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Resumo 

“Análise molecular dos genes de resistência e fatores de virulência de isolados clínicos de 

Pseudomonas aeruginosa” 

Pseudomonas aeruginosa é considerada uma das principais causas de infeções 

hospitalares, denominadas de infeções nosocomiais, em todo o mundo entre pacientes 

hospitalizados. Este organismo possui uma grande versatilidade metabólica e capacidade de 

crescer em diferentes nichos ecológicos. É geralmente multirresistente e está associada a riscos 

de morbilidade e mortalidade. Neste estudo, foram avaliados os mecanismos de resistência a 

antibióticos e virulência de trinta e dois isolados clínicos de P. aeruginosa provenientes do 

CHTMAD, Vila Real, Portugal. O primeiro objetivo desta dissertação foi estudar a prevalência 

de P. aeruginosa em amostras clínicas e determinar seu fenótipo de resistência antimicrobiana 

utilizando agentes antipseudomonais: Amicacina, Gentamicina, Tobramicina, Ciprofloxacina, 

Aztreonam, Doripenemo, Meropenemo, Imipenemo, Cefepime, Ceftazidima, Piperacilina, 

Ticarcillina-ácido clavulânico e Colistina. Todos os isolados de P. aeruginosa apresentaram 

resistência ao antibiótico da classe dos carbapenemos, o Imipenemo. Além disso, esses isolados 

são multirresistentes, pois são resistentes a três ou mais classes de antimicrobianos (93,9%), 

como Cefalosporinas, Fluoroquinolonas e Penicilina. O segundo objetivo foi analisar os genes 

associados à resistência aos Carbapenemos (KPC, NDM, SPM e VIM-2) e fatores de virulência 

(toxA, algD, plcH, plcN e pilA) associados à patogenicidade de P. aeruginosa. Os resultados 

obtidos para os genes de produção de resistência aos Carbapenemos demonstram prevalência 

moderada (36,7%) em isolados de P. aeruginosa. Para os fatores de virulência foi também 

encontrada uma prevalência moderada (42,5%). O terceiro objetivo foi estudar a produção de 

biofilme, já que P. aeruginosa é uma bactéria com maior habilidade de formar biofilme. A 

produção de biofilme foi avaliada por três métodos distintos: método Congo Red, método do 

Tubo e método da Microplaca. Nos resultados obtidos neste estudo, o método da microplaca 

foi considerado o método mais eficaz na deteção da produção de biofilme. 

Conclui-se que o trabalho desenvolvido é de grande importância na epidemiologia, 

resistência antimicrobiana e virulência em isolados clínicos de P. aeruginosa. É ainda, 

importante detetar e controlar a disseminação de microrganismos multirresistentes. 

 

Palavras-chaves: Pseudomonas aeruginosa, resistência a antibióticos, infeções nosocomiais, 

genes de resistências, genes de virulência. 
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Abstract 

“Molecular analysis of resistance genes and virulence factors in clinical isolates of 

Pseudomonas aeruginosa” 

Pseudomonas aeruginosa is one of the leading causes of hospital-acquired infections, 

also known as nosocomial infections, worldwide among hospitalized patients. This organism 

has a great metabolic versatility and ability to grow in different ecological niches. Is commonly 

multirresistant and are associated with high risks of morbidity and mortality. In this study, the 

antibiotic-resistance and virulence mechanisms of thirty-two clinical P. aeruginosa isolates 

from CHTMAD, Vila Real, Portugal were evaluated. The first objective of this dissertation was 

studying the P. aeruginosa prevalence in clinical samples and determine their antimicrobial 

resistance phenotype used antipseudomonal agents: Amikacin, Gentamicin, Tobramycin, 

Ciprofloxacin, Aztreonam, Doripenem, Meropenem, Imipenem, Cefepime, Ceftazidime, 

Piperacillin, Ticarcillin-clavulanic acid and Colistin. All P. aeruginosa isolates in this study 

presented resistant to carbapenem antibiotic imipenem. In addition, these isolates are multidrug 

resistant as they were resistant to three or more classes of antimicrobials (93.9%), such as 

Cephalosporin, Fluoroquinolones and Penicillin. The second objective was to analyse 

genotypically the resistance genes associated with carbapenem resistance (KPC, NDM, SPM 

and VIM-2) and virulence factors (toxA, algD, plcH, plcN and pilA) that are associated with 

the pathogenicity of P. aeruginosa. The results obtained for Carbapenem resistance production 

genes demonstrate a moderate prevalence (36.7%) in P. aeruginosa isolates. For the virulence 

factors also a moderate prevalence (42.5%) was found. The third objective was to study the 

biofilm production since P. aeruginosa is a bacterium with a greater hability to form biofilm. 

The biofilm production was evaluated by three distinct methods: Congo Red method, Tube 

method and Microtiter method. Based in our results microtiter plate method was found to be 

the most effective method in the detection of biofilm production. 

It is concluded that the work developed is of great importance in epidemiology, 

antimicrobial resistance and virulence in clinical isolates P. aeruginosa. It is also important to 

detect and control the spread of multidrug-resistance microorganisms. 

 

 

Keywords: Pseudomonas aeruginosa, antibiotic resistance, nosocomial infections, resistance 

genes, virulence genes.
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1. Introduction 

Pseudomonas aeruginosa is a ubiquitous gram-negative bacterium and had a great 

nutritional and colonization versatility, being an organism that was mostly found in the 

environment such as soils and water. This versatility made it able to enter in hospital 

environment and now it is among the most common pathogens involved in frequently 

healthcare-associated infections, also known as nosocomial infections. P. aeruginosa is 

involved in a variety of human opportunistic infections including acute localized infections as 

well as chronic localized infections in patients with defect in host defences. This organism may 

infect any body region, such skin of burned patients, eyes, bones, wounds, urinary and 

respiratory tract infection, among others  (Kerr and Snelling 2009). This versatility also allows 

this pathogen to be capable of producing a wide variety of virulence factors that may contribute 

to the pathogenicity of the bacterium. These factors can induce local inflammation and tissue 

destruction, enabling this bacterium to get the nutrients it needs and invade the host. Biofilms 

are also involved in pathogenesis; its mode of growth provides protection from antibiotics and 

consequently causes antibiotic resistance.  

Nowadays, most bacterial infections are treated with antibiotics, however, the increase 

and indiscriminate use of therapeutic agents is compromised by the potential development and 

evolution of resistance. The broad use of antibiotics created a selective pressure that favours 

resistant bacteria, which consistently has resulted in dissemination and emergence of antibiotic 

resistance bacteria globally and in different environments (Figure 1). Treatment of P. 

aeruginosa infections has become a great challenge and are becoming more difficult to treat 

due to the ability to resist many of the available antibiotics, some of these classified as a last 

resort antibiotic. In 2017, World Health Organization (WHO) classified P. aeruginosa as one 

of the bacteria that urgently needs the development of new therapeutic alternatives that are 

effective in the treatment of infections, what alarmed the scientific and medical community for 

this problem, being considered immediately worrying for public health. P. aeruginosa has 

notable intrinsic mechanisms of resistance, adaptative mechanisms of resistance and is capable 

of acquiring multiple mechanisms of antibiotic resistance to a variety of antibiotics, including 

aminoglycosides, quinolones and β-lactams or develop resistance to multiple classes of 

antimicrobial agents during the course of therapy (Barbosa and Levy 2000). 

It not possible talking on hospital-acquired infections and not mentioning multidrug-

resistant bacteria P. aeruginosa. The list of infections caused by this organism is extended an 

continues to grow over time. There is crucial to improve early diagnosis and empirical treatment 
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of P. aeruginosa infections once this organism can easily disseminate through hospital facilities 

and commonly demonstrates multi-resistant isolates, which leads to high rates of morbidity and 

mortality. Antimicrobial-resistant infections are already responsible for more than half a million 

deaths globally each year. “Review on Antimicrobial Resistance” suggest that measures need 

to be implemented to control resistance, if the world fail to comply with these measures, this 

toll will exceed 10 million each year by 2050. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 |Antimicrobial resistance spread: when microorganisms are exposed to antimicrobial drugs can 

develop antimicrobial resistance. The therapy became ineffective and nosocomial infection persist in the body and 

the risk of spread to other patients increase. Antimicrobial resistance reveals worldwide threat to public health. 

1.1.  Pseudomonas  

In 1894 the genus Pseudomonas was described by Migula and belong to the Gamma-

Proteobacteria subclass, Pseudomonadales order and Pseudomonadaceae family. This genus 

was formed by many distinguish species and the classification of them was based on phenotypic 

characteristics and phylogenetic classification based on their 16S rRNA gene sequences 

(Igbinosa and Igbinosa 2015; Peix, et al. 2009). 

 They are one of the most ubiquitous bacterial genera in the nature, showing a metabolic 

and physiologic versatility. A great diversity of species has been isolated from diverse 

ecological niches such as soil, waters, various plants and vegetables, extreme environments, 

clinic specimens, among others. Colonize capacity in diverse niches is based in their capacity 

to synthesize many different virulence factors (Igbinosa and Igbinosa 2015; Silby et al. 2011).  

ANTIMICROBIAL RESISTANCE 
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Different species that belong to this genus went through several reclassifications, 

however, Pseudomonas aeruginosa is the most common pseudomonal specie and the most 

clinically significant which generates a greater clinical interest. P. aeruginosa barely cause 

disease in healthy patients but may turn out to be one of the main opportunistic pathogens in 

nosocomial infections (Peix, et al. 2009). 

1.1.1. Characteristics of Pseudomonas aeruginosa 

Pseudomonas aeruginosa is an aerobic gram-negative bacillus, ranging in size from 0.5 

to 3.0 µm, rod-shaped, asporogenous and have a singular polar flagellum that aid in their 

locomotion. It has minimal growth requirements, use varied carbon sources for growth, is able 

to survival in concentrated salt solutions and tolerates a temperature ranging from 20 to 42ºC  

(Wilson and Ruth B Dowling 1998). P. aeruginosa is a ubiquitous microorganism which is the 

result of some factors including its capacity to colonize and survive in multiple physical 

conditions and environmental niches such as soil, surface waters, plants and vegetables and can 

utilize numerous environmental compounds as energy sources. More important, their ability to 

survive in these conditions has made them colonizers in hospital environments (Wilson and 

Dowling 1998; Igbinosa and Igbinosa 2015).  

Most of these strains produce at least two pigments, but the characteristic that most 

distinguishes P. aeruginosa from the other pseudomonads is a fluorescent yellow pigment and 

a blue pigment named pyocyanin, these pigments combined give the characteristic green color 

observed when grown on agar. These characteristics have generally been used as an easy way 

for identification of bacterial isolates and show an important role in P. aeruginosa nutrition 

(Figure 2) (Radó et al. 2017; Morrison and Wenzel 2015; Peix, et al. 2009; Vasil 1986).  

The genome of P. aeruginosa is uniquely large in the prokaryotic world, has provide an 

unusually high proportion of proteins involved in regulation, transport and virulence functions 

which clarify the high  nutritional versatility and adaptive capacity of this bacteria to host 

environment (Mesaros et al. 2007). 
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1.2. Pathogenesis of Pseudomonas aeruginosa 

P. aeruginosa has gradually become a main cause of nosocomial infections, source 

diseases in patients whit impaired host defense and one of the prevalent pathogens in the ICUs 

(Intensive Care Units) (Rossolini and Mantengoli 2005).  

Nosocomial infection or “hospital acquired infection” is a term used for any infection 

acquired by a patient into medical care who was accepted for a reason other than that infection 

and was absent or incubate at the period of admission. Bacteria are the cause of 90% of 

nosocomial infections. This type of infection affects a huge number of patients worldwide and 

affect both developed and underdeveloped countries which result in high mortality and 

morbidity rate between patients hospitalize (Silva, et al. 2014; Danasekaran, et al. 2014). The 

most usual nosocomial infections caused by P. aeruginosa are in respiratory tract infections, 

surgical wounds, gastrointestinal tract infections, urinary tract infections, bloodstream 

infections and sepsis. Several studies shown than infections rates are higher in patients with 

increased susceptibility such as immunocompromised, age (newborn and elderly), chronic 

hemodialysis patients, and chemotherapy treatments (Rossolini et al. 2005; Silva, et al. 2014).  

According reported of WHO “The burden of health care-associated infection worldwide 

(2016)” about 15% of all patients hospitalize in ICUs get from these types of infections. The 

prevalence of nosocomial infection in developed countries diverges between 3.5% and 12 % (a 

usual prevalence of 7.1% in Europe) and in underdeveloped countries it varies between 5.7% 

and 19.1%. The incidence of long-term infections in low income regions is higher than in high 

income regions (Khan et al. 2017).  

