
227© Springer Nature Singapore Pte Ltd. 2020
B. Siddhardha et al. (eds.), Model Organisms for Microbial Pathogenesis, Biofilm 
Formation and Antimicrobial Drug Discovery, 
https://doi.org/10.1007/978-981-15-1695-5_13

P. Parasuraman · B. Siddhardha (*) 
Department of Microbiology, School of Life Sciences, Pondicherry University,  
Puducherry, India 

A. Syed 
Department of Botany and Microbiology, College of Science, King Saud University,  
Riyadh, Saudi Arabia

13Pathogenesis and Drug Resistance 
of Pseudomonas aeruginosa

Paramanantham Parasuraman, Asad Syed, 
and Busi Siddhardha

Contents
13.1  Introduction  228
13.2  Pseudomonas aeruginosa and Associated Infections  232

13.2.1  Burn Wound Infection  232
13.2.2  Hospital- and Ventilator-Associated Pneumonia  233
13.2.3  Pseudomonas aeruginosa Infections in Cystic Fibrosis  234

13.3  Pseudomonas aeruginosa Pathogenesis and Major Virulence Factors  235
13.3.1  Lipopolysaccharide  236
13.3.2  Flagella and Type IV Pili  238
13.3.3  Type III Secretion System  238
13.3.4  Type IV Secretion System (T4SS)  240
13.3.5  Proteases  240
13.3.6  Exotoxin A  241
13.3.7  Alginate  242
13.3.8  Quorum Sensing and Biofilm Formations  242

13.4  Antibiotic Resistance Mechanism of Pseudomonas aeruginosa  243
13.4.1  Intrinsic Resistance  244
13.4.2  Acquired Resistance  245
13.4.3  Adaptive Resistance  245

13.5  Novel Strategies for Treating Drug-Resistant P. aeruginosa Infection  246
13.5.1  Anti-Quorum Sensing  247
13.5.2  Bacteriophage Therapy  247
13.5.3  Antibiofilm Peptides  248

13.6  Conclusion  249
 References  249

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1695-5_13&domain=pdf
https://doi.org/10.1007/978-981-15-1695-5_13


228

Abstract
Pseudomonas aeruginosa is a prevalent pathogenic species reported with severe 
nosocomial infections. P. aeruginosa infections gain significant concern due to 
the greater morbidity and mortality coupled with the development of multidrug 
resistance phenomenon. Furthermore, they are potentially participating in the 
development of infections to different organs of the human and possibly evade 
from the host immune defence mechanism. P. aeruginosa involves in the produc-
tions several virulence factors which makes the bacterium remains as potential 
life-threatening pathogen. Additionally, biofilm formation behaviours of P. aeru-
ginosa offer windows to evade different adverse environmental conditions and 
initiation of adaptation process according to the stress condition and deliver 
highly resistance strain. The current antibiotics used to combat the Pseudomonas 
infection are gradually losing their efficacy in controlling the bacterial infections 
due to the development of the resistance mechanism within the bacterial system. 
The different resistance mechanisms including intrinsic, acquired and adaptive 
resistance are supporting the P. aeruginosa for the development of high resis-
tance against several antimicrobial agents. Recently, several alternative therapeu-
tic options were reported such as interference in quorum sensing of P. aeruginosa, 
phage therapy and development of antimicrobial peptides alternative therapeutic 
options against antibiotics with limited incidence of resistance development. 
This chapter overviews the pathogenesis and drug resistance development in P. 
aeruginosa and also covers the recently available therapeutic alternatives to 
combat Pseudomonas infection.
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13.1  Introduction

The genus Pseudomonas belongs to the Pseudomonadaceae family, which is com-
posed of a set of Gram-negative rods and flagellated bacteria. Pseudomonas spe-
cies are ubiquitous in nature inhabiting different habitats including air, soil, and 
water ecosystems (Streeter and Katouli 2016). These habituation behaviours of 
Pseudomonas species are due to their versatile metabolic pathways, which subse-
quently lead to the development of adaptive behaviours against diverse ecological 
niches. They are capable in utilizing different substrates as carbon source for the 
synthesis of energy. Moreover, they could subsist in minimum nutrient condition, 
grow at temperature up to 42 °C and able to respire under anaerobic condition by 
employing nitrogen as terminal electron acceptor (Kung et  al. 2010). They are 
widely regarded as opportunistic pathogens due to their ability to infect plants, 
animals and humans. These Pseudomonas strains are capable of producing several 
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pigments including pyoverdine and pyocyanin, which help other way to detect 
their growth on the agar plates (Gellatly and Hancock 2013). Among the 
Pseudomonas strains, P. aeruginosa was found to be frequently associated strain in 
infections associated with humans. However, it is widely observed as opportunistic 
pathogen, which occasionally infects the normal hosts but capable to develop 
severe infections in immunocompromised individuals (Klockgether and Tümmler 
2017). Furthermore, P. aeruginosa could able to cause wide spectrum of infections 
when the host fails to maintain its physiological condition including epithelial bar-
riers, neutrophil production and mucociliary layer. Occasionally, even the contami-
nated medical devices are remains as a reason for the P. aeruginosa infections in 
humans (Salter 2015). The genome of P. aeruginosa was extensively characterized; 
initially it was investigated on PAO1 strain which was isolated from the wound 
infection. It was reported that P. aeruginosa holding a genome size approximately 
6.3 Mb and holding 5570 predicted open reading frames (ORFs), which is com-
paratively larger when compared to other bacterial species (Silby et al. 2011). Due 
to the excess genome size of P. aeruginosa, they could harbour different genetic 
materials required for several biological processes including metabolism and efflux 
of different organic matters as well as putative chemotaxis system (Battle et  al. 
2009). These remarkable properties of P. aeruginosa facilitate the adaptive mecha-
nism to the versatile environmental conditions. However, some of other bacterial 
genomes are also reported with larger genome size which occurred due to the 
duplication of genes unlike the genome of P. aeruginosa where it is composed of 
greater genetic and functional diversity (Lee et al. 2006). Interestingly, different 
isolates of P. aeruginosa, i.e. the different strains of P. aeruginosa isolated from 
different environmental conditions showed greater similarity in their genomes. For 
example, when the DNA of P. aeruginosa isolated from the soil sample was hybrid-
ized with the PAO1 microarray, the result showed the soil isolated shared 89 to 
98% of genome similarity with the pathogenic strain (Wolfgang et al. 2003). These 
results indicated that P. aeruginosa possesses a highly conserved core set of the 
genetic material responsible for most of the virulence traits. The comparative study 
between the environmental isolates and the clinical isolates showed genome simi-
larity among different genes responsible for the production virulence factors 
including pyocyanin, a type III system, lipase, protease, and rhamnolipid 
(Wiehlmann et al. 2007).

