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Abstract: Pseudomonas aeruginosa is gram negative, rod shaped, ubiquitous and an
opportunistic pathogen that displays various virulent determinants and possess different
antimicrobial resistance mechanisms. It can thrive in different ecological niches and responsible
for various nosocomial infections e.g. wound, UTIs and respiratory infections. According to the
WHO it is placed in list of most critical priorities in need of drug development due its increased
intrinsic & acquired antimicrobial resistance mechanisms and its ability to bear different biocides
e.g. disinfectants, antiseptics and preservatives. The major virulent determinants of P.
aeruginosa are Fimbriae, Polar flagella, secretion systems (Type I-VI), some enzymes Elastase,
protease, hemolysin and some quorum-sensing molecules. The lipopolysaccharide (LPS) and
exopolysaccharides such as alginate, pel & psl are also major contributors in increased resistance
against commonly prescribed antibiotics and biocides. The other Major resistance mechanisms in
Pseudomonas aeruginosa are Impermeability of membrane, Biofilm formation, Efflux systems
and Inactivation & structural modifications in antibiotics.

Conclusion: Understanding and exploring the virulent determinants and resistance mechanisms
shed light on formidable challenges posed by Pseudomonas aeruginosa. Understanding these
complex phenomena’s in Pseudomonas aeruginosa play a crucial role in public health, infection
control and development of effective & novel therapeutic strategies. The genetic and molecular
basis of these resistance mechanisms can still be major targets for developing novel therapeutic
agents. Significant research has been carried to cope with the expounding resistance mechanisms
of Pseudomonas aeruginosa but much remains to be discovered. It still remains a top priority for
the researchers and scientists to stay ahead of this versatile pathogen’s evolutionary strategies. In
order to safe guard the well-being of patients collaborative efforts are required among
researchers, scientists, clinicians and policymakers to fight against the threats posed by
Pseudomonas aeruginosa.
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Introduction

The antimicrobial resistance (AMR) and infectious diseases are global public health
issue. The most life-threatening infectious bacterial pathogens are named as “ESKAPE” that is
an acronym for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. These life
threatening bacterial pathogens possess great ability to resist against multiple antimicrobials
(Pachori et al., 2019). In consequence, the World Health Organization placed these multidrug
resistant bacterial pathogens such as Pseudomonas aeruginosa in the list of critical priority
pathogens for research and development of new antibiotics (World Health Organization 2017).
Pseudomonas aeruginosa is a bacterium which is present everywhere in air, water & soil and it
causes different nosocomial infections such as urinary track, wound and respiratory infections
which are very difficult to treat (Snyder et al., 2013: Kumarage et al., 2019: Slekovec et al.,
2012: Quick et al., 2014). It is also responsible for high mortality in cystic fibrosis patients
(Parkins et al., 2018). It has the ability to switch into biofilm lifestyle, remains for years in the
lungs of cystic fibrosis patients is due to its high adaptive qualities and also remains protected
from immune cell and tolerates antibiotics (Hgiby, 2011). It is a robust microorganism with high
adaptive qualities to grow well in different environmental habitats and with its big, dynamic
genome that provides great metabolic versatility (Klockgether et al., 2011). The various strains
of P. aeruginosa pose high intrinsic resistance to antimicrobials and possess great ability to
tolerate different biocides e.g. disinfectants, antiseptics and preservatives (Klockgether et al.,
2011: Kampf, 2016: Botelho et al., 2019).

History

In 1882 Gessard isolated Pseudomonas aeruginosa from green pus for the first time (Palleroni,
2010). Pseudomonas aeruginosa belongs to the family Psedomonasdacease (Balasubramanian et
al., 2013), and member of family Pseudomonaceae are present almost everywhere (ubiquitous) -
in aquatic environment, plants, soil and few smaller mammals have been detected as their
reservoirs (Gumey et al., 2020: Blanc et al., 2007: Klockgether and Tommler, 2017: Spiers,
2000). P. aeruginosa can also be part of normal flora of skin and gastrointestinal tract. The
Genus Pseudomonas was first described by German Botanist walther Migula in late 19" century.
He observed the motile cells with spores resembling the nanoflagellate Monas spp. Therefore,
the pseudomonas name was taken for the false identification “pseudo’ meaning false (Migula,
1900). The word “aeruginosa” is taken for the characteristic color colonies on media defined by
Schroeter in 1872, resembling green and name was given to the bacterium aeruginosum that was
later placed in genus Pseudomonas by Migula (Palleroni, 2010). P. aeruginosa is an obligate
aerobic, gram negative, rod-shaped bacterium, measuring 0.5 um by 3.um and motile by single
polar flagellum (Ramos, 2011: Valles et al., 2004: Palmer et al., 2010). P. aeruginosa grows not
only in normal conditions but also in oxygen deficient conditions and can colonizes wide range
of environments (Kielhofner et al, 1992).
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Biochemical Characters

Pseudomonas aeruginosa is not a fastidious (slow grower) bacteria that it can grow in
normal growth environment. It can grow on non-selective media such as Blood agar, Luira-
Betani, Nutrient agar and Mueller-Hinton agar but there are few selective media for selective
isolation of P. aeruginosa cetrimide agar and King-A and B media. The surviving temperature
range is wide from 4-40 'C (Brown and Lowbury 1965: Gajdacs et al., 2019). The phenotypic
features include the odor which is grape like or Fresh tortilla, hemolytic activity on blood agar,
pigmented colonies on specific culture media help in fast identification of P. aeruginosa (Clark
et al., 2015). It does not ferment glucose but produces Catalase and Oxidase enzymes
(Nanvazdeh et al., 2013). The pigments such as pyoverdine (a green-yellow pigment also water
soluble) secreted by 70 to 80% of isolates. This specific pigment pyoverdine turns as a
siderophore when iron concentration is low. A blue-green pigment called Pyocyanin (lipid
soluble) also plays important role in metabolism of iron and necessary for maintaining a nutrient
equilibrium environment and in cell to cell communication. Another water-soluble pigment
called pyorubin or red-brown pigment secreted only by 2-3% of P. aeruginosa isolates, play an
important role in redox-equilibrium (Behzadi et al., 2008: Hall et al, 2016: Meyer et al., 1996:
Alyydice-Francis and Brown, 2012). The pigment production in Pseudomonas spp. is induced by
high concentration of phosphate (EI-Fouly et al., 2015: Behzadi et al., 2011).