With increasing infections, there is an intensification in extended hospital stays, long 

term incapacity, antimicrobial resistance, socio-economic disturbance and mortality. Risk 

Figure 2 | Pseudomonas aeruginosa (1) (2) 
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factors which may be determinant in these increasing infections are inappropriate use of 

antimicrobial drugs, non-adherence to precautionary measures, patient conditions and poorly 

developed surveillance systems and nonexistent control approaches (Danasekaran et al. 2014; 

Khan et al. 2017). The dissemination of new infections can be done in three ways, from 

environment (air, water and food can be contaminated), from healthcare professionals and 

hospital waste management. Attention to clear preventive strategies may reduce transmission 

rates, like using infection control practices and appropriate methods for antimicrobial use (Khan 

et al. 2017; Khan et al. 2015; Saloojee and Steenhoff 2001).  

The efficient and appropriate surveillance methods can aid healthcare institutes 

minimize the chance of nosocomial infection (Khan et al. 2017; Khan et al. 2015; Mesaros et 

al. 2007). 

1.2.1. Virulence factors 

The pathogenesis of P. aeruginosa is not correlated to a single virulence factor, but 

association with a diversity of different virulence factors, which contribute to the bacterial 

invasion, adhesion, resistance and toxicity. The versatility of P. aeruginosa is a  consequence 

of this capability to produce a high diversity of both cell-associated and extracellular virulence 

factors in reaction to environmental conditions (Faraji et al. 2016; Choi et al. 2002).  

Virulence factors can be classified and divided into different groups and depends on 

their mode of action, infection model and production of various secreted and cell-associated 

virulence genes inclusive exotoxins and enzymes. Interactions between P. aeruginosa virulence 

factors and the host immune response command the severity and type of infection. This 

pathogen is a quiescent colonizer, causing chronic infections, or extremely virulent invader 

through acute infections. In chronic infections, P. aeruginosa is capable to provoke infections 

in compromised patients with diseases like cystic fibrosis and chronic obstructive pulmonary 

disease. In acute infections, P. aeruginosa can trigger infections in patients with predisposing 

factors, such as, HIV-positive, cancer, bone marrow transplant, burn victims or patients with 

surgical wounds (Jeffrey et al. 2010; Delden 2004; Huber et al. 2016).  

P. aeruginosa owns an arsenal of cell-associated (flagella, pili, lectins, alginate/biofilm, 

lipopolysaccharide) and extracellular (proteases, hemolysins, cytotoxin, pyocyanin, 

siderophores, exotoxin A, exoenzyme S, exoenzyme U, among others) virulence factors, that 

are important both in acute infections and chronic infections (Faraji et al. 2016; Delden 2004; 

K. et al. 2015; Strateva and Mitov 2017). These virulence factors are coordinated by a cell 
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density regulatory mechanism named Quorum Sensing. It is an intercellular, small compound 

which is composed of an acyl-homoserine lactone (AHL), called autoinducer, which is released 

in the environment by gram-negative bacteria, like P. aeruginosa. The Quorum Sensing plays 

a fundamental role in the regulation of expression of a wide diversity of virulence factors, 

biofilm formation, survival and colonization by phenotypic alterations at premature stages of 

infection. Currently, Quorum Sensing systems (autoinducers) were identified in P. aeruginosa, 

the Pseudomonas Quinolone Signal (PQS), that are composed by two systems, las and rhl. 

These PQS systems act in a hierarchical method, with las system regulating both rhl and the 

production of quinolones. P. aeruginosa uses this mechanism not only to modulate virulence 

factor production but to regulate a variety of biological processes important to adaption to the 

metabolic stresses and survive in a community (Al-wrafy et al. 2017; Jeffrey L. et al. 2010; 

Gellatly and Hancock 2013).  

P. aeruginosa exhibits several virulence factors (Table 1), as well as multiple 

antibacterial resistance mechanisms which have contributed to growing rates of antibacterial 

resistance (Al-wrafy et al. 2017). 

 

Table 1 | Some P. aeruginosa virulence factors important in acute and chronic infections (Adapted from 

Wilson and Dowling 1998). 

Virulence factor 
Type of 

infections 
Biological action 

Pili Acute 
Responsible for adherence to cell membranes and other surfaces, 

formation of biofilms, initiates an inflammatory response; 

Flagella Acute 
Role in motility, initiates an inflammatory response and mediate 

initial surface interactions; 

Exotoxin A Acute 
Cytotoxic by inhibiting protein synthesis (macrophages and T cell 

mitogen); 

Phospholipase C Acute Haemolysis, tissue damage and destroy surfactant; 

Exoenzyme S Acute 
Adherence to epithelium and cytotoxic in host immune cells 

(apoptosis and necrosis); 

Pigments (Pyoverdin 

and pyochelin) 
Chronic 

Inhibit ciliary beat (dysfunction in the respiratory tract), toxic to 

other bacterial species and human cells, enhance oxidative and 

exerts pro-inflammatory effects that damage host cells; 

Alginate Chronic 
Adherence to epithelium; protective factor to biofilms and 

antibiotics; inhibits antibody and complement binding; 
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1.2.2. Biofilms  

The term biofilm refers to an aggregate of motile bacteria, like P. aeruginosa, possess 

flagella that enable free-swimming (planktonic) and adhere to each other on a living or non-

living surface. Attached cells produce extracellular polymeric substances (EPSs), including 

proteins, exopolysaccharides, extracellular DNA (eDNA) and metabolites. The maturation of 

biofilms commonly involves cell-to-cell communication over Quorum Sensing and dispersion 

of planktonic cells in the biofilms that colonize in new surfaces. These are typical features of 

all bacterial biofilms, over the process of infection. To define infections caused by biofilms, we 

may follow the criteria: (1) the bacteria require to adherent to a surface (plastic, metal, glass 

and environmental) in response to a diversity of environmental signals; (2) the examination of 

infection tissue shows bacteria living in cell clusters, covered in an extracellular matrix; (3) the 

infection is confined to a specified location and (4) the infection is hard or impossible to 

eradicate with antibiotics (Mah 2012; Driscoll et al. 2007; Parsek and Singh 2003; Taylor et al. 

2014) (Figure 3). 

There are several differentiating characteristics between biofilm and planktonic cells, 

but the most significant difference is the fact that biofilm cells are much less susceptible to 

antimicrobial agents, increasingly decline responses to antibiotic treatment. The antibiotic 

treatment eliminates the planktonic cells, but the sessile forms are resistant and continue to 

proliferate within the biofilm (Newman et al.  2017; Mulcahy et al. 2008; Chadha 2014). 

Biofilms are related with an emergence of antibiotic resistance bacteria and with cells close to 

each other may be ideal for horizontal gene transfer, this promotes development and genetic 

range of natural microbial association. The transfer of DNA occurs within the biofilm 

community by three major resistance mechanisms: transformation, transduction, and 

conjugation (Olsen 2015; Chadha 2014).  

Resistance to antibiotics in biofilms is shown by an arrangement of distinct factors: poor 

antibiotic penetration conferred by the extracellular polysaccharide matrix, incidence of cells 

showing a resistant phenotype and presence of non-growing cells or cells that generated stress 

responses under hostile chemical conditions in the biofilm matrix. The rising resistance of 

bacterial biofilm to certain antibiotics allows biofilm-based infections to become chronic 

infections. (Newman et al.  2017; Alcázar et al. 2015). Bacterial biofilms have been implicated 

in the pathogenesis (80% of bacterial infections in immunocompromised humans involve 

biofilm-associated microorganisms) and are recognized to colonization in biotic and abiotic 

superficies such as indwelling medical device and are involved in many human infections, 



                                                                                                                                                                            CHAPTER I                                                                                                     

                                                                                                                                                 BIBLIOGRAPHIC REVIEW 

10 

 

infectious kidney stones, bacterial endocarditis, cystic fibrosis, biliary tract infections, 

periodontitis, ophthalmic infections and other chronic diseases (Driscoll et al. 2007; Parsek and 

Singh 2003; Römling and Balsalobre 2012). 

 The hardiness of biofilms and their resistance to antibiotics has led to a development 

problem in health-care settings, P. aeruginosa has turn one of the most relevant model 

organisms for the study of biofilm-associated infections (Parsek and Singh 2003; Taylor et al. 

2014). 

 

 

 

 

 

 

 

Figure 3 | Biofilm formation progresses. (1) adherence of motile planktonic cells attach to a surface 

involves the action of pili and flagella (planktonic cells); (2) aggregate cells grow into a microcolony 

and adherence becomes stronger due to the initiation of matrix production; (3) formation of a mature 

biofilm structure; (4) some cells from the outer surface of the biofilm colony becoming motile and 

dispersing. 

1.2.1.1. Biofilm-specific antibiotic resistance 

Bacterial biofilms are the cause of many persistent diseases and the main reason to the 

increased antibiotic resistance exhibited by the cells within the biofilms. Biofilm-specific 

resistance includes tolerance to antimicrobial agents and suggest that the resistance mechanism 

occurs predominantly in biofilm cells, not in planktonic cells. This resistance mechanisms are 

multifactorial, and the multiple mechanisms operate together to ensure an increased level of 

resistance in biofilms (Mah 2012; Olsen 2015). 

It is still not fully understood how biofilm cells become resistant to antibiotics, however 

the increased resistance likely involves the altered expression of specific genes in the biofilm, 

such the ndvB gene and tssC1 gene. The P. aeruginosa ndvB gene has been related to synthesis 

of perisplasmic glucans and encode a glucosyltransferase that is required for the synthesis of 
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cyclic-β-(1,3)-glucans, which interact physically with aminoglycoside antibiotics, such 

tobramycin and gentamicin. The tssC1 gene is a component of a P. aeruginosa type VI secretion 

(T6S) system and of HSI-I, which is one of three T6S loci in P. aeruginosa. This gene has been 

implicated in pathogenies, such in virulence, chronic infection and toxin delivery to bacteria 

and interact physically with tobramycin cause resistance (Mah 2012; Zhang et al. 2011; 

Beaudoin et al. 2012). 

Antibiotic resistance in biofilms is a complex phenomenon that is the result of multiple 

mechanisms of resistance, however more studies on biofilm-specific antibiotic resistance will 

have to be performed with P. aeruginosa (Olsen 2015). 

1.3. Antibiotics resistance 

Antibiotics are chemical substances, produced by microorganisms that have ability to 

inhibit the evolution or destroy bacteria, fungus and parasite infections. Soon after the discovery 

of antibiotics (1940) it became evident that bacteria could became resistant to them. Resistance 

is the skill of an organism to ward off the effects of an antagonistic chemical substance and 

develop defenses against bacteria and the successful use of any therapeutic agent is implicated 

by the progress of tolerance or resistance (Brown 1982; Davies and Davies 2010; Martinez 

2014).  

The disproportionate use and misuse of antibiotics have resulted in a rise antibiotic 

resistance among several human pathogens, causing an impact in human and animal health. 

This uncontrolled use has a direct effect on the possibility of treating infections and compromise 

treatments that require immunosuppression such as, transplantation, intubation, implants of 

prostheses, catheterization advanced surgical procedures or anticancer chemotherapy. P. 

aeruginosa has been notice as a pathogen related with nosocomial infections and demonstrate 

resistance to a variety of antibiotics. In 2017, the WHO printed a list of antibiotics-resistance 

"priority pathogens" and divided into three categories according to the urgency of necessity for 

new antibiotics: Priority 1 (critical), 2 (high) and 3 (medium). P. aeruginosa have become 

resistant to many antibiotics, including third generation cephalosporins and carbapenems, so 

these bacteria was included in second place in the most critical group (WHO 2017). On the 

other way, in 2017, European Centre for Disease Prevention and Control (ECDC) published a 

surveillance report in antibiotic resistance in Europe, showing that 30.8 % of the P. aeruginosa 

isolates were resistant to at least one antimicrobial group and a high percentage of P. aeruginosa 

resistant to fluoroquinolones (20.3%), piperacillin ± tazobactam (18.3%), carbapenems 
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(17.4%), ceftazidime (14.7%) and aminoglycosides (13.2%) was also detected. Resistance to 

two or more antimicrobial was common in 18.3% of all isolates (Figure 4). 

Antibiotic resistance will continue to be a problem in dealing with P. aeruginosa 

infections, so is urgently needed research dedicated to the development of new antibiotics and 

therapeutic approaches (Mesaros et al. 2007; Hancock and Speert 2000). 
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Figure 4 | Percentage (%) of P. aeruginosa isolates with resistance in Europe (2017). A. piperacillin ± tazobactam; B. fluoroquinolones; C. ceftazidime; D. 

aminoglycosides; E. carbapenems; F. combined resistance (three or more antimicrobial groups among piperacillin ± tazobactam, fluoroquinolones, ceftazidime, 

aminoglycosides and carbapenems) (Surveillance report of antimicrobial resistance in Europe 2017 by European Centre for Disease Prevention and 

Control (ECDC)).
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1.3.1. Antibiotic resistance mechanisms  

 P. aeruginosa infections are becoming more difficult to treat because this pathogen 

display a naturally resistant to a multiple class of antibiotics and the number of multidrug-

resistance strains is increasing worldwide. This resistance to antibiotics can be via intrinsic, 

adaptive and acquired mechanisms and including antibiotics like aminoglycosides, 

cephalosporins fluoroquinolones, and carbapenems (Moradali et al. 2017; Bonomo and Szabo 

2006; Pang et al. 2018). 