P. aeruginosa causes several infections in humans, including pneumonia that 
may lead to death when it was encountered by immune-compromised or cystic 
fibrosis (CF) individuals. P. aeruginosa is capable of producing both acute and 
chronic diseases, a person with CF arises life-long chronic P. aeruginosa disease 
that results in eventual death of the individual (Lorè et al. 2012). The disease CF is 
a genetic disorder where an individual is born with structurally normal lungs, but 
promotes slow progression of pulmonary malfunctioning with continuous suscepti-
bility to chronic infections. These conditions provoke the development of bronchi-
ectasis resulting in complete failure of the respiratory system, which subsequently 
leads to death (Bhagirath et al. 2016). An individual with CF is highly susceptible 
to different pathogenic microorganisms including P. aeruginosa, Staphylococcus 
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aureus, Burkholderia cepacia and Haemophilus influenzae (da Silva Filho et  al. 
2013). The pulmonary infections in the individual with CF would be developing 
from their early stage of disease. The overall incidence states that pathogenic micro-
organisms P. aeruginosa and S. aureus are the common pathogens which are rou-
tinely isolated from the patients with CF.  The epidemiological investigations 
evidencing that the rout of entry and transmission pathogen mainly by a direct con-
tact in some cases it is occurring even through contaminated environment (Taccetti 
et al. 2008). Nevertheless, P. aeruginosa causes several other diseases in humans in 
which almost all the diseases are developed by different infectious stages including 
attachment, colonization, local invasion and dissemination to establish systemic 
infections. This bacterium is also capable of causing infections to major tissues of 
humans including dermal, ocular, cardiac, respiratory epithelial and transitional epi-
thelial tissues of urinary tract (Kariminik et al. 2017; Azam and Khan 2019). The 
pathogenesis pattern of the P. aeruginosa are shown as multifactorial which occurs 
as results of expression of several genes and attacking multiple target on the host 
that makes P. aeruginosa infection remains as an potential threat in worldwide 
(Valentini et al. 2018). Although some of the virulence factors of the P. aeruginosa 
are known for a decade, some of the other significant virulence traits are recently 
identified owing to the emergence of whole-genome sequencing technology. As dis-
cussed earlier both the clinical and the environmental isolates of P. aeruginosa hold 
the genetic information for most of the virulence factors. However, the pathogenic-
ity and type of infection are possibly altered by the host environment and state of its 
immune system, as a matter of fact that P. aeruginosa is highly capable to adapt to 
different lifestyles of the host (Huang et al. 2011).

Several therapeutic options are available and were practised to control the P. 
aeruginosa infection. However, still these infections remain a major threat leading 
to greater mortality due to the emergence of the multidrug-resistant strains. There 
have been several reports elucidating the risk factors associated with the emergence 
of multidrug-resistant strains. For instance, multidrug-resistant tuberculosis is 
found to be a serious concern worldwide. World Health Organization (WHO) and 
government global nations combined programme formulated several measures to 
control the disease associated with multidrug-resistant Mycobacterium tuberculo-
sis. However, the success rate of this programme found to be very low as compared 
to the target aimed by the WHO 2015, 75–90% (Kibret et al. 2017). Unsurprisingly, 
some of the P. aeruginosa strains also showed resistance against third-generation 
antibiotics including carbapenem and cephalosporins suggesting for the treatment 
of multidrug-resistant phenomenon (Azam and Khan 2019). Furthermore, the recent 
antimicrobial agents prescribed for the treatment of pulmonary infections were 
result in disordering the normal function of the lungs, failure of respiratory system 
and premature death of the individual with CF. In case of individuals with P. aeru-
ginosa infection, the quality and the life span are directly dependent on the success 
rate of the treatment process in clearing the initial infection (Stefani et al. 2017). 
The pathogens reside on the side or organ of infection are showing considerable 
variation, owing to intensive antimicrobial agent pressure and modification in the 
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antimicrobial agent regimens. Due to these unfavourable conditions on the site of 
infection, the pathogens are pressured to acquired resistance genes or pretend as 
new pathogens (Pena et al. 2015; Nguyen et al. 2018). P. aeruginosa develops resis-
tance to antimicrobial agents by altering several biological behaviours including 
reducing the membrane permeability, activation of efflux systems, synthesis of the 
enzyme which could able to degrade the antimicrobial agent and potentially modify 
the structure of the target (Bassetti et al. 2018). Interestingly, P. aeruginosa could 
develop resistance chromosomally (intrinsic resistance) as well as acquiring the 
resistance genes from the neighbouring microbes in the environment (Wagner et al. 
2016). Till date, the reports on resistance development in P. aeruginosa to at least 
three antimicrobial agents from different classes of antibiotics including aminogly-
cosides, antipseudomonal penicillins, cephalosporins, carbapenems and fluoroqui-
nolones (Hirsch and Tam 2010; Chatterjee et al. 2016).

The chronic infections of P. aeruginosa found to cause serious clinical compli-
cations due to its inherent ability to form a biofilm. Biofilm is an integrated com-
munity of sessile microorganisms protected within self-producing polymeric 
substance, provides homeostasis and stability during the progress of infection in 
host. This condition supports and promotes the resistance development by structur-
ally limiting the permeability of the antimicrobial agents and facilitates the adap-
tive resistance mechanism in P. aeruginosa. It is extremely difficult to eradicate the 
biofilm state of P. aeruginosa by routine antimicrobial agents as biofilms are highly 
tolerant to most of the available antimicrobial agents as compared to its planktonic 
counterparts (Furiga et  al. 2016). For example, the notorious biofilm-forming 
Gram-negative pathogen, P. aeruginosa has the inherent ability to develop both 
intrinsic and acquired drug resistance, as discussed earlier. It was evaluated that the 
biofilm and stationary phase of the planktonic cultures were exposed to the sub-
lethal concentration of known antibiotics, ciprofloxacin and observed for the 
development of mutational resistance. It was reported that the bacteria in the bio-
film are less probable to develop the mutational resistance as compared to the 
planktonic cultures, since biofilm residing bacteria are poorly exposed the antimi-
crobial agent (Ahmed et al. 2018).

In matured biofilm, bacteria accounts only for 10% while the rest 90% is com-
posed of self-producing extracellular polymeric substances (EPS) matrix containing 
polysaccharides, proteins, extracellular DNA and lipids. The development of bio-
film and stability of the biofilm is generally governed by different intrinsic and 
extrinsic factors such as genetic makeup of the isolate, hydrodynamic conditions, 
motility behaviours of pathogenic bacteria, nutrient availability, intracellular com-
munication and the health of host immune system (Maurice et al. 2018). In health-
care sectors, biofilm infections remain highly problematic, since it could occur in 
host tissues or the surface of the host and medical instrumentals including joint and 
organ replacement, catheters and ventilators (Taylor et al. 2014). Indeed biofilm of 
P. aeruginosa being a sensation among the scientific community and potential 
efforts have been initiated to eradicate them. Three major strategies have been pro-
posed as primary methods to eradicate biofilms including (1) controlling the 
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microbial attachment to the surface, (2) interrupting the biofilm formation and 
architecture which enhance the internalization of antimicrobial agents and (3) 
Disruption of mature biofilm (Rasamiravaka et  al. 2015; Rossi Gonçalves et  al. 
2017). There is an urgent call for the development of desired antimicrobial strate-
gies in worldwide scientific community. This chapter presents key features of mul-
tidrug-resistant P. aeruginosa, biofilm formation, associated infection and current 
and future options which could help in eradicating the infection by multidrug-resis-
tant P. aeruginosa strains.