About the Genome of Pseudomonas aeruginosa

The genome of wild-type Pseudomonas aeruginosa strain was sequenced completely in
2000, which provided very important information regarding pathogenicity and resistance (Stover
et al., 2000). In genome of P. aeruginosa there are 5570 Open reading frames which makes it the
largest genome among prokaryotes. These high number of open reading frames are involved in
encoding of unusually high amount of regulatory proteins, involved in transport and virulence,
and make the P. aeruginosa strains very versatile and adaptive. Moreover, it was revealed that
only 0.03% of genes are engaged in antimicrobial resistance and 10% of genes fall in the
“pathogenicity islands” which consists of genes required for virulence determinants and also
acquire mobile genetic parts that code for resistance (Kipnis et al., 2006: Woods, 2004: Normark,
2002).

The complete sequencing of Pseudomonas aeruginosa revealed that its genome consists
of regulatory genes for efflux pumps, other transportation factors, locomotion, chemotaxis and
certain genes which direct metabolic pathways that allow the bacterium to adjust in different
conditions, and genes that code for an overabundance of virulence and antimicrobial resistance
determinants (Briiggemann et al., 2018: Bao et al., 2014). One major example is the impairment
in cystic fibrosis transmembrane conductance regulator genes (CFTR) that succinate is
accumulated in the lungs and used as nutrient source by Pseudomonas aeruginosa for its
colonization and growth in lungs (Jansen et al., 2016). Among secretory virulent factors
proteases are as trademarks in Pseudomonas pathogenicity that make up approximately 3% of
the ORFs in PAOL genome (Vodovar et al., 2006: Stover et al., 2006). The horizontal gene
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transfer of transposons has increased the diversity in Pseudomonas aeruginosa genome (Bonomo
et al., 2006). There is an intrinsic method of increasing the genetic variability in mutable strains
of Pseudomonas aeruginosa. For the repair of mismatching DNA bases microorganism has a
trimer (MutS-MutL-UvrD timer), which maintains the integrity of genome in microorganisms
(Hogardt et al., 2013: Rees et al., 2019). The rate of spontaneous mutation is increased to 1000,
if there is defect in repair system that result in “hypermutator” strains. In isolates from cystic
fibrosis it is principally observed that strains show unusual phenotypic changes “mucoid stage”
and show high antimicrobial resistance (Ciofu et al., 2011: Lee et al., 2011).
Virulent determinants of Pseudomonas aeruginosa

Pseudomonas aeruginosa can survive in harsh conditions by secreting different virulence
factors, which also help in causing infections (Vidaillac & Chotirmall, 2021: Azuama et al.,
2020: Shaw, & Wuest, 2020: Sadikot et al., 2005; Driscoll et al., 2007). The virulence factors
produced by P. aeruginosa such as Fimbriae, Polar flagella, type three secretion system, some
enzymes Elastase, protease, hemolysin and some quorum-sensing molecules (Sadikot et al.,
2005; Driscoll et al., 2007). The outer and important virulent factor called lipopolysaccharide
(LPS) acts as a guard to cells and its endotoxic part lipid A causes tissue damage, helps in
attachment, and binding to host receptors (Park et al., 2022). LPS also plays role in
antimicrobial resistance and biofilm formation (Chambers et al., 2017). The outer membrane
proteins are important in the exchange of nutrients, attachment and antimicrobial resistance
(Sabnis, et al., 2021). Additionally, the antimicrobial resistance due the biofilm formation is
linked with flagella, pilus, and other attachment molecules. The secretory system of
Pseudomonas aeruginosa are pili-associated (T4SS), flagella-associated (T6SS-linked) and type
3 secretory system (T3SS), which support attachment and colonization, motility and swarming
and react to chemical signals. Furthermore, the main role in biofilm formation is of
exopolysaccharides e.g. psl, pel and alginate (Ozer et al., 2021).

The Pseudomonas aeruginosa causing acute infections are very different phenotypically
from those which cause chronic infections (Smith et al., 2006). The isolate that cause chronic
infection lack certain virulence determinants such as pili and flagella or type three secretion
system as compared to the isolates causing acute infections express many virulence determinants
(Hogardt & Heesemann, 2010). The chronic infection causing, isolates are biofilm forming
isolates and express great amount of exopolysaccharide that make them mucoid strains (Sadikot
et al., 2005; Kipnis et al., 2006). The strains of P. aeruginosa can cause both invasive and
toxigenic infections due to the presence of virulent factors on surface which allow attachment,
colonization and invasion and also release certain molecules which cause damage to tissues or
cause over production of cytokines (Kipnis et al., 2006).

Secretory structures as virulent determinants/Factors

The secretory system in Pseudomonas aeruginosa is very complex, which consists of
certain virulent factors such as elastases, proteases, toxins and lipases that are secreted both
inside and outside of the host cell (Ma et al., 2003). The Pseudomonas aeruginosa is responsible
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for the cause of different hospital acquired infections and secretory virulent determinants play
important role in communicating with the host (Rasko & Sperandio, 2010). These virulent
factors enable the pathogen to degrade or escape from host immune cells and allow bacterial
colonization and proliferation (Ribet & Cossart, 2015: Sharma et al., 2017: Korotkov et al.,
2012). So far six different secretory systems has been reported in pseudomonas aeruginosa,
which are categorized into two categories. The One-step secretory system consists of T1, T3, T4
and T6, while Two-step secretory system comprises of T2 and T5 secretory system. The
mechanism of one-step secretion system is that the proteins are secreted directly on the surface
from cytosol, while in the second type the proteins stay in the periplasmic space for a while and
then carried out of the bacterium (Qin et al., 2022).

Category One

. T1SS: This type is the simplest and extensively studied secretory system. There are three parts of
T1SS: (i). Inner membrane protein-IM, (ii). ABC transporter and (iii). An outer membrane
protein-OMF. These give energy to all process and are connected with periplasm with the help of
an adopter protein (Delepelaire, 2004). The T1SS in P. aeruginosa is described in two different
systems (i). Apr system and (ii). Has system (Filloux, 201: Delepelaire, 2004: Ma et al., 2003).
The Apr system further consists of three components such as an ABC transporter (AprD), AprE
(adaptor), and OMF (AprF) and are associated with alkaline protease AprA & AprX secreted
outside of the cell (De Sousa et al., 2021), this is involved in numerous infections caused by P.
aeruginosa (Matsumoto, 2004). The Has system is also comprised of (ABC transporter) HasD,
(adaptor) Hask, and OMF (Alav, 2021). The Has proteins have the ability to sequester iron from
blood by binding with hemoglobin when there is iron deficiency in the early stages of
Pseudomonas aeruginosa infection (Cassat & Skaar, 2013: Delepelaire, 2004). Type 1 secretory
system (T1SS) is also observed in many other bacteria such as Neisseria meningitidis, E. coli, P.
aeruginosa and Salmonella enterica (Thomas et al., 2014). Hence, considering the data available
to understand the mechanism of T1SS is inadequate, therefore requires further revelation to
understand its role in pathogenesis of pseudomonas infection.