The understanding of this increase and the mechanisms of antimicrobial resistance is 

important in optimizing treatments against pseudomonal infections (El Zowalaty et al. 2015). 

1.3.1.1.  Intrinsic resistance mechanism 

The intrinsic antibiotic resistance of a bacterial species to an antibiotic refers to it innate 

ability to resist in efficacy of a specific antibiotic through inherent structural or functional 

characteristics. Pseudomonas aeruginosa shown a high level of intrinsic resistance and a reduce 

susceptibility to most antibiotics. This intrinsic resistance is attributed to an restricted outer 

membrane permeability, efflux system that pump antibiotics out of the cell and production of 

antibiotic-inactivating enzymes such as β-lactamases (Figure 5) (Blair et al. 2015; Breidenstein 

et al. 2011; Pang et al. 2018). 

The outer membrane of P. aeruginosa acts as a selective barrier to prevent antibiotic 

penetration, it’s important that outer membrane have a low permeability, which limits antibiotic 

molecules entry into the cells due to the inefficient porins (OprF, OprD and OprB). Alterations 

of porin size and porin proteins loss have been result in an increase in antibiotic resistant 

(Breidenstein et al. 2011; Pang et al. 2018; El Zowalaty et al. 2015). 

Bacterial efflux pumps play an important role in transport many antibiotics and toxic 

compounds out of the cell that could potentially disorganize the membrane. When 

overexpressed, efflux pumps can also confer high levels of antibiotic resistance in P. 

aeruginosa and contributing to the development of multidrug-resistance. Efflux systems have 

been described as having a role in intrinsic antibiotic resistance and its dependent of rapid efflux 

due to the expression of efflux pumps, particularly the resistance nodulation-cell division 

(RND) systems MexAB–OprM and MexXY–OprM, and AmpC β-lactamase production (Blair 

et al. 2015; Pang et al. 2018; Breidenstein et al. 2011). 

Production of antibiotic-inactivating enzymes that break down or modify antibiotics is 

one of the major mechanisms that contributes to the intrinsic resistance in P. aeruginosa. This 
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gram-negative possesses the ampC gene for the inducible chromosomal β-lactamase, encoding 

the hydrolytic enzyme β-lactamase. Some P. aeruginosa isolates have been found to produce 

extended-spectrum-β-lactamases (ESBLs) and metallo-β-lactamases (MBLs) that have spread 

widely in recent years (El Zowalaty et al. 2015; Pang et al. 2018; Mesaros et al. 2007). 

 

 

Figure 5 | Schematic representation of Intrinsic resistance mechanism in P. aeruginosa. This figure 

shown tree β-lactam antibiotics targeting a penicillin-binding protein (PBP), this mechanism includes 

outer-membrane permeability, efflux pump systems and production of antibiotic-inactivating enzymes. 

Antibiotic A and B penetrate the cell through a membrane-spanning porin protein, antibiotic A reach its 

target and inhibit peptidoglycan synthesis on the outer membrane and B it is efficiently removed by 

efflux systems. Antibiotic C cannot cross the outer membrane and is incapable to access the target PBP 

(Blair et al. 2015). 

1.3.1.2. Acquired resistance mechanism 
 

In acquired resistance, bacteria are susceptible to an antibiotic and the two mechanisms 

that explain this emergence of antibiotic resistance are through mutational changes or 

acquisition of resistance genes via horizontal gene transfer (HGT). This resistance contributes 

for the development of multidrug-resistant strains, like P. aeruginosa, as consequence increase 

the difficulty in eradicating this pathogen in nosocomial infections (Pang et al. 2018; Martinez 

2014; Martinez 2009). 

Mutational changes allow bacteria to grow and survive in the presence of antimicrobial 

molecules making P. aeruginosa untreatable by given antibiotics, causing by reduce antibiotic 

uptake, modifications of antibiotic targets, and overexpression of efflux pumps and antibiotic-
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inactivating enzymes. The overexpression of antibiotic-inactivating enzymes causing 

overproduction of β-lactamases caused by mutations in a β-lactamase inducible gene ampC. A 

wide variety of such mutational modifications make up these strains acquire high level of 

resistance to different antibiotics (aminoglycosides, β-lactams, fluoroquinolones, tetracycline 

and sulfonamide) (Pang et al. 2018; Martinez 2014; Breidenstein et al. 2011). 

Antibiotic resistance genes can be carried in DNA elements including plasmids, 

transposons, integrons and prophages, and bacteria can acquire these genes via horizontal gene 

transfer by conjugation, transformation or transduction (Figure 6) (Pang et al. 2018; 

Breidenstein et al. 2011; Martinez 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 | Acquired resistance mechanism of horizontal gene transfer. (A) Conjugation process 

involves direct physical contact between the donor cell and the recipient cell for transfers DNA. (B) 

Transduction is the transfer of DNA mediated by bacteriophages from one bacterium to another. (C) 

Transformation involves free fragments of DNA released into the environment and include it into their 

own genome. 
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1.3.1.3. Adaptive resistance mechanism 

Adaptive resistance is an unstable and transient form of resistance, which increases the 

ability of a bacterium to survive an antibiotic attack due to transient alterations in gene and/or 

protein expression in response to an environmental stress. This resistance can also have long 

term consequences if cells are not completely eradicated and the stimulus is removed. This 

occurred via adaptive multiple mutational mechanisms and genetic reversion. In P. aeruginosa, 

the best characterized mechanisms of adaptive resistance where biofilm formation and the 

generation of persister cells (Pang et al. 2018; Moradali et al. 2017; Breidenstein et al. 2011). 

1.3.2. Carbapenems 

Carbapenems are bactericidal β-lactam antimicrobials agents with proven efficacy in 

severe infections with an exceptionally broadest spectrum of activity, against numerous 

pathogens. This broadest spectrum of activity of carbapenems is associated with their intrinsic 

resistance. These antibiotics are the most effective antimicrobial agents against gram-positive 

and gram-negative bacteria and have been used clinically to treat a variety of infections. They 

are considered a last defense against many drug-resistant bacterial infections and are currently 

the choice of antibiotic for multidrug-resistant P. aeruginosa infections (Codjoe and Donkor 

2018; Zhanel et al. 2007; Meletis et al. 2012; Deanna J. Buehrle et al. 2017). 

The mechanisms of resistance to carbapenems in P. aeruginosa are multifactorial and 

is result of an interaction between factors, such acquired Amber class B MBLs production, 

chromosomal β-lactamase (AmpC) overproducer, mutation in the outer membrane protein oprD 

and over-expression activity of the efflux-pumps MexAB-OprM (Mirsalehian et al. 2017; 

Wang et al. 2010). 

MBLs are important groups of β-lactamases, which can hydrolyze carbapenems and 

extended spectrum cephalosporins. The main types that have been identified are IMP, VIM, 

SPM, and GIM an lead to resistance to imipenem and meropenem plus the antipseudomonal 

cephalosporins, including cefepime and antipseudomonal penicillins. AmpC is 

characteristically chromosomally encoded in P. aeruginosa and can hydrolysis the 

carbapenems, however mutations can occur in the components of AmpC leading to stable 

hyperproduction of AmpC β-lactamases in P. aeruginosa isolates and cause a high-level 

resistance to many classes of β-lactam antibiotics (ticarcillin, piperacillin, and third-generation 

cephalosporins). Porin proteins in outer membranes such as OprD is a channel for entrance of 

amino acids and carbapenems. The resistance mediated by OprD loss or reduced protein 
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expression could confers a resistance to imipenem but also confers a reduced susceptibility to 

meropenem. Active efflux or overexpression of efflux-pumps is a responsible mechanism for 

moving antibiotics from inside to outside of the cell. The MexAB-OprM system is expressed 

in almost all P. aeruginosa isolates, and leads to resistance to quinolones, the antipseudomonal 

penicillins, and the antipseudomonal cephalosporins. P. aeruginosa strains overexpressing 

MexAB-OprM, meropenem susceptibility may decrease, but imipenem susceptibility is usually 

not affected (Mirsalehian et al. 2017; Bonomo and Szabo 2006; Zhanel et al. 2007; Wang et al. 

2010). 

P. aeruginosa strains which have carbapenem resistance mechanisms compromise 

severely the proper treatments, since carbapenem resistance is commonly associated with 

resistance to other antibiotic classes (Meletis et al. 2012). 

1.3.2.1.  Carbapenemases  

Carbapenemases or “Carbapenem-hydrolyzing enzymes” represent the most varied 

family of β-lactamase. Constitute a group of enzymes that possess the ability of hydrolyze β-

lactams like carbapenems, penicillins and cephalosporins, although at variable levels dependent 

on the type of enzyme.  This group of enzymes is a mixture of β-lactamases and can be classified 

according to its molecular and functional functions. According to its molecular classification, 

regarding its protein structure, have been identified four groups of β-lactamases, such Ambler 

class A (penicillinases), class B (metalloenzymes), class C (cephalosporinases or AmpC) and 

class D (oxacillinases) (Figure 7). According to its functional classification, regarding to its 

biochemistry and functional characteristics, three different groups were established which are 

subdivided according to substrate function and inhibition profile: group 1 ( β-lactamases type 

AmpC and cephalosporins), group 2 (serin-β-lactamases) and group 3 (metallo-β-lactamases) 

(Nordmann and Poirel 2002; Poirel, et al. 2007; Queenan and Bush 2007; Bush, et al. 1995). 

 

 

 

 

 

 

 

Figure 7 | Molecular classification of carbapenemases according to Ambler. 
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1.3.3. Colistin 

Colistin (polymyxin E) is a lipid antibiotic that was discovered in 1940s and has a broad 

activity against most clinically relevant gram-negative bacteria, such as P. aeruginosa. It was 

also classified as a last line of defense antimicrobial (Lim et al. 2015; Willmann et al. 2017). 

The mechanisms of action of colistin is essentially based on the electrostatic interaction 

between positively charged colistin and the negativity charged lipid A subunits present in the 

structure of lipopolysaccharide (LPS). The initial binding to an anionic LPS component 

displacing divalent cations, calcium and magnesium, from the outer membrane of P. 

aeruginosa. Therefore, it causes cell permeability changes in the cell envelope and leak of cell 

contents, which is followed by the reinstatement of the cytoplasmic membrane. This antibiotic 

also has the capacity to bind and neutralize the lipopolysaccharide molecule of bacteria, giving 

it antiendotoxin activity (Figure 8) (Goli et al. 2016; Ghasemian et al. 2018; Martis and Leroy 

2014; Lim et al. 2015; Rhouma et al. 2016). 

The mechanisms of resistance to colistin can be developed through adaptative or 

mutational mechanisms. Colistin resistance is commonly due by altering the bacterial outer 

membrane, which is colistin site of action. Reduction of calcium and magnesium contents is an 

adaptative resistance mechanism and its controlled by two-component regulatory systems 

(phoP-phoQ and pmrA-pmrB). Decreased binding to the outer membrane by 

lipopolysaccharide remodeling caused changes in this two-component regulatory systems, 

which results in a less anionic lipid A and stop or decrease this primary interaction with a 

different mechanism. Resistance caused by mutation, such efflux pumps overexpression 

(MexAB-OprM and MexXY-OprM) contribute to intrinsic multidrug resistance in P. 

aeruginosa (Lim et al. 2015; Goli et al. 2016).  

Colistin is, in some cases, the only therapeutic option to treat P. aeruginosa infections, 

so isolates that develop resistance to colistin are a thoughtful concern and may have devastating 

effects if no other treatment options are available to fight the infection (Lim et al. 2015). 
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Figure 8 | Mechanism of colistin on P. aeruginosa membrane. The cationic cycle de decapeptide 

structure of colistin binds with the anionic LPS molecules by dislocating calcium (Ca2+) and magnesium 

(Mg2+) ions from the outer cell membrane, leading to permeability changes in the cell. By binding to the 

hydrophobic lipid A element of LPS. PBP: penicillin-binding protein. 
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1.4.  Objectives 

This dissertation was conceived in the Medical Microbiology Laboratory, and the 

Functional Genomics and Proteomics Unit in University of Trás-os-Montes and Alto Douro, 

under the supervision of Master Vanessa Silva, Prof. Dr. Patrícia Poeta and Prof. Dr. Gilberto 

Igrejas. It was performed in the scope of the 2nd year of the master’s degree in Biochemistry 

and contributes to the understanding of antibiotic susceptibility and resistance caused by 

Pseudomonas aeruginosa infections. The main objectives of this study are to characterize and 

analyse resistance genes and virulence factors in Pseudomonas aeruginosa strains obtained 

from various human clinical samples from Medical Center of Trás-os-Montes e Alto Douro 

(CHTMAD). 

The specific objectives of this study are: 

1. To identify and characterize P. aeruginosa clinical isolates from CHTMAD. 

2. To determine antibiotic susceptibility profiles from each P. aeruginosa isolates. 

3. To determine the presence of ESBLs, MBLs and AmpC inducible by phenotypic tests. 

4. To evaluate phenotypically biofilm production by three distinct methods: Congo Red agar, 

Tube method and Microtiter assay plate method. 

