances are secreted
by bacteria and form a matrix that helps to anchor the bacteria to surfaces and protect
them from environmental stresses, including alginate, Pel, and Psl [22]. The genome of P.
aeruginosa contains a number of features that are responsible for biofilm formation. For
example, the genes encoding the quorum sensing system and EPS production are located in
specific regions of the genome called “pathogenicity islands”. In addition, P. aeruginosa has
a large and complex genome that contains numerous genes involved in regulating biofilm
formation and responding to environmental cues. Overall, the biofilm formation process in
P. aeruginosa is a complex and multifactorial process that involves a range of genetic and
environmental factors [6,23].

The prevalence of multidrug-resistant strains in P. aeruginosa is a cause for concern,
as this bacterial species has developed a significant number of such strains. The increas-
ing multidrug resistance of P. aeruginosa represents a major threat to public health and
well-being. Modification enzymes can modify antibiotics and render them ineffective. For
example, this bacterium produces aminoglycoside-modifying enzymes, such as AAC(6’)-Ib
and AAC(3)-I, which can acetylate or adenylate aminoglycoside antibiotics, respectively,
and reduce their efficacy [24,25]. The resistance to carbapenems in P. aeruginosa is often
associated with the acquisition of specific genes that produce carbapenemases, enzymes
that can break down the carbapenem antibiotics. These genes are often located on mobile
genetic elements such as plasmids, transposons, or integrons, which can facilitate their
spread between different bacterial strains and species. The most common carbapenemases
found in P. aeruginosa are metallo-beta-lactamases (MBLs), including the VIM, IMP, and
NDM types, and serine carbapenemases, including the OXA-type enzyme. These carbapen-
emases are often encoded by genes located on mobile genetic elements and can confer
resistance to other antibiotics as well, making the treatment of infections caused by these
strains challenging [26]. This emerging risk hampers the use of traditional antibiotics and
increases the effectiveness of antimicrobial treatments [27]. The study of the pathogenicity
of P. aeruginosa becomes crucial for the identification of compounds that prevent bacte-
rial motility and thus combat the potential for colonization of different surfaces [6,15].
Analyzing urine samples provides specific information on the presence and behavior of
P. aeruginosa in urinary tract infections. P. aeruginosa is responsible for 7–10% of urinary tract
infections (UTIs) in hospitalized patients, making UTIs one of the most common ailments
among patients receiving medical treatment [28,29]. In fact, UTIs account for between
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20 and 49% of all nosocomial infections [30,31]. The pathogenesis of urinary tract infections
caused by P. aeruginosa is also influenced by virulence factors produced by the bacterium.
P. aeruginosa produces a variety of extracellular products, such as pyocyanin, exotoxin A,
and elastase, which can damage the host tissue and impair the immune system response.
Additionally, P. aeruginosa can produce flagella and type IV pili, which allow it to move
through the urinary tract and colonize the bladder or kidney [32,33].

Another problem associated with urinary tract infections is catheter-associated urinary
tract infections (CAUTIs). When a urinary catheter is inserted, it provides a surface
for P. aeruginosa a to colonize and grow, leading to CAUTIs. P. aeruginosa can adhere
to the surface of a urinary catheter and produce a biofilm. The biofilm formation by
P. aeruginosa can facilitate its survival in the urinary tract by protecting it from the host
immune system and antimicrobial agents. Furthermore, biofilms can act as a reservoir for
antibiotic resistance genes, leading to the development of multidrug-resistant P. aeruginosa
strains [34,35].

Understanding the prevalence and mechanisms of antibiotic resistance in infections
caused by P. aeruginosa is important for guided treatment decisions and for reducing the
spread of resistant strains [36]. It is important to note that studying other types of specimens,
such as blood or tissues, could provide different information and may be appropriate in
other relevant research questions. In this study, we aimed to focus on the P. aeruginosa
isolated and derived from urine samples in the Medical Centre of Trás-os-Montes and Alto
Douro and to characterize its antimicrobial resistance, biofilm formation, and motility.

2. Materials and Methods
2.1. Samples and Bacterial Isolates

Twenty-five Pseudomonas aeruginosa samples were isolated from urinary tract infection
in the Medical Centre of Trás-os-Montes and Alto Douro (CHTMAD), Vila Real, Portugal,
between January 2022 and March 2022. All strains were isolated using VITEK 2® COMPACT
(bioMérieux), and its identification was confirmed in the medical microbiology laboratory
by seeding on Pseudomonas Agar Base supplemented with CN (Liofilchem, Rosetodegli,
Abruzzi, Italy) medium at 37 ◦C for 24–48 h. The isolates were cryopreserved at −20 ◦C in
skim milk.

2.2. Biofilm Formation and Biomass Quantification

The bacterial adhesion of all isolates was assessed using a microtiter plate-based assay
as previously described with some modifications [37]. To conduct the experiment, one
colony from each bacterial culture grown overnight on brain heart infusion (BHI) agar was
suspended in Luria-Bertani (LB) broth and incubated at 37 ◦C for 24 h. Then, the bacterial
suspension was diluted to 0.5 on the McFarland scale using Tryptic Soy Broth (TSB). An
amount equaling 100 µL of each bacterial suspension, along with a negative control of
sterile TSB and a positive control of Pseudomonas aeruginosa ATCC 27853®, were inoculated
into eight wells of a flat-bottom polystyrene microtiter plate, with each well serving as
a technical replicate. The plate was then incubated at 37 ◦C for 24 h. After incubation,
the plate was washed twice with distilled water and allowed to dry at room temperature.
Then, 100 µL of 0.1% (v/v) crystal violet (CV) was added to each well and incubated for
10–15 min. The CV was then washed out of the plate, and the wells were allowed to dry.
For qualitative assays, photographs of the wells were taken when dry. To quantify the
biofilm biomass, 100 µL of 30% (v/v) acetic acid was added to each well to solubilize the
CV. The optical density was then read at 630 nm using a blank of uninoculated 30% acetic
acid and a microplate reader (BioTek ELx808U). Biofilm-formation ability was considered
positive at a cut-off level of 0.078, which was determined arbitrarily as the mean for the
negative control (culture medium, 0.058) plus three standard deviations (0.006).

The levels of biofilm production were classified as follows: weak biofilm formers had
an optical density between 0.078 and 0.157 (2 times the negative control), moderate biofilm
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formers had an optical density between 0.157 and 0.314 (4 times the negative control), and
strong biofilm formers had an optical density greater than 0.314.

2.3. Motility Assays
2.3.1. Swimming Motility

The isolates were grown on LB agar at a temperature of 37 ◦C for 24 h, after which
a single colony was selected and subcultured on LB broth. The swimming medium was
then prepared by adding 0.3% (w/v) agar to the LB broth [15]. This mixture was used
to inoculate the swimming plates with a five µL sample of the bacterial broth culture
containing approximately 108 CFU/mL. To assess motility within the semi-solid agar, the
inoculum was placed directly in the center of the agar on the swim plates. [38].

2.3.2. Swarming Motility

Isolates were grown on LB agar at 37 ◦C for 24 h prior to preparation of a single colony
subculture into LB broth. Swarm media was prepared and inoculated as follows: nutrient
broth (Oxoid Australia Pty. Ltd., Adelaide, Australia) supplemented with 0.5% agar (w/v)
and 0.5% D-Glucose (w/v) (Sigma-Aldrich Pty. Ltd., Castle Hill, Australia) [15]. For swarm,
plates were inoculated with five µL of bacterial broth culture representing approximately
108 CFU/mL. The inoculum was placed on the agar surface (center) enabling visualization
of motility across the agar surface [39].

2.3.3. Twitching Motility

Isolates were grown on LB agar at 37 ◦C for 24 h prior to preparation of a single colony
subculture into LB broth. Twitch media was prepared and inoculated as follows: LB broth
supplemented with 1.0% (w/v) agar [15]. For twitching motility, plates were inoculated
with five µL of bacterial broth culture representing approximately 108 CFU/mL. Five µL
was inoculated deep into the agar with a micropipette so that the tip touched the agar-plate
interface, and motility at this interface was subsequently measured [40].

2.4. Interpretation of Motility Assays

All the motility assays were performed in triplicate. The diameter in mm of the growth
zone was measured after 24 h of incubation. From these individual measurements, the
average area for each representative isolate was calculated to determine motility character-
istics. Of note, the growth area is required to be at least 10% of the control PAO1. Another
criterion used was the total growth area, which must be ≥20 mm2 to be considered mobile.
If the value was less than 20 mm2, we concluded that, although the bacteria were able to
grow, they were not mobile [41,42]. Pseudomonas aeruginosa ATCC® 27,853 was included in
all plates as a positive control and Klebsiella pneumoniae as a negative control.

2.5. Antimicrobial Susceptibility Testing

The phenotypic susceptibility profile characterization of the isolates was performed us-
ing the Kirby–Bauer disk diffusion method in concordance with EUCAST standards (2022).
Twelve antibiotics disks were tested: ceftazidime (10 µg), cefepime (30 µg), amikacin (30 µg),
gentamicin (10 µg), tobramycin (10 µg), doripenem (30 µg), imipenem (10 µg), aztreonam
(30 µg), ciprofloxacin (50 µg), piperacillin (30 µg), and ticarcillin-clavulanic acid (85 µg).
For colistin (4 mg/L) and piperacillin–tazobactam (16 mg/L), the minimum inhibitory
concentration (MIC) method was performed by microdilution broth following EUCAST
norms. For colistin, EUCAST advises using the microdilution method instead of the disk.
Due to the relevance of piperacillin–tazobactam, microdilution was also performed.

2.6. DNA Extraction

The method used was the boil method [43]. Briefly, two to three colonies of overnight
growth bacteria were used. The colonies were put in a test tube containing 500 µL of
distilled water and boiled for 8 min in a water bath. After being vigorously vortexed, the
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samples were centrifuged for 2 min at 12,000 rpm and the pellet discarded. Total DNA
concentration was determined using a NanoDrop system. A measurement of absorbance
was taken at wavelengths of 260 and 280 nm to determine the concentration of nucleic
acids. Each unit of optical density is equal to 50 µg/mL of double-stranded DNA. The PCR
was conducted using a concentration of 200 µg/mL for each sample. All DNA samples
had the optimal purity of 1.8 and 2.

