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Antibiotic resistance in Pseudomonas aeruginosa remains one of the most challenging phenomena of everyday

medical science. The universal spread of high-risk clones of multidrug-resistant/extensively drug-resistant

(MDR/XDR) clinical P. aeruginosa has become a public health threat. The P. aeruginosa bacteria exhibits

remarkable genome plasticity that utilizes highly acquired and intrinsic resistance mechanisms to counter most

antibiotic challenges. In addition, the adaptive antibiotic resistance of P. aeruginosa, including biofilm-mediated

resistance and the formation of multidrug-tolerant persisted cells, are accountable for recalcitrance and relapse of

infections.

drug-resistant  public health concern  antibiotic stewardship

1. Introduction

There are several reasons why multidrug-resistant (MDR) and extensively drug-resistant (XDR) P. aeruginosa

strains represent a worldwide health threat. First, P. aeruginosa is extremely opportunistic and can cause serious

infections in hospital settings, especially in immunocompromised people. Second, it has versatility in its antibiotic

resistance and may transmit drug resistance through multiple routes . High-risk clones are spreading worldwide,

posing a public health issue that must be examined and addressed . In 2017, the World Health Organization

placed carbapenem-resistant P. aeruginosa in the “critical” group, for which new medicines are needed .

2. Inherent Resistome

It is intriguing how P. aeruginosa possesses a peculiar assortment of drug-resistance mechanisms, such as

multiple chromosomal-associated genes that confer resistance to antibiotics, as well as complex regulatory

pathways involved in both inherent and adaptive resistance . When compared to other Gram-negative

bacteria, the development of inherent resistance in P. aeruginosa is primarily influenced by the expression of

inducible AmpC cephalosporinase, the synthesis of constitutive and inducible efflux pumps, and the low

permeability of its outer membrane. The synthesis of inducible beta-lactamase is of utmost importance in the

inherent resistance of P. aeruginosa to aminopenicillins and cephalosporins, specifically cefoxitin. These antibiotics

are potent inducers of AmpC expression, resulting in an overabundance of cephalosporinase . The hydrolytic

stability of Imipenem is slightly affected by its strong ability to induce enzymes. The expression of inducible AmpC
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is important in reducing the natural sensitivity of P. aeruginosa . Additionally, the recently discovered

imipenemase (IMP) PA5542 may also influence the inherent susceptibility of β-lactam antibiotics . Nevertheless,

additional research is needed to explore their involvement in innate or acquired resistance. The expression of efflux

pump is crucial in reducing the inherent susceptibility to a wide range of β-lactam antibiotics and fluoroquinolones.

In a similar manner, the inducible expression of Hyperproduction of efflux-mediated (MexXY) genes exerts a

notable impact on the inherent, minimal resistance to aminoglycosides . These efflux pump systems effectively

expel various classes of antibiotics from the bacterial cell, thereby providing it with intrinsic resistance.

3. Mutational Resistome

In addition to its wide-ranging innate resistance repertoire, P. aeruginosa demonstrates remarkable proficiency in

acquiring chromosomal mutations, leading to the emergence of novel antimicrobial-resistant superbugs , as

summarized in Table 1. The β-lactam resistance mechanism driven by mutation has been observed in 20% of P.

aeruginosa . The deactivation of penicillin binding protein-4 (PBP-4) triggers the activation of the

CreBC/BlrAB two-component system, which is responsive to carbon sources and contributes to β-lactam

resistance. This activation leads to an additional increase in resistance levels . The clinical strains were found to

possess distinct mutations that affected the transcriptional regulator of AmpR, a protein responsible for regulating

the overexpression of ampC and conferring resistance to beta-lactam antibiotics. The mutations under

consideration encompass the R154H mutation, which is associated with the epidemic MDR/XDR ST175 high-risk

clone, and the D135N mutation, observed in species other than P. aeruginosa . Numerous genetic variations

have been documented to enhance the amplification of ampC in various genetic sequences, encompassing those

responsible for other amidases (AmpDh2/AmpDh3), PBP5 or PBP7, lytic transglycosylases (MltB and SltB1), MPL

(UDP-N-acetylmuramate: L-alanyl—D-glutamyl-Meso-(NADH dehydrogenase I chain N) .