13.2  Pseudomonas aeruginosa and Associated Infections

As a matter of fact, P. aeruginosa is a very common bacterium, which is frequently 
isolated from the human with a disease. Although it acts as an opportunistic patho-
gen, it has the potential enough to cause infection to any part of human organs or 
tissues. However, the incidence of disease progression is very common among the 
individual’s underlying disease, age or impaired immune system. In recent years, 
the incidence of healthcare-associated infection by P. aeruginosa was increased 
worldwide which subsequently evolved as a major threat to the patients as well as 
the economy (Wu et al. 2019). The hospitalized patients are frequently encountered 
by the pathogenic microorganisms, since the environmental setup of the healthcare 
unit potentially contaminated by widespread pathogens. Although standard proce-
dures are followed by the healthcare sectors to maintain the sterility, most of the 
pathogens have managed to persist. Inpatients are repeatedly infected with some 
pathogens through direct or indirect contact with the environmental surfaces of 
healthcare units which were contaminated by infected roommate or prior room 
occupant (Kohlenberg et al. 2010). It is interesting that P. aeruginosa resides in the 
environment of healthcare units are capable of thriving in the adverse condition with 
wide range of the temperature, relatively nutrient-limited conditions and continuous 
exposure to disinfectants. Especially, water system in the healthcare unit has a high 
tendency to be contaminated with P. aeruginosa infection and facilitates the suc-
cessful establishment of biofilm that subsequently remains as a major reason for the 
transmission of the pathogen (Garvey et  al. 2016). Inpatients are at high risk of 
acquiring different kinds of infections such as pneumonia, burn wound infection, 
acute and chronic pulmonary infection (Kerr and Snelling 2009).

13.2.1  Burn Wound Infection

Burn wounds could be specified as skin abrasion mediated by heat exposure, electri-
cal shock, exposure to chemicals and radiations. Burn wounds could be categorized 
from moderate to severe based on their degree of damage on the skin. The incidence 
of burn wound infections (moderate to severe burns) have been increased every year 
worldwide and are very common in developing countries (Mofazzal Jahromi et al. 
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2018). As compared to earlier strategies, the success and the survival rate of the burn 
individual in the present scenario have been increased due to the advanced develop-
ment in burn wound care units. As a result, significant percentage of the burn-related 
deaths were reduced, still complete eradication of burn-related death remains a 
dream due to the infection caused by the pathogenic microorganisms.

As per the recent trends in burn wound infections, more than 75% of the mortal-
ity is caused by microbial infections followed by burn shock and hypovolemia 
(Wang et al. 2018). P. aeruginosa and S. aureus are the most prevalent pathogens 
causing serious infections to burn wound patients and potentially reduced the suc-
cess rate of burn wound treatment process (Gonzalez et al. 2016). The incidence 
between the burn wound individual and the pathogen could happen either by acquir-
ing from the normal flora of the host or hospital environment. The drug-resistant 
strains make the condition even more worse and subsequently altering the therapeu-
tic process. For instance, the recovering or less critical burn wounded individuals 
are also at high risk of acquiring chronic infections which makes the situation more 
complicated. This indicates the complication and the threat integrated with the pre-
vention of burn wound infections inside the burn unit (Simões et al. 2018). Moreover, 
the antibiotic susceptibility pattern of normal microflora colonized in the burn 
wound is possibly changing their pattern as antibiotic resistance during the period 
of treatment process. Recently, serious investigations are executed in emergency 
basis for the development of potential drug candidates and therapeutic medication 
to address the problems associated with the burn wound infections. The following 
burn wound car unit protocol could possibly control the severity of the burn wound 
infection. These include surveillance on microbiota on the wound in needed basis, 
strict enforcement of patient and staff hygiene, isolation of infected individual and 
continuous monitoring of administration of antibiotics as well as gaining complete 
susceptibility profile against wound microbiota (Rafla and Tredget 2011).

13.2.2  Hospital- and Ventilator-Associated Pneumonia

Pneumonia is a respiratory disease characterized by inflammation of lungs with 
congestion caused by the most common nosocomial pathogen, P. aeruginosa. 
Pneumonia gains considerable attention in healthcare sectors where this disease is 
diagnosing repeatedly with hospitalized individuals whom have underlying medical 
condition or highly susceptible for P. aeruginosa infections (Fujii et  al. 2014). 
Nosocomial pneumonia could be further classified based on the location and condi-
tions of infection onset. If the development of disease observed and clinical mani-
festation results with inflammation in lung parenchymal after at least 48  h of 
hospitalization, it is termed as hospital-associated pneumonia (HAP) (Niederman 
2010). Similarly, in ventilator-acquired pneumonia (VAP) where the pathogens are 
sourced from the ventilators. Ventilators are the mechanical device that was designed 
to breathe for patients where ventilator tube was inserted into the human through 
windpipe and facilitate the patient to breathe.
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As discussed earlier, P. aeruginosa is the most common pathogen forming micro-
colonies on the medical device and infect the airway of an individual acquiring 
mechanical breath using ventilators. Ventilators acquiring pneumonia creates sever 
effect which leads to the death of the patient (Aarts et al. 2003). Despite the consid-
erable development in antibiotics and its associated therapeutic practises, HAP and 
VAP remain a potential threat to the global healthcare sectors (Wilke et al. 2011; 
Bouglé et al. 2017). Diagnosing these HPA and VAP is possible by observing the 
clinical manifestation including fever, gradual increase in white blood cell count 
and microbiological procedures for pulmonary infections. The microbiological pro-
cedure confirms disease condition by bacterial loads in the samples including brush 
specimens, bronchoalveolar lavage fluid and endotracheal aspirate specimen. The 
recently multidrug-resistant strains of P. aeruginosa are prevalence in causing both 
HAP and VAP and remain reason for mortality associated with these diseases 
(Tumbarello et al. 2013; Micek et al. 2015).

13.2.3  Pseudomonas aeruginosa Infections in Cystic Fibrosis

Cystic fibrosis is caused due to the occurrence of mutation of cystic fibrosis trans-
membrane conductance regulator (CFTR) gene residing on chromosome VII and a 
cAMP-dependent chloride channel. These mutations resulted in the dehydrated and 
thickened airway surface liquid that hinders mucociliary clearance from the airway 
(Gellatly and Hancock 2013). The initial incidence of the pathogen in the modified 
airway surface liquid allows the establishment of an acute infection resulting in 
significant enhancement of inflammatory responses. This condition potentially 
impairs the immune system which consequently impairs the host to control the 
inflammation and results in chronic lung inflammation (Alhazmi 2015). Although P. 
aeruginosa not a causative agent for the CF since it being an autosomal receive 
genetic disorder but Pseudomonas plays an major role in increases of mortality rate 
in persons with CF. P. aeruginosa is capable to overcome from the treatment for 
acute infection and can able to adapt to the lung environment and potential estab-
lishing the biofilm resulting in chronic infection (Markou and Apidianakis 2014). 
Interestingly, P. aeruginosa strains isolated from the acute phase of lung infection 
are not similar to that of the strain observed in the chronic lung infection (Fig. 13.1). 
Herein, most of the virulent phenotypes observed in the isolates of acute lung infec-
tions are absent in their counterpart isolate of chronic infections (Sousa and Pereira 
2014). For example, the inflammatory response stimulating virulence factors of P. 
aeruginosa including flagella and pili are not expressed in the isolates from chronic 
infection. Similarly, several other virulence factors are downregulated including 
type III secretion system. On the other hand, P. aeruginosa from chronic lung infec-
tions prevalently overexpresses the genes that take part in the successful establish-
ment of biofilm, consequently production of the exopolysaccharide and alginate 
were drastically increased and the colonies become mucoid (Gellatly and Hancock 
2013). The individual with CF disorder has a high tendency to be infected with 
chronic pseudomonal lung infections. Hyperactive inflammatory response remains 
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a clinical manifestation of CF was potentially stimulated to worse by the toxins 
from the pathogens and result in gradual deterioration of lung function and subse-
quently leads to death of an individual (Furiga et al. 2016).