2.7. Antimicrobial Resistance and Virulence Genes

All isolates were selected for the presence of antimicrobial resistance genes according
to the result obtained by phenotypic resistance. All bacterial genomic DNA were used as
templates for PCR amplification of the 16S rDNA gene for the confirmation of P. aeruginosa.
The two primers used were 27F (5′ AGAGTTTGATCCTGGCTCAG-3′) and 1495R (5′

CTACGGCTACCTTGTTACGA- 3′) for forward primer and reverse primer, respectively [44].
According to the phenotypic resistance profile, each isolate was screened using PCR for
the presence of the following antimicrobial resistance genes: blaTEM, blaSHV, blaCTX, blaPER,
blaSME, blaKPC, blaSmp, blaVim, blaVim-2, blaNDM, blaOXA, aac(6′)-Ie-aph(2”)-Ia, aph(3′)-IIIa,
acc3I, aac3II, aacIII, aac3IV, ant(4′)-Ia, and ant(2′)-Ia. All isolates were screened for genes
encoding virulence factors by PCR: pilB, pilA, aprA, toxA, tssC, plcH, lasA, lasB, lasR, lasI,
exoU, exoS, exoA, exoY, exoT, rhlR, rhlI, rhlA/B and algD. All primer sequences are shown
in Table 1. Several strains from the molecular genetics laboratory were used as positive
controls for each gene, and Milli Q water as a negative control.

Table 1. Nucleotide sequence of primers for PCR reaction and size of amplified DNA fragment for
antibiotic resistance and virulence genes.

Name Sequence (5′ → 3′) Length (bp) Reference

blaTEM
F: ATTCTTGAAGACGAAAGGGC
R: ACGCTCAGTGGAACGAAAAC 1150 [45]

blaSHV
F: CACTCAAGGATGTATTGTG
R: TTAGCGTTGCCAGTGCTCG 885 [46]

blaCTX
F: CGATGTGCAGTACCAGTAA

R: TTAGTGACCAGAATCAGCGG 585 [47]

blaPER
F: ATGAATGTCATTATAAAAGC

R: AATTTGGGCTTAGGGCAGAA 920 [48]

blaSME
F: ACTTTGATGGGAGGATTGGC
R: ACGAATTCGAGCATCACCAG 551 [49]

blaKPC
F: GTATCGCCGTCTAGTTCTGC
R: GGTCGTGTTTCCCTTTAGCC 638 [50]

blaSmp
F: AAAATCTGGGTACGCAAACG
R: ACATTATCCGCTGGAACAGG 271 [51]

blaVim
F: TTTGGTCGCATATCGCAACG
R: CCATTCAGCCAGATCGGCAT 500 [52]

blaVim-2
F: AAAGTTATGCCGCACTCACC
R: TGCAACTTCATGTTATGCCG 815 [53]

blaNDM
F: GGTTTGGCGATCTGGTTTTC

R: CGGAATGGCTCATCACGATC 621 [50]

blaOXA
F: CCAAAGACGTGGATG

R: GTTAAATTCGACCCCAAGTT 813 [46]

aac(6′)-Ie-aph(2”)-Ia F: CCAAGAGCAATAAGGGCATA
R: CACTATCATAACCACTACCG 220 [25]

aph(3′)-IIIa F: GCCGATGTGGATTGCGAAAA
R: GCTTGATCCCCAGTAAGTCA 292 [25]
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Table 1. Cont.

Name Sequence (5′ → 3′) Length (bp) Reference

aac(3)-III F: CACAAGAACGTGGTCCGCTA
R: AACAGGTAAGCATCCGCATC 195 [24]

aac(3)-IV F: CTTCAGGATGGCAAGTTGGT
R: TACTCTCGTTCTCCGCTCAT 286 [25]

aac(3)-II F: ACTGTGATGGGATACGCGTC
R: CTCCGTCAGCGTTTCAGCTA 237 [24]

ant(4′)-Ia F: GCAAGGACCGACAACATTTC
R: TGGCACAGATGGTCATAACC 165 [25]

ant(2′)-I F: ATGTTACGCAGCAGGGCAGTCG
R: CGTCAGATCAATATCATCGTGC 188 [24]

oprD F: TCCGCAGGTAGCACTCAGTTC
R: AAGCCGGATTCATAGGTGGTG 191 [54]

pilB F: TCGAACTGATGATCGTGG
R: CTTTCGGAGTGAACATCG 408 [55]

pilA F: ACAGCATCCAACTGAGCG
R: TTGACTTCCTCCAGGCTG 1675 [55]

aprA F: ACCCTGTCCTATTCGTTCC
R: GATTGCAGCGACAACTTGG 140 [56]

toxA F: GGTAACCACGTCAGCCACAT
R: TGATGTCCAGGTCATGCTTC 352 [57]

tssC F: CTCCAACGACGCGATCAAGT
R: TCGGTGTTGTTGACCAGGTA 150 [58]

plcH F: GCACGTGGTCATCCTGATGC
R: TCCGTAGGCGTCGACGTAC 608 [55]

lasA F: GCAGCACAAAAGATCCC
R: GAAATGCAGGTGCGGTC 1075 [55]

lasB F: GGAATGAACGAAGCGTTCTC
R: GGTCCAGTAGTAGCGGTTGG 284 [59]

lasR F: CGGGTATCGTACTAGGTGCATCA
R: GACGGGAAAGCCAGGAAACTT 1100 [56]

lasI F: ATGATCGTACAAATTGGTCGGC
R: GTCATGAAACCGCCAGTCG 605 [60]

exoU F: ATGCATATCCAATCGTTG
R: TCATGTGAACTCCTTATT 2000 [56]

exoS F: CGTCGTGTTCAAGCAGATGGTGCTG
R: CCGAACCGCTTCACCAGGC 444 [61]

exoA F: GACAACGCCCTCAGCATCACCAGC
R: CGCTGGCCCATTCGCTCCAGCGCT 396 [62]

exoY F: CGGATTCTATGGCAGGGAGG
R: GCCCTTGATGCACTCGACCA 289 [62]

exoT F: AATCGCCGTCCAACTGCATGCG
R: TGTTCGCCGAGGTACTGCTC 159 [62]

rhlR F: CAATGAGGAATGACGGAGGC
R: GCTTCAGATGAGGCCCAGC 730 [60]

rhlI F: CTTGGTCATGATCGAATTGCTC
R: ACGGCTGACGACCTCACAC 625 [60]

rhlA/B F: TCATGGAATTGTCACAACCGC
R: ATACGGCAAAATCATGGCAAC 151 [63]

algD F: CGTCTGCCGCGAGATCGGCT
R: GACCTCGACGGTCTTGCGGA 313 [55]

2.8. Statistical Analysis

For variables that showed considerable skewness, data were transformed into (log (1 + x)),
and linear modelling on the log scale was performed. To analyze the reproducibility of the
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motility tests, Bland–Altman plots were used. For the analysis of the movements, ANOVA
followed by Tukey’s was used to compare as averages. Statistical analyses were performed
using the commercially available statistical packages; SPSS version 25 (IBM SPSS Statistics,
Chicago, IL, USA) and one-way ANOVA followed by Dunnett’s multiple comparison test
was performed using GraphPad Prism version 9.3.1 for Windows (GraphPad, San Diego,
CA, USA).

3. Results and Discussion

In this study, P. aeruginosa strains were isolated from human urine infections. Among
the twenty-five P. aeruginosa isolates, 16% were resistant to at least three classes of antibiotics
at the phenotypic level (Table 2), which makes them, by definition, multidrug resistant.
The isolates showed a high prevalence of antimicrobial susceptibility to amikacin (n = 25)
and tobramycin (n = 25). In contrast, only a few isolates were resistant to piperacillin–
tazobactam (n = 5), ceftazidime (n = 4), and gentamicin (n = 4). Most of the isolates showed
intermediate sensitivities to most of the antibiotics tested. In our study, the prevalence
of resistance to carbapenem antibiotics was low, which agrees with other reports in the
literature [64–66]. However, other studies demonstrated a high prevalence of resistance
to carbapenems in P. aeruginosa strains, such as 55.5% in P. aeruginosa isolates at a German
university medical center, and percentages of resistance to imipenem and meropenem in a
Spanish hospital were 88% and 82%, respectively [67,68]. The high resistance to carbapenem
antibiotics is alarming at the public health level, since these antibiotics are essentials for the
treatment of infections in which there are no more effective low-class antibiotics [68]. Our
observations demonstrated both concordant and discordant findings when compared to
existing reports in the scientific literature.

Table 2. Characteristics of the Pseudomonas aeruginosa isolates derived from urine samples.

Isolate
Antimicrobial

Susceptible Resistant Genotype

1 TOB, AK, CN, CS PTZ, CAZ, ATM, CIP, TTC blaNDM, blaOXA, oprD
2 TOB, AK, CN, CS blaOXA, oprD
3 TOB, AK, CS CN blaOXA, aph(3′)-IIIa, oprD
4 TOB, AK, CN, CS LEV blaNDM, oprD
5 TOB, AK, CN, CS blaCTX-M-UN, oprD
6 TOB, AK, CN, CS blaKPC, blaSPM, oprD
7 TOB, AK, CN, CS blaKPC, oprD
8 TOB, AK, CN, CS PTZ, CAZ blaKPC, blaSPM, oprD
9 TOB, AK, CN, CS blaKPC, blaNDM, blaSPM, oprD

10 TOB, AK, CN, CS PTZ, CAZ, ATM, TTC blaKPC, blaSPM, blaVIM2, oprD
11 TOB, AK, CS CN blaKPC, blaSPM, blaOXA, oprD
12 TOB, AK, CN, CS blaCTX-M-UN, blaKPC, oprD
13 TOB, AK, CN, CS blaKPC, oprD
14 TOB, AK, CN, CS PTZ, CAZ, CIP blaKPC, oprD
15 TOB, AK, CN, CS blaKPC, blaSPM, oprD
16 TOB, AK, CN, CS blaSPM, blaVIM, oprD
17 TOB, AK, CS CN blaKPC, blaNDM, blaSPM, oprD
18 TOB, AK, CN, CS blaSPM, blaVIM2, oprD
19 TOB, AK, CN, CS blaKPC, oprD
20 TOB, AK, CN, CS blaKPC,blaSPM, oprD
21 TOB, AK, CN, CS IMI blaSPM, oprD
22 TOB, AK, CN, CS blaSPM, oprD
23 TOB, AK, CN, CS blaSPM, oprD
24 TOB, AK, CS PTZ, CN, TTC, PRL blaSPM, oprD
25 TOB, AK, CN, CS blaSPM, oprD

Ceftazidime (CAZ), cefepime (FEP), amikacin (AK), gentamicin (CN), tobramycin (TOB), doripenem (DOR),
imipenem (IMI), meropenem (MEM), aztreonam (ATM), ciprofloxacin (CIP) piperacillin (PRL), colistin (CS),
levofloxacin (LEV) and ticarcillin–clavulanic acid (TTC).
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Of all the isolates, 92% demonstrated intermediate sensitivity to ciprofloxacin, while
the remaining 8% exhibited resistance. The prevalence of intermediate resistance to
ciprofloxacin, coupled with the absence of fully susceptible isolates, poses a challenge, as it
may compromise the efficacy of this antibiotic, thereby limiting its ability to satisfactorily
control the disease(s). In other studies, 40.5% [69], 50% [70], and 72.41% [71] susceptibility
to ciprofloxacin were observed. Thus, the use of this antibiotic deserves additional attention
and should be used only when necessary as an alternative therapeutic agent for isolates
resistant to other antibiotics [64,71].