. T3SS: This appears like a molecular needle with five different components which secrete the
effector proteins outside of the cytosol (Coburn et al., 2007: Hauser, 2009), and it is also linked
with the assembly of flagella (Bleves et al., 2010). The five components of T3SS are a needle
composite, the transporter system, the controlling proteins, the working proteins and chaperones.
This secretory system plays a vital role in virulence of Pseudomonas aeruginosa and was
discovered for the first time in 1996 (Coburn et al., 2007). Thirty six genes are involved in the
complexity of T3SS that are grouped into five operons on chromosome of pseudomonas
aeruginosa. The T3SS is formed and regulated by these thirty six genes (Ma et al., 2003: Soscia
et al., 2007: Hauser, 2009: Frank et al., 1997). These five operons are named as the exsD-pscB to
pscL, pscN to pscU, pcrGVH-popBD, popN-pcrl-pcr2-per3-perd-perD-perR OPR, and last one
is exsCEBA operon (Soscia et al., 2007: Hauser, 2009). Different type of virulence proteins are
released in Type Il secretory system such as (ExoS, ExoT, ExoY, and ExoU), which also
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damage the cell to cell communication system and become cytotoxic at different stages (Francis
etal., 2002: Zhu et al., 2016: Sawa et al., 2014).

The T3SS is controlled in two stages: firstly, decoding of T3SS genes and secondly,
commencing of secretions. These two stages are turned on when bacteria is in touch with host
cells that leads to increased production of T3SS proteins (Urbanowski et al., 2005, McCaw et al.,
2002). The calcium concentration is a determining factor in activating the transcription of T3SS
genes (Bleves et al., 2010). These genes are regulated by ExsA regulator master (Brutinel et al.,
2008). The binding site of ExSA is an upstream nucleotide sequence for the polymerase enzymes
on T3SS promotor (Ahator and Zhang, 2019). The expression of ExsA is self-regulated due to
the binding with exsCEBA promotor (Vakulskas et al., 2009). ExsD gene is anti-activator that
stops the transcription which is exsA-dependent (McCaw et al., 2002). There is an anti-anti-
activator which binds with exsD when calcium concentration is low and stimulates ExsA
inactivation, therefore, permitting binding with promotor region (Dasgupta et al., 2002). The
exsE is an anti-anti-anti-activator which binds with exsC inhibiting from exsD (Rietsch et al.,
2002). The intracellular section of exsE helps the complexes of ExSE-ExsC and ExsA-ExsD, to
avoid ExsA related transcription (Dasgupta et al., 2002: Rietsch et al., 2002). The T3SS operon
is also controlled by few other upstream regulators such as CAMP biosynthesis (Wolfgang et al.,
2003), a universal controlar, Vfr, and ResT/LadS/GacAS (Ahator and Zhang, 2019: Yahr and
Wolfgang, 2006). Besides these, in Pseudomonas aeruginosa T3SS genes are also regulated by
many other factors. In PAO1 the MgtC and OprF control the T3SS and damage to macrophages
induced by ExoS (Garai et al., 2019). There are two types of regulation mechanism; positive and
negative regulation. The PsrA, (Shen et al., 2006), HigB (Li et al., 2016), Vfr (Marsden et al.,
2016), and DeaD (Intile et al., 2015) regulate the positive regulation system. The negative
regulation is controlled by AlgZR, GacAS (Goodman et al., 2004), MexT (Jin et al., 2011), and
MgtE (Chakravarty et al., 2017).

Another important activator for T3SS gene expression in Pseudomonas aeruginosa is spermidine
transporter which allows the bacterium to detect and sense the molecules involved in
communicating and signaling in host tissues (Zhou et al., 2007). If the genes of spermidine
transporter are deleted, the gene expression of T3SS which are dependent on host-cell will be
inhibited (Ahator and Zhang, 2019). The spermidine is grouped in polyamines which are
involved in stress response, tolerating acids and antimicrobial resistance (lyer et al., 2003: Kwon
and Lu, 2006: El-Halfawy and Valvano, 2015). According to multiple researchs which show that
either antimicrobial resistance is induced or increased by polyamines such as resistance of
Pseudomonas aeruginosa against aminoglycosides and quinolone. On the other side, it is also
revealed that spermidine received from outside and some polyamines can increase susceptibility
to certain antibiotics such as lactam antibiotics, chloramphenicol, nalidixic acid and
trimethoprim with the help of efflux pump and LPD operon (Kwon and Lu, 2006). If spermidine
signals are identified it could give a method for the control of pseudomonas infection.

. TASS: T4SS consists of multiple subunits anchored in cell membrane that stands responsible for
transferring different protein complexes out of the cell. It is ancestrally linked with horizontal
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gene transfer-induced antimicrobial resistance and virulence (Juhas et al., 2008; Lawley et al.,
2003; Christie et al., 2005). The genes that encode for T4SS are grouped into a single working
unit. These genes are significantly different in many ways such as gene sequence, gene content
and homology. Based on these similarities and evolutionary relationships the T4SS can be
categorized into two different schemes (Lawley et al., 2003; Christie et al., 2005). Initially, the
T4SS classification was divided into three types as F, P and I; this classification was on the basis
of mismatching with conjugative plasmid representative (Lawley et al., 2003). In another
classification the F and P type are categorized together in IVA-type secretory system. The IVA-
type secretory system of Pseudomonas aeruginosa is also present and resembles with the
VirB/VirD4 of Agrobacterium tumefaciens (Juhas et al., 2008; Christie et al., 2005). The
secretory system components which were different from F & P types are placed in IVB types and
its genetic factors resemble with the Dot/lcm system of Legionella pneumophila. There is third
secretory type that has no resembles with neither IVA nor IVB system (Christie et al., 2005).