5. To determine genotypically P. aeruginosa isolates: 

a. Molecular identification genes; 

b. Biofilm-specific antimicrobial resistance genes; 

c. Antimicrobial resistance genes; 

d. Virulence factors. 
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2.1. Bacterial strains 

Thirty-three Pseudomonas isolates were collected from 2017 to January 2019 from the 

CHTMAD, Vila Real, Portugal, from various samples. However, when these isolates were 

confirmed by PCR, only thirty-two isolates were confirmed to be P. aeruginosa isolates.  The 

isolate which was not identified as belonging to Pseudomonas aeruginosa by molecular 

methods, was classified throughout this work as being Pseudomonas spp.. The clinical 

specimens of P. aeruginosa were isolated from urine, healing, bronchial secretion, blood, pus, 

drainage liquid, expectoration and other liquids. Specimens were collected from different 

hospital wards such as surgery, general medicine, orthopaedics, intensive care units, 

pneumology, nephrology and urology (Table 2). 

For a better confirmation of the P. aeruginosa strains we used selective basal medium, 

Pseudomonas Cetrimide Agar, that are used for isolation and identification of Pseudomonas 

aeruginosa strains. The medium enhances the production Pseudomonas pigments such 

fluorescein (pyoverdine) and pyocyanin, a green-yellow fluorescent pigment that oxidizes to 

yellow that are the characteristic that most distinguished P. aeruginosa from the other 

pseudomonads. 

Table 2 |Time of collection and specimen/ hospital wards of Pseudomonas strains in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isolate Time of collection (year) Specimen/ hospital wards 

1 2018 Urine 

2 2018 Urine 

3 2018 Urine 

4 2017 Healing 

5 2018 Bronchial secretion 

6 2018 Urine 

7 2017 Pneumology 

8 2018 Urine 

9 2018 Urine 

10 2018 Urine 

11 2019 Urine 

12 2017 Urine 

13 2018 Blood 

14 2018 Urine 

15 2018 Urine 

16 2018 Urine 

17 2018 Orthopaedics 

18 2018 Expectoration 

19 2018 Urine 

20 2018 Expectoration 

21 2018 Blood 

22 2018 Urine 

23 2018 Urine 

24 2018 Urine 

25 2018 Bronchial secretion 

26 2018 Blood 

27 2018 Pus 
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2.2. Antibiotic Susceptibility Testing 

Nowadays, clinical microbiology laboratory performed antimicrobial susceptibility 

testing (AST) to detect possible drug resistance in bacterial pathogens microorganisms and to 

confirm susceptibility to selected antimicrobial agents for treatment. Susceptibility testing of 

isolates is important with species that may possess acquired resistance mechanisms, like P. 

aeruginosa. AST can be performed by using a variety of susceptibility testing methods, such as 

broth microdilution test, disk diffusion test and automated instrument systems (Jorgensen and 

Ferraro 2009).  

2.2.1. Disk Diffusion method 

In this study, disk diffusion method was used for 12 antibiotics. The disk diffusion 

susceptibility method is one of the oldest approaches to AST used in routine clinical 

microbiology laboratories. This method is simple and practical, and it is suitable for testing 

most bacteria. To execute disk diffusion method, the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST 2019) methodology was followed. 

For the P. aeruginosa isolates, this method consists in using colony suspension and 

adjusting the turbidity of this suspension to a 0.5 McFarland standard, corresponding 

approximately to 1–2×108 CFU/mL. Applying the bacterial inoculum to the surface of Muller-

Hinton agar plate, that was prepared according to the manufacturer´s instructions. The 12 

antibiotics used were chosen according to EUCAST breakpoint table (Table 3) and should be 

applied on the surface of agar already inoculated. The distance between the centres of disks 

should be more than 24 mm. The plates were incubated at 35 °C for 16-20 h to determination 

of results. The inhibition zones around each of the antibiotic disks are measured and the 

diameter of the zone is related to the susceptibility of the isolate and to the diffusion rate of the 

drug through the agar medium. The zone diameters of each drug are interpreted using the 

criteria published by the EUCAST for Pseudomonas spp. These results are “qualitative” and 

categorized as susceptible or resistant (Jorgensen and Ferraro 2009; Matuschek et al. 2014). 

 

28 2018 Drainage liquid 

29 2018 Expectoration 

30 2018 Other liquid 

31 2018 Urine 

32 2018 Pus 
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 Table 3 | Zone diameter breakpoint presented in EUCAST breakpoint table for Pseudomonas spp. 

(EUCAST, 2019) and concentrations of the 12 antibiotics tested. 

 

2.2.2. Minimum inhibitory concentration determination by Microtitre 

Dilution Method 

Minimum inhibitory concentration (MIC) are defined as the lowest concentration of an 

antibiotic that will inhibit the visible growth of a microorganism after overnight incubation and 

are used for determination of susceptibility of organisms to antibiotics. The determination of 

the MIC involves a semi-quantitative result which gives an approximation to the least 

concentration of an antibiotic needed to avoid microbial growth. This method is used in 

diagnostic laboratories to confirm resistance and give a definitive result when borderline result 

is obtained by other methods, or disc diffusion methods are not appropriate according to 

guidelines (Lambert and Pearson 2000; Andrews, Jennifer 2001; Jorgensen and Ferraro 2009). 

Classes of antibiotic Antibiotics Disk content (µg) 
Zone diameter breakpoint (mm) 

Susceptible ≥ Resistant < 

 

Penicillins 

 

Piperacillin 

 

30 

 

18 

 

18 

Ticarcillin-clavulanic 

acid 

75-10 18 18 

Cephalosporins Cefepime 30 21 21 

Ceftazidime 10 17 17 

Carbapenems Doripenem 10 25 22 

Imipenem 10 20 17 

Meropenem 10 24 18 

Monobactams Aztreonam 30 50 16 

Flouroquinolones Ciprofloxacin 5 26 26 

Aminoglycosides Amikacin 30 18 15 

Gentamicin 10 15 15 

Tobramycin 10 16 16 
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 Susceptibility testing was determined by microdilution method for MIC testing of 

colistin according to the EUCAST guidelines (2019). Other testing methods such disk diffusion 

is not recommended for this antibiotic. The antimicrobial stock solutions were prepared from a 

standard powder and was choose a range of antibiotic concentrations (0.25 mg/L to 32 mg/L) 

for Pseudomonas spp. The antimicrobial dilutions were prepared and 75 µL of each antibiotic 

dilution was add to 96-well sterile microtitre. Pseudomonas aeruginosa suspension as prepare 

for broth microdilution and was add 75 µL of the suspension in the microtiter wells. Cover with 

a plate sealing tape and incubate at 35-37ºC for 18-20 hours. After this time, we read the MIC 

for antibiotic and the amount of growth in the wells containing the antibiotic was compared to 

the amount of growth in the growth-control wells. The MICs were interpreted and were reported 

as being susceptible or resistant (Table 4) (Andrews, Jennifer 2001). 

Table 4 | MIC breakpoint presented in EUCAST breakpoint table for Pseudomonas spp. (EUCAST, 

2019) for the antibiotic colistin. 

 

 

2.3. Phenotypic tests in Pseudomonas aeruginosa 

For a phenotypic detection of extended-spectrum β-lactamases (ESBLs), metallo-β-

lactamases (MBLs) and AmpC inducible, we used the double disk synergic tests. These 

phenotypic methods are cheap and easy methods for the diagnosis of various β-lactamases in 

microbiological laboratories (Kaore et al. 2012). 

For detection of ESBLs, were used antibiotics disks of cefepime (FEP) (30 µg) and 

amoxicillin-clavulanic acid (AUG) (20/10 µg) placed on the inoculated Muller-Hinton agar 20 

mm apart (centre to centre) and incubated overnight at 37 ºC. The AUG disk acts like a β-

lactamase inhibitor and the occurrence of deformation in FEP halo between AUG and FEP 

indicates the possible presence of an enzyme ESBL. 

For detection of MBLs in imipenem-resistance strains, the lawn culture of test isolates 

was done on Muller-Hinton agar. Two discs of imipenem (IMP) (10 µg) were used in an 

inoculated plate. To one of the IMP discs, 10 µl of EDTA (0.5 M, pH 8.0) was added. After 

overnight incubation, in case of the zone of inhibition of IMP + EDTA discs compared to 

imipenem alone is >7 mm, that means that P. aeruginosa strain in study can possible be MBL 

producer (Figure 9A). 

Classes of antibiotic Antibiotics 

MIC breakpoint (mg/L) 

Susceptible ≤ Resistant > 

Polymyxin E Colistin 2 2 
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For determination of AmpC inducible, we used imipenem (10 µg) and ceftazidime 

(CAZ) (30 µg) antibiotics placed on MH agar 20 mm apart (centre to centre). The appearance 

of a halo in the form of “D” in CAZ, indicates the presence of a strains AmpC inducible 

producer (Figure 9B). 

 

 

 

 

 

 

Figure 9 | Phenotypic detection tests positive for: A) MBLs and B) AmpC inducible. 

2.4.  Quantification of biofilm production in Pseudomonas aeruginosa 

2.4.1. Congo Red Agar method 

Freeman et al. (1989) have described Congo Red Agar (CRA) method as a simple 

qualitative method to detect biofilm production. In this test, Congo red dye was used as a pH 

indicator, showing black coloration at pH ranges between 3.0 and 5.2. CRA plates were seeded 

and inoculated with bacteria in test and incubated at 37ºC for 24 to 48 hours. After this period, 

black colonies with a dry crystalline consistency indicated biofilm production and red colonies 

with a smooth and darkened appearance in the centre were considered biofilm non-producers 

(Figure 10) (Kaleem et al. 2011; Da Costa Lima et al. 2017). 

 

 

 

 

 

 

 

 

 

 

Figure 10 | Congo red agar plate tests. On the left have black colonies: the slime-producing strains 

and in the right have transparent colonies: the non-slime-producing strains. 

A) B) 
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2.4.2. Tube method modified 

Described by Christensen et al. (1985), the tube method (TM) is a qualitative assessment 

of biofilm formation. Test organisms from overnight BHI culture plates was inoculated in 10 

mL of Tryptone soya broth in tube tests. The tubes were incubated at 37 °C for 24 h. After 

incubation, tubes were decanted and washed with saline solution and dried. Dried tubes were 

stained with crystal violet (0.1%). Excess stain was removed, and tubes were washed with 

deionized water. Tubes were dried in inverted position.  

Biofilm formation was considered positive when a visible film lined the wall and bottom 

of the tube. Tubes were examined, and the amount of biofilm formed was scored as 0- none, 1- 

weak, 2-moderate and 3-strong (Figure 11) (Christensen et al. 1982; Nagaveni et al. 2010). 

After scored the tubes, was add 30 % acetic acid in water to each tube, for quantifying 

the biofilm form absorbance was read at 550 nm using 30% acetic acid in water as the blank. 

 

 

 

 

 

 

 

 

 

 

Figure 11 | Tube method detection modified. On the left have tube method quantifying with crystal 

violet (0.1%) and in the right have tube method quantifying with 30 % acetic acid (A) none biofilm 

produces, (B) weak biofilm produces, (C) moderate biofilm produces and (D) strong biofilm produces. 

2.4.3.  Microtiter Plate Assay Method  

The microtiter plate assay method (MM) is an important tool for the study of the early 

stages in biofilm formation, this assay allows the formation of a biofilm on the wall and/or 

bottom of a microtiter plate (O’Toole 2011). 

For the quantification of the biofilm production by the strains of P. aeruginosa, the first 

step is the growing of biofilm. For that it is necessary grow a culture of P. aeruginosa strain in 

Luria-Bertani (LB) broth overnight, after that dilute the culture add 100 µL of the dilution per 

(A) (D) (B) (C) (A) (B) (C) (D) 
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well in a 96 well plate and finally incubate the microtiter plate for 4-24 hours at 37°C. The 

second step is staining the biofilm. After incubation, dump out cells by turning the plate over 

and shaking out the liquid, after that submerge the plate in a small tub of water and shake out 

water. Is essential repeat this process twice, helps remove unattached cells and media 

components that can be stained in the next step, and significantly lowers background staining. 

Add 125 μL of a 0.1% solution of crystal violet in water to each well of the microtiter plate and 

incubate the microtiter plate at room temperature for 10-15 min. Rinse the plate 3-4 times with 

water by submerging in a tub of water, shake out and blot vigorously to rid the plate of all 

excess cells and dye. Turn the microtiter plate upside down and dry for a few hours or overnight. 

The last step of this protocol is quantifying the biofilm, for this is necessary add 125 μL of 30% 

acetic acid in water to each well of the microtiter plate to solubilize the crystal violet solution, 

incubate the microtiter plate at room temperature for 10-15 min and quantify absorbance in a 

plate reader at 550 nm using 30% acetic acid in water as the blank (Figure 12) (O’Toole 2011). 