The genotypic results for the rDNA 16S gene were positive for all isolates, allowing us
to conclude that all of them were P. aeruginosa, as expected.

Despite conducting a characterization of several genes, the isolates exhibited a certain
degree of diversity. Nevertheless, isolates 7, 13, 14, and 19 demonstrated the presence of
blaKPC and oprD genes, while isolates 21–25 had the blaSPM and oprD genes. Based on this,
it can be inferred that these isolates are more similar to each other than to the remaining
ones. This commonality suggests that these isolates may be more closely related to one
another genetically than to the other isolates that have a different combination of genes.
It is important to note, however, that this inference is based solely on the presence or
absence of these specific genes and not on a more comprehensive genetic analysis. Further
investigation would be necessary to confirm any relationships between the isolates.

All the strains encoded genes to produce β-lactamases from different classes. The
class B MBLs β-lactamases were the most common in the strains due to the presence of
the blaNDM, blaSPM, and blaVIM-VIM2 genes. According to a study carried out by Picão
et al., early detection of MBL-producing genes may contribute to controlling the spread
of multidrug-resistant isolates [72]. NDM is an enzyme capable of hydrolyzing a broad
range of antibiotics, including carbapenems, penicillins, and cephalosporins [73]. NDM-1-
producing P. aeruginosa is clonally disseminated from countries with a history of blaNDM
presence [50]. Thus, the spread of this gene to non-endemic countries through international
travel and its transmission is alarming. In our study, the genes blaNDM, blaSPM, and
blaVIM-VIM2 were detected in 16%, 60%, and 12%, respectively. Contrary to other works,
the percentage of blaVIM-VIM2 is smaller; however, the difference can be explained by the
existence of numerous variants of this gene [52]. Nonetheless, we should not disregard
the low detection of this gene, as its spread can occur quickly, since it is one of the most
prevalent emerging types of MBL genes in the world. Furthermore, the blaSPM gene have
already been reported in ICU patients with colonization or invasive disease [74]. The
presence of the blaKPC gene responsible for resistance to class A carbapenems was detected
in 52% of the samples. A study carried out in Iran also indicated the presence of KPC-
producing bacteria in a hospital environment, with a high incidence rate [75].

Only one isolate was resistant to aminoglycosides, namely gentamicin, which harbored
the resistance genes aph(3′)-IIIa. With regard to colistin, although all our strains are sensitive,
there are studies where the perceived resistance can reach 31.7% [76]. All strains were
shown to have the oprD gene that encodes a substrate-specific outer membrane porin of
P. aeruginosa, which allows the diffusion of basic amino acids, small peptides, and imipenem
in the cell. A study by Estepaa et al. demonstrated that the high polymorphism observed in
the oprD gene, as well as the presence of insertion elements truncating it, would inactivate
the oprD porin, directly related to carbapenem resistance among strains [67]. Although all
our strains have the oprD gene, there may be some polymorphism that interferes with the
resistance to carbapenem mechanisms, which agrees with our results. To confirm this, there
is the need to sequence the strains used and to perform a polymorphism analysis.

Regarding the presence of virulence factors, all strains have shown to have numerous
virulence genes that are involved in different mechanisms (Figure 1). Several studies
have investigated the presence of virulence genes in P. aeruginosa isolated from different
sources, including urine samples. For example, one study found that the presence of certain
virulence genes in P. aeruginosa isolated from urine samples was associated with increased
mortality in patients with urinary tract infections [33,55,77]. The exoU, exoS, exoA, exoY, and
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exoT are involved in the type III secretion system and encode different effectors that cause
cytotoxicity at different levels. Only one isolate showed to have exoU, in contrast to the exoS
(n = 25), exoA (n = 25), exoY (n = 25), and exoT (n = 25) genes which have a high prevalence.
The presence of exo genes is highly prevalent in P. aeruginosa strains once they are part of a
type III secretion system, something intrinsic to this bacterium [51,56,62]. Studies reported
a low to moderate prevalence of the exoU gene, while for our study it was low [78,79]. This
gene does not appear in a constant way and is related to the type of infection. Interestingly,
and accordingly to our results, the literature reports a low prevalence of this gene in urinary
infections [80] and a high prevalence in other infections [81]. This contrast may be due
to the differences in the studied infections (urinary tract infections vs. cystic fibrosis, for
example) or personal characteristics (adults vs. children).
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Figure 1. The percentage of each virulence gene found within the P. aeruginosa isolates derived
from UTIs at the Medical Centre of Trás-os-Montes and Alto Douro, Vila Real, Portugal, between
September 2021 and June 2022. Results revealed that all isolates contained multiple genes associated
with various virulence mechanisms. However, some genes such as lasR, exoU, rhIR, pilA, and pilB
were not detected in all isolates, particularly exoU and pilB, which exhibited the lowest prevalence
among the isolates.

The toxA and lasB genes were found in all strains, while lasA genes did not appear in
any strain. Usually, these genes encode proteins secreted by the type II secretion system,
which plays a major role during infection. Our data agree with other works, where the
prevalence of the toxA gene is high, around 100% in burn infections and 91.8% from isolates
mainly from urine [57,82]. The prevalence of lasB in these strains is also high. For the
type I secretion system, the aprA gene appears in all strains and is responsible for the
production of alkaline protease. Several studies have investigated the prevalence of LasB
in P. aeruginosa strains isolated from different clinical and environmental sources. For
example, a study analyzed 60 P. aeruginosa strains isolated from various sources, including
clinical samples, water, and soil. The authors found that the presence of the lasB gene
was found in all strains [83]. Moreover, several LasB variants with different molecular
weights and substrate specificities were identified, suggesting that P. aeruginosa has a
diverse array of LasB enzymes that have evolved to adapt to different environments and
hosts [84,85]. In addition to LasB, P. aeruginosa can secrete other proteases and lipases
via various secretion systems, such as the type I, II, and III secretion systems. The type
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I secretion system is a one-step pathway that can transport proteins directly from the
cytoplasm to the extracellular space. One of the key components of the type I secretion
system is the aprA gene, which encodes a membrane-bound ATP-binding cassette (ABC)
transporter that can export alkaline proteases and other virulence factors. A study by Fito-
Boncompte and colleagues analyzed the distribution of type I secretion system genes in
52 P. aeruginosa strains isolated from cystic fibrosis patients. The authors found that the aprA
gene was present in all strains, indicating that this gene is highly conserved and essential
for P. aeruginosa virulence [86]. The tssC is among the genes that do not influence biofilm
formation but are implicated in biofilm-specific antibiotic resistance [87]. As expected, it
was found in all strains, since 92% of them are biofilm producers and have some resistance
to antimicrobial agents.

All strains carry genes encoding alginate (algD) and phospholipases C (plcH) that are
normally involved in pulmonary infection and proinflammatory activities, respectively.
In addition, the algD was shown to have a wide dissemination, as reported by the liter-
ature [88]. Another highly prevalent virulence gene was plcH. In this study, it showed a
prevalence of 100%, which is much higher compared to the other previous reports [61,82].

Only one strain was shown to have the pilB gene (4%), and some strains had the
pilA gene (24%), which was expected since these genes have low dissemination, and their
presence also varies with the type of infection [19,42,88]. Studies have shown that mutations
in pilA or pilB can affect the ability of P. aeruginosa to form biofilms, adhere to surfaces, and
cause infections. For example, several studies found that a mutant strain of P. aeruginosa
with a deletion in the pilA gene was unable to form biofilms on abiotic surfaces and had
reduced virulence in a mouse model of infection [89,90]. Similarly, a study found that a
mutant strain of P. aeruginosa with a deletion in the pilB gene had reduced twitching motility
and reduced biofilm formation [91]. Thereby, the genes pilA and pilB are important for the
biosynthesis and assembly of T4P in P. aeruginosa, and mutations in these genes can affect
the ability of the bacterium to form biofilms, adhere to surfaces, and cause infections.

Three distinct quorum sensing systems have been described in P. aeruginosa: two
LuxIR homologs (las and rhl) and the 2-heptyl-3-hydroxy-4-(1H)- quinolone (PQS) [6]. In
the present study, a high occurrence of QS genes was found. All strains presented multiple
genes associated with the las system and rhl system. For the las system, the lasR (n = 24) and
lasI (n = 25), and for the rhl system, the rhlR (n = 23) and rhlI (n = 25) genes were found, in
contrast to the rhlA/B gene that did not appear in any strain. Studies have shown that the
Las and Rhl systems are interconnected and form a hierarchical regulatory network that
controls the expression of downstream genes. The Las system is first activated during early
stages of growth, while the Rhl system is activated later during the transition from exponen-
tial to stationary phase. In addition to their role in virulence and biofilm formation, the Las
and Rhl systems are also involved in other physiological processes in P. aeruginosa [59,60].
For example, the Rhl system has been shown to regulate the expression of genes involved
in iron acquisition and metabolism, and the Las system has been shown to regulate the
expression of genes involved in stress response [92,93]. Realizing that these systems do
not have any mutations in the genes helps us understand the normal development of
P. aeruginosa under normal conditions [94]. The microtiter assay is the most used method
for the analysis of biofilm biomass due to its accuracy and reproducibility [95–97]. Among
the twenty-five isolates, 92% of the isolates produced biofilms, however 44% (n = 11) were
low producers, 24% (n = 6) moderate producers, and 24% (n = 6) were high-producers
(Figure 2). All data and calculations for obtaining the classification of biofilms can be
found in Table S1. Studies have shown that P. aeruginosa biofilm formation in human
urine samples is associated with an increased risk of UTI [98–100]. P. aeruginosa biofilm
formation in human urine samples is a significant issue in the treatment of UTIs and can
lead to persistent infections and antibiotic resistance. Some studies used the crystal violet
method to compare the ability of different P. aeruginosa strains to form biofilms. According
to the studies’ findings, certain strains exhibited greater ability to form biofilms compared
to others [101]. Another study used the crystal violet method to investigate the effect of
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different antibiotics on biofilm formation by P. aeruginosa. They found that some antibiotics
were more effective than others at stopping biofilms [102]. Further research is needed to
fully understand the mechanisms of P. aeruginosa biofilm formation in human urine samples
and to develop more effective and targeted treatments for UTIs caused by this bacterium.
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Figure 2. Measurement of biofilm formation in urinary tract infection strains. Biofilm formation was
measured using the crystal violet method as described under Materials and Methods. The control
Pseudomonas aeruginosa ATCC® 27,853 was used as positive control in the formation of biofilms
and TSB as a negative control (NC).