13.3  Pseudomonas aeruginosa Pathogenesis and Major 
Virulence Factors

Though the intensive advancement in the antimicrobial therapies addressed the 
answers to numerous deadly infections and diseased conditions, bacterial infections 
remain an uphill challenge for the scientific community which endorsed the ever- 
increasing burden of multidrug-resistant strains deteriorate the efficacy of the rou-
tine antibiotics. This brings a situation where the severely infected individuals 
continuously failed to respond to the appropriate antibiotic even when infected with 
susceptible microbial pathogens (Hauser 2011). To address upon the present prob-
lem, efforts are being made to gain appropriate knowledge about the bacterial 
pathogenesis and their adaptive mechanism toward antimicrobial agents. What 

Fig. 13.1 Schematic representation of microevolution of P. aeruginosa during infection in CF 
lungs
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follows is a maximum knowledge about known virulence determines suspected of 
contributing to P. aeruginosa pathogenesis (Fig. 13.2).

13.3.1  Lipopolysaccharide

Lipopolysaccharide (LPS) is widely accepted as a crucial virulence trait 
observed in P. aeruginosa. It is a complex glycolipid which is the major con-
stituent of outer leaflet in the outer membrane of Gram-negative bacteria. The 
LPS plays a significant role in bacterial pathogenesis process by protecting the 
pathogen from the host defense mechanisms. Furthermore, it displays several 
other roles in bacterial pathogenicity including antigenicity, the inflammatory 
response, exclusion of external molecules and obstructing the interaction with 
antimicrobial agents (Gellatly and Hancock 2013). Since LPS gains biological 
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importance in P. aeruginosa pathogenesis, intense study has been conducted to 
obtain vast knowledge about its biosynthesis pathways and other virulence 
impact of LPS. Enhancing the knowledge about the structure, function and par-
ticipant genes of P. aeruginosa in the synthesis process of LPS could potentially 
increase the global understanding of the pathogenic profile of P. aeruginosa 
(Goldberg and Pier 1996). The LPS of P. aeruginosa constitutes three domains 
including lipid A which holds the disaccharide backbone that support the attach-
ment of large amount of fatty acid chain subsequently facilitate a ground to the 
LPS to stable at the outer membrane. The structural difference of the lipid A in 
their number, position and properties of connected acyl groups is based on iso-
lated and environmental conditions (Pier 2007). This lipid A glycolipid partici-
pates in the activation of host signalling pathways including TLR4 to NFκB by 
binding to coreceptors such as MD2 and CD14. Activation these signalling 
pathways leads to the synthesis of pro-inflammatory cytokines, chemokines, 
inflammation and subsequently induce endotoxic shock.

The variation that occurs in the lipid A could potentially alter the susceptibility 
nature of P. aeruginosa to different antimicrobial agents and also modify the inflam-
matory behaviours. For instance, the isolates from the chronically infected CF indi-
vidual showed significantly enhanced inflammatory response and the extent of these 
alterations appears to gain high disease severity (King et al. 2009). Nevertheless, 
these modifications support P. aeruginosa to develop resistance against routinely 
administered antimicrobial agents. The second domain refers the polysaccharide 
core region, which is constructed by attaching nine or ten sugar molecules with lipid 
A and branched with oligosaccharide. The above-mentioned two domains are most 
common in the LPS molecules on the surface of the bacterial cells, which are 
also referred as lipid A-core. The third domain refers as O-specific polysaccharide, 
O antigen or O chain, which shows high variability due to its chemical constituent 
where it made up of continuous carbohydrate polymer, covalently attached to the 
core. Interestingly, P. aeruginosa is potential enough to synthesize two different O 
antigens which distinctly shows a variation in their structure, serology and their 
biosynthesis pathway in the same cells. Previously, these have been known to be 
called as A- and B-band O antigens, but recently according to the structural nomen-
clature and the O-serotyping pattern of P. aeruginosa the B-band O antigen is called 
as O-Specific Antigen, whereas the A-band O antigen is called as Common 
Polysaccharide Antigen (PIER 2007). The Common Polysaccharide Antigen pro-
duction is very common, but not in all the strain of the P. aeruginosa.  This antigens 
are the complex of homopolymer of d-rhamnose, which promote the weak antibody 
response. On the other hand, O-Specific Antigens are heteropolymer with continu-
ous O unit with various sugar moieties. Unlike Common Polysaccharide Antigen, 
the O-Specific Antigens are potentially immunogenic and readily enhance the anti-
body response (Maldonado et  al. 2016). The chemical structure, physiological 
behaviour and the number of sugar moieties in the O-Specific Antigen’s structure 
could be varied from isolates to isolates and also based on their growth conditions 
(Werneburg et al. 2012).
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13.3.2  Flagella and Type IV Pili

The attachment of bacterial pathogen to the host surface is an initial and critical step 
involved in the establishment of P. aeruginosa infection. Flagella and type IV pili 
are two major P. aeruginosa adhesins, which play a significant role in the initial 
attachment process. Furthermore, these two virulence phenotypes remain the major 
attributes for the spreading of disease from one organ to the other and also support 
the successful establishment of P. aeruginosa biofilm (Campodonico et al. 2010; 
Bucior et al. 2012). Flagella are one among organs of bacteria which is found to be 
highly complex and conserved even among diverse bacterial species. The synthesis 
process of flagella was encoded by more than 50 genes. The flagella in pathogen 
plays several roles in development of infection like maintaining the chemotaxis and 
mediating the motility. In some pathogen motility remains an important phenotype 
for survival, because the flagella provide an opportunity for the pathogen to acquire 
essential nutrients from the environment (Feldman et al. 1998).

Type IV pili are nanoscale protein filament with hair-like appendages decorated 
on the surface of P. aeruginosa. These type IV pili initiate and support the bacterial 
attachment process, facilitate the cell–cell aggregation, initiation and maturation of 
biofilm and providing twitching motility (Beaussart et al. 2014). P. aeruginosa has 
the inherent potential to exhibit different types of motility including swimming, 
twitching and swarming. The swimming motility frequently observed in aqueous 
conditions or in the medium plate with less agar concentration. This swimming 
motility is mediated by the flagella and hence called as flagellum-mediated motil-
ity. Similarly, twitching motility is mediated by type IV pili and mostly observed 
on the solid or interface medium. The third motility is termed as swarming motility 
that promotes coordinated and rapid movement of the P. aeruginosa on the semi-
solid media. Recently, it was reported that swarming motility could be mediated by 
both flagella and type IV pili and in some cases even the amount of rhamnolipids 
present in the medium also affects the swarming motility of P. aeruginosa 
(Overhage et al. 2007). The role of the motility in the pathogenicity of the P. aeru-
ginosa was investigated by several in vivo studies where the mutant strain with 
defective of both flagella and pili infected to burn wound mouse (Feldman et al. 
1998).