The Type-4 secretory system consist of pilin units-major and minor and PilA. The prepilin
peptidase enzyme processes both major and minor pilin units. T4ASS and T2SS possess an
evolutionary association with each other which impacts the assembly of pili. The pili assembly,
movement, and adhesion can be affected by minor pilins (Tammam et al., 2013). Ultimately, the
main role of T4SS is related with potential pathogenesis of microbes through horizontal gene
transfer (HGT).

. T6SS: In Pseudomonas aeruginosa T6SS is a unique and vital virulence machinery, involved in
antagonistic relationship with the surrounding microbes (Chen et al., 2020). In the beginning, the
Hcp Secretion Island (HSI) encoding for T6SS were grouped into three gene groups but later on
these were renamed as H1-T6SS to H3-T6SS types (Vettiger et al., 2016; Chen et al., 2015),
which contain approximately 15-20 genes for each type (Bleves et al., 2010; Bingle et al., 2008).
The T6SS machinery consists of 13 essential components, separated into baseplate-resembling
structure (Zoued, et al., 2014). Moreover, the T3SS structure also resembles with needle-like
structure of T3SS (Allsopp et al., 2017). The appearances of T6SS structure is like an inverted
bacteriophage tail, associated with Hcp (hemolysin coregulated protein) and Vgr (Valine-glycine
repeat) composite, which act as a cell-piercing devices and help in extracellular release of
molecules (Pukatzki et al., 2006: Hood et al., 2010). The Hcp 1 protein in Pseudomonas
aeruginosa is crystal, hexameric and shares homology with the tube of T4 bacteriophage tail
(9p19 protein). On the other side the N-terminals of \V/grs contains similarities with gp5 and gp27
proteins of T4 phage. These two proteins (gp5 and gp27) function for phage as a puncturing unit
to enter its DNA in the cell (Bleves et al., 2010). Therefore, it can be said that the target site
recognition and delivery of DNA is similar as the entry of phage genetic material in target cell
(Kanamaru et al., 2010). T6SS also has few other components: a FHA working protein, ClpV
ATPase, DotU, IcmF protiens and outer membrane lipoprotein (Bleves et al., 2010). In addition,
Pseudomonas aeruginosa also gets energy from ClpV and an AAA+ family ATPase for the
secretory mechanism (Basler, 2015).
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The complete genome sequencing of P. aeruginosa has revealed that its genome contains
three loci for the components (HSI-I, HSI-1I and HSI-111) of T6SS (Bingle et al., 2008). T6SS
also secretes six different effector proteins (Tsel-6). Two of them Tse 1 and Tse 3 are involved
in breakage of peptidoglycan when released intracellularly, which ultimately results in bacterial
cell lysis. The Tse2 functions to stop the growth of both bacteria and host. The remaining
effector proteins Tse4, Tse5 and Tse6 play an important antibacterial role (Whitney et al., 2014;
Russell et al., 2011). The HSI-1 type has a sharp edge structure similar to tail of bacteriophage,
controls regulation of two-component and SRNAs (Russell et al., 2011; Basler et al., 2012). The
HSI-11 plays important role in endocytosis process by epithelial cells and HSI-III is key in
pathogenesis (Lesic et al., 2009). The regulators of quorum sensing and transcriptional factor
MyfR are important in regulation and expression of HSI-1I and HSI-111 (Allsopp et al., 2017).
Furthermore, HSI-1 and HSI-II in Pseudomonas aeruginosa cause infection both in plants and
animals (Lesic et al., 2009).

The secretion of protein molecules through T6SS requires few other components such as
cytoplasmic adaptor Tla3 is required for H2-T6SS complex to secrete Tle3 toxins (Berni et al.,
2019). The T6SS machinery ((H1-T6SS and H3-T6SS) is regulated by GacAS/Rsm that activates
RsmY/Z to halt the attachment of RsmA/RsmN with fhal/tssAl (Huang et al., 2019). The TseF
secreted by H3-T6SS helps in entry of PQS-Fe3+ complex into cell by fitting it with OMVs of
Pseudomonas quinolone signal (PQS) (Li et al., 2022). Remarkably, it was observed that quorum
sensing and expression of secretion system are co-connected. In Pseudomonas aeruginosa three
loci of genes coding for (HSI-I, HSI-II, and HSI-IIl) by MvfR and LasR are controlled by
Quorum sensing (Lesic et al., 2009). In PAOL strains the QS regulators control the expression of
H2-T6SS involved in Las and Rhl (Sana et al., 2012).

Category two

T2SS: This specific secretory type is an adoptable system. It is widely present in gram negative
bacteria and its main role is to help in transport of proteins which are folded in periplasm (Costa
et al., 2015: Naskar et al., 2021). It comprises of two phases to excrete extra cellular proteins: the
phase one includes the Sec (Secretory) or Tat twin-arginine translocation (Cianciotto, 2005: Lee
et al., 2006), to carry proteins from cytoplasm into periplasm, and second phase includes T2SS
complex-mediated to delivery more proteins into extra cellular spaces (Cianciotto, 2005). The
extracellular protein are first delivered to inner membrane where stored for short time in
periplasmic space and then transported outside (Nivaskumar and Francetic 2014: Green and
Mecsas, 2016). The secretory (Sec) pathway comprises of different components; protein
targeting & membrane incorporated channels (SecYEG translocase), a motor protein and
proteins attached with SecB-specific singles sequence are transported outside of membrane
(Veenendaal et al., 2004). In gram negative bacteria the Tat (twin-arginine translocation) system
comprises of TatA and TatB which make the selection about retaining or transporting the protein
outside with specific twin arginine motif (Goosens et al., 2014).

The type 2 secretory system consists of two types; first Extracellular protein (Xcp) system which
secretes almost 14 different proteins e.g. proteases , lipases, and second type is called
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Homologous to Xcp system, this type is active only in phosphate deficient conditions (Ball et
al., 2002). The second type is only involved in secretion of alkaline phosphatase. In coding of
Xcp at leaset 11 genes are involved that are ordered into two different operons from xcpP to Q
and xcpR to Z (Bleves etal., 2010: Rybtke, et al., 2015). Some enzymes such as elastase (LasB,
LasA), lipases (PIcN, PIcH, LipA and Lipc), phospholipases and exotoxin A (ToxA), these all
play important role during infection. The elastases cause degradation of connective tissues
especially in lungs (Casilaget al., 2016). The pulmonary system is also affected, lipases and
phospholipases breakdown the fats present in membranes of these organs which can change the
role of these organs in immunity (Korotkov et al., 2012: Ostroff et al., 1990). In Pseudomonas
aeruginosa Exotoxin A is another significant virulent factor that it stops the ADP-ribosylation in
protein synthesis, which results in cell death (Allured et al., 1986). It is further revealed through
a study on hospital wastewater for the identification of genes (popB, lasB, lasA, and tox A)
involved in virulence of Pseudomonas aeruginosa. It shows a great public health threat that these
virulent factors may stimulate adaptability of microorganisms in environment which may
increase their pathogenicity (Mapipa et al., 2021).