The motility of P. aeruginosa in human urine samples has been extensively studied, with
much evidence indicating that its motility plays a critical role in its ability to cause infections.
All isolates were assayed for motility. The swarming motility makes it possible to move
across semi-solid surfaces in the presence of specific nutritional cues, and this movement
appears to require motile flagella [42]. Some swarm colonies differed in morphology
among clinical isolates. A study performed by Murray et al. showed that morphology was
not related to bacterial swimming or twitching phenotypes in any consistent fashion [42].
Within our series of clinical isolates, swimming was the movement that reached the greatest
distances in contrast to the other movements (Figure 3).

To better characterize the different movements performed by each isolate, a single
dots analysis was performed. Each isolate demonstrates that they all have movement
but that they are more conducive to one type than the rest. It is clear that all isolates
perform better when doing the swim movement than they do while swarming or twitching,
as shown in the Figure 4. Isolate 7 had a better performance in the twitch movement.
Isolate 9 performed better in swarm, and isolates 15 and 22 had equal performance in
swarm and swim.

P. aeruginosa is a highly motile bacterium that exhibits a variety of motility mechanisms.
The most common and well-studied motility mechanism in P. aeruginosa is called twitching
motility, which involves the extension and retraction of type IV pili on the cell surface.
Twitching motility allows P. aeruginosa to crawl along surfaces, including solid surfaces
and the surfaces of host cells [103]. Other motility mechanisms in P. aeruginosa include
swimming motility and swarming motility; however, compared to twitching motility, these
mechanisms are less common in this bacterium [104]. However, in our study, swimming
was the one that presented the best performance. P. aeruginosa is known to exhibit both
types of motilities; however, its swimming motility is sometimes more noticeable than
its twitching motility for several reasons. Firstly, P. aeruginosa possesses a flagellum, a
whip-shaped structure that facilitates its movement in liquid environments. The flagellum
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operates in a rotational motion, propelling the bacterium in a forward direction, and
its movement is more noticeable than its twitching motility. [104]. Secondly, swimming
motility is faster than twitching motility, with P. aeruginosa being able to move several
body lengths per second in liquid environments. Twitching motility, on the other hand, is
slower and more limited in range [105]. Finally, swimming motility enables the bacterium
to move quickly and efficiently through mucus and other bodily fluids, allowing it to
colonize and infect different parts of the body. In contrast, twitching motility is thought to
be more important for surface attachment and biofilm formation, which are less critical for
pathogenesis in the case of P. aeruginosa [106].
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Other studies have shown that the motility of P. aeruginosa present in urine can be
influenced by factors such as the presence of other bacteria, the presence of antimicrobial
agents, and the pH of the urine. These findings indicate that the movement of P. aeruginosa
in human urine samples is a multifaceted and ever-changing process, influenced by various
factors. It is crucial to comprehend the bacterium’s motility to establish effective strategies
to limit its spread and prevent infections [36,107,108]. This could justify our results since,
under normal conditions, P. aeruginosa adopts a swimming movement as it allows the
bacteria to migrate to new locations in a state of infection and to penetrate the host tissues.
On the contrary, swarm and twitch movements are often used in order to overcome
environmental factors, such as the presence of nutrients, pH, and the availability of iron.

In P. aeruginosa, the transcription of genes encoding extracellular proteases LasB (lasB)
and LasA (lasA), alkaline protease (aprA), and protease IV is upregulated in the swarm [109].
In a study where the relationship of casein hydrolytic activity and bacterial swarm-secreted
protease activity is evaluated, isolates that exhibited large swarm diameters exhibited
increased secreted caseinolytic activity relative to isolates that exhibited reduced or absent
swarm (p < 0.0001). Since protease secretion was tested under non-swarming conditions,
this result indicated that protease secretion is inherently higher in swarming-capable strains
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and not simply upregulated during swarming [42]. Furthermore, no mutants for the single
protease genes were defective for swarming. In our study, since the genes that are related
to caseinolytic activity in the swarm movement were detected, there was possibly a greater
secretion of extracellular proteases, alkaline protease and protease IV during bacterial
growth than in the other movements.
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In general, measuring the movement diameter of P. aeruginosa can provide valuable
information about its motility and behavior, which can have important implications for
understanding its pathogenicity and developing treatments for infections caused by this
bacterium. For example, several studies were executed regarding the motility of P. aerugi-
nosa in the presence of an electric field using microfluidic devices. The authors found that
bacteria were attracted to the anode and repelled by the cathode, and that the movement
diameter of P. aeruginosa was influenced by the strength of the electric field [110]. On the
other hand, studies that utilized microscopy to observe the motility of P. aeruginosa found
that its walking pattern depended on the motility of its type IV pili. The authors reported
that the walking diameter of P. aeruginosa varied depending on the strain and the surface
properties of the bacterial substrate [111–114]. Understanding the basic movements of these
strains will make it possible in future studies to investigate the molecular mechanisms
underlying motility in P. aeruginosa, as well as environmental adaptation.

The reproducibility evaluation test using the generalized Bland–Altman plot is based
on assessing the agreement between quantitative measurements by plotting the difference
between them against their average (Figure 5). It is a statistical method commonly used
to evaluate the level of agreement between two sets of measurements and to identify any
systematic bias or random error between them. The plot provides a visual representation
of the level of agreement between the measurements, and the analysis can help determine
if the two methods are interchangeable. The reproducibility of the motility tests showed a
media average coefficient is 0.199, 0.966 and 0.118, for the swarm, swim, and twitch test,
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respectively. We can infer that we do not have a proportion bias, meaning that the values
are evenly distributed between the media average.
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resistance and virulence characteristics of P. aeruginosa strains isolated from urine infec-
tions. The presence of multidrug-resistant strains and the high prevalence of certain re-
sistance and virulence genes underscore the importance of surveillance and infection 
control measures to prevent the spread of these problematic bacteria. Further studies 
and genetic analyses are needed to elucidate the relationships between the isolates and 
to better understand the mechanisms underlying their resistance and virulence pheno-
types. 

Figure 5. Reproducibility assessment of twitch, swim, and swarm motility using the generalized
Bland–Altman Plot. Boundaries for this plot are ISO-defined reproducibility limits, defined as
±1.96 SD. Each isolate tested in triplicate.

4. Conclusions

This study focused on the isolation and characterization of Pseudomonas aeruginosa
strains from human urine infections. Among the twenty-five isolates analyzed, 16% were
found to be multidrug-resistant. The prevalence of resistance to carbapenem antibiotics
was low, in line with previous reports. However, the presence of resistance genes such
as blaNDM, blaSPM, blaVIM-VIM2, and blaKPC indicates the potential for the emergence and
spread of these resistant strains.

Virulence gene analysis revealed the presence of several genes associated with different
virulence mechanisms. The exo genes, which are involved in the type III secretion system,
showed a high prevalence, except for the exoU gene, which was present in only one
isolate. The toxA and lasB genes were found in all strains, while the lasA gene was absent.
Other virulence genes such as aprA, tssC, algD, plcH, pilA, and pilB exhibited varying
prevalence rates.

Generally, the findings of this study provide valuable insights into the antimicrobial
resistance and virulence characteristics of P. aeruginosa strains isolated from urine infections.
The presence of multidrug-resistant strains and the high prevalence of certain resistance and
virulence genes underscore the importance of surveillance and infection control measures
to prevent the spread of these problematic bacteria. Further studies and genetic analyses
are needed to elucidate the relationships between the isolates and to better understand the
mechanisms underlying their resistance and virulence phenotypes.



Microorganisms 2023, 11, 1345 16 of 20

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms11051345/s1, Table S1: Total OD values for each
sample used in assay.

Author Contributions: Conceptualization, T.d.S.; data curation, T.d.S. and Â.M.; writing—original
draft preparation, T.d.S.; manuscript revision, M.H., O.A., E.C., L.M., J.E.P., G.I. and P.P.; supervision,
P.P., G.I. and M.H.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FCT (Fundação para a Ciência e a Tecnologia) related to a
PhD grant, through the reference DFA/BD/5332/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the projects UIDB/00772/2020 and LA/P/0059/2020
funded by the Portuguese Foundation for Science and Technology (FCT).

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

References
1. Anju, V.T.; Busi, S.; Ranganathan, S.; Ampasala, D.R.; Kumar, S.; Suchiang, K.; Kumavath, R.; Dyavaiah, M. Sesamin and

sesamolin rescues Caenorhabditis elegans from Pseudomonas aeruginosa infection through the attenuation of quorum sensing
regulated virulence factors. Microb. Pathog. 2021, 155, 104912. [CrossRef] [PubMed]

2. Cullen, L.; McClean, S. Bacterial Adaptation during Chronic Respiratory Infections. Pathogens 2015, 4, 66–89. [CrossRef] [PubMed]
3. Saeki, E.K.; Yamada, A.Y.; de Araujo, L.A.; Anversa, L.; Garcia, D.O.; de Souza, R.L.B.; Martins, H.M.; Kobayashi, R.K.T.; Nakazato,

G. Subinhibitory Concentrations of Biogenic Silver Nanoparticles Affect Motility and Biofilm Formation in Pseudomonas aeruginosa.
Front. Cell. Infect. Microbiol. 2021, 11, 656984. [CrossRef]

4. Kipnis, E.; Sawa, T.; Wiener-Kronish, J. Targeting mechanisms of Pseudomonas aeruginosa pathogenesis. Med. Mal. Infect. 2006, 36,
78–91. [CrossRef]

5. Sawa, T.; Shimizu, M.; Moriyama, K.; Wiener-Kronish, J.P. Association between Pseudomonas aeruginosa type III secretion, antibiotic
resistance, and clinical outcome: A review. Crit. Care 2014, 18, 668. [CrossRef]

6. de Sousa, T.; Hebraud, M.; Dapkevicius, M.; Maltez, L.; Pereira, J.E.; Capita, R.; Alonso-Calleja, C.; Igrejas, G.; Poeta, P. Genomic
and Metabolic Characteristics of the Pathogenicity in Pseudomonas aeruginosa. Int. J. Mol. Sci. 2021, 22, 12892. [CrossRef] [PubMed]

7. Korotkov, K.V.; Sandkvist, M.; Hol, W.G. The type II secretion system: Biogenesis, molecular architecture and mechanism. Nat.
Rev. Microbiol. 2012, 10, 336–351. [CrossRef]

8. Casilag, F.; Lorenz, A.; Krueger, J.; Klawonn, F.; Weiss, S.; Haussler, S. The LasB Elastase of Pseudomonas aeruginosa Acts in Concert
with Alkaline Protease AprA To Prevent Flagellin-Mediated Immune Recognition. Infect. Immun. 2016, 84, 162–171. [CrossRef]

9. Gallique, M.; Bouteiller, M.; Merieau, A. The type VI secretion system: A dynamic system for bacterial communication? Front.
Microbiol. 2017, 8, 1454. [CrossRef]

10. Wood, T.E.; Aksoy, E.; Hachani, A. From welfare to warfare: The arbitration of host-microbiota interplay by the type VI secretion
system. Front. Cell. Infect. Microbiol. 2020, 10, 587948. [CrossRef]

11. Venturi, V. Regulation of quorum sensing in Pseudomonas. FEMS Microbiol. Rev. 2006, 30, 274–291. [CrossRef] [PubMed]
12. Yan, S.; Wu, G. Can biofilm be reversed through quorum sensing in Pseudomonas aeruginosa? Front. Microbiol. 2019, 10, 1582.