 

Figure 12 | Quantitative detection by Microtiter Plate Assay Method. (A) High (OD550>0.240), (B) 

moderate (OD550= 0.10-0.240) and (C) none (OD550<0.120), biofilm producers differentiated by crystal 

violet stain in 96-well tissue culture plate. 

2.5.  DNA extraction and quantification 

DNA extraction from Pseudomonas strains was performed according to the “Boiled 

method”, a simpler and rapid extraction protocol. The protocol is as follows: 

1. From a pure bacterial culture on Brain Heart Infusion (BHI), remove between 2-3 colonies 

and resuspend in a properly identified eppendorf tube with 0.5 ml of miliQ water. 

2.  It was placed in a 100ºC bath for 8 minutes, after which it was vigorously vortexed. 

3.  Centrifuged at 12,000 rpm for 2 minutes.  

4. Immediately after extraction, the concentration and purity of the extracted DNA was 

vigorously vortexed. 

5.  Centrifuged at 12,000 rpm for 2 minutes.  

(A) (B) (C) 
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After extraction method, the concentration and purity of the extracted DNA was 

quantified using the ND-100 Spectrophotometer, NanoDrop® spectrophotometer, which allows 

us to perform small sample volume readings (1-3 μl). 

 A sample of to 2 μl of extracted DNA was placed in the spectrophotometer and was 

performed an absorbance reading at 260 nm. The purity of the extracted DNA is determined by 

the ratio of readings made at 260 and 280 nm and a pure preparation of DNA has a purity ratio 

of 1.8 and 2, being smaller in case of contamination with protein molecules. The ideal DNA 

concentration for performing PCR in Pseudomonas isolates is between 200 and 600 μg/mL. 

Therefore, if concentrations exceed these values, dilutions with autoclaved water should be 

performed. Finally, the extracted DNA was stored at 4 °C. 

2.6.  Polymerase Chain Reaction  

Polymerase chain reaction (PCR) is a simple and enzymatic assay developed by Kary 

Mullis in the 1980s, which objective is the amplification of a specific DNA fragment from a 

complex pool of DNA. 

 The primary physical components of PCR are (1) DNA template, sample of DNA that 

contains the target sequence; (2) nucleotides (dNTPs), act as the building blocks that are used 

by the DNA polymerase to create the resultant PCR product and include the four bases – 

adenine, thymine, cytosine, and guanine that are found in DNA; (3) Taq DNA polymerase, key 

enzyme that links individual nucleotides together to form the PCR product; (4) oligonucleotide 

primers, specify the exact DNA product to be replicated and the result is the amplification of a 

DNA sequence with billions of copies; (5) a buffer solution of appropriate ionic strength and 

pH. The reaction solution has three steps in PCR, starts with denaturation, the DNA is denatured 

at high temperature (94-96°C) above the melting point of the two complementary DNA strands 

of the target DNA, which allows the strands to separate; following annealing or hybridization, 

the temperature is lowered to allow the specific oligonucleotides primers, oriented with their 3' 

ends to bind to the target DNA segments and extension, the temperature is raised again, at which 

time the DNA polymerase is able to binds to the DNA primers and then extend the primers, one 

nucleotide at a time, simultaneously, by adding nucleotides to the developing DNA strand. With 

each repetition of these three steps, the number of copied DNA molecules doubles the 

concentration of the target DNA increases exponentially (Figure 13) (Avashia 2013; Waters 

and Shapter 2005). 
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Figure 13 | Schematic presentation of the PCR principle. 

 The conventional PCR reaction was used in this work for bacterial identification, 

determination of antibiotic resistance genes, for determination of virulence genes and for 

detection of biofilm-specific antimicrobial resistance genes. To carry out the PCR technique 

the following thermocyclers was used : T300 Thermocycler, Biometra. The PCR reaction 

mixture was prepared a final volume of 50 μL for each reaction tube using the components and 

amounts indicated in Table 5. 

 

 Table 5 | PCR componentes. 

 

 

 

 

 

 

 

 

 

 

 

  

PCR component Volume for reaction tube (µL) 

MiliQ water 36.2 

NH 5 

Mgcl2 1.5 

dNTPs 1 

Primer Forward 2 

Primer Reverse 2 

Taq DNA Polymerase 0.3 

DNA 2 

Total 50 µL 

5´ 

5´ 

3´ 

5´ 

3´ 

3´ 

5´ 

5´ 3´ 

3´ 

 DNA template 

5´ 

5´ 3´ 

3´ 

94-96°C 

Denaturation 

55-70°C 

Anneling 

Primer 

5´ 

5´ 

3´ 

Primer 

5´ 

3´ 

5´ 

68-72°C 

Extension 

DNA polymerase 
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2.6.1. Molecular identification of Pseudomonas aeruginosa 

The use of molecular techniques such as PCR could improve accurate and rapid 

identification of P. aeruginosa. oprI and oprL characterized two outer membrane lipoprotein 

genes which are responsible for inherent resistance of P. aeruginosa to antibiotics and play an 

important role in interaction of the bacterium with the environment. As these proteins are found 

only in this organism, they could be a reliable factor for rapid identification of P. aeruginosa 

in clinical samples, oprI for detection of genus and oprL for detection of species of P. 

aeruginosa strains. In this study, we aimed to identify P. aeruginosa at the genus and species 

level through primers targeting oprI and oprL genes via PCR (Jami Al-Ahmadi and Zahmatkesh 

Roodsari 2016; De Vos et al. 1997; Douraghi et al. 2014). 

The PCR reaction conditions are the same for the two primers and are in Table 6. As 

well as the specific primers sequence used in this study. Electrophoresis was performed in a 1% 

agarose gel along with 100 bp DNA Ladder and was stained with ethidium bromide (Douraghi 

et al. 2014). 

 Table 6 | Specific primers sequences targeting oprI and oprL. 

 

2.6.2. Molecular detection of biofilm-specific antimicrobial resistance genes 

Biofilm-specific antimicrobial resistance genes are expressed in response to growth in 

a biofilm and their wild-type function is required for resistance. The genes ndvB and tssC1 are 

among the genes that do not influence biofilm formation but are implicated in biofilm-specific 

antibiotic resistance (Mah 2012). 

The aim of this study was to evaluate the presence of the genes ndvB and tssC1 in 

clinical isolates of P. aeruginosa. The genes ndvB and tssC1 were amplified by PCR using a 

specific set of primers (Table 7) and his amplification was performed as follows: initial 

denaturation at 95 °C for 2 min (one cycle), followed by 30 cycles consisting of denaturation 

at 95 °C for 1 min, annealing at 56° C for 1 min and extension at 72° C for 90 s, and final 

Target 

region 
Primer sequence (5´-3´) 

Amplicon 

size (bp) 
Reference 

oprI 

 

ATGAACAACGTTCTGAAATTCTCT 

CTTGCGGCTGGCTTTTTCCAG 

249 Douraghi et al. 2014 

oprL ATGGAAATGCTGAAATTCGGC  

CTTCTTCAGCTCGACGCGACG  
504 Douraghi et al. 2014 
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extension at 72° C for 10 min. The PCR products were visualized following electrophoresis on 

1% agarose gel along with 100 bp DNA Ladder and was stained with ethidium bromide. 

Table 7 | Specific primers sequences targeting ndvB and tssC1. 

 

2.6.3. Molecular detection of resistance genes 

The aim of this study was to evaluate the prevalence of encoding genes of five 

carbapenem resistance genes between P. aeruginosa strains. The detection of MBLs genes, was 

study in blaVIM-2, blaNDM and blaSPM genes that are considered the most clinically significant 

carbapenemases and the detection of encoding genes for class A carbapenemases, was study in 

blaKPC. PCR method was carried out for detection of the blaVIM-2, blaSPM, blaNDM and blaKPC on 

a T300 Thermocycler, Biometra. The specific primers sequences used in this study and the 

reaction conditions are in Table 8. The PCR products depend on amplicon size and were 

revealed by electrophoresis on 1% agarose gel along with 100 bp DNA Ladder and was stained 

with ethidium bromide. 

Table 8 | Specific primers sequences targeting of resistance genes of P. aeruginosa. 

Target 

region 
Primer sequence (5´-3´) 

Amplicon 

size (bp) 
Reference 

ndvB 

 

GGCCTGAACATCTTCTTCACC 

GATCTTGCCGACCTTGAAGAC 

157 Saffari et al. 2018 

tssC1 
CTCCAACGACGCGATCAAGT 

RTCGGTGTTGTTGACCAGGTA 
150 Saffari et al. 2018 

Target 

region 
Primer sequence (5´-3´) 

Amplicon 

size (bp) 
Reference 

blaVIM-2 

 

AAAGTTATGCCGCACTCACC 

TGCAACTTCATGTTATGCCG 
815 Franco et al. 2010 

blaSPM 

 

AAAATCTGGGTACGCAAACG 

ACATTATCCGCTGGAACAGG 
2471 

Davood Kalantar 

Neyestanaki, et al. 2014 

blaNDM 

 

GGTTTGGCGATCTGGTTTTC 

CGGAATGGCTCATCACGATC 

 

621 
Davood Kalantar 

Neyestanaki, et al. 2014 

blaKPC 
CGTCTAGTTCTGCTGTCTTG 

CTTGTCATCCTTGTTAGGCG 

798 

232 

Davood Kalantar 

Neyestanaki, et al. 2014 
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2.6.4. Molecular detection of virulence genes 

Pathogenicity of the bacterium depends on its virulence factors. P. aeruginosa has many 

virulence factors such exotoxin A (toxA), alginate (algD), phospholipases C (plcH and plcN) 

and pili (pilA). 

The PCR reaction was performed in a total volume of 50 µL, contained PCR 

components in Table 5. PCR amplifications were performed in under the following conditions: 

PCR of toxA: 1 cycle of 1 min at 94ºC, 36 cycles of 1 min at 94 ºC, 1 min at 55ºC and 1 min at 

72ºC, 1 cycle of 1 min at 72ºC. PCR of algD, plcH and plcN: 1 cycle of 10 min at 94ºC, 30 

cycles of 1 min at 94 ºC, 1.5 min at 60ºC and 1 min at 72ºC, 1 cycle of 5 min at 72ºC. PCR of 

pilA: 1 cycle of 2 min at 95ºC, 30 cycles of 30 seg at 94 ºC, 30 seg at 58ºC and 1 min at 72ºC, 

1 cycle of 7 min at 72ºC. The amplified genes were detected by electrophoresis in a 1% agarose 

gel stained with ethidium bromide (Table 9). 

Table 9 | Specific primers sequences targeting of virulence genes of P. aeruginosa. 

 

Target 

region 
Primer sequence (5´-3´) 

Amplicon 

size (bp) 
Reference 

toxA 

 

GGTAACCACGTCAGCCACAT 

TGATGTCCAGGTCATGCTTC 

1075 

 
Clara et al. 2017 

algD 

 

CGTCTGCCGCGAGATCGGCT 

GACCTCGACGGTCTTGCGGA 
313 Faraji et al. 2016 

plcH 

 

GCACGTGGTCATCCTGATGC 

TCCGTAGGCGTCGACGTAC 
608 Faraji et al. 2016 

plcN 
TCCGTTATCGCAACCAGCCCTACG 

TCGCTGTCGAGCAGGTCGAAC 
481 Faraji et al. 2016 

pilA 
ACAGCATCCAACTGAGCG 

TTGACTTCCTCCAGGCTG 
1675 

Fazeli and Momtaz 

2014 
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3.1. Identification of the bacterial strains  

Thirty-three clinical samples of Pseudomonas isolates were collected from various 

specimens such, urine (n=17), healing (n=1), bronchial secretion (n=2), blood (n=3), pus (n=2), 

drainage liquid (n=1), expectoration (n=3), other liquids (n=1) and also from samples in 

different areas of health that were not identified as specimen but as the hospital wards in which 

it was collected: Pneumology (n=1), Internal medicine (n=1) and Orthopaedics (n=1).  

Their identification and their isolation were performed by CHTMAD. As in the routine 

phenotype tests usually performed in clinical laboratories, we inoculated the samples onto a 

selective and differential medium used for the isolation and identification of P. aeruginosa 

strains from clinical specimens: Pseudomonas Cetrimide Agar. After 18-48h of incubation at 

37º C, the plates showed the presence of growth isolated colonies, that can indicate the positive 

reaction and can be identified as Pseudomonas aeruginosa when it exhibits the production of 

fluorescein (pyoverdin), a green-yellow fluorescent pigment that oxidizes to yellow. When 

pyoverdin combines with the blue water-soluble pigment pyocyanin, the bright green colour 

characteristic of Pseudomonas aeruginosa is created.  As a result of this cultured on 

Pseudomonas cetrimide agar, the following results were obtained for the thirty-three isolates 

analysed: twenty-six samples showed a green-yellow fluorescent pigment and bright green 

colour colonies grown on cetrimide agar were primarily identified as P. aeruginosa, however 

seven of these samples did not have a green-yellow fluorescent pigment growth but a whitish-

colored growth on cetrimide agar. However, these results may occur due to some limitations of 

cetrimide agar, because certain strains of P. aeruginosa may not produce pyocyanin. Studies 

performed by Lowbury and Collins 1955, showed P. aeruginosa can lose its fluorescence under 

UV if the cultures are left at room temperature for a short time, which may cause the absence 

of characteristic colours when growing on cetrimide agar. That’s why further tests are necessary 

for confirmation of P. aeruginosa. 