Table 1. Key genes that are known to be associated in P. aeruginosa mutational antibiotic resistance .
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Responsible Genes Mechanism of Resistance Associated Antibiotics

gyrA Target modification of Quinolones (DNA gyrase) Fluoroquinolones

gyrB Target modification of Quinolones (DNA gyrase) Fluoroquinolones

parC Target modification of Quinolones (DNA
topoisomerase IV)

Fluoroquinolones

parE Target modification of Quinolones (DNA
topoisomerase IV)

Fluoroquinolones

phoQ, cprS, colR, colS,
pmrA, pmrB

Modification of Lipopolysaccharide (addition, 4-
amino-4-deoxy-L-arabinose moiety to the lipid A

portion)
Polymyxins

parR Modification of Lipopolysaccharide (addition, 4-
amino-4-deoxy-L-arabinose moiety to the lipid A

Polymyxins
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Responsible Genes Mechanism of Resistance Associated Antibiotics
portion)

Hyperproduction of efflux-mediated genes (MexEF-
OprN)

Fluoroquinolones

Downregulation of OprD Imipenem, meropenem

Hyperproduction of efflux-mediated genes (MexXY) Aminoglycosides, cefepime

parS

Modification of Lipopolysaccharide (addition, 4-
amino-4-deoxy-L-arabinose moiety to the lipid A

portion)
Polymyxins

Downregulation of OprD Imipenem, meropenem

Hyperproduction of efflux-mediated genes (MexEF-
OprN)

Fluoroquinolones

Hyperproduction of efflux-mediated genes (MexXY) Fluoroquinolones

mexR Hyperproduction of efflux-mediated genes (MexAB-
OprM)

Fluoroquinolones

nfxB Hyperproduction of efflux-mediated genes
(MexCD-OprJ)

Fluoroquinolones, cefepime

mexS

Hyperproduction of efflux-mediated genes (MexEF-
OprN)

Fluoroquinolones

Downregulation of OprD Imipenem, meropenem

mexT Hyperproduction of efflux-mediated genes (MexEF-
OprN)

Fluoroquinolones

cmrA, mvaT, PA3271 Hyperproduction of efflux-mediated genes (MexEF-
OprN)

Fluoroquinolones

mexZ, PA5471.1, amgS Hyperproduction of efflux-mediated genes (MexXY) MexXY hyperproduction

oprD Inactivation of Porin channels Imipenem, meropenem

ampD, ampDh2,
ampDh3, ampR, dacB,

mpl
Hyperproduction of AmpC

Ceftazidime, cefepime,
piperacillin–tazobactam

ftsI Target modification (PBP3)
Ceftazidime, cefepime,
piperacillin–tazobactam

fusA1 Target modification of Aminoglycoside (elongation
factor G)

Aminoglycosides
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Findings from studies have demonstrated that genetic variations that modify the structure of AmpC can lead to the

development of resistance against β-lactam antibiotics. This resistance includes the newly developed β-lactam–

lactamase inhibitor, as well as the combinations of ceftolozane–tazobactam and ceftazidime–avibactam. This is in

addition to the phenomenon of AmpC hyperproduction, as previously reported . The development of

resistance to ceftolozane–tazobactam and ceftazidime–avibactam was observed in a specific group of P.

aeruginosa clinical isolates . This resistance was linked to various changes in the amino acid composition of

AmpC. Recent findings have unveiled the existence of more than 300 distinct variations of cephalosporinase

derived from the Pseudomonas genus. Notably, certain variations have been observed to confer increased

resistance to ceftolozane–tazobactam and ceftazidime–avibactam. There is a growing body of evidence suggesting

that alterations in penicillin-binding proteins (PBPs), specifically mutations in PBP-3, contribute to the development

of resistance to β-lactam antibiotics, alongside β-lactamases. Recent data obtained from individuals diagnosed

with cystic fibrosis , as well as from strains of bacteria causing epidemics , and laboratory experiments

conducted in controlled environments , have provided evidence indicating that specific alterations in penicillin-

binding protein-3 play a role in the emergence of resistance to -lactam antibiotics. The R504C/R504H and F533L

mutations, located in the domains responsible for stabilizing the -lactam–penicillin-binding protein-3 inactivation

complex, have been frequently documented in the scientific literature . The presence of inhibitory

deletion/insertion sequences within the OprD gene, as well as distant mutations that enhance the activity of efflux

pump systems MexEF-OprN or CzcCBA while simultaneously reducing the expression of OprD, can result in the

loss of the carbapenem-specific porin—OprD. The inactivation of OprD often leads to resistance against all

conventional anti-pseudomonal β-lactams in a synergistic fashion when combined with AmpC overexpression .