[CrossRef] [PubMed]
13. Stover, C.K.; Pham, X.Q.; Erwin, A.L.; Mizoguchi, S.D.; Warrener, P.; Hickey, M.J.; Brinkman, F.S.; Hufnagle, W.O.; Kowalik, D.J.;

Lagrou, M.; et al. Complete genome sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature 2000, 406,
959–964. [CrossRef] [PubMed]

14. Kohler, T.; Curty, L.K.; Barja, F.; van Delden, C.; Pechere, J.C. Swarming of Pseudomonas aeruginosa is dependent on cell-to-cell
signaling and requires flagella and pili. J. Bacteriol. 2000, 182, 5990–5996. [CrossRef] [PubMed]

15. O’May, C.; Tufenkji, N. The swarming motility of Pseudomonas aeruginosa is blocked by cranberry proanthocyanidins and other
tannin-containing materials. Appl. Environ. Microbiol. 2011, 77, 3061–3067. [CrossRef] [PubMed]

16. Jain, R.; Behrens, A.-J.; Kaever, V.; Kazmierczak, B.I. Type IV pilus assembly in Pseudomonas aeruginosa over a broad range of cyclic
di-GMP concentrations. J. Bacteriol. 2012, 194, 4285–4294. [CrossRef] [PubMed]

17. Burrows, L.L. Pseudomonas aeruginosa twitching motility: Type IV pili in action. Annu. Rev. Microbiol. 2012, 66, 493–520. [CrossRef]
18. Okuda, J.; Hayashi, N.; Arakawa, M.; Minagawa, S.; Gotoh, N. Type IV pilus protein PilA of Pseudomonas aeruginosa modulates

calcium signaling through binding the calcium-modulating cyclophilin ligand. J. Infect. Chemother. 2013, 19, 653–664. [CrossRef]
19. Nunn, D.; Bergman, S.; Lory, S. Products of three accessory genes, pilB, pilC, and pilD, are required for biogenesis of Pseudomonas

aeruginosa pili. J. Bacteriol. 1990, 172, 2911–2919. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms11051345/s1
https://www.mdpi.com/article/10.3390/microorganisms11051345/s1
https://doi.org/10.1016/j.micpath.2021.104912
https://www.ncbi.nlm.nih.gov/pubmed/33932548
https://doi.org/10.3390/pathogens4010066
https://www.ncbi.nlm.nih.gov/pubmed/25738646
https://doi.org/10.3389/fcimb.2021.656984
https://doi.org/10.1016/j.medmal.2005.10.007
https://doi.org/10.1186/s13054-014-0668-9
https://doi.org/10.3390/ijms222312892
https://www.ncbi.nlm.nih.gov/pubmed/34884697
https://doi.org/10.1038/nrmicro2762
https://doi.org/10.1128/IAI.00939-15
https://doi.org/10.3389/fmicb.2017.01454
https://doi.org/10.3389/fcimb.2020.587948
https://doi.org/10.1111/j.1574-6976.2005.00012.x
https://www.ncbi.nlm.nih.gov/pubmed/16472307
https://doi.org/10.3389/fmicb.2019.01582
https://www.ncbi.nlm.nih.gov/pubmed/31396166
https://doi.org/10.1038/35023079
https://www.ncbi.nlm.nih.gov/pubmed/10984043
https://doi.org/10.1128/JB.182.21.5990-5996.2000
https://www.ncbi.nlm.nih.gov/pubmed/11029417
https://doi.org/10.1128/AEM.02677-10
https://www.ncbi.nlm.nih.gov/pubmed/21378043
https://doi.org/10.1128/JB.00803-12
https://www.ncbi.nlm.nih.gov/pubmed/22685276
https://doi.org/10.1146/annurev-micro-092611-150055
https://doi.org/10.1007/s10156-012-0536-y
https://doi.org/10.1128/jb.172.6.2911-2919.1990


Microorganisms 2023, 11, 1345 17 of 20

20. Olivares, E.; Badel-Berchoux, S.; Provot, C.; Prevost, G.; Bernardi, T.; Jehl, F. Clinical Impact of Antibiotics for the Treatment of
Pseudomonas aeruginosa Biofilm Infections. Front. Microbiol. 2019, 10, 2894. [CrossRef]

21. Strempel, N.; Neidig, A.; Nusser, M.; Geffers, R.; Vieillard, J.; Lesouhaitier, O.; Brenner-Weiss, G.; Overhage, J. Human host
defense peptide LL-37 stimulates virulence factor production and adaptive resistance in Pseudomonas aeruginosa. PLoS ONE 2013,
8, e82240. [CrossRef] [PubMed]

22. Jackson, K.D.; Starkey, M.; Kremer, S.; Parsek, M.R.; Wozniak, D.J. Identification of psl, a locus encoding a potential exopolysac-
charide that is essential for Pseudomonas aeruginosa PAO1 biofilm formation. J. Bacteriol. 2004, 186, 4466–4475. [CrossRef]
[PubMed]

23. Thi, M.T.T.; Wibowo, D.; Rehm, B.H.A. Pseudomonas aeruginosa Biofilms. Int. J. Mol. Sci. 2020, 21, 8671. [CrossRef] [PubMed]
24. Zhao, X.; Yang, J.; Ju, Z.; Chang, W.; Sun, S. Molecular characterization of antimicrobial resistance in Escherichia coli from rabbit

farms in Tai’an, China. BioMed Res. Int. 2018, 2018, 8607647. [CrossRef]
25. Van De Klundert, J.; Vliegenthart, J. Nomenclature of aminoglycoside resistance genes: A comment. Antimicrob. Agents Chemother.

1993, 37, 927–928. [CrossRef]
26. Schäfer, E.; Malecki, M.; Tellez-Castillo, C.J.; Pfennigwerth, N.; Marlinghaus, L.; Higgins, P.G.; Mattner, F.; Wendel, A.F. Molecular

surveillance of carbapenemase-producing Pseudomonas aeruginosa at three medical centres in Cologne, Germany. Antimicrob.
Resist. Infect. Control 2019, 8, 208. [CrossRef]

27. Capatina, D.; Feier, B.; Hosu, O.; Tertis, M.; Cristea, C. Analytical methods for the characterization and diagnosis of infection with
Pseudomonas aeruginosa: A critical review. Anal. Chim. Acta 2022, 1204, 339696. [CrossRef]

28. Horino, T.; Chiba, A.; Kawano, S.; Kato, T.; Sato, F.; Maruyama, Y.; Nakazawa, Y.; Yoshikawa, K.; Yoshida, M.; Hori, S. Clinical
characteristics and risk factors for mortality in patients with bacteremia caused by Pseudomonas aeruginosa. Intern. Med. 2012, 51,
59–64. [CrossRef]

29. Djordjevic, Z.; Folic, M.M.; Zivic, Z.; Markovic, V.; Jankovic, S.M. Nosocomial urinary tract infections caused by Pseudomonas
aeruginosa and Acinetobacter species: Sensitivity to antibiotics and risk factors. Am. J. Infect. Control 2013, 41, 1182–1187. [CrossRef]

30. Bouza, E.; San Juan, R.; Munoz, P.; Voss, A.; Kluytmans, J.; Infections, C. A European perspective on nosocomial urinary tract
infections I. Report on the microbiology workload, etiology and antimicrobial susceptibility (ESGNI–003 study). Clin. Microbiol.
Infect. 2001, 7, 523–531. [CrossRef]

31. Gastmeier, P. Nosocomial urinary tract infections: Many unresolved questions. Clin. Microbiol. Infect. 2001, 7, 521–522. [CrossRef]
[PubMed]

32. Fothergill, J.; Floyd, R.; Newman, J. Invasion and diversity in Pseudomonas aeruginosa urinary tract infections. J. Med. Microbiol.
2022, 71, 001458.