Additional identification was then performed via PCR-based assays, to minimize the 

potential error of single-target assays, we used two PCR assays were performed individually 

for the detection of two outer membrane lipoprotein genes for molecular identification of P. 

aeruginosa. Thirty-two of thirty-three isolates yielded 249bp amplicon through amplification 

of oprI gene to confirming the identity of fluorescent pseudomonads, this finding indicate that 

isolates with the presence of oprI gene are more likely a member of fluorescent pseudomonads. 

Thirty-two isolates also yielded 573bp amplicon through amplification of oprL gene to 

verifying the identity of P. aeruginosa. Seven isolates were not phenotypically identified as P. 
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aeruginosa when seeded on cetrimide agar, however only one of these seven isolates were not 

confirmed via PCR. We conclude that this isolate does not belong to P. aeruginosa species. As 

it came from CHTMAD isolated and identified as being of Pseudomonas species, since it was 

in a medium selective for that same species it will be identified throughout this work as 

Pseudomonas spp.. 

It is important to identify correctly and rapidly to ascertain which susceptibility patterns 

for this organism. However, the phenotypic methods takes a long time to performed and require 

extensive hands-on work. According to our literature review, PCR are a molecular method for 

rapidly and accurately identify P. aeruginosa species though the amplification of gene 

sequences that have been reported to be superior to phenotypic methods. The discrepancy 

between the results of phenotypic assay and molecular assay was significant, PCR is more 

reliable and sensitive method for identification of morphotypes of P. aeruginosa which 

misidentified via phenotypic methods. 

 

3.2. Antibiotic susceptibility testing 

After identifying the thirty-two bacterial isolates of P. aeruginosa from different origins, 

the susceptibilities of 12 antipseudomonal antibiotics of different classes of antibiotics was 

performed by the disk diffusion method according the EUCAST guidelines.  

Thirty P. aeruginosa isolates studied have a multi-resistant (MDR) phenotype, which 

means that the isolate is resistant to at least three different classes of antibiotics (Magiorakos et 

al. 2012). Six classes of antibiotics were studied: fluroquinolones, aminoglycosides, 

cephalosporines, carbapenems, monobactams and penicillins. Regarding the thirty-two isolates 

studied, two isolates (6.3%) have resistance to two classes of antibiotics, five isolates (15.6%) 

resistance to three classes of antibiotics, twelve isolates (37.5%) resistance to four classes of 

antibiotics, eleven isolates (34.4%) resistant to five classes of antibiotics and two isolates 

(6.25%) showed resistance to six classes of antibiotics (Appendix A). In this study, a multi-

resistance profile was observed in 93.8% of the isolates studied. 

The susceptibility profile of clinical isolates was analysed individually for the different 

antibiotic classes. The antibiotics and the susceptibility profiles are described in Figure 14. The 

inhibition zone diameters were used to evaluate the susceptibility of P. aeruginosa isolates to 

the different antibiotics tested according EUCAST guidelines. Susceptibility testing of clinical 

isolates for aminoglycosides, were tested for three antibiotics: tobramycin (TOB), gentamicin 

(CN) and amikacin (AK). For TOB twelve isolates were resistant and twenty isolates were 
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susceptible, for CN ten isolates were resistant and twenty-two isolates were susceptible. For the 

antibiotic AK only one isolate was resistant, and thirty-one were susceptible. For antibiotic 

classes monobactams and fluroquinolones, two antibiotics were tested ciprofloxacin (CIP) for 

fluroquinolones and aztreonam (ATM) for monobactams class. For CIP twenty isolates were 

considered resistant and twelve isolates were susceptible. For ATM twelve isolates were 

resistant to this antibiotic and twenty were susceptible. The susceptibility testing of the clinical 

isolates for carbapenems, were tested for three antibiotics: doripenem (DOR), meropenem 

(MER) and imipenem (IMI). All the thirty-two clinical isolates showed resistance to IMI and 

for the other two antibiotics a high resistance was also found, for MER twenty-two isolates 

were resistant and ten isolates were susceptible. For DOR, twenty-one isolates were resistant, 

and eleven isolates showed susceptibility to this antibiotic. For the antibiotic class of 

cephalosporines, were tested two antibiotics: ceftazidime (CAZ) and cefepime (FEP). For CAZ, 

ten isolates were resistant, and twenty-two isolates were susceptible. For FEP, twenty-seven 

isolates were resistant, and five isolates were considered susceptible. The last antibiotic class 

studied were penicillins, two antibiotics were analysed for the clinical isolates: ticarcillin-

clavulanic acid (TCC) and piperacillin (PRL). Twenty-one isolates were resistant to PRL and 

eleven isolates were susceptible, relatively to TCC, were observed fifteen resistant isolates and 

seventeen susceptible isolates.  

Figure 14 shows that the majority of the isolates were resistant to the tested antibiotics 

such: PRL, TCC, FEP, CIP, DOR, MER and IMI, respectively belonging to the following 

classes of antibiotics, penicillins, cephalosporines, fluroquinolones and carbapenems. 

However, in this study amikacin (aminoglycosides) was the most active agent, with 96.9% 

susceptible, followed by gentamicin (aminoglycosides) and ceftazidime (cephalosporines) with 

a percentage of susceptibility in 68.6% of the isolates. Tobramycin (aminoglycosides) and 

aztreonam (monobactams) were the same percentage of susceptibility with 62.5% isolates 

susceptible. As it was possible to observe, the carbapenem antibiotics class were those that 

showed a higher prevalence of resistance (78.1%) in the clinical isolates studied. Several reports 

of carbapenems resistance showed that the prevalence and rates of resistance in P. aeruginosa 

strains is high and are in agreement with the results obtained in this study. This resistance 

diverges greatly among different areas which may reflect differences in infection control 

policies (Labarca et al. 2016). In Europe, in studies performed by Katchanov et al. 2018, Estepa 

et al. 2017, Rojo-Bezares et al. 2016 and Bubonja-sonje and Matovina 2015, 656 clinical 

isolates of P. aeruginosa were acquired for blood and clinical samples during 2008 to 2016 
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from Germany, Spain, France and Croatia. Carbapenem-resistance isolates of P. aeruginosa 

were detected in 419 patients (63.8%) treated in these four countries. Higher rates of resistance 

to carbapenem were reported in all the different hospitals in Europe and a high number of 

patients colonized or infected with carbapenem-resistant bacteria highlight the clinical 

relevance of these pathogens in health-care centers. These results are quite worrying, both at a 

public health level and from a clinical perspective, as carbapenems are a last-line group of 

antimicrobials, only used when there are no longer effective lower-class antibiotics for treating 

the infection. These antimicrobials are mainly used in hospitals to treat patients with serious 

infections involving multidrug-resistant gram-negative bacteria, such P. aeruginosa. 

Figure 14 | Antimicrobial susceptibility tests (according to EUCAST) results for the following 

antibiotics: Amikacin (AK), Gentamicin (CN), Tobramycin (TOB), Ciprofloxacin (CIP), Aztreonam 

(ATM), Doripenem (DOR), Meropenem (MER), Imipenem (IMI), Cefepime(FEP), Ceftazidime (CAZ), 

Piperacillin (PRL), Ticarcillin-clavulanic acid (TCC). 

MIC distribution of indicative antimicrobial agent colistin illustrates susceptibility 

patterns according to EUCAST standards for broth microdilution method. For colistin 
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(susceptible ≤ 2, resistant >2 mg/L), a total of three isolates had MICs of 4 mg/L,3 mg/L and 8 

mg/L and has been considered resistant to this last resort antibiotic. 

As observed in the results on antibiotic sensitivity, we conclude that P. aeruginosa 

present a significant therapeutic challenge. An inappropriate antibacterial prescribing in 

hospitals promotes the emergence and spread of multidrug-resistant bacteria responsible for 

healthcare-associated infections. The selection of the most appropriate antimicrobial therapy is 

complex because the ability of this pathogen develops or acquire resistance to multiple classes 

of antimicrobials. 

3.3. Phenotypic detection 

This study phenotypically evaluated the occurrence of AmpC beta-lactamase, MBL and 

ESBL in P. aeruginosa isolates from different clinical origins (Figure 15). 

Thirty-two isolates of P. aeruginosa from various clinical samples were evaluated for 

carbapenem resistance and for MBL production. As it possible to observe by the results 

obtained by the antibiotic susceptibility test, in the present study all clinical isolates of P. 

aeruginosa studied was found resistant to imipenem. All the imipenem resistant isolates were 

tested for MBL production by combined discs diffusion test using EDTA and imipenem. Out 

of these thirty-two isolates, fifteen (53%) isolates were positive for MBL production and 

seventeen (47%) isolates were negative for MBL. Among thirty-two clinical isolates used in 

this study, MBL genes (blaNDM, blaSPM, blaVIM-2) were detected in thirty-one isolates by PCR. 

Compared to the genotypic method, the phenotypic method only confirmed the presence of 

MBL in fifteen clinical isolates. Of these fifteen isolates, fourteen were identified with the 

blaSPM gene, none had the blaVIM-2 gene and four had the presence of blaNDM. According to Picão 

et al. (2012) early detection of MBL-producing genes may contribute to the control of spread 

of multi-resistant isolates. Phenotypic methods, although simple to perform and inexpensive, 

have shown incompatible results. In our study there was a difference between the results 

obtained in these two tests, phenotypic tests are not very specific and accurate and are therefore 

more susceptible to errors in the results.  Out of the thirty-two isolates studied, only five isolates 

(16%) were phenotypically confirmed to produce ESBLs, however twenty-seven (84%) isolates 

were confirmed to be ESBL non-producers. A total of twenty-two (69%) isolates were 

confirmed by phenotypic test to produce AmpC beta-lactamase in our presumptive study. In 

our study, we can see a large percentage of isolates for AmpC and MBL were observed, 

regarding the presence of ESBL, there was a low prevalence of isolates in their presence. 
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The advantages of this methods include an easy performance and no need for special 

reagents or media. However, the sensitivity and specificity of phenotypic tests were not found 

to be 100% in comparison to molecular methods, so for more specific and accurate results the 

genotypic method PCR was used. 

 

 

 

 

 

 

Figure 15 | Distribution of AmpC inducible, ESBLs, and MBLs among the clinical isolates studied. 

 

3.4.  Quantification of biofilm production  

This study was conducted to detect biofilm forming P. aeruginosa isolated from 

different clinical specimens by three different methods, Congo Red Agar (CRA), Tube method 

(TM) and Microtiter method (MM) and evaluate their ability to form biofilms. The isolate 

identified as Pseudomonas spp. was used in the study of biofilm formation. 

The CRA test showed low positivity in the presumptive detection of biofilm production 

in two isolates (6.0%) of the analysed isolates. One of them presents a moderate biofilm 

formation, showing darkening of colonies with absence of dry crystalline colonial morphology 

and another a high biofilm formation showed black colonies with a crystalline appearance, the 

isolate that presented this morphology was the one classified as Pseudomonas spp. The TM 

showed a moderate biofilm forming isolates. A total of two isolates (6.0%) were picked up as 

a high biofilm-producers and nine isolates (25.7%) were considered moderate biofilm-

producers. However, it was difficult to differentiate between weak and none biofilm formation 

due to the changeability in the results detected by different observers. For weak producers’ 

biofilm, were showed in thirteen isolates (39.4%) and none biofilm producers in nine isolates 

(27.3%). In the MM method, the number of isolates which showed high biofilm formation was 

three (9.0%), moderate biofilm formation was thirty (93.7%) and none or weak biofilm 
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producers were not found. In the current study, the CRA, TM, and MM detected biofilm 

formation in 6.0 % (2/33), 75.7% (25/33), and 100% (33/33) of the isolates respectively as 

demonstrate in Table 10.  

 Table 10 | Screening of the isolates from biofilm formation by Congo Red Agar, Tube method and 

Microtiter method. 

 

Based on the observations in our results we don´t recommend the CRA method as a 

suitable method for detection of biofilm formation. Although there are few studies evaluating 

the effectiveness of the Congo Red agar test for P. aeruginosa, Lima et al. 2017 was evaluated 

the biofilm formation using this technique  in P. aeruginosa strains. Although this method is 

widely used in biofilm studies, in P. aeruginosa strains, CRA test demonstrate is not effective 

for the detection of biofilm formation. The lack of positivity in this test may be related to the 

deficiency expression of the gene pel, responsible for the absent production of the glucose-rich 

extracellular matrix. If no extracellular matrix is produced, this matrix no binding to Congo Red 

and don’t generating the reaction that modifies the coloration of the biofilm-producing colonies. 