T5SS. This system is one of the simplest secretory pathway defined, comprised of five
autotranspoters (type Va to Ve), which transport proteins outside of membrane (Costa et al.,
2015: Bleves et al., 2010). In this system through proteolytic breakdown proteins are degraded
and then transported outside (Filloux et al., 2011). This system is comprised of single
polypeptide chain, attached with a translocator B-barrel and an exit way for extra cellular
secretion (Meuskens et al., 2019: Bleves et al., 2010). Through T5SS different protiens EStA,
LepB, and LepA are secreted. Among these proteins EstA has possess a transporter esterase
activity, present on outside of membrane and plays role in rhamnolipid that can influence
motility of cell and biofilm formation (Wilhelm et al., 2007: Meuskens et al., 2019).

Locomotion as virulence factor (Motility)

The attachment of microorganisms on abiotic surfaces e.g. medical instruments, and on biotic
surfaces e.g. wounds and tissues, is very important for causing infections. Motility is important
in formation of biofilms which lead to problematic and complex microbial communities,
showing great resistance against many antimicrobials (O’May et al., 2011). Flagella, fimbria and
pili are used for locomotion by Pseudomonas aeruginosa. Type IV pili is used for attachment and
motility on solid surfaces called twitching motility, while flagellum is used for motility in broth
media (Harshey, et al, 2003).

Pseudomonas aeruginosa moves with the help of single polar flagella, made up of protein
flagellin also called FLiC. (Wu et al., 2015: Miao et al., 2007). Several short appendages called
pili (type IV) are also used for motility. The flagella and pili both can be used as adhesins and as
a motility organ. These can also start an inflammatory response. The flagellar structure is
comprised of three parts, a basal body, a rod originating from cell wall and the hook. The
swimming and swarming movements of Pseudomonas aeruginosa due to rotation of flagellum.
When flagellum rotates anti-clockwise the bacterium moves forwards and clock wise motion
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causes tumbles. The chemical signals trigger the directions of movements (Guttenplan, and
Kearns, 2013: Miao et al., 2007: Harshey, et al, 2003).

Quorum sensing and biofilm formation

Quorum sensing is termed as social interaction of bacteria, during its development autoinducers
are released which are tiny molecules that effect the gene expression in cell to cell
communication (Miller & Bassler 2001: Pesci & Iglewski, 1997: Mukherjee & Bassler: 2019).
When the bacterial population increases to a certain threshold, certain behavioral changes occur
in the bacteria which helps them to fight for the available ecological niche (Turanet al., 2017:
Rampion et al., 2014). In Pseudomonas aeruginosa the biofilm development requires great
coordination within the densely packed bacterial communities (Yan & Wu, 2019).

Biofilms are produced when bacteria attach to surface in a highly organized and structured
microbial communities and are linked with Quorum sensing (Bjarnsholt et al., 2010: Yang et al.,
2011). The extracellular polymeric substances (EPS) such as polysaccharides, lipids, nucleic
acids and proteins make a sheath around these microbial communities. The majority of biofilm
around 50-90% are made up of these extracellular polymeric substances (EPS). These EPS also
provide robust resistance to chemical and mechanical forces such as flowing water and make the
toxic chemicals & antibiotics impermeable (Hall-Stoodley & Stoodley, 2009; Lieleg et al., 2011;
Hgibyet al., 2011).

Quorum sensing circuits of Pseudomonas aeruginosa

In Pseudomonas aeruginosa there are four quorum sensing circuits which are Las, Rhl, PQS and
IQS and there auto inducers are N-3-oxo-dodecanoyl-L-homoserine lactone (30-C12-HSL), N-
butyryl-L-homoserine lactone (C4-HSL), 2-heptyl-3-hydroxy-4-quinolone (PQS) and 2-(2-
hydroxyphenyl)-thiazole-4-carbaldehyde (1QS), respectively, produced intracellularly. The QS
circuits are structured in hierarchy such as Las at the top of the sequence (Lee & Zhang, 2015).
The first two QS circuits Las and Rhl are activated in the start of log phase with augmented cell
density, whereas the other PQS and IQS circuits are triggered in the end of log phase (Choi et al.,
2011) mainly when there is iron depletion (Oglesby et la., 2011) and phosphate depletion
conditions (Rampioni et al., 2016), respectively. The two well studied QS circuits in
Pseudomonas aeruginosa are Las and Rhl, the Las circuit contains specific transcriptional
activator and Al enzyme LasR & Lasl, respectively, which leads to synthesis of N-(3-
oxydodecanoyl) homoserine lactone (30-C1,-HSL), the signal molecule. The other QS circuit
Rhl consist of transcriptional activator and Al synthase enzyme RhIR and Rhll, respectively,
which leads to synthesis of N-butyryl homoserine lactose (C4-HSL). It is found in different
studies that biofilm development in Pseudomonas aeruginosa is poorly observed in las signal
molecule deficient strains (Davis et al., 1998). The Als go through membrane tracking which is
focused outside of the cell then inside, seemingly initiated by diffusion, efflux pumps or through
outer membrane vesicles (Mashburn, & Whiteley 2011). The transferred 30-C12-HSL is then
attached with LasR the regulator protein and this complex triggers Lasl synthase gene (Seed et
al., 1995). The expression genes involved in RhIR, Rhll, pgsR and pgsABCDH which code
RHL are induced by LasR-30-C12-HSL (Lee & Zhang, 2015). The pgsABCDH genes in are
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activated by PgsR-PQS composite and also start RhIRI gene expression (McKnigh et al., 2000).
The RhIR which is believed to balance the ratio of 3-oxo-C12-HSL and C4-HSL can also inhibit
both pgsR and ABCDH genes, therefore, it controls the initiation of PQS pathway (Cao et al.,,
2001).