33. Mittal, R.; Aggarwal, S.; Sharma, S.; Chhibber, S.; Harjai, K. Urinary tract infections caused by Pseudomonas aeruginosa: A
minireview. J. Infect. Public Health 2009, 2, 101–111. [CrossRef] [PubMed]

34. Cole, S.J.; Records, A.R.; Orr, M.W.; Linden, S.B.; Lee, V.T. Catheter-associated urinary tract infection by Pseudomonas aeruginosa is
mediated by exopolysaccharide-independent biofilms. Infect. Immun. 2014, 82, 2048–2058. [CrossRef] [PubMed]

35. Warren, J.W. Catheter-associated urinary tract infections. Infect. Dis. Clin. N. Am. 1997, 11, 609–622. [CrossRef]
36. Newman, J.W.; Floyd, R.V.; Fothergill, J.L. The contribution of Pseudomonas aeruginosa virulence factors and host factors in the

establishment of urinary tract infections. FEMS Microbiol. Lett. 2017, 364, 15. [CrossRef] [PubMed]
37. O’Toole, G.A. Microtiter dish biofilm formation assay. JoVE 2011, 47, e2437.
38. Deziel, E.; Lepine, F.; Milot, S.; Villemur, R. rhlA is required for the production of a novel biosurfactant promoting swarming

motility in Pseudomonas aeruginosa: 3-(3-hydroxyalkanoyloxy) alkanoic acids (HAAs), the precursors of rhamnolipids. Microbiology
2003, 149, 2005–2013. [CrossRef]

39. Tremblay, J.; Richardson, A.P.; Lépine, F.; Déziel, E. Self-produced extracellular stimuli modulate the Pseudomonas aeruginosa
swarming motility behaviour. Environ. Microbiol. 2007, 9, 2622–2630. [CrossRef]

40. Alm, R.A.; Mattick, J.S. Identification of a gene, pilV, required for type 4 fimbrial biogenesis in Pseudomonas aeruginosa, whose
product possesses a pre-pilin-like leader sequence. Mol. Microbiol. 1995, 16, 485–496. [CrossRef]

41. Lee, B.; Haagensen, J.A.; Ciofu, O.; Andersen, J.B.; Høiby, N.; Molin, S. Heterogeneity of biofilms formed by nonmucoid
Pseudomonas aeruginosa isolates from patients with cystic fibrosis. J. Clin. Microbiol. 2005, 43, 5247–5255. [CrossRef] [PubMed]

42. Murray, T.S.; Ledizet, M.; Kazmierczak, B.I. Swarming motility, secretion of type 3 effectors and biofilm formation phenotypes
exhibited within a large cohort of Pseudomonas aeruginosa clinical isolates. J. Med. Microbiol. 2010, 59 Pt 5, 511. [CrossRef]
[PubMed]

43. Dashti, A.A.; Jadaon, M.M.; Abdulsamad, A.M.; Dashti, H.M. Heat treatment of bacteria: A simple method of DNA extraction for
molecular techniques. Kuwait Med. J. 2009, 41, 117–122.

44. Amoon, R.H.; Abdallha, A.H.; Sharif, A.O.; Moglad, E.H.; Altyb, H.N.; Elzaki, S.G.; Salih, M.A. Molecular characterization of
Pseudomonas aeruginosa isolates from Sudanese patients: A cross-sectional study. F1000Research 2018, 7, 1135. [CrossRef]

45. Belaaouaj, A.; Lapoumeroulie, C.; Caniça, M.M.; Vedel, G.; Névot, P.; Krishnamoorthy, R.; Paul, G. Nucleotide sequences of the
genes coding for the TEM-like β-lactamases IRT-1 and IRT-2 (formerly called TRI-1 and TRI-2). FEMS Microbiol. Lett. 1994, 120,
75–80. [PubMed]

46. Steward, C.D.; Rasheed, J.K.; Hubert, S.K.; Biddle, J.W.; Raney, P.M.; Anderson, G.J.; Williams, P.P.; Brittain, K.L.; Oliver,
A.; McGowan, J.E., Jr. Characterization of clinical isolates of Klebsiella pneumoniae from 19 laboratories using the National

https://doi.org/10.3389/fmicb.2019.02894
https://doi.org/10.1371/journal.pone.0082240
https://www.ncbi.nlm.nih.gov/pubmed/24349231
https://doi.org/10.1128/JB.186.14.4466-4475.2004
https://www.ncbi.nlm.nih.gov/pubmed/15231778
https://doi.org/10.3390/ijms21228671
https://www.ncbi.nlm.nih.gov/pubmed/33212950
https://doi.org/10.1155/2018/8607647
https://doi.org/10.1128/AAC.37.4.927
https://doi.org/10.1186/s13756-019-0665-5
https://doi.org/10.1016/j.aca.2022.339696
https://doi.org/10.2169/internalmedicine.51.5698
https://doi.org/10.1016/j.ajic.2013.02.018
https://doi.org/10.1046/j.1198-743x.2001.00326.x
https://doi.org/10.1111/j.1469-0691.2001.00353.x
https://www.ncbi.nlm.nih.gov/pubmed/11683791
https://doi.org/10.1016/j.jiph.2009.08.003
https://www.ncbi.nlm.nih.gov/pubmed/20701869
https://doi.org/10.1128/IAI.01652-14
https://www.ncbi.nlm.nih.gov/pubmed/24595142
https://doi.org/10.1016/S0891-5520(05)70376-7
https://doi.org/10.1093/femsle/fnx124
https://www.ncbi.nlm.nih.gov/pubmed/28605563
https://doi.org/10.1099/mic.0.26154-0
https://doi.org/10.1111/j.1462-2920.2007.01396.x
https://doi.org/10.1111/j.1365-2958.1995.tb02413.x
https://doi.org/10.1128/JCM.43.10.5247-5255.2005
https://www.ncbi.nlm.nih.gov/pubmed/16207991
https://doi.org/10.1099/jmm.0.017715-0
https://www.ncbi.nlm.nih.gov/pubmed/20093376
https://doi.org/10.12688/f1000research.15316.1
https://www.ncbi.nlm.nih.gov/pubmed/8056297


Microorganisms 2023, 11, 1345 18 of 20

Committee for Clinical Laboratory Standards extended-spectrum β-lactamase detection methods. J. Clin. Microbiol. 2001, 39,
2864–2872. [CrossRef] [PubMed]

47. Pagani, L.; Dell’Amico, E.; Migliavacca, R.; D’Andrea, M.M.; Giacobone, E.; Amicosante, G.; Romero, E.; Rossolini, G.M. Multiple
CTX-M-type extended-spectrum β-lactamases in nosocomial isolates of Enterobacteriaceae from a hospital in northern Italy. J. Clin.
Microbiol. 2003, 41, 4264–4269. [CrossRef]

48. Weldhagen, G.F.; Poirel, L.; Nordmann, P. Ambler class A extended-spectrum β-lactamases in Pseudomonas aeruginosa: Novel
developments and clinical impact. Antimicrob. Agents Chemother. 2003, 47, 2385–2392. [CrossRef]

49. Hong, S.S.; Kim, K.; Huh, J.Y.; Jung, B.; Kang, M.S.; Hong, S.G. Multiplex PCR for rapid detection of genes encoding class A
carbapenemases. Ann. Lab. Med. 2012, 32, 359–361. [CrossRef]

50. Neyestanaki, D.K.; Mirsalehian, A.; Rezagholizadeh, F.; Jabalameli, F.; Taherikalani, M.; Emaneini, M. Determination of ex-
tended spectrum beta-lactamases, metallo-beta-lactamases and AmpC-beta-lactamases among carbapenem resistant Pseudomonas
aeruginosa isolated from burn patients. Burns 2014, 40, 1556–1561. [CrossRef]

51. Ellington, M.J.; Kistler, J.; Livermore, D.M.; Woodford, N. Multiplex PCR for rapid detection of genes encoding acquired
metallo-β-lactamases. J. Antimicrob. Chemother. 2007, 59, 321–322. [CrossRef] [PubMed]

52. Amudhan, M.S.; Sekar, U.; Kamalanathan, A.; Balaraman, S. blaIMP and blaVIM mediated carbapenem resistance in Pseudomonas
and Acinetobacter species in India. J. Infect. Dev. Ctries. 2012, 6, 757–762. [CrossRef] [PubMed]

53. Franco, M.R.G.; Caiaffa-Filho, H.H.; Burattini, M.N.; Rossi, F. Metallo-beta-lactamases among imipenem-resistant Pseudomonas
aeruginosa in a Brazilian university hospital. Clinics 2010, 65, 825–829. [CrossRef] [PubMed]

54. Terzi, H.A.; Kulah, C.; Atasoy, A.R.; Ciftci, I.H. Investigation of OprD porin protein levels in carbapenem-resistant Pseudomonas
aeruginosa isolates. Jundishapur J. Microbiol. 2015, 8, e25952.

55. Fazeli, N.; Momtaz, H. Virulence gene profiles of multidrug-resistant Pseudomonas aeruginosa isolated from Iranian hospital
infections. Iran. Red Crescent Med. J. 2014, 16, e15722. [CrossRef] [PubMed]

56. Petit, S.M.-C.; Lavenir, R.; Colinon-Dupuich, C.; Boukerb, A.M.; Cholley, P.; Bertrand, X.; Freney, J.; Doléans-Jordheim, A.; Nazaret,
S.; Laurent, F.; et al. Lagooning of wastewaters favors dissemination of clinically relevant Pseudomonas aeruginosa. Res. Microbiol.
2013, 164, 856–866. [CrossRef] [PubMed]

57. Khattab, M.; Nour, M.; ElSheshtawy, N. Genetic identification of Pseudomonas aeruginosa virulence genes among different isolates.
J. Microb. Biochem. Technol. 2015, 7, 274–277.

58. Zhang, L.; Hinz, A.J.; Nadeau, J.-P.; Mah, T.-F. Pseudomonas aeruginosa tssC1 links type VI secretion and biofilm-specific antibiotic
resistance. J. Bacteriol. 2011, 193, 5510–5513. [CrossRef]

59. Galdino, A.C.M.; Viganor, L.; Ziccardi, M.; Nunes, A.P.F.; Dos Santos, K.R.; Branquinha, M.H.; Santos, A.L. Heterogeneous
production of proteases from Brazilian clinical isolates of Pseudomonas aeruginosa. Enferm. Infecc. Y Microbiol. Clin. 2017, 35,
630–637. [CrossRef]

60. Schaber, J.A.; Carty, N.L.; McDonald, N.A.; Graham, E.D.; Cheluvappa, R.; Griswold, J.A.; Hamood, A.N. Analysis of quorum
sensing-deficient clinical isolates of Pseudomonas aeruginosa. J. Med. Microbiol. 2004, 53, 841–853. [CrossRef]

61. Faraji, F.; Mahzounieh, M.; Ebrahimi, A.; Fallah, F.; Teymournejad, O.; Lajevardi, B. Molecular detection of virulence genes
in Pseudomonas aeruginosa isolated from children with Cystic Fibrosis and burn wounds in Iran. Microb. Pathog. 2016, 99, 1–4.
[CrossRef] [PubMed]

62. Ajayi, T.; Allmond, L.R.; Sawa, T.; Wiener-Kronish, J.P. Single-nucleotide-polymorphism mapping of the Pseudomonas aeruginosa
type III secretion toxins for development of a diagnostic multiplex PCR system. J. Clin. Microbiol. 2003, 41, 3526–3531. [CrossRef]
[PubMed]

63. Zhu, H.; Bandara, R.; Conibear, T.C.; Thuruthyil, S.J.; Rice, S.A.; Kjelleberg, S.; Givskov, M.; Willcox, M.D. Pseudomonas aeruginosa
with lasI quorum-sensing deficiency during corneal infection. Investig. Ophthalmol. Vis. Sci. 2004, 45, 1897–1903. [CrossRef]
[PubMed]

64. Adejobi, A.; Ojo, O.; Alaka, O.; Odetoyin, B.; Onipede, A. Antibiotic resistance pattern of Pseudomonas spp. from patients in a
tertiary hospital in South-West Nigeria. Germs 2021, 11, 238. [CrossRef]

65. Sader, H.S.; Huband, M.D.; Castanheira, M.; Flamm, R.K. Pseudomonas aeruginosa antimicrobial susceptibility results from four
years (2012 to 2015) of the international network for optimal resistance monitoring program in the United States. Antimicrob.
Agents Chemother. 2017, 61, e02216–e02252. [CrossRef]

66. Javiya, V.A.; Ghatak, S.B.; Patel, K.R.; Patel, J.A. Antibiotic susceptibility patterns of Pseudomonas aeruginosa at a tertiary care
hospital in Gujarat, India. Indian J. Pharmacol. 2008, 40, 230.