Another pivotal determinant in resistance is the mutational upregulation of one of the four primary efflux pumps in

P. aeruginosa . The prevalence of MexAB-OprM and MexXY overexpression in clinical isolates ranges from

10% to 30%, while the overexpression of MexCD-OprJ and MexEF-OprN is less-frequently observed, occurring in

approximately 5% of cases. The OprD porin exhibits either inactivity or downregulation, leading to reduced

sensitivity to Meropenem and the inducible synthesis of AmpC. The simultaneous upregulation of MexAB-OprM

and downregulation of OprD is a significant determinant of Meropenem resistance in clinical strains .

More than 20% of isolates frequently demonstrate resistance to imipenem, and the majority of these isolates are

deficient in OprD . The MexAB-OprM efflux pump exhibits the most extensive substrate specificity, and its

upregulation due to mutations leads to decreased susceptibility to all -lactams and fluoroquinolones (with the

exception of imipenem). The mutation-driven overexpression of MexXY is a common contributing factor in the

resistance of clinical strains to cefepime, in addition to its primary role in intrinsic aminoglycoside resistance .

The hyperproduction of MexEF-OprN is not commonly observed and primarily impacts fluoroquinolone antibiotics.

However, mutations in mexT/mexS genes that lead to MexEF-OprN hyperproduction also result in resistance to

imipenem by repressing OprD gene expression . In spite of exhibiting heightened resistance to various β-

lactams and aminoglycosides, the upregulation of MexCD-OprJ, a phenomenon frequently observed in persistent

infections, additionally plays a role in conferring resistance to cefepime .

Fluoroquinolone resistance in P. aeruginosa often arises due to the overexpression of efflux pumps, as well as

mutations occurring in type IV topoisomerases (ParC and ParE) and DNA-gyrases (GyrA and GyrB) . From a

Responsible Genes Mechanism of Resistance Associated Antibiotics

glpT Transporter protein inactivation GlpT Fosfomycin

rpoB Rifampin target modification, RNA polymerase β-
chain
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geographical perspective, the prevalence of fluoroquinolone resistance is observed to be the dominant trait,

ranging from 30% to 40% in multiple countries. Recent scientific investigations have elucidated that genetic

mutations occurring in the fusA1 gene, responsible for encoding the elongation factor G, have the potential to

induce resistance to aminoglycoside antibiotics. This resistance mechanism operates in conjunction with the

overexpression of the MexXY genes and the acquisition of genetic pathways through horizontal gene transfer.

Indeed, empirical evidence has shown that certain mutations in the FusA1 gene can result in resistance to

aminoglycoside antibiotics in laboratory settings  and in clinical cases of P. aeruginosa infection, especially in

individuals with cystic fibrosis .

In essence, although the occurrence of colistin resistance is still relatively limited (5%), there has been a recent

surge, likely due to its heightened utilization as a final option against infections caused by multidrug

resistant/extensively drug resistant bacterial strains. The development of colistin resistance frequently occurs due

to alterations in the lipid A component of lipopolysaccharide (LPS) following the addition of 4-amino-4-deoxy-L-

arabinose . The mutations observed are often associated with the regulatory systems PmrAB and PhoPQ, which

result in the activation of the arnBCADTEF operon. In recent studies, it has been demonstrated that mutations in

the ParRS two-component regulator play a crucial role in driving colistin resistance. These mutations activate the

arnBCATEF genes, leading to an MDR profile. Furthermore, they upregulate the MexXY genes while

downregulating the OprD gene . The ColRS and CprRS systems have also been implicated in the development

of polymyxin resistance .

4. Horizontally Acquired Resistome

Novel antibiotics of the latest generation have been developed with the specific purpose of selectively inhibiting

crucial cellular proteins involved in DNA replication and repair, protein synthesis, and the production of components

for the cell membrane . The primary strategies employed to address acquired resistance involve implementing

chemical modifications to preexisting antibiotics. The rate of antibiotic production has experienced a notable

decrease in recent years, despite the fact that a considerable number of antibiotics are presently undergoing their

third or fourth round of modifications. Furthermore, due to the evolutionary adaptability of bacteria, the efficacy of

antibiotic therapy has progressively diminished over a period of time . Furthermore, bacteria have developed a

complex regulatory evolutionary adaptation by acquiring resistance genes primarily through conjugation and, to a

lesser degree, through spontaneous transformation and transduction . Despite the perceived insignificance of

transformation, recent research suggests that its importance may be greater than previously hypothesized .