In Pseudomonas aeruginosa the three important QS circuits such as Rhl. Las, and PQS
produce certain functional elements which play a vital role in biofilm development. The
functional elements are rhamnolipid (Pamp et al., 2007: Pearson et al., 1997), pyocyanin (Das et
al., 2013: Das et al., 2015), pyoverdine ( Banin et al., 2005), pel polysaccharide (Sakuragi &
Kolter, 2007: Da Silva et al., 2019) and lectins (Da Silva et al., 2019: Diggle et al., 2006).
Rhamnolipids contain glycolipidic compound which help to preserve the pores and channels in
microbial colonies which help in passing the liquid and food inside the developed biofilms. The
iron is sequestered by Pyovedine and delivered for the development of biofilms. The iron
depletion favors twitching motility as compared to sessil growth which hinders biofilm formation
(Visca et al., 2007). Pyocyanin is not required for the growth of pseudomonas aeruginosa, rather
it is released as secondary metabolite with cyctotoxicity that it helps in lysis of cell and releasing
eDNA which is an important component of biofilm development. It can bind with eDNA to
increase its viscosity and promotes cell aggregation in biofilm development in the environment.
Through cationic reaction eDNA is attached with pel polysaccharide which enhances the
interaction in biofilm matrix. Lactins occurs in two forms as soluble proteins i.e. LecA and
LecB. Lectins contain adhesive characteristic which help in holding both cells and
exopolysaccharides in developing biofilm. In all, these interaction at molecular and cellular level
lead to formation of full-bodied and settled biofilm.

Formation of Biofilm

The bacterial growth and biofilm formation depends on two important factors the availability of
nutrients and water (Schwartz et al., 2009). The social interaction and supportive behavior of
microbes with each other helps them in formation of complex biofilm development (Lee, et al.,
2014). Mostly biofilms are formed in result of polymicrobial interactions, therefore, among the
microbes a big competition occurs for available nutrients and space. The polymicrobial growth
on solid surfaces encourages cooperation in the form of horizontal gene transfer, metabolic help,
and other interactions. Hence, it proves to be difficult to treat and which increases antimicrobial
resistance (Wolcott et al., 2013: Yang et al., 2013).

Composition of Biofilm

The three exopolysaccharide which are highly involved in formation and architect of
biofilm are Psl, Pel and alginate (Ghafoor et al., 2011: Billings et al., 2013). The Psl is a neutral
polysaccharide composed of d-glucoase, d-manose, and I-rhamanose units (Ma et al., 2009: Byrd
et al., 2009). This particular polysaccharide is important for the attachment on surfaces, cell to
cell communication in both mucoid and non-mucoid strains for the formation of biofilms
(Ghafoor et al., 2011: Ma et al., 2012: Jones et al., 2017). Following features are observed in psl
(i). It is beneficial for biofilm forming strains as compared to free floating strains, (ii). Non-Psl
generating stains can grow better in mixture with psl producing cells, (Billings et al., 2013: Irie
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et al., 2017). (iii). in the process of biofim formation the Psl negative cells are dominated by Psl
positive cells; and (iv) the Psl producers are not exploited by non-producers (Irie et al., 2017).
When the biofilm formation is matured the psl appears in mushroom-like shape and provides
structural stability (Ma et al., 2009). High psl production is connected with aggregating cells in
liquid medium and this characteristic is also observed in sputum of CF patients (Staudinger et al.,
2014: Irie, et al., 2012). Psl is also a signaling molecule that promotes c-di-GMP (bis-(30-50)-
cyclic dimeric guanosine monophosphate) production whose raised concentration helps in
thicker and fully bodied biofilms (Irie, et al., 2012). Additionally, psl protects the cells from
antimicrobials (Billings et al., 2013), and from phagocytic activity of neutrophils (Mishra et al.,
2012) which helps in insistent infection.

The other component of biofilm is Pel which is a cationic polymer of partly de-acelyted
N-acetyl-d-glucosamine and N-acetyl-d-galactosamine. Pel is also an important component in
non-mucoid strains which helps in surface attachment and helps in maintaining biofilm integrity
(Colvin et al., 2013: Jennings et al., 2015). Pellicle biofilm is formed due to Pel which is made
on the surface of a stationary broth culture (Friedman, and Kolter et al., 2004). The surrounding
condition play important role in formation of Psl and Pel as both are strain-specific (Colvin et al.,
2011). Pel increases the tolerance in biofilm embedded cell from aminoglycoside antibiotics
(Yand et al., 2011). Moreover, the biofilms containing Pel are stubborn to Colistin and
phagocytic activity of neutrophils (Baker et al., 2015).

The third major component of biofilm produced from mucoid strains of Pseudomonas because of
the mutation in mucA22 allele. The mucoid characteristics are frequently found in CF isolates
that demonstrate of changing to chronic from acute infection (Ciofuet al el., 2015: Folkesson et
el., 2012). Alginate is composed of anion acetylated polymer of mannuronic acid and guluronic
acids (Evans et al., 1973). The alginate has many important functions such as helps maturation of
biofilm, protects from phagocytes and opsonizing molecules, and makes biofilm surfaces
impermeable to antibiotics (Strempel et al., 2013: Tseng et al., 2013; Hay et el., 2013; Hay et al.,
2010). The ratio of mannuronic acid and guluronic is important in biofilms because they affects
their viscoelastic properties which become obstacle in treating cough in Cystic fibrosis caused by
Pseudomonas aeruginosa (Gloag et al., 2018; Wloka et al., 2005; Reh, and Vallal1997).
Development of Biofilm

The biofilm formation takes few hours to form (Dufour et al., 2010). The biofilm formation is
completed in 5 steps: (1). Reversible attachment of free-floating bacteria with solid surfaces, (lI).
Irreversible attachment of cells with solid surface and aggregation of cells, (111). Initial formation
of biofilm (IV). Formation of micro colonies to form mature biofilm, (V). Dispersion of cells
from micro colonies to further spread the infection (Jamal et al., 2018: Lewis, 2001).