67. Estepa, V.; Rojo-Bezares, B.; Azcona-Gutiérrez, J.M.; Olarte, I.; Torres, C.; Sáenz, Y. Caracterización de mecanismos de resistencia a
carbapenémicos en aislados clínicos de Pseudomonas aeruginosa en un hospital español. Enferm. Infecc. Y Microbiol. Clín. 2017, 35,
141–147. [CrossRef]

68. Katchanov, J.; Asar, L.; Klupp, E.-M.; Both, A.; Rothe, C.; König, C.; Rohde, H.; Kluge, S.; Maurer, F.P. Carbapenem-resistant
Gram-negative pathogens in a German university medical center: Prevalence, clinical implications and the role of novel
β-lactam/β-lactamase inhibitor combinations. PLoS ONE 2018, 13, e0195757. [CrossRef]

69. Ahmed, S.; Jakribettu, R.; Kottakutty, S.; Arya, B.; Shakir, V. An emerging multi-drug resistant pathogen in a tertiary care centre in
north Kerala. Ann. Biol. Res. 2012, 3, 2794–2799.

https://doi.org/10.1128/JCM.39.8.2864-2872.2001
https://www.ncbi.nlm.nih.gov/pubmed/11474005
https://doi.org/10.1128/JCM.41.9.4264-4269.2003
https://doi.org/10.1128/AAC.47.8.2385-2392.2003
https://doi.org/10.3343/alm.2012.32.5.359
https://doi.org/10.1016/j.burns.2014.02.010
https://doi.org/10.1093/jac/dkl481
https://www.ncbi.nlm.nih.gov/pubmed/17185300
https://doi.org/10.3855/jidc.2268
https://www.ncbi.nlm.nih.gov/pubmed/23277500
https://doi.org/10.1590/S1807-59322010000900002
https://www.ncbi.nlm.nih.gov/pubmed/21049207
https://doi.org/10.5812/ircmj.15722
https://www.ncbi.nlm.nih.gov/pubmed/25763199
https://doi.org/10.1016/j.resmic.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23792168
https://doi.org/10.1128/JB.00268-11
https://doi.org/10.1016/j.eimc.2016.06.015
https://doi.org/10.1099/jmm.0.45617-0
https://doi.org/10.1016/j.micpath.2016.07.013
https://www.ncbi.nlm.nih.gov/pubmed/27457974
https://doi.org/10.1128/JCM.41.8.3526-3531.2003
https://www.ncbi.nlm.nih.gov/pubmed/12904350
https://doi.org/10.1167/iovs.03-0980
https://www.ncbi.nlm.nih.gov/pubmed/15161855
https://doi.org/10.18683/germs.2021.1260
https://doi.org/10.1128/AAC.02252-16
https://doi.org/10.1016/j.eimc.2015.12.014
https://doi.org/10.1371/journal.pone.0195757


Microorganisms 2023, 11, 1345 19 of 20

70. Roel, T.; Sahoo, B.; Devi, K.S.; Singh, L.D.; Kamki, Y.; Devi, A.V. Susceptibility Pattern of Bacterial Isolates from Catheterized
Patients in a Referral Hospital. J. Dent. Med. Sci. 2014, 13, 18–21.

71. Anil, C.; Shahid, R.M. Antimicrobial susceptibility patterns of Pseudomonas aeruginosa clinical isolates at a tertiary care hospital in
Kathmandu, Nepal. Asian J. Pharm. Clin. Res. 2013, 6, 235–238.

72. Picão, R.C.; Carrara-Marroni, F.E.; Gales, A.C.; Venâncio, E.J.; Xavier, D.E.; Tognim, M.C.B.; Pelayo, J.S. Metallo-β-lactamase-
production in meropenem-susceptible Pseudomonas aeruginosa isolates: Risk for silent spread. Mem. Inst. Oswaldo Cruz 2012, 107,
747–751. [CrossRef] [PubMed]

73. Nordmann, P.; Poirel, L.; Walsh, T.R.; Livermore, D.M. The emerging NDM carbapenemases. Trends Microbiol. 2011, 19, 588–595.
[CrossRef] [PubMed]

74. Nouer, S.A.; Nucci, M.; de-Oliveira, M.P.; Pellegrino, F.L.; Moreira, B.M. Risk factors for acquisition of multidrug-resistant
Pseudomonas aeruginosa producing SPM metallo-beta-lactamase. Antimicrob. Agents Chemother. 2005, 49, 3663–3667. [CrossRef]

75. Azimi, L.; Lari, A.R.; Alaghehbandan, R.; Alinejad, F.; Mohammadpoor, M.; Rahbar, M. KPC-producer gram negative bacteria
among burned infants in Motahari Hospital, Tehran: First report from Iran. Ann. Burn. Fire Disasters 2012, 25, 74.

76. Goli, H.R.; Nahaei, M.R.; Rezaee, M.A.; Hasani, A.; Kafil, H.S.; Aghazadeh, M. Emergence of colistin resistant Pseudomonas
aeruginosa at Tabriz hospitals, Iran. Iran. J. Microbiol. 2016, 8, 62.

77. Sabharwal, N.; Dhall, S.; Chhibber, S.; Harjai, K. Molecular detection of virulence genes as markers in Pseudomonas aeruginosa
isolated from urinary tract infections. Int. J. Mol. Epidemiol. Genet. 2014, 5, 125.

78. Feltman, H.; Schulert, G.; Khan, S.; Jain, M.; Peterson, L.; Hauser, A.R. Prevalence of type III secretion genes in clinical and
environmental isolates of Pseudomonas aeruginosa. Microbiology 2001, 147, 2659–2669. [CrossRef]

79. Mitov, I.; Strateva, T.; Markova, B. Prevalence of virulence genes among bulgarian nosocomial and cystic fibrosis isolates of
Pseudomonas aeruginosa. Braz. J. Microbiol. 2010, 41, 588–595. [CrossRef]

80. Pournajaf, A.; Razavi, S.; Irajian, G.; Ardebili, A.; Erfani, Y.; Solgi, S.; Yaghoubi, S.; Rasaeian, A.; Yahyapour, Y.; Kafshgari, R.; et al.
Integron types, antimicrobial resistance genes, virulence gene profile, alginate production and biofilm formation in Iranian cystic
fibrosis Pseudomonas aeruginosa isolates. Infez. Med. 2018, 26, 226–236.

81. Azimi, S.; Kafil, H.S.; Baghi, H.B.; Shokrian, S.; Najaf, K.; Asgharzadeh, M.; Yousefi, M.; Shahrivar, F.; Aghazadeh, M. Presence
of exoY, exoS, exoU and exoT genes, antibiotic resistance and biofilm production among Pseudomonas aeruginosa isolates in
Northwest Iran. GMS Hyg. Infect. Control 2016, 11, Doc04. [PubMed]

82. Wolska, K.; Szweda, P. Genetic features of clinical Pseudomonas aeruginosa strains. Pol. J. Microbiol. 2009, 58, 255–260. [PubMed]
83. Martins, V.V.; Pitondo-Silva, A.; de Melo Manço, L.; Falcão, J.P.; Freitas, S.d.S.; da Silveira, W.D.; Stehling, E.G. Pathogenic potential

and genetic diversity of environmental and clinical isolates of Pseudomonas aeruginosa. Apmis 2014, 122, 92–100. [CrossRef]
84. Bever, R.A.; Iglewski, B.H. Molecular characterization and nucleotide sequence of the Pseudomonas aeruginosa elastase structural

gene. J. Bacteriol. 1988, 170, 4309–4314. [CrossRef]
85. Galdino, A.C.M.; Viganor, L.; De Castro, A.A.; Da Cunha, E.F.; Mello, T.P.; Mattos, L.M.; Pereira, M.D.; Hunt, M.C.; O’Shaughnessy,

M.; Howe, O.; et al. Disarming Pseudomonas aeruginosa virulence by the inhibitory action of 1, 10-phenanthroline-5, 6-dione-based
compounds: Elastase B (lasB) as a chemotherapeutic target. Front. Microbiol. 2019, 10, 1701. [CrossRef] [PubMed]

86. Fito-Boncompte, L.; Chapalain, A.; Bouffartigues, E.; Chaker, H.; Lesouhaitier, O.; Gicquel, G.; Bazire, A.; Madi, A.; Connil, N.;
Véron, W.; et al. Full virulence of Pseudomonas aeruginosa requires OprF. Infect. Immun. 2011, 79, 1176–1186. [CrossRef] [PubMed]

87. Mah, T.-F. Biofilm-specific antibiotic resistance. Future Microbiol. 2012, 7, 1061–1072. [CrossRef] [PubMed]
88. Ra’oof, W.A.M. Distribution of algD, lasB, pilB and nan1 genes among MDR clinical isolates of Pseudomonas aeruginosa in respect

to site of infection. Tikrit Med. J. 2011, 17, 148–160.
89. Asikyan, M.L.; Kus, J.V.; Burrows, L.L. Novel proteins that modulate type IV pilus retraction dynamics in Pseudomonas aeruginosa.

J. Bacteriol. 2008, 190, 7022–7034. [CrossRef] [PubMed]
90. Marko, V.A.; Kilmury, S.L.; MacNeil, L.T.; Burrows, L.L. Pseudomonas aeruginosa type IV minor pilins and PilY1 regulate virulence

by modulating FimS-AlgR activity. PLoS Pathog. 2018, 14, e1007074. [CrossRef]
91. Leighton, T.L.; Buensuceso, R.N.; Howell, P.L.; Burrows, L.L. Biogenesis of P seudomonas aeruginosa type IV pili and regulation

of their function. Environ. Microbiol. 2015, 17, 4148–4163. [CrossRef] [PubMed]
92. Pesci, E.C.; Pearson, J.P.; Seed, P.C.; Iglewski, B.H. Regulation of las and rhl quorum sensing in Pseudomonas aeruginosa. J. Bacteriol.