The results that were obtained in this study are in agreement with the conclusions take by Lima 

et al. 2017. The high biofilm formation was observed in the strain that we considered as 

Pseudomonas spp., all others identified as P. aeruginosa had none biofilm formation. 

Since, TM it is a method more susceptible to observation errors, the OD550 was 

measured by adding acetic acid to the tubes. Since the microplate method is also evaluated by 

OD550, these two methods were compared to evaluate which of the two methods is the most 

effective for determining biofilm formation (Table 11). 

When compared to other methods, microtiter plate method was found to be the most 

effective method in the detection of biofilm production. This test is easy to perform, use of 

basic lab materials, a variety of samples can be tested in a single assay and assesses biofilm 

forming capacity of an isolate both qualitatively and quantitatively. Subjective errors are 

overcome because unlike the other methods the reading of biofilm formation is done by a reader 

No. of isolates 

(33) 

Biofilm Formation 
CongoRed Agar 

Method n (%) 

Tube Method 

n (%) 

Microtiter 

Method n (%) 

High 1 (3.0) 2 (6.0) 3 (9.0) 

Moderate 1 (3.0) 9 (27.3) 30 (93.7) 

Weak 0 13 (39.4) - 

None 31 (93.9) 9 (27.3) 0  
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and no longer observational errors occur (Coffey and Anderson 2014; O’Toole 2011). It is also 

considered to be the best method to use due to the more accurate results it presents in this study. 

In bacteria such as P. aeruginosa, biofilm formation is quite frequent, so all bacteria are likely 

to form biofilms. What was found when this method was used, although the vast majority 

present moderate biofilm formation, all of them present biofilm formation. 

We can conclude that the microtiter assay is an accurate and reproducible method for 

the screening for detection of biofilm producing bacteria. Studies made by other authors 

(Kaleem et al. 2011; Shivani Saxena et al. 2014), using the same methods for biofilm 

evaluation, also concluded that this technique can provide a reliable quantitative tool and can 

be recommended for determining biofilm formation by clinical isolates of P. aeruginosa. which 

is considered the gold standard method. 

Table 11| Grading of biofilm formation by Tube method and Microtiter method. 

 

3.5.  PCR amplification for biofilm-specific antibiotic resistance genes 

In this study, a total of thirty-two P. aeruginosa strains were isolated from various 

human clinical samples. PCR assays showed high prevalence of biofilm-specific antimicrobial 

resistance genes, thirty isolates (93.7%) harboured the ndvB gene and twenty-seven isolates 

(84.3%) were found to carry tssC1. In study performed by Saffari et al. is results showed an 

high occurrence of these two biofilm-specific antimicrobial resistance genes which is in 

agreement with the results obtained in our study. The high presence of ndvB and tssC1 genes 

in our study are associated with resistance in biofilm producing P. aeruginosa isolates.   

3.6.  PCR amplifications resistance genes  

To determine the prevalence of resistance genes in the P. aeruginosa clinical isolates, 

carbapenem resistance genes were analysed, since the antimicrobial susceptibility test showed 

high rates of resistance to antibiotics of the tested carbapenem class. As mentioned in Chapter 

I in the carbapenems topic, this class of antibiotics is divided into subclasses, with each subclass 

Optical densities values 

OD550  
Biofilm Formation Tube Method n (%) 

Microtiter 

Method n (%) 

>0.240 High 13 (39.4) 3 (9.0) 

0.120-0.240 Moderate 15 (45.5) 30 (93.7) 

<0.120 None 5 (15.2) 0 
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having associated resistance genes, and these genes are capable to hydrolyse different 

antibiotics (Table 12). Recently, the carbapenem class of antibiotics is the one that has caused 

the most interest and worry since high rates of resistance to these antibiotics was observed in 

Pseudomonas aeruginosa isolates. In 2017, this bacterium was placed in second in the WHO  

“list of bacteria for which new antibiotics are urgently needed”, being considered one of the 

bacteria that needs an urgent intervention for the discovery of new drugs, since existing drugs 

and those deemed to be more efficient, such as carbapenems, are no longer effective in treating 

nosocomial infections. 

All the thirty-two clinical P. aeruginosa isolates were resistant to carbapenem antibiotic 

imipenem and so these isolates were evaluated for presence of one serino-β-lactamase gene 

(KPC) and for the presence of three different metallo-β-lactamase (MBL) genes (NDM, SPM, 

VIM) using PCR. Thirty-one out of thirty-two of the imipenem, meropenem and doripenem 

resistant P. aeruginosa isolates used in the study tested were identified as positive for MBL 

genes. Ambler class A genes were amplified in six isolates (18.8 %) for encoding gene blaKPC. 

For the ambler class B genes, the prevalence was relatively high in the current study; blaSPM 

was identified in thirty-one isolates (96.9%), seven isolates (21.8%) harbored the blaNDM and 

three isolates (9.3%) the blaVIM-2 gene. 

The MBL positive isolates were considered multi-resistant, four isolates were resistant 

to three antibiotic classes, eleven isolates were resistant to four antibiotics classes, twelve 

isolates resistant to five classes and one MBL isolate were resistant to six antibiotics classes. 

 
 Table 12 | Classification of the studied carbapenem genes. 

 

 

 

 

 

In the current study, we aimed to evaluate the different mechanisms associated with 

reduced susceptibility to carbapenem antibiotics tested. The mechanisms of carbapenems 

resistance is multifactorial as already noted in Chapter 1. Therefore, this study was carried out 

to detect the prevalence of carbapenemases encoding genes producing P. aeruginosa (Figure 

16). Ambler class A “Klebsiella pneumoniae Carbapenemase” (KPC) enzyme is encoded by a 

Ambler class Enzyme Encoding gene Hydrolysis profile 
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gene located on mobile elements such as plasmids, this results in KPC gene transfer among P. 

aeruginosa. Furthermore, strains that can produce KPC could also be resistant to broad 

spectrum antibiotics, especially β-lactam drugs, including monobactams (aztreonam), 

carbapenems, penicillins and cephalosporins. According to  Vanegas et al. 2014 the presence 

of KPC in a hospital environment is considered recent in the American continent. It was first 

reported in Colombia (2007) and later in other countries in the American continent were 

recently an increasing frequency of KPC-producing P. aeruginosa has been reported in 

hospitals. Recent studies from Iran  have also indicated the presence of KPC-producing bacteria 

in hospital environment, with a high incidence rate (Azimi et al. 2012).  In our study, we got a 

prevalence of 18.8% this means that six isolates had the KPC carbapenemase encoding gene 

blaKPC. Although the prevalence obtained in our study is considered low in percentage, the 

presence of this gene in 18.8% of the isolates studied is quite worrying, since according to 

studies performed is a gene with a large dessimination capacity in a short time. Vanegas et al. 

2014 verified an increase, within two years, in prevalence of isolates harboring this enzyme 

which evidenced the rapid capacity of dissemination of this gene. Based on results observed in 

other countries, it is possible to see a significant increase in isolates harbouring KPC over the 

time. It is therefore important and imperative the evaluation of the presence of this 

carbapenemase in P. aeruginosa. 

Ambler class B “New Delhi-metallo-beta-lactamases” (NDM) is the most recent 

discovered transferable β-lactamase and has first reported in 2008 from a New Delhi hospital 

in Klebsiella pneumoniae and Escherichia coli isolates. It is an enzyme capable to hydrolyse a 

broad range of antibiotics, including carbapenems, all penicillins and cephalosporines (Patrice 

Nordmann et al. 2011). Investigations involving the characterization of NDM-producing 

bacteria show that a wide variety of variants of this enzyme have been identified. However, 

NDM-1 is the one that most studies variants and the first documented in P. aeruginosa. Since 

then, NDM-producing P. aeruginosa isolates has been isolated in different parts of Europe, 

Egypt and India. A study conducted in India confirmed the presence of blaNDM-1 genes in 

isolates of P. aeruginosa obtained from hospital acquired infection cases. According this study 

made by Khajuria et al. 2013 the ability of blaNDM-1 to be transferred from P. aeruginosa to 

other Enterobacteriaceae and vice versa assumed significance from reservoirs of transmissible 

or a clonal spread that maybe travel-associated. However, there are a few reports on prevalence 

in other countries, in Malasya blaNDM-1 gene was reported for the first time in P. aeruginosa 

from clinical specimens. According to Liew et al. 2018 this emergence of NDM-1 producing 
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P. aeruginosa is clonally disseminated from countries with blaNDM-1 history, the possibility of 

spread this genes to non-endemic country via international travel and transmission is alarming. 

Within a short time, this enzyme has been identified in various regions of the world. In our 

study, blaNDM gene was identified in seven isolates (21.8%). As already described, this enzyme 

has many variants, and the gene that was performed in this study is the generalist gene for these 

variants. In this case, further studies need to be performed to determine which blaNDM-variant 

is present among P. aeruginosa isolates. 

Ambler class B “São Paulo metallo-lactamase” (SPM) was first isolated in P. 

aeruginosa isolates in São Paulo, Brazil. Furthermore, strains that can produce SPM enzyme 

could also be resistant to broad spectrum antibiotics, including, carbapenems, penicillins and 

cephalosporins. Since first reported, SPM-producing P. aeruginosa have been widely 

disseminated among Brazilian hospital, caused multiple hospital outbreaks and has been 

associated with high mortality/morbidity. A study performed by Noue et al. 2005 in patients 

that had previously admitted in ICUs was identified patients with colonization or invasive 

disease by blaSPM gene. Based on the results observed in their study, they concluded that may 

occur a cross-transmission between patients and the transfer of patients between ICUs may have 

played an important role in the dissemination of this gene. In our study, we got a relatively high 

prevalence for the presence of blaSPM gene, was identified in thirty-one isolates (96.9%). As 

noted in other enzymes, SPM also has some variants, because there are so many variants of this 

enzyme, further studies are needed in future. The fact that this prevalence is considered high 

and is an enzyme originated in Brazil, makes us infer that this is possible to occur, since in 

recent years, Portugal is a country where there is a large Brazilian community and having 

increased substantially. As already proven, the spread of resistance genes can be done via 

international travel and can be occur a cross-transmission when a patient from Brazil, who has 

already been hospitalized in his country of origin end up being hospitalized in Portugal. Because 

these genes are highly spreading this is the possible cause of obtaining a very high percentage 

of the presence of this enzyme in the P. aeruginosa isolates studied. 

Ambler class B “Verona Integron-encoded Metallo-beta-lactamase” (VIM) was first 

identified in Italy (Verona) in P. aeruginosa strains. Is an enzyme that possess the broadest 

range of substrate hydrolysis and can degrade all β-lactams, except monobactams (aztreonam). 

The blaVIM genes derived from this enzyme are located on mobile gene cassettes , horizontally 

transferable because they are inserted in the variable regions of integrons, a condition that 

provides a large potential for expression and dissemination in gram-negative pathogens, like P. 
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aeruginosa (East and States 2003). VIM-type have different variants, however, in this work, 

only the VIM-2 type study was performed since it is considered the most frequently acquired 

MBL globally. VIM-2 was reported first in P. aeruginosa clinical isolates in France, however, 

reports of blaVIM-positive isolates occurred rapidly throughout the world. In our study, we 

observed the presence of VIM-2 in three P. aeruginosa clinical isolates. Although it is a low 

prevalence (9%) in percentage, we consider that it is not a low percentage, since there are 9% 

of isolates of P. aeruginosa with this gene, being already inserted in clinical environment. The 

spread of this gene could occur rapidly, as this is one of the most emerging types of MBL genes 

in the world. The appearance and dissemination of VIM-2-producing P. aeruginosa may be 

consequences of several factors, among them, gene spread among people who may be 

hospitalized, via international tourist in this country and due to the intense use of antibiotics, in 

this case of carbapenems. 

Since colistin resistance was obtained in three isolates of Pseudomonas aeruginosa, the 

gene mcr-1 was studied, studies showed that resistance to colistin may be due to the acquisition 

of mcr-1 gene (Gabriel et al. 2018). In this study, only the three strains in which the MICs were 

resistant were genotypically studied for the presence of this gene. The mcr-1 gene were not 

found in any of these isolates. However, it will be necessary to test other genes related to colistin 

resistance since the resistance found may be associated with another gene. Nowadays, the 

prevalence of colistin resistance is low but the increasing use of colistin to treat P. aeruginosa 

infections is the cause of the development of colistin resistance in some countries.  In Iran, a 

study performed by Goli et al. 2016, two colistin resistance strains were isolated from two 

patients in a study where one hundred clinical samples were used. However, a study in 

Northwest of Iran reported a higher rate of resistance to colistin (14.9%) and in neighboring 

countries of Northwest of Iran showed resistance varied from 0 to 31.7%.  Differences between 

these reports are due to variances between accessibility of colistin and policies associated to the 

use of this antibiotic in hospitals of these countries (Goli et al. 2016). 

With the results obtained in this study, it is possible to discover the associated risk 

factors and some probable treatment alternative. It is also very important the early detection to 

avoid the future spread of multi-resistant strains mainly in hospital environment because these 

genes have emerged in our health facilities. Then becomes necessary more attention in infection 

control measures. 
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Figure 16 | Prevalence of different study resistance genes from clinical isolates. 