13.3.3  Type III Secretion System

In bacteria, a secretion is a biological event in which the macromolecules of 
bacteria are transferred across the cellular envelope into the surrounding environ-
ment. This biological event believed to be more difficult in Gram-negative bacte-
ria where macromolecules tasked to cross two membrane barriers. The evolution 
in Gram-negative bacteria addressed a path to overcome these complications by 
facilitating the development of specialized secretion systems. Till date, six secre-
tion systems were reported in Gram-negative bacteria, P. aeruginosa. Type III 
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secretion systems (T3SS) are widespread membrane-embedded nanomachinery 
that are found in different Gram-negative bacteria and facilitate transfer of toxin 
molecules also termed as effectors from bacterial cytosol to cytoplasm of the 
targeted eukaryotic cells (Puhar and Sansonetti 2014). This makes the difference 
among the secretion system that most of them secrete the effectors into the extra-
cellular surroundings, where they bind to the distant target cell surface receptors. 
The effect of the toxin distinctly varies where in some cases it supports the sym-
biotic relationship between the host and the bacteria and in most cases it medi-
ates the pathogenic features including membrane disruption, activation of 
apoptosis process and structural rearrangements in cytoskeleton (Burkinshaw 
and Strynadka 2014). However, T3SS apparatus are highly conserved at both 
structural and functional level among the bacterial species but potentially inject 
the effectors into the distinct hosts such as humans, plants and animals (Izoré 
et al. 2011). The apparatus of T3SS consists of three major parts including mul-
tiring basal body (made up of more than 25 different proteins and bridges all the 
layers of the bacteria including inner bacterial membrane), the peptidoglycan 
layer and the outer bacterial membrane; a hollow needle-like structure in which 
the bacteria mobilizes effector toxin from basal body in semi-unfolded form, it 
believed to have both inner and outer membrane component. Herein, the inner 
membrane established of the lipoprotein PscJ and outer membrane component 
made of oligomerized secretin PscC; and translocon, pore or the needle that 
inserted into the host cells and the release the toxin effectors and made up of two 
T3SS hydrophobic protein that play significant role the host immune system 
alteration (Anantharajah et al. 2016; Cascales 2017).

Most of the pathogenic strains of P. aeruginosa have the inherent ability to over-
come the phagocytic clearance which is dependent upon the behaviour of T3SS 
(Burstein et al. 2015). Several clinical investigations also supported the statement 
that T3SS of P. aeruginosa has a crucial role in inducing pathogenicity and in most 
cases it leads to the death of the patient. Furthermore, in in vitro condition, T3SS 
mutant strain failed to establish the infection in most of the host unlike its counter-
part wild strain (Galle et al. 2012). The T3SS of P. aeruginosa participates in the 
production and injection four effector toxins such as ExoS, ExoT, ExoY and 
ExoU. Recently, nucleoside diphosphate kinase was also reported to be transferred 
from pathogen to host cells via T3SS (Zhu et al. 2016). Although it seems T3SS 
involved in the production of limited numbers of effector toxins, but these limited 
effector toxins furnished P. aeruginosa to cause infection among wide range of 
hosts (Yamazaki et  al. 2012). Interestingly, the strain nullified with all the four 
effector toxin genes is still capable to cause infections indicating the possibility of 
other effectors beyond these four effectors toxin which is yet be discovered (Galle 
et al. 2012). The activation of T3SS in P. aeruginosa occurred as responsive mecha-
nism to the environmental signals including the attachment of pathogen on to the 
host and comparatively low concentration level of calcium in the growth medium or 
in the growing environment. However, the exact signalling mechanism is yet to be 
known (Anantharajah et al. 2016).
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13.3.4  Type IV Secretion System (T4SS)

Similar to the T3SS, the T4SS also possesses core complex bridging both inner and 
outer bacterial membranes and pili that extends out into the extracellular surround-
ings (Depluverez et al. 2016). Based on the function, the T4SS could be classified 
into three distinct categories. The first category system involves the mobilization of 
single-stranded DNA into the host cells by conjugation process which potentially 
facilitates the pathogen to adapt to the host environmental condition, without sur-
prising mediates the development of resistance mechanisms (Juhas et al. 2008). The 
first category T4SS system is activated only when the pathogen is in contact with the 
host. Similarly, second category system functions as transport to several protein 
molecules directly into the host cells, thus system involves successful establishment 
of infection by introducing pathogenic secretion into the host tissues from the 
pathogen (Christie et al. 2014). The third category of T4SS influences the adapta-
tion of DNA from the external environment. It also involves in releasing both DNA 
and protein molecules to the exterior surface of bacteria. The ability to transfer both 
DNA and protein to the host cells make the T4SS system unique among the other 
secretion system (Trokter et al. 2014).

P. aeruginosa is one among the Gram-negative bacteria which employs T4SS for 
horizontal gene transfer that help to create a pathogenic island which subsequently 
plays a major role in its pathogenicity (Ma et al. 2003). In P. aeruginosa, pKLC and 
PAPI well-known pathogenicity islands that use T4SS for the spreading of patho-
genic gene in Pseudomonas. The pathogenicity island, pKLC is constituted by com-
bining phage and plasmid origin, which potentially transfer genetic information 
with increased excision rate from the chromosome. It being 103,532 bp long island 
with broad-spectrum open reading frames and genes encoding for type IV sex pili. 
Furthermore, it holds the gene encoded for chvB, which is found to be a major viru-
lence trait in P. aeruginosa that commonly named as glucan synthetase (Juhas 
2015). The other pathogenic island PAPI displayed as a larger island with 108 kb 
that encodes for several pathogenic traits. For the transfer genetic information from 
PAPI, it forms extrachromosomal circular intermediate before it is administrated 
into the recipient cells (Carter et al. 2010).

13.3.5  Proteases

Proteases are the enzymes synthesized by a microorganism which helps the micro-
organism, especially microbial pathogen in several ways including providing pep-
tide nutrients and shows its effective contribution in the pathogenesis of infectious 
disease by different mechanism (Lantz 1997). These proteases are potentially 
capable of causing direct or indirect damage to host by lysing the cell surface and 
tissue protein or actively participates in inactivating the important proteins for host 
defence mechanism, respectively (Herwald and Egesten 2009; Musicki et  al. 
2009). Although microbial proteases are widely accepted as virulence factors due 
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to their significant role in the pathogenesis of infectious diseases, limited reports 
are still available to confirm that microbial protease specifically participates in the 
microbial pathogenesis (Ingmer and Brøndsted 2009). Among the pathogenic 
microorganisms, P. aeruginosa was widely studied for the secretion of proteases 
and their participation in pathogenicity. In most cases, the ocular infection and 
sepsis condition by P. aeruginosa was mediated by proteases which potentially 
involved in the denaturation of immunoglobulins, fibrins and subsequently disrupt 
the epithelial cells (Alionte et al. 2001). P. aeruginosa is well known for its ability 
in producing alkaline protease via type I secretion system which readily partici-
pates in the degradation process of host complement protein and fibronectin. 
Nevertheless, they also produced two different elastolytic enzymes such as LasA 
and LasB. The production of these enzymes is mediated by the quorum sensing 
mechanisms of the P. aeruginosa and produced via type II secretion system. LasA 
proteases are serine protein and act on the cell wall of Staphylococci, hence often 
called as “Staphylolysin”. LasB protease, often called as “elastase” which poten-
tially acts on the lung surfactant proteins A and D (Matsumoto 2004; Gellatly and 
Hancock 2013). In recent years, different protease inhibitors including α2-
macroglobulin and specific elastase inhibitors were reported which control the P. 
aeruginosa infections and fatal septic shock which are mediated by bacterial pro-
teases enzymes (Hobden 2002).