Recent research examined the effectiveness of horizontal gene transfer (HGT) through conjugation and examined

the MDR phenotypes of numerous clinical and environmental bacterial strains from various sources. Along with

examining the effects of medications and heavy metal (arsenic), conjugation efficiency between clinical and

environmental strains was also examined. They discovered that using 2-HDA as a COIN prevented HGT between

strains that were obtained in hospitals and those that naturally exist .

One aspect of mutational resistance that is of significant interest is the transferable type of P. aeruginosa

resistance, which occurs relatively frequently and contributes to the overall accumulation of concern. Bacterial
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conjugation serves as the fundamental mechanism for both intra- and inter-species HGTs. It plays a crucial role in

expediting the dissemination of antibiotic resistance genes . Certainly, the prevalence of highly hazardous

transferable β-lactamases, including ESBLs and carbapenemases (specifically class B carbapenemases, also

known as Metallo β-lactamases), is steadily increasing on a global scale. Nevertheless, their distribution exhibits

inconsistency and displays variation across hospitals and regions, ranging from less than 1% to approximately 50%

. Moreover, the occurrence of transferable β-lactamases in P. aeruginosa might have been underestimated in

several locations due to the challenges associated with their detection . Integrons belonging to Class 1 generally

encompass determinants of resistance to aminoglycosides, as well as the genes responsible for extended-

spectrum beta-lactamases (ESBLs) and carbapenemases. While the involvement of conjugative elements is now

more commonly recognized, these integrons are often inserted into transposable elements located on the bacterial

chromosome . A recent study was conducted to review the distribution of spreadable β-lactamases in P.

aeruginosa . Frequently documented extended-spectrum beta-lactamases (ESBLs) in P. aeruginosa encompass

class D enzymes, specifically OXA-2 or OXA-10 variants, as well as class A enzymes including PER, VEB, GES,

BEL, and PME variants. Metallo β-lactamases (MBLs) are the predominant carbapenemases found in P.

aeruginosa. Among these MBLs, the VIM and IMP variants are the most prevalent and widely distributed across

different geographical regions. In Brazil, the prevalence of the SPM MBL gene is extensive, while the NDM, GIM,

and FIM genes are sporadically detected. The prevalence of Class A carbapenemases in P. aeruginosa is relatively

low on a global scale, even though GES and KPC enzymes have been identified in multiple countries .

The transferability resistance of aminoglycosides is influenced by the presence of aminoglycoside-modifying

enzymes that are encoded within Class 1 integrons. The acetyltransferases frequently observed in P. aeruginosa

are AAC 3′ gentamicin and AAC 6′ tobramycin, as well as the nucleotidyltransferase ANT 2′-I gentamicin and

tobramycin. Nevertheless, there are significant emerging concerns associated with 16S rRNA methyltransferases,

such as Rmt or Arm, as they confer resistance to all commercially available aminoglycosides, including the recently

developed plazomicin . Intermittently, it has been observed that the prevalence of transferable resistance to

fluoroquinolones is primarily influenced by Qnr determinants, such as QnrVC1 . In a recent scientific study, it has

been demonstrated that a novel phosphotransferase, known as CrpP, is responsible for facilitating plasmid-

mediated quinolone resistance .

Ceftolozane–tazobactam and Ceftazidime–avibactam, two recently developed combinations, exhibit a notable

degree of resistance to AmpC hydrolysis . This resistance is attributed to the inhibitory effect of avibactam on

AmpC in the case of ceftazidime–avibactam, and the ability of ceftolozane to remain stable against hydrolysis by

AmpC in the case of ceftolozane–tazobactam. Nevertheless, based on existing in vitro and in vivo research, it

appears that the emergence of resistance to both drugs could be attributed to a combination of genetic mutations,

leading to increased production of AmpC and alterations in its structure . The empirical evidence obtained

from experiments conducted in living organisms (in vivo) and in controlled laboratory conditions (in vitro) suggests

that particular genetic alterations in penicillin-binding protein-3 have the potential to reduce the vulnerability to the

aforementioned combinations. The susceptibility of ceftazidime–avibactam seems to be more influenced by the

overexpression of different efflux pumps compared to ceftolozane–tazobactam . Both ceftolozane–

tazobactam and ceftazidime–avibactam have demonstrated a lack of efficacy against strains that produce acquired
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β-lactamases. Ceftazidime–avibactam, but not ceftolozane–tazobactam, exhibits potential activity against isolates

that generate class A carbapenemases, such as GES enzymes . In a similar vein, the effectiveness of

ceftolozane–tazobactam and ceftazidime–avibactam against strains of P. aeruginosa that produce extended-

spectrum beta-lactamase (ESBL) exhibits variability, albeit with a generally favorable outcome for ceftazidime–

avibactam. Ultimately, the development of resistance to both pharmaceutical agents can arise due to the presence

of extended-spectrum mutations in horizontally transferred OXA-type β-lactamases .