1997, 179, 3127–3132. [CrossRef] [PubMed]
93. Pearson, J.P.; Pesci, E.C.; Iglewski, B.H. Roles of Pseudomonas aeruginosa las and rhl quorum-sensing systems in control of elastase

and rhamnolipid biosynthesis genes. J. Bacteriol. 1997, 179, 5756–5767. [CrossRef] [PubMed]
94. Jimenez, P.; Koch, G.; Thompson, J.; Xavier, K.; Cool, R.; Quax, W. The multiple signaling systems regulating virulence in

Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 2012, 76, 46–65. [CrossRef] [PubMed]
95. Müsken, M.; Di Fiore, S.; Römling, U.; Häussler, S. A 96-well-plate–based optical method for the quantitative and qualitative

evaluation of Pseudomonas aeruginosa biofilm formation and its application to susceptibility testing. Nat. Protoc. 2010, 5, 1460–1469.
[CrossRef] [PubMed]

96. Abidi, S.H.; Sherwani, S.K.; Siddiqui, T.R.; Bashir, A.; Kazmi, S.U. Drug resistance profile and biofilm forming potential of
Pseudomonas aeruginosa isolated from contact lenses in Karachi-Pakistan. BMC Ophthalmol. 2013, 13, 57. [CrossRef]

97. Saxena, S.; Banerjee, G.; Garg, R.; Singh, M. Comparative study of biofilm formation in Pseudomonas aeruginosa isolates from
patients of lower respiratory tract infection. J. Clin. Diagn. Res. 2014, 8, DC09.

https://doi.org/10.1590/S0074-02762012000600007
https://www.ncbi.nlm.nih.gov/pubmed/22990963
https://doi.org/10.1016/j.tim.2011.09.005
https://www.ncbi.nlm.nih.gov/pubmed/22078325
https://doi.org/10.1128/AAC.49.9.3663-3667.2005
https://doi.org/10.1099/00221287-147-10-2659
https://doi.org/10.1590/S1517-83822010000300008
https://www.ncbi.nlm.nih.gov/pubmed/26958458
https://www.ncbi.nlm.nih.gov/pubmed/19899619
https://doi.org/10.1111/apm.12112
https://doi.org/10.1128/jb.170.9.4309-4314.1988
https://doi.org/10.3389/fmicb.2019.01701
https://www.ncbi.nlm.nih.gov/pubmed/31428062
https://doi.org/10.1128/IAI.00850-10
https://www.ncbi.nlm.nih.gov/pubmed/21189321
https://doi.org/10.2217/fmb.12.76
https://www.ncbi.nlm.nih.gov/pubmed/22953707
https://doi.org/10.1128/JB.00938-08
https://www.ncbi.nlm.nih.gov/pubmed/18776014
https://doi.org/10.1371/journal.ppat.1007074
https://doi.org/10.1111/1462-2920.12849
https://www.ncbi.nlm.nih.gov/pubmed/25808785
https://doi.org/10.1128/jb.179.10.3127-3132.1997
https://www.ncbi.nlm.nih.gov/pubmed/9150205
https://doi.org/10.1128/jb.179.18.5756-5767.1997
https://www.ncbi.nlm.nih.gov/pubmed/9294432
https://doi.org/10.1128/MMBR.05007-11
https://www.ncbi.nlm.nih.gov/pubmed/22390972
https://doi.org/10.1038/nprot.2010.110
https://www.ncbi.nlm.nih.gov/pubmed/20671729
https://doi.org/10.1186/1471-2415-13-57


Microorganisms 2023, 11, 1345 20 of 20

98. Kim, J.; Lee, J.Y.; Lee, H.; Choi, J.Y.; Kim, D.H.; Wi, Y.M.; Peck, K.R.; Ko, K.S. Microbiological features and clinical impact of the
type VI secretion system (T6SS) in Acinetobacter baumannii isolates causing bacteremia. Virulence 2017, 8, 1378–1389. [CrossRef]

99. Heidari, R.; Farajzadeh Sheikh, A.; Hashemzadeh, M.; Farshadzadeh, Z.; Salmanzadeh, S.; Saki, M. Antibiotic resistance,
biofilm production ability and genetic diversity of carbapenem-resistant Pseudomonas aeruginosa strains isolated from nosocomial
infections in southwestern Iran. Mol. Biol. Rep. 2022, 49, 3811–3822. [CrossRef]

100. Lima, J.L.d.C.; Alves, L.R.; Jacomé, P.R.L.d.A.; Bezerra Neto, J.P.; Maciel, M.A.V.; Morais, M.M.C.d. Biofilm production by clinical
isolates of Pseudomonas aeruginosa and structural changes in LasR protein of isolates non biofilm-producing. Braz. J. Infect. Dis.
2018, 22, 129–136. [CrossRef]

101. Moskowitz, S.M.; Foster, J.M.; Emerson, J.; Burns, J.L. Clinically feasible biofilm susceptibility assay for isolates of Pseudomonas
aeruginosa from patients with cystic fibrosis. J. Clin. Microbiol. 2004, 42, 1915–1922. [CrossRef] [PubMed]

102. Dey, P.; Parai, D.; Banerjee, M.; Hossain, S.T.; Mukherjee, S.K. Naringin sensitizes the antibiofilm effect of ciprofloxacin and
tetracycline against Pseudomonas aeruginosa biofilm. Int. J. Med. Microbiol. 2020, 310, 151410. [CrossRef] [PubMed]

103. Deligianni, E.; Pattison, S.; Berrar, D.; Ternan, N.G.; Haylock, R.W.; Moore, J.E.; Elborn, S.J.; Dooley, J.S. Pseudomonas aeruginosa
cystic fibrosis isolates of similar RAPD genotype exhibit diversity in biofilm forming ability in vitro. BMC Microbiol. 2010, 10, 38.
[CrossRef] [PubMed]

104. Kazmierczak, B.I.; Schniederberend, M.; Jain, R. Cross-regulation of Pseudomonas motility systems: The intimate relationship
between flagella, pili and virulence. Curr. Opin. Microbiol. 2015, 28, 78–82. [CrossRef]

105. Toutain, C.M.; Zegans, M.E.; O’Toole, G.A. Evidence for two flagellar stators and their role in the motility of Pseudomonas
aeruginosa. J. Bacteriol. 2005, 187, 771–777. [CrossRef]

106. Khong, N.Z.-J.; Zeng, Y.; Lai, S.-K.; Koh, C.-G.; Liang, Z.-X.; Chiam, K.-H.; Li, H.-Y. Dynamic swimming pattern of Pseudomonas
aeruginosa near a vertical wall during initial attachment stages of biofilm formation. Sci. Rep. 2021, 11, 1952. [CrossRef]

107. Lin, Q.; Pilewski, J.M.; Di, Y.P. Acidic microenvironment determines antibiotic susceptibility and biofilm formation of Pseudomonas
aeruginosa. Front. Microbiol. 2021, 12, 747834. [CrossRef]

108. Linares, J.F.; Gustafsson, I.; Baquero, F.; Martinez, J. Antibiotics as intermicrobial signaling agents instead of weapons. Proc. Natl.
Acad. Sci. USA 2006, 103, 19484–19489. [CrossRef]

109. Overhage, J.; Bains, M.; Brazas, M.D.; Hancock, R.E. Swarming of Pseudomonas aeruginosa is a complex adaptation leading to
increased production of virulence factors and antibiotic resistance. Am. Soc. Microbiol. 2008, 190, 2671–2679. [CrossRef]

110. Berthelot, R.; Doxsee, K.; Neethirajan, S. Electroceutical approach for impairing the motility of pathogenic bacterium using a
microfluidic platform. Micromachines 2017, 8, 207. [CrossRef]

111. Ho, S.G.; Bureau, L.; John, K.; Débarre, D.; Lecuyer, S. Substrate stiffness impacts early biofilm formation by modulating
Pseudomonas aeruginosa twitching motility. bioRxiv 2022, 12, e81112.

112. Chang, Y.-R.; Weeks, E.R.; Barton, D.; Dobnikar, J.; Ducker, W.A. Effect of topographical steps on the surface motility of the
bacterium Pseudomonas aeruginosa. ACS Biomater. Sci. Eng. 2019, 5, 6436–6445. [CrossRef] [PubMed]

113. Persat, A.; Inclan, Y.F.; Engel, J.N.; Stone, H.A.; Gitai, Z. Type IV pili mechanochemically regulate virulence factors in Pseudomonas
aeruginosa. Proc. Natl. Acad. Sci. USA 2015, 112, 7563–7568. [CrossRef]

114. Kühn, M.J.; Talà, L.; Inclan, Y.F.; Patino, R.; Pierrat, X.; Vos, I.; Al-Mayyah, Z.; Macmillan, H.; Negrete, J., Jr.; Engel, J.N.
Mechanotaxis directs Pseudomonas aeruginosa twitching motility. Proc. Natl. Acad. Sci. USA 2021, 118, e2101759118. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/21505594.2017.1323164
https://doi.org/10.1007/s11033-022-07225-3
https://doi.org/10.1016/j.bjid.2018.03.003
https://doi.org/10.1128/JCM.42.5.1915-1922.2004
https://www.ncbi.nlm.nih.gov/pubmed/15131149
https://doi.org/10.1016/j.ijmm.2020.151410
https://www.ncbi.nlm.nih.gov/pubmed/32057619
https://doi.org/10.1186/1471-2180-10-38
https://www.ncbi.nlm.nih.gov/pubmed/20141637
https://doi.org/10.1016/j.mib.2015.07.017
https://doi.org/10.1128/JB.187.2.771-777.2005
https://doi.org/10.1038/s41598-021-81621-w
https://doi.org/10.3389/fmicb.2021.747834
https://doi.org/10.1073/pnas.0608949103
https://doi.org/10.1128/JB.01659-07
https://doi.org/10.3390/mi8070207
https://doi.org/10.1021/acsbiomaterials.9b00729
https://www.ncbi.nlm.nih.gov/pubmed/33417796
https://doi.org/10.1073/pnas.1502025112
https://doi.org/10.1073/pnas.2101759118
https://www.ncbi.nlm.nih.gov/pubmed/34301869

	Introduction 
	Materials and Methods 
	Samples and Bacterial Isolates 
	Biofilm Formation and Biomass Quantification 
	Motility Assays 
	Swimming Motility 
	Swarming Motility 
	Twitching Motility 

	Interpretation of Motility Assays 
	Antimicrobial Susceptibility Testing 
	DNA Extraction 
	Antimicrobial Resistance and Virulence Genes 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