13.3.6  Exotoxin A

As discussed earlier, P. aeruginosa is capable of producing several extracellular 
virulence factors. Exotoxin A is one among them which attributes a significant 
role in the pathogenesis of P. aeruginosa infections (Al-Dahmoshi et al. 2018). 
P. aeruginosa utilizes a type II secretion system for the production of exotoxin A 
and the functional characters of this toxin are identical to Diphtheria toxin. The 
host receives this toxin through a surface receptor called α2-macroglobulin recep-
tor (Morlon- Guyot et al. 2009). Exotoxin A manages to internalize into a cyto-
plasm via previously mentioned transport mechanism and potentially affects the 
elongation factor, which subsequently inhibits protein synthesis in the host and 
suppresses the host immune response. Furthermore, the exotoxin A is also capa-
ble of inducing apoptosis process in host which finally leads to the death of the 
host cells (Pillar and Hobden 2002). This behaviour of exotoxin A allows the 
research community to conduct investigations to use these exotoxin A as apopto-
sis-inducing factor on cancer cells. The production of exotoxin A in P. aerugi-
nosa mainly dependent on the availability of iron and the gene regA is directly 
involves in the transcriptional regulation in the production of exotoxin 
A. Similarly the genes vfr and lasR are indirectly participating in the transcrip-
tional regulation process coupled with the synthesis of exotoxin in P. aeruginosa 
(Michalska and Wolf 2015).
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13.3.7  Alginate

In P. aeruginosa infection, neutrophils remain an initial line of defence mechanism 
via phagocytosis. On the other hand, the alginate of P. aeruginosa protects the bac-
teria from several host defence mechanism including phagocytosis, oxygen radicals 
and other host immune defence mechanisms as well as from the treatment of anti-
microbial agents (Colbert et  al. 2018). The importance of clinical complications 
because of the presence of the alginate was reported that it is capable to create a 
condition of inefficient pulmonary clearance (Franklin et al. 2011). Moreover, they 
actively involved in spreading the infection from one organ to another, for instance 
alginate could able to mediate the spreading of lung infection to spleen (McCaslin 
et al. 2015). Interestingly, the pathogenic isolates of P. aeruginosa, PAO1 found to 
be non-mucoid. At the same time, isolates colonize on the host confronts several 
host immune feedback and exposed to different antimicrobial agents. These adverse 
conditions make the isolates to alter its transcriptional regulators and convert to a 
mucoid phenotype by synthesizing alginate. However, in some cases the mucoid 
phenotype resides in the lung infected area are failed to hold similar phenotype 
when they culture in laboratory conditions (Limoli et al. 2017).

13.3.8  Quorum Sensing and Biofilm Formations

Quorum sensing (QS) is a communication mechanism lies among the microbial 
community which facilitates a coordinated adaptation of microbial community to 
certain environmental condition, including adapting towards infection site within 
the host. This communication is mediated by a small membrane-diffusible signal-
ling molecule also termed as autoinducers. These signals are coordinately synthe-
sized by the microbial cells which act as cofactors for most of the transcriptional 
regulators coupled with virulent traits, when the concentration of this signalling 
molecules reaches its threshold level in the environment (Fila et al. 2018). However, 
the level of signalling molecules in the surrounding environment directly depends 
upon the number of microbial cells in the same environment. These signalling mol-
ecules coordinated the entire community to deliver a similar response. Furthermore, 
these communication networks, widely determined as a major cause for the evolu-
tion of multidrug resistance (Kalaiarasan et al. 2017).

P. aeruginosa utilizes this microbial communication to coordinate among their 
community. However, P. aeruginosa is well known for its ability to produce three 
signalling molecules including 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12 
HSL), butyryl homoserine lactone (C4 HSL) and 2-heptyl-3-hydroxy-4-quinolone 
(PQS). The first signalling molecule 3-oxo-C12 HSL, is synthesized due the activa-
tion of LasI AHL synthase and binds with LasR transcriptional receptor protein. 
Similarly, the second signalling molecule, C4 HSL, is produced by initiation of RhlI 
AHL synthase and bind with specific transcriptional receptor, RhlR. The synthesis 
process of the third signalling molecule is mediated by complex multistep biosyn-
thesis pathway (Harmsen et  al. 2010). This microbial communication network 
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facilitates the P. aeruginosa several ways including survival of the bacteria, allows 
development of biofilm and controlling the production of different virulence fac-
tors. Several reports are supporting this context where the strain in absence of these 
signalling mechanisms was failed to produce different virulence determines and 
establishment of infections (Kariminik et al. 2017; Defoirdt 2018).

Biofilm could be simply defined as a biological gathering where microbial com-
munity attached with one another and develop a well-organized complex structure 
that is possible to happen under governs of quorum sensing system of bacteria 
(Palanisamy et al. 2014). In biofilms, all the bacterial cells are compactly packed 
inside the polymeric matrix also termed as extracellular polymeric substance (EPS). 
These polymeric matrixes contain several other biological substances including 
polysaccharides, nucleic acid, lipids and proteins (Koh et al. 2013). Among the total 
weight of biofilm more than 50–90% weight is shared by the polymeric matrix rest 
of the weights are shared by the bacterial cell in the biofilm. These thick complex 
matrixes facilitate the biofilm in several ways including protecting from both physi-
cal and chemical factors that subsequently affect the biofilm (Bai and Rai 2011). 
Due to the complex nature of the biofilm, potentially resist the penetration of any 
chemical from external environment to biofilm which makes most of the routine 
antibiotics inefficient to eradicate the biofilm. Interestingly, the bacterial cells show 
very slow growth than planktonic cells due to the establishment of the nutrient- 
limited environment inside the biofilm (Kalia et al. 2019). However, biofilm resid-
ing shows high resistance than its counterpart planktonic cells. These conditions 
made the P. aeruginosa infections remain as an unsolved problem in human health-
care sectors.