5. Antibiotic Resistance by SOS Response

A universally preserved bacterial stress response is primarily triggered by DNA damage. The SOS response

initiates and coordinates various biological processes, including DNA repair mechanisms, bacterial cell division

arrest, and latent bacteriophage induction. The SOS response is characterized by the activation of DNA

polymerases IV and V. This occurs when the DNA damage is prolonged and significant. (Figure 1) depicts the

visual representation of the data or information being discussed. Bacterial cultures cultivated in an artificial

environment were employed in nearly all studies pertaining to the SOS response and the development of

resistance to antibiotics. Prior studies have established a correlation between the mutator phenotype and the ability

of bacteria, such as P. aeruginosa, to cause chronic infections in individuals with cystic fibrosis . Research

examining the genetic alterations in consecutively recovered strains has provided evidence supporting the

activation of the SOS response in vivo . Additionally, other indirect evidence has also been reported .

Figure 1. SOS DNA repair mechanism in P. aeruginosa. Nucleic acid inhibitor antibiotic nitration can stimulate the

SOS response in P. aeruginosa via the synthesis of the RecA gene from RecBCD subunit and upregulating Lex-

containing TisAB, leading to an ATP level drop and the downregulation of important cellular functions. RecA

filaments merge and trigger the SOS response. When LexA and RecA-ssDNA nucleoprotein filament connect,
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LexA’s latent protease activity is activated, leading to LexA’s autocleavage. After LexA is autocleaved and rendered

inactive, the SOS gene’s transcription is triggered, inducing a global transcriptional response.

SOS-Dependent Mutagenesis and Resistance

The cellular SOS response is a captivating bacterial defense mechanism through which bacteria can acquire drug

resistance, induce mutagenesis, and undergo genome reorganization . The Lexi promoter-binding repressor

protein regulates the SOS system. Upon binding to the RecA filament, the LexA protein undergoes self-cleavage,

resulting in a reduction in LexA protein levels within the cell. This process subsequently triggers the activation of

over 40 genes in bacterial cells, including the recA gene . The proteins associated with the SOS response play a

crucial role in regulating various metabolic processes within bacterial cells . Furthermore, mutagenesis is

initiated during the advanced phases of the SOS response. The PolV polymerase has been identified as a key

driver of SOS-dependent mutagenesis in Escherichia coli (E. coli) . The polymerases known for their high error

rates in DNA synthesis, which are notorious for their low accuracy, encompass PolV polymerase within their

category. One of the causes of induced mutagenesis can be attributed to the activity of PolV, which leads to the

insertion of an erroneous nucleotide into the DNA molecule. The formation of a RecA by PolV polymerase is

expected to impose certain constraints on the potential diversity of recombinases during the process of selection

. The process of replicating damaged DNA, known as translesion synthesis (TLS), entails the utilization of PolV

polymerase to bypass DNA lesions.

While pol II, pol IV, and polV polymerase are involved in TLS, they also exert an inhibitory effect on RecA-

dependent recombination. Achieving equilibrium between these two strategies is of utmost importance. The TLS

phenomenon accounts for approximately 1% to 2% of the occurrences in the absence of the SOS response.

According to the TLS mechanism, it has been observed that when subjected to stress, TLS has the potential to

increase by up to 40% . If recombination is performed by specific RecA variants that are efficient in polymerizing

onto single-stranded DNA but somewhat impaired in strand invasion, the ratio may also significantly shift in favor of

the TLS mechanism . Simultaneously, bacteria experience significant detrimental effects due to the rise in

mutations. As recombination decreases, there is a subsequent decrease in the size of the bacterial population .

Moreover, there exists a possibility that moderately unfavorable mutations may undergo fixation when the

magnitude of the bacterial population is significantly diminished due to stochastic genetic drift. DNA recombination

plays a crucial role in impeding detrimental mutations, as it establishes the boundaries that prevent the occurrence

of a “mutational catastrophe” .