Stability of biofilm

The stability and firmness of Pseudomonas aeruginosa biofilms depend on different
polysaccharide secretions such as alginate, psl, and pel (Ghafoor et al., 2011: Ryder, et al.,
2007). The major polysaccharide component alginate is composed of D-mannuronic acid and L-
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glucuronic acid in the form of unbranched polymer. The stability and protection of biofilm
depends on this vital polymer. It is also involved in the preservation of water and nutrients
(Rasamiravaka et al., 2015). The pel matrix is full of glucose and psl polysaccharide consists of
repeating units of D-mannose, L-rhamanose and D-glucose. Both pel and psl are involved in
initial stages of biofilm development (Ma et al., 2012: Colvin et al., 2012: Franklin et al., 2012).
In Pseudomonas aeruginosa eDNA is another important part of biofilm which serves as a major
source of nutrient for the bacteria in the biofilm matrix and play necessary role in cell to cell
communication (Flemming & Wingender, 2010: Mulcahy et al., 2010.
Other virulent determinants
Proteases

The Pseudomonas aeruginosa secretes several enzymes which are known as proteases
that play role in eye infection and in sepsis, in which these proteases breakdown antibodies &
fibrin and also disturb epithelia tight intersections (Kipnis et al., 2006). Whereas their role in
lung infection is unclear, but these proteases can damage respiratory tissues such as breaking
down the lung surfactant in host (Fleiszig & Evans, 2002; Hobden, 2002; Kipnis et al., 2006).

Alkaline protease a zinc metalloprotease causes degradation of complement proteins and
fibronectin in host (Laarman et al., 2012). This particular protease helps Pseudomonas
aeruginosa to escape from immune cells by interfering with flagellin signaling by breaking down
flagellin single units (Bardoel et al., 2011).

There are two elastases in Pseudomonas aeruginosa LasA and LasB, controlled by lasl
quorum-sensing and excreted by type-2 secretory system (Toder et al., 1994; de Kievit &
Iglewski, 2000). The LasB is used as synonym for ‘elastase’ and LasA for ‘staphylolysin. The
LasA is a serine protease and can breakdown the peptidoglycan stabilizing bridge made of penta-
glycine in cell wall of staphylococci, with little proteolytic activity and can help LasB in protein
breaking activity (Toder et al.,, 1994; Matsumoto, 2004). LasB can also breakdown the
opsonizing surfactant lung proteins A & D (Mariencheck et al., 2003). In the end it is concluded
that DlasB mutants are less resistant to phagocytosis (Kuang et al., 2011).

Lipopolysaccharide

Lipopolysaccharide is present as outer covering as a glycolipid which possess a great role in
inducing immune response, inflammatory response, removing external molecules and starts
contact with antibiotics (King et al., 2009). In gram negative bacteria such as Pseudomonas
aeruginosa the lipopolysaccharide is composed of Lipid A molecules, core chain of
polysaccharide and O-side chain (O-antigen). The major role of lipopolysaccharide is in
antibiotic resistance. In Pseudomonas aeruginosa two components of lipopolysaccharide Lipid A
and O-polysaccharide play important role in developing infections (King et al., 2009: Lam et al.,
2011). The lipid A side chain can attach with CD14 and MD2 of host receptors which activates
the production of inflammatory inducing cytokines and chemokines their overproduction can
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lead to endotoxic shock (Teghanemt et al.,, 2005; Akira et al., 2006). Furthermore, any
modification in lipid A can change bacterium’s susceptibility to Polymyxin, antimicrobial
peptides with positive charges and its inflammation causing characteristics. Penta and hexa-
acylated lipid A forms are exhibited in laboratory grown Pseudomonas aeruginosa which are
different due to decanoic acid at the position-three. In laboratory strains pentaacylated species
are leading (c. 75%) in isolates from short and sudden infections (King et al., 2009). On contrary
isolates from chronically CF patients exhibit hexa and few time hepta-acylated species with
augmented inflammatory properties (Ernst et al., 2007). The change in binding of lipid A to
MD2 receptor causes augmented inflammatory potency due to increasedacylated lipid A
(Teghanemt et al., 2005) and adding of aminoarabinose to phoQ mutant strains can also results in
increased inflammatory lipopolysaccharide (Gellatly et al., 2012). Certain changes as discussed
above and especially aminoarabinose addition results in increased resistance to positive charged
antimicrobial peptides such as Polymyxin (Ernst et al., 1999). In Pseudomonas aeruginosa O-
antigen (O-polysaccharide) can occur simultaneously in two discrete form, structurally and
serologically. The common A-band is made up of similar polysaccharide units of D-rhamnose
which are extended nearly 70 sugar long and trigger very weak immunoglobulin response. In
compare to, the B-band (O-specific) chain of polysaccharide is made of different units and it can
trigger very strong immunoglobulin response (King et al., 2009). Some strains of Pseudomonas
aeruginosa are called ‘rough strains’ as they do not produce O-polysaccharide and some are
‘semi rough’ as they replace the lipid A with only single O-saccharide unit (Hancock et al.,
1983).

Antimicrobial resistance

The Pseudomonas aeruginosa infections are caused due to multiple intrinsic virulent
determinants e.g. LPS, pili, alginate, etc. and few secretory virulent determinants such as
pyocynic, proteases, siderophores, exotoxins etc. (Strateva, et al., 2011). Among the different
resistance mechanisms in Pseudomonas aeruginosa such as enzymatic degradation &
hydrolyzation of antibiotics (Vatcheva-Dobrevska et al., 2013; Fisher and Mobashery, 2014;
Hakemi Vala et al., 2014), low absorption through membrane (Eren et al., 2013; Zgurskaya et al.,
2015), out pouring of antimicrobials through efflux pumps (Poole, 2004; Aghazadeh et al.,
2014), and the biofilm formation remain important mechanisms (Mah et al., 2003: Hancock e t
al., 1998). Moreover, the great diversity in antimicrobial resistance is due to its versatile and big
genome, and living in aquatic environment also contributes in acquiring resistance genes
(Vaisvila et al., 2001). The complex extra cellular matrix decreases the effectiveness of
antibiotics and detergents (Mah et al., 2003). Hence, Pseudomonas aeruginosa remains a major
problem due to its antimicrobial resistance and biofilm formation (Buhl et al., 2015; Oliver et al.,
2015). The resistant strains causing infections are still a major threat in the world as these
infections cause 3-fold high mortality, 9-fold secondary bacteremia and 2-fold increase the stay
at hospital which costs high economic burden (Giamarellou, 2002).
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Major Mechanism of resistance in Pseudomonas aeruginosa

The most important and major resistance mechanism are three;

Impermeability of membrane

The antibiotics prescribed for the treatment of pseudomonas infection in order to reach their
target site they have to cross the cell wall. The intrinsic concept of resistance in P. aeruginosa is
attributed with impermeability of cell wall. The antibiotics fail to reach their target, never
accumulate with host cell and those are also removed by efflux pump reaction.