13.4  Antibiotic Resistance Mechanism of Pseudomonas 
aeruginosa

In recent years, treating the disease caused by P. aeruginosa becomes a potential 
issue worldwide due to the development of a resistance mechanism against avail-
able antibiotics. Based on recent WHO report, P. aeruginosa strain with carbapenem- 
resistant gene was found to cause most curial infection. Continuous instances of 
antimicrobial-resistant strains were observed due to the excessive use of antimicro-
bial agents in the infection treatment process (Chatterjee et al. 2016). P. aeruginosa 
demonstrates resistance to major classes of antibiotics such as aminoglycosides 
(e.g. gentamicin), quinolones (e.g. ciprofloxacin), β-lactams (e.g. cephalosporin) 
and polymyxins (e.g. colistin). The mechanisms underline with the antimicrobial 
resistance in P. aeruginosa lies with multifactorial processes like synthesis of anti-
biotic altering enzymes such as β-lactamases, metallo-β-lactamases and other 
enzymes which effectively alter the aminoglycoside; expression of the efflux pumps 
which potentially protect the bacterium from the internalization of antimicrobial 
agent into cytoplasm; capable to gain antibiotic resistance genes (Taylor et al. 2014). 
Furthermore, self-mutation also contribute to the successful establishment of the 
resistance mechanism in P. aeruginosa. Nevertheless, development of biofilm by 
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the bacterium creates a micronutrient environment which potentially limits the pen-
etration of the antimicrobial agent into the biofilm structure and direct multiresis-
tance mechanism to cells reside in the biofilm matrix (Pang et  al. 2019). The 
resistance mechanism could be majorly categorized into three different resistance 
mechanisms including intrinsic, acquiring and adaptive.

13.4.1  Intrinsic Resistance

The intrinsic resistance mechanism toward antimicrobial agents in P. aeruginosa 
could be defined as innate capability of a bacterium to suppress the activity of the 
antimicrobial agent by altering its structural and functional motifs. The intrinsic 
antibiotic resistance is found often in P. aeruginosa against different classes of anti-
biotics which could be achieved by the bacterium by controlling the permeability 
nature of an outer membrane, activation of efflux pump system which readily rec-
ognize the antibiotics and pumps out from the cell and expressing the genes encodes 
for the production of antibiotic inactivating enzymes (Fig. 13.3) (Valentini et  al. 
2018). The condition of lower permeability lies on the outer membrane of the bacte-
rial cells making it difficult for antimicrobial agents to penetrate into the bacterial 
cytoplasm. Some of structurally small antimicrobial agents possessing the hydro-
philic potential and readily dissolve in water molecules and pass thorough the 
water-filled porin channels (Breidenstein et al. 2011). The process involved in this 

Fig. 13.3 Mechanisms and consequences of bacterial resistance to antibiotics
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mode of penetration of the antimicrobial agents into bacterial cells found relatively 
slow which subsequently facilitate the option to develop more intrinsic resistance to 
different antimicrobial agents. Although the outer membrane plays a significant role 
in controlling the antibiotic entry, this mechanism alone is not sufficient to control 
the entry of the antibiotics. The other intrinsic resistance mechanism, efflux system 
provides a promising contribution that resists the internalization of the antimicro-
bial agents into the cells (Oliver et al. 2015). The synergizes mode of both discussed 
intrinsic mechanisms proceeding to the development of high level of the resistance 
to currently available antimicrobial agents relevant for P. aeruginosa.

13.4.2  Acquired Resistance

The major difference between the intrinsic and acquired resistance is the prior expo-
sure to the antimicrobial agent. Wherein the intrinsic resistance it is not necessary 
that bacterium should previously exposed to antimicrobial agents, but in case of 
acquired resistance, it could be initiated once the bacterium experienced the antimi-
crobial agents (Friedman et al. 2016). In acquired resistance mechanism, once the 
bacteria experience the antimicrobial agent it undergoes several chromosomal gene 
modifications and develops resistance against same antimicrobial agent. In other 
way bacteria also undertake the acquired resistance via acquiring the genetic resis-
tance information from different molecular elements including plasmids, transpo-
sons, interposons and integrons (Satpathy et  al. 2016). The major mechanism of 
horizontal gene transfer necessitates transformation, transduction and conjugation. 
These genetic alterations on the bacterial system could potentially control the uptake 
of antimicrobial agents and changing the target of the antibiotics (Macia et al. 2014). 
Nevertheless, the gene modification also facilitates the functional behaviours of 
intrinsic resistance such as expression of efflux pump and production of antibiotic 
inactivating enzymes.

13.4.3  Adaptive Resistance

Adaptive resistance mechanism supports P. aeruginosa to overcome and continue to 
survive even after antibiotic treatment by altering the genetic information of the 
protein synthesis according to the environmental signals. Adaptive mechanism of 
the P. aeruginosa gains significant consideration in the clinical sectors due to its 
notable role in evading from the antimicrobial treatment process (Yelin and Kishony 
2018). P. aeruginosa adaptive resistance was widely studied in which biofilm plays 
a significant role in creating persistent cells that subsequently case the persistent 
infection and result in poor prediction of the course of a disease. Unlike the other 
resistance mechanisms, the adaptive resistance mechanism is completely dependent 
upon the environmental circumstances which could regulate the different transcrip-
tional factors of P. aeruginosa and surprisingly, the susceptibility nature of the bac-
terium most often reverted when the adverse environmental circumstances are 
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normalized or removed (Bjarnsholt et al. 2005). Different environmental factors like 
temperature, pH, oxygen demand condition, DNA stress and nutrient deficiency as 
well as the motility of the organisms also remain as potential causes for the develop-
ment of adaptive resistance.

Formation of biofilm remains an important factor for the initiation of an adaptive 
resistance mechanism. As discussed earlier, biofilm is an aggregation of microbial 
cells that attached one another and encapsulated in self-producing polymeric matrix 
and capable to attach to both biotic and abiotic surfaces (de la Fuente-Núñez et al. 
2013). The P. aeruginosa cells reside in the biofilm are comparatively less sensitive 
to antibiotics and immunes defence mechanisms of host than its counterpart plank-
tonic cells. Interestingly, the sensitivity of the P. aeruginosa against the antimicro-
bial agents would restore when the biofilm residing cells happen to grow outside of 
the biofilm (Jamal et al. 2018). This behavioural change is elucidating that biofilm- 
mediated resistance is independent of genomic modification and adaptive resistance 
mechanisms. The biofilm condition makes several physiological and phenotypic 
alterations in bacterium. For instance, the non-mucoid strain of P. aeruginosa hap-
pens to enter into the biofilm matrix would transcriptionally altered as from non- 
mucoid- to mucoid-producing strain (Macia et al. 2014).

13.5  Novel Strategies for Treating Drug-Resistant P. 
aeruginosa Infection

Although there are continuous instances of the antibiotic resistance strain, still anti-
biotics are used to control the infection caused by P. aeruginosa. Almost all the 
currently available antimicrobial agents are involved in either slowing down the 
organism's growth also termed as bacteriostatic agents or causing death which is 
also called as bactericidal agents (Christensen et al. 2012). Each antibiotic specifi-
cally interfered with some of the mechanisms underlined with the metabolic path-
way notice in bacteria. For instance, certain class of antibiotic acts on the metabolic 
pathway coupled with bacterial cell wall synthesis, some of other class participates 
as an inhibitor in bacterial protein and nucleic acid synthesis metabolic pathways. 
Furthermore, certain group of also plays significant role in hindering nature of bac-
terial metabolism and cell membrane (Van Acker et al. 2014). As discussed earlier, 
due to indiscriminate use of antibiotics potentially causing emergence of resistance 
behaviours among the pathogen, which subsequently brings to the situation where 
the currently available antimicrobial agent no longer effective to control the bacte-
rial infection (Zaidi et al. 2017). This makes for an urgent call to discover a novel 
antimicrobial agent to substitute the current antibiotics and potentially address the 
negative impact that lies with current antibiotics.