There exist alternative mechanisms for induced mutagenesis, notwithstanding the fact that PolV polymerase

(UmuD2C) is the conventional origin of mutations for the purpose of evolutionary selection. While the RecA protein

does not engage in interactions to generate a mutasome, an additional error-prone E. coli Pol IV polymerase is

synthesized during the SOS response . Both polymerases are widely distributed among the majority of bacterial

species and belong to the Y family . In spite of the substantial diversity observed within the Y family, it is

noteworthy that the majority of polymerases share a conserved sequence of 30 residues at their C-terminus.

Induced mutagenesis has been observed to occur through the activity of closely related families of polymerases in
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various bacterial taxa. DnaE2 polymerase, classified as a member of the C family of polymerases, plays a crucial

role in the emergence of evolutionary resistance in the bacterium Mycobacterium tuberculosis .

6. Biofilm-Mediated Resistome

The sensitivity of pseudomonas cells cultivated in biofilms is comparatively lower to antimicrobial agents and host

immune responses when compared to cells grown in free aqueous suspension . When bacteria proliferate within

a biofilm, even those lacking protective mutations or innate resistance mechanisms can exhibit a reduced

susceptibility to antibiotics . When bacteria experience a loss of biofilm protection, there is a rapid restoration of

antibiotic sensitivity. This suggests that the resistance to antibiotics mediated by biofilms is not a result of genetic

changes or an adaptive mechanism . The overarching mechanisms underlying biofilm-mediated resistance

involve impeding the penetration of antibiotics, creating a modified microenvironment that hinders the growth of

biofilm cells, triggering an adaptive stress response, and promoting the differentiation of persister cells. These

processes collectively serve to safeguard bacteria from the detrimental effects of antibiotic treatment .

P. aeruginosa synthesizes DNA, proteins, and exopolysaccharides, which are utilized for the formation of a biofilm

on the surfaces of lung epithelial cells, leading to the development of persistent lung infections . The

development of P. aeruginosa biofilms is regulated by multiple factors, primarily including quorum-sensing systems,

the GacS/GacA and RetS/LadS two-component regulatory systems, exopolysaccharides, and c-di-GMP .

Bacterial communication, also known as quorum sensing, regulates the expression of genes in response to

changes in the number of cells present . P. aeruginosa exhibits three prominent quorum-sensing systems,

namely LasI-LasR, RhlI-RhlR, and PQS-MvfR, which collectively contribute to the formation of fully developed and

specialized biofilms . The GacS/GacA system was found to play a beneficial regulatory role in biofilm

development, as evidenced by a tenfold reduction in biofilm generation in a GacA-deficient strain of P. aeruginosa

(PA14) compared to the wild-type PA14 strain (Figure 2) . The acidification of the environment and upregulation

of genes controlled by the PhoPQ and PmrAB two-component regulatory systems were observed as a result of the

presence of P. aeruginosa’s environmental DNA (eDNA). This led to a notable increase in aminoglycoside

resistance, indicating a previously unknown function of eDNA . The intracellular molecule known as c-di-GMP

serves as a nucleotide second messenger in the process of signal transduction . It plays a role in increasing the

levels of c-di-GMP within cells, and these levels are associated with the development of biofilms. In contrast, a

diminished level of c-di-GMP has been found to be associated with the presence of planktonic cells .
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Figure 2. The P. aeruginosa employs four interwoven quorum-sensing loops for biofilm formation using LasI and

LasR, RhlI, PqsE and RhlR, PqsABCDH and PqsR, and AmbBCDE.

Throughout the process of biofilm formation, the bacterium P. aeruginosa undergoes numerous changes in its

physiological and phenotypic characteristics . For example, strains of P. aeruginosa undergo a transformation

into a mucoid phenotype during chronic infection in individuals with cystic fibrosis (CF). This transformation is

characterized by an enhanced production of alginate, which is stimulated by the specific conditions present in the

CF environment. This increased alginate synthesis facilitates the formation of biofilm colonies by the bacteria .

The periplasmic cyclic β-(1,3)-glucans, with which tobramycin had physical interaction and were sequestered in the

periplasm prior to reaching its target site, were produced through the activity of the glucosyltransferase encoded by

the ndvB gene . An operon encompassing the gene PA14 40260-40230 encodes a novel efflux pump. The

resistance of P. aeruginosa to gentamicin and ciprofloxacin in biofilm was observed to decrease upon deletion of

the specific operon . The regulation of Type VI secretion in P. aeruginosa is governed by the tssC1 gene, which

exhibits a high level of expression within biofilm structures .
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