The Alginate as a blockade

As discussed earlier In Pseudomonas aeruginosa the production of Alginate bring firmness and
stability in biofilm structure. Alginate binds with cationic antimicrobials e.g. aminoglycosides
and prevents its diffusion (Nichols et al., 1998) but this does not apply on mucoid strains as some
of those strains are completely sensitive to aminoglycosides (Ciofu et al., 2001).

The outer membrane as a blockade

In Pseudomonas aeruginosa the outer membrane plays an important role in restricting the
diffusion of antibiotics. It also act as a barrier to decrease the penetration rate of small
hydrophilic molecules and reject larger ones. These specific small molecules like beta-lactums
and DNA inhibitors (quinolones) only diffuse though the aqueous passages of porin proteins.
These barrel-shaped molecules act as a trimer which span through the outer membrane. There are
many porins in Pseudomonas aeruginosa and oprF is the major one which is present in all strains
(Brinkman et al., 2000). The absence of oprF has not been found responsible for antibiotic
resistance because such mutant strains possess limited ability to diffuse hydrophilic molecules.
On the other hand OprD is a specific porin and plays a vital role in diffusion of amino acids
containing positive charge and without oprD Pseudomonas aeruginosa become resistant to
imipenem. Lacking oprD results in minimum inhibitory concentration from from 1-2 to 8-32
mg/L and also increases rate of resistance up to 17% (Livermore, 2001). Interestingly, the loss of
oprD does not affect the resistance to meropenem which means that may cross via different
pathway. The porin channels does not help aminoglycosides and Colistin to cross the outer
membrane. As an alternative their uptake is promoted by attaching to the lipopolysaccharide and
this attachment finishes the permeability barrier and permits the antibiotics to enter via the wall
of plasma membrane. As the target site of aminoglycosides is at ribosomes so they are actively
transported into the cells and Colistin exhibit their bactericidal activity via disrupting the plasma
membrane. Due to an overexpression of outer membrane protein in laboratory strains of
Pseudomonas aeruginosa exhibit resistance to aminoglycosides and Colistin. But such resistance
have not been widely reported in clinical isolates of Pseudomonas aeruginosa (Gilleland et al.,
1989).

The efflux system as resistance mechanism

This particular resistance system consists of three protein constituents; (i) a pump present in the
cytoplasmic membrane and requires energy, (ii). A porin protein on the outer membrane and
(iii), a linker protein which combines the other two components (Nikaido, 1998). This triple
organization of protein constituents form an efficient extrusion system which pump out the toxic
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molecules out of the cell. (Poole, 2001). There are twelve genes which code for efflux pumps
identified in PAQO1, each of it display specificity to substrate (Stover et al., 2000). However,
among other efflux systems only five of them play role in resistance in clinical strains,
MexAMFPMexBRND-OprMOMF,MexXMFP-MexYRND-OprMOMF,MexCMFP-MexDRND-
OprJOMF, MexEMFP-MexFRND-OprNOMF, and MexJMFP-MexKRND-OprMOMF (Lister et
al., 2009; Li et al., 2015). All the antibiotics are extruded by one or more then of these efflux
system except polymyxins. The MexAB-oprM exiles the Beta-lactams, DNA inhibitors and a
wide range of disinfectants. The aminoglycosides are extruded by MexXY-oprM, carbapenems
and quinolones are extruded by mexEF-orpN. The genes for the expression of efflux system are
present in all strains but expressed only in certain strains. However, the overexpression could be
due to mutation in regulatory genes e.g. mexR that manages expression of mexAB-oprM genes
(Ziha-Zarifi et al., 1999).

Inactivation and structural changes in antibiotics

AmpC gene is present in all Pseudomonas aeruginosa strains for chromosomal encoded beta-
lactamases. But only induction is not responsible for resistance in CF strains. The enzymes over
expressed can result in spontaneous mutation in ampR a regulatory gene. This phenomenon has
been observed when there is high reliance on ceftazidime therapy (Giwercman et al., 1990). This
enzyme is present in the periplasm and can been detected in sputum in antipseudomonal therapy
(Giwercman et al., 1992). The ampC beta-lactamases pose great threat to cephalosporins when
its production is increased. The other beta-lactamases including ESBLs produced by
Pseudomonas aeruginosa are active against penicillin and cephalosporins (Korten et al., 2001).
The clavulanic acid with ticarillin and tazobactaam with pipracillin as a beta-lactam inhibitor can
give protection to some of the enzymes coded by plasmid but not from ampC enzyme (Maiti et
al., 1998).

The aminoglycoside inactivation occurs by the transfer of acetyl, phosphate or adenylyl
group by enzyme production to hydroxyl and amino group in antibiotics. The inactivation was
considered as the main machinery of resistance against antibiotics before the discovery of that
aminoglycosides are also susceptible to efflux pumps. The genes required for modification of
enzymes are required to be transferred from strains possessing plasmids (MacLeod et al., 2000).
Conclusion
The antimicrobial resistance (AMR) remains a major public health issue. The main drivers of
antimicrobial resistance are use, misuse and overuse of antimicrobials. The antimicrobial
resistance develops due to strong adaptive characteristics of microorganisms which leads to
problematic scenario in treatment. Along with other major life-threatening bacterial pathogens
Pseudomonas aeruginosa possess great intrinsic and adaptive characteristics to become multi-
drug resistant to commonly prescribed antibiotics. There are different virulent determinants and
resistance mechanisms in Pseudomonas aeruginosa which increase its importance and makes it a
top priority for researchers. The emergence of multidrug resistance in strains of Pseudomonas
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aeruginosa have reduced the effectiveness of commonly prescribed antibiotics and left the
situation with minimum treatment options. The infections due to resistant strains are linked with
high morbidity, mortality and treatment costs.

To combat the emerging challenges of antimicrobial resistance an inclusive approach is
required, to involve all stakeholders (policymakers, researchers, healthcare professionals,
clinicians and scientists), to make sure robust surveillance system, infection control measures,
antimicrobial stewardship and to spread public awareness about the importance and
consequences of antimicrobial resistance (AMR). Additionally, the continuous research and
development in field of finding new and alternative therapeutic agents e.g. antimicrobial
peptides, bacteriophages, efflux pump inhibitors, can also play a major role to remain ahead of
Pseudomonas aeruginosa’s evolutionary strategies.
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