In recent years, several different approaches were initiated to improve the effi-
cacy of the currently available antibiotics by means of different formulation proce-
dures (Wagner et al. 2016; Smith et al. 2017). For example, antibiotics are prepared 
as an inhalation solution and used for long-term treatment processes which are most 
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common in chronic infection of P. aeruginosa. However, this formulation process 
showed better recalcitrant efficacy, but still created a concern about increased anti-
biotic resistance. Similarly, some of the antibiotics are also formulated as a dry 
powder which is administered by inhalation. This produces significantly enhancing 
success rate of treatment procedure due to its ability to penetrate the sputum and 
potentially reach the infection site (Hurley et al. 2012). Furthermore, decoration of 
the antimicrobial agents on to the nanomaterial gains significant attention in recent 
years. As a result, the antibiotics like amikacin and ciprofloxacin are encapsulated 
in liposome and investigated for its outdo in controlling the bacterial infection as 
compared to routine administration procedure that lies with the utilization of antibi-
otics (Jeevanandam et al. 2016).

13.5.1  Anti-Quorum Sensing

Target the signalling system of the P. aeruginosa found to be an effective therapeu-
tic option and the drug which involves in the interference of QS is also called as 
quorum sensing inhibitors (QSIs) (Bacha et al. 2016). The QSIs are novel class of 
antimicrobial agents because these drug molecules show less possibility to experi-
ence and development of bacterial resistance which remains a major drawback 
among antibiotics. The novel QSI should have some desired properties like should 
be small molecules which potentially inhibit the expression of QS-related genes; the 
drug should be more specific toward QS system of the bacteria; these QSI should 
not ant toxic symptom to the host cells during treatment process; the drug should 
not interfere with any other metabolic pathway like protein and DNA synthesis than 
QS circuit of the bacteria; the drug should be chemically stable enough to retain the 
host cell for sufficient time to enable the effective therapeutic actions (Chatterjee 
et al. 2016; Asfour 2018). Recently, several biological metabolites including phyto-
chemicals and microbial metabolites are employed as potential anti-QS agents 
(Bhardwaj et al. 2013). For example, the phytochemical, mosloflavone was investi-
gated for their ability in the hindering the QS of P. aeruginosa and suppression of 
virulence traits. The study release that the phytochemical, mosloflavone effectively 
blocks the QS system of P. aeruginosa and significantly reduces the production of 
different virulence factors. The study also reveals the toxicity profile of moslofla-
vone using in vivo model, Caenorhabditis elegans (Hnamte et al. 2019).

13.5.2  Bacteriophage Therapy

Bacteriophages are generally termed as bacterial viruses which are ubiquitous and 
found in diverse organisms and grow vigorously in the bacterial host (Rohde et al. 
2018). The life cycle of bacteriophage is widely classified into virulent phage (lytic 
phage) which potentially causes death to the host and temperate phages (Pires et al. 
2015). The lytic phages are initially attaching to the surface of the host cell and it 
extends its infection by injecting DNA into the host allows it DNA to replicate along 
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with the host. After the complete establishment of infection, it induces the host to 
undergo for apoptosis process and subsequently kill the host. The releasing phages 
from the lysed host cell would potentially initiate the infection cycle in other host 
cells (Waters et al. 2017). On the other hand temperate phages also initiate the infec-
tion by attaching to the host cell and gradually integrate its genetic material into the 
host chromosome. In cases, they integrate its genetic material in bacterial plasmid 
and allows the transmission during the cell division without causing much adverse 
effect on the growth of host cell (Chan et al. 2018).

The idea of utilizing the phages as antimicrobial agent was reported in previous 
century but due to certain limitations and the phenomenal growth in antibiotics 
significantly reduced the popularity of the phage-mediated antimicrobial therapy. 
As a consequence of resistance mechanisms, alternative therapeutic options 
gained considerable interest in phages-mediated antimicrobial therapy (Hill et al. 
2018; Law et al. 2019). The bacteriophage-mediated antimicrobial therapy found 
to be an potential alternative currently available antimicrobial agents in several 
ways: bacteriophages never initiate self-amplification process in absence of it sus-
ceptible bacteria; they are capable to penetrate into the biofilm matrix and infect 
the bacteria; their potential in killing even the persistent cells were found highly 
difficult using conventional antibiotics (Chan et al. 2018). A recent study showed 
that phage therapy could be an effective therapeutic aid against P. aeruginosa 
infection and study proved the result inference using zebrafish model system 
(Cafora et al. 2019).

13.5.3  Antibiofilm Peptides

As discussed earlier, the biofilm matrix of P. aeruginosa limits the efficacy of 
most of the antibiotics. The infections associated with biofilm bring the situation 
where the treatment such disease found utterly difficult  to treat (Teerapo et  al. 
2019). There is an urgent call for the development of novel antimicrobial agent 
while the conventional antibiotic are increasingly inefficient in the controlling the 
bacterial infection. With this aspect, antimicrobial peptides are placed in the cen-
tre point of the attraction as an alternative approach for the treatment of bacterial 
infections (Pletzer and Hancock 2016). In general, antimicrobial peptides are the 
highly conserved molecules observed in diverse organisms and having greater 
concern with innate immunity of all species (Dostert et al. 2019). The antimicro-
bial peptides gained significant consideration due their specialized characteristic 
features including rapid action and wide spectrum of antimicrobial activity against 
different microorganisms such as bacteria, viruses, fungi and protozoa. 
Furthermore, antimicrobial peptides are less potential in the development resis-
tance within the microbial cells, hence this has been displayed as promising anti-
microbial agent to combat the multidrug-resistant strain-mediated infections 
(Grassi et al. 2019).
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13.6  Conclusion

Prevention of individuals from P. aeruginosa infection remains significant burden 
for humans. Different resistances mechanisms such as intrinsic, acquired and adap-
tive possibly strengthen the multidrug-resistant behaviours of P. aeruginosa, which 
subsequently displays a potential tolerant to almost all the available antimicrobial 
agents. Moreover, the biofilm-forming nature of P. aeruginosa delivers several per-
sistent cells which make the condition highly unfavourable for regular antimicrobial 
treatment process. Over several decades, several remedies were discovered to 
enhance the delivery and the efficacy of the antimicrobial agents to host that eventu-
ally control the microbial infection. However, P. aeruginosa is highly capable to 
adapt to most of the adverse conditions which lead to the repeated incidence of 
resistance development. In recent years, non-antibiotic therapies including anti- 
virulence, phage and antimicrobial peptide therapies are widely investigated for 
their antimicrobial potential which showed less potential in developing resistance. 
Still considerable knowledge about the host–microbial interactions is required to 
design innovative and effective antimicrobial agents to control infection caused by 
multidrug-resistant microorganisms.
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