 

3.7. PCR amplification of virulence genes 

In the current study, clinical isolates were screened for the prevalence of different 

virulence genes of P. aeruginosa, such as toxA, algD, plcH, plcN and pilA. Figure 17 shows 

the distribution of virulence genes in isolates from different human clinical specimens such, 

urine, healing, bronchial secretion, blood, pus, drainage liquid, expectoration, other liquids and 

also from samples from different areas of health that were not identified as specimen but as the 

area in which it was collected: Pneumology and Orthopaedics. The most commonly detected 

virulence genes of P. aeruginosa isolates were plcH (78.1%), toxA (65.6%) and algD (43.8%). 

The virulence genes plcN (12.5%) and pilA (21.9%) demonstrate a low prevalence in the 

clinical isolates. 

In this study exotoxin A encoded by the toxA was one of the most prevalent virulence 

factors in P. aeruginosa isolates. Wolska and Szweda reported that the frequency of toxA 

virulence factor in clinical isolates of P. aeruginosa were 78.1%, which is in agreement with 

the high prevalence obtained in our study (65.6%). Studies of Rumbaugh et al. (1999), over 

80% of studied isolates from urine produced significant levels of exotoxin A and can play an 

important role as a virulence factor associated urinary tract infections. In 52.4% of our isolates 

from urine contained the toxA gene. Another virulence gene that presents high incidence is the 

0

10

20

30

40

50

60

70

80

90

100

KPC NDM SPM VIM-2 mcr-1

P
re

va
le

n
ce

 (
%

)

Resistance genes



 CHAPTER III                                 

RESULTS AND DISCUSSION 

52 

 

algD, this high prevalence (43.8%) is consistent with other studies conducted in other countries. 

Regarding the clinical samples obtained in this study, fourteen samples of P. aeruginosa were 

considered positive for this gene, however, five (33.3%) of these samples are from the field of 

pneumology, these being collected from expectoration and bronchial secretion specimens. 

According to Badamchi et al. the algD gene is responsible for alginate capsule of P. aeruginosa 

and plays a significant role in chronic lung infections. Alginate synthesis is caused mainly in 

the lung environment patients.  Phospholipases C encoded by plcH gene (hemolyitc type) was, 

in this study, the virulence factor that had the highest prevalence (78.1%), compared to the other 

genes studied. This gene may also play important roles in the hydrolysis of phospholipids in 

pulmonary surfactants and has responsible for pro-inflammatory activities, virulence in animal 

models, pulmonary inflammation and inhibition of oxidative burst of neutrophils. Of the 

Pseudomonas aeruginosa samples analysed, four samples (16%) of bronchial secretion and 

expectoration were positive for the presence of this gene, three (12%) blood samples were also 

considered positive for the presence of this gene and the remaining positive samples (72%) 

come from the following samples: pus, healing, drainage liquid / other liquids and urine. Similar 

results have been reported previously from Fazeli and Momtaz in Iran. Virulence genes plcN 

and pilA demonstrated prevalence levels below 50% among clinical isolates. plcN gene is a 

phospholipase C (nonhemolytic type) but unlike plcH gene no pathogenicity effect has been 

demonstrated according to Badamchi et al. 2017 and there is no correlation between the 

specimens in which the genes were considered positive. Regarding the pilA gene, five (71.4%) 

of the clinical isolates considered positive come from specimens that are part of the area of 

pulmonology as: expectoration, bronchial secretion, drainage and other liquids.  

P. aeruginosa possess a range of virulence factors that they contribute to different levels 

of intrinsic virulence and pathogenicity. Our results showed a moderate prevalence of virulence 

factors (42.5%) and this may depend on several causes including nature of place, immune status 

of patients, degree of contamination, source of infections, type and virulence of the strains. In 

order for there to be a decrease in prevalence, infections control measures will help controlling 
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the spread of virulence genes among P. aeruginosa isolates (Ibraheem salih Aljebory 2018; 

Mona S Nour and ElSheshtawy 2015). 

Figure 17 | Prevalence of different study virulence genes from clinical isolates. 
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Pseudomonas aeruginosa is one of the main gram-negative pathogens and a leading 

cause of hospital-acquired infections. The indiscriminate and excessive use of antibiotics during 

treatment of an infection results in the development of antibiotic resistance causing a major 

impact on public health. P. aeruginosa isolates are naturally resistant to a large number of 

antibiotics; however, mechanisms of antimicrobial resistance, such as efflux pumps and porins, 

has allowed to these strains extend the range of antibiotic resistance. Resistance to antibiotics 

is considered one of the major problems worldwide and one of the greatest challenges of the 

21st century, in particular, in multidrug resistance bacteria as P. aeruginosa. Therefore, it is 

important to investigate the prevalence antibiotic resistance strains and roots of transmission to 

ascertain the risk of colonization in hospitalized patients.  

The current work was focused on the molecular analysis of resistance genes and 

virulence factors of different clinical isolates of Pseudomonas aeruginosa and in the ability of 

these isolates to form biofilm. In short, with this work the following conclusions were drawn: 

• Thirty-three clinical isolates from CHTMAD were identified for two methods, a phenotypic 

and genotypic. Based on these methods have been identified thirty-two Pseudomonas 

aeruginosa;  

• The prevalence of multi-drug resistance, resistant to at least two of the antibiotics tested, was 

observed in 93.8% of the isolates; 

• Regarding the antibiotic susceptibility tests, most isolates have a high presence of resistance 

in the antibiotics tested. Except four of the tested antibiotics: amikacin, gentamicin, 

tobramycin, ceftazidime and aztreonam which had a high percentage of sensitivity. 

Regarding the carbapenem antibiotics, they were the ones with the highest prevalence 

(78.1%), with thirty-two isolates of P. aeruginosa resistant to imipenem. 

• The amount of biofilm formation was evaluated in three different methods: Congo Red 

method, Tube method and Microtiter methods. The CRA, TB, and MPM detected biofilm 

formation in 6.0 % (2/33), 75.7% (25/33), and 100% (33/33) of the isolates respectively. 

Based in our results we don´t recommend the CRA method as a suitable method for detection 

of biofilm formation in Pseudomonas aeruginosa. When compared TB and MPM, microtiter 

plate method was found to be the most effective method in the detection of biofilm 

production because is an accurate and reproducible method for the screening for detection 

of biofilm in P. aeruginosa. The isolates studied had a greater capacity of biofilm formation. 

• For carbapenems resistance was studied four genes: KPC (carbapenems class A), NDM, 

SPM and VIM-2 (carbapenems class B). Thirty-two of the clinical P. aeruginosa clinical 
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isolates that were resistant to imipenem were evaluated for detection of MBL genes (NDM, 

SPM, VIM-2). The results obtained with these isolates demonstrate MBL production and 

confirm that resistant genes could increase resistance levels in P. aeruginosa. For KPC a low 

prevalence was found, however the presence of this gene is quite worrying, since is a gene 

with a large dessimination capacity in a short time. 

• Phenotypically three resistances to the colistin antibiotic were found. The most frequent gene 

(mcr-1) for this resistance was studied and the presence of this gene was not found in isolates 

resistant to this antibiotic. 

• A moderate prevalence of virulence factors (42.5%) (toxA, algD, plcH, plcN and pilA) was 

found in our results and this range of virulence factors possess by P. aeruginosa contribute 

to different levels of intrinsic virulence and pathogenicity. 

 

Future Perspectives 

According to the results obtained, it would be interesting for a future work to: 

• Collect more samples in order to obtain a representative sample and thus to evaluate more 

accurately the presence of resistance genes and virulence factors; 

• Evaluate the presence of other resistance genes and virulence factors; 

• Perform MLST (Multilocus Sequence Typing) for our clinical isolates. 
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Appendix A 

Attachment 1 show the antimicrobial susceptibility test results with the classes of antibiotics 

corresponding to the resistances of each isolates studied. 

Isolate 
Resistance 

Phenotype Classes of antibiotics 

1 
CIP-CN-TOB-FEP-CAZ-DOR-

IMI-MRP-PRL-TTC 

Fluroquinolones, Aminoglycosides, Cephalosporines, 

Carbapenems and Penicillins 

2 FEP-IMI-TTC Cephalosporines, Carbapenems, and Penicillins 

3 
CIP-FEP-CAZ-DOR-IMI-MRP-

ATM-PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

4 FEP-IMI-TTC Cephalosporines, Carbapenems and Penicillins 

5 IMI-MRP-PRL-TTC Carbapenems and Penicillins 

6 
CIP-FEP-DOR-IMI-MRP-ATM-

PRL-TTC 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

7 FEP-IMI-TTC Cephalosporines, Carbapenems and Penicillins 

8 
CIP-FEP-DOR-IMI-MRP-ATM-

PRL-TTC 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

9 
CIP-CN-TOB-DOR-IMI-MRP-

PRL 

Fluroquinolones, Aminoglycosides, Carbapenems and 

Penicillins 

10 
CIP-FEP-DOR-IMI-MRP-ATM-

PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

11 
CIP-CN-TOB-DOR-IMI-MRP-

PRL 

Fluroquinolones, Aminoglycosides, Carbapenems and 

Penicillins 

12 
CIP-FEP-CAZ-DOR-IMI-MRP-

ATM-PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

13 IMI-MRP-TTC Carbapenems and Penicillins 

14 FEP-IMI-TTC Cephalosporines, Carbapenems and Penicillins 

15 AK-FEP-IMI-TTC 
Aminoglycosides, Cephalosporines, Carbapenems and 

Penicillins 

16 
CIP-CN-TOB-FEP-CAZ-IMI-

ATM-PRL 

Fluroquinolones, Aminoglycosides, Cephalosporines, 

Carbapenems and Penicillins 

17 FEP-IMI-MRP-TTC Cephalosporines, Carbapenems and Penicillins 

18 
CIP-CN-TOB-FEP-DOR-IMI-

PRL 

Fluroquinolones, Aminoglycosides, Cephalosporines, 

Carbapenems and Penicillins 

19 
FEP-CAZ-DOR-IMI-MRP-ATM-

PRL-TTC 
Cephalosporines, Carbapenems, Monobactams and Penicillins 
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20 
CIP-FEP- CAZ-DOR-IMI-MRP-

ATM-PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

21 TOB-FEP-DOR-IMI-MRP-TTC 
Aminoglycosides, Cephalosporines, Carbapenems and 

Penicillins 

22 
CIP-TOB-FEP-CAZ-DOR-IMI-

MRP-PRL-TTC 

Fluroquinolones, Aminoglycosides, Cephalosporines, 

Carbapenems, Monobactams and Penicillins 

23 CIP-CN-TOB-FEP-IMI 
Fluroquinolones, Aminoglycosides, Cephalosporines and 

Carbapenems 

24 CIP-CN-TOB-IMI-PRL 
Fluroquinolones, Aminoglycosides, Carbapenems and 

Penicillins 

25 
CIP-FEP-CAZ-DOR-IMI-MRP-

ATM-PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

26 
CIP-CN-TOB-FEP-DOR-IMI-

MRP-PRL 

Fluroquinolones, Aminoglycosides, Cephalosporines, 

Carbapenems and Penicillins 

27 
CIP-CN-TOB-FEP-DOR-IMI-

MRP 

Fluroquinolones, Aminoglycosides, Cephalosporines and 

Carbapenems 

28 
FEP-CAZ-DOR-IMI-ATM-PRL-

TTC 
Cephalosporines, Carbapenems, Monobactams and Penicillins 

29 
FEP-CAZ-DOR-IMI-MRP-ATM-

PRL 
Cephalosporines, Carbapenems, Monobactams and Penicillins 

30 CIP-FEP-DOR-IMI-MRP-PRL 
Fluroquinolones, Cephalosporines, Carbapenems and 

Penicillins 

31 
CIP-FEP-DOR-IMI-MRP-ATM-

PRL 

Fluroquinolones, Cephalosporines, Carbapenems, 

Monobactams and Penicillins 

32 
CIP-CN-TOB-FEP-DOR-IMI-

MRP 

Fluroquinolones, Aminoglycosides, Cephalosporines and 

Carbapenems 
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Appendix B 

Characteristics of the isolates recovered from clinical isolates from CHTMAD. 

 

 

 

 

Isolate 
Resistance 

Virulence 
Phenotype Genotype 

1 CIP-CN-TOB-FEP-CAZ-DOR-IMI-MRP-PRL-TTC blaSPM toxA- plcH 

2 FEP-IMI-TTC blaSPM toxA- plcH 

3 CIP-FEP-CAZ-DOR-IMI-MRP-ATM-PRL blaSPM toxA- plcH 

4 FEP-IMI-TTC blaSPM toxA- plcH 

5 IMI-MRP-PRL-TTC blaSPM toxA- plcH 

6 CIP-FEP-DOR-IMI-MRP-ATM-PRL-TTC blaSPM plcH 

7 FEP-IMI-TTC blaVIM-2 algD 

8 CIP-FEP-DOR-IMI-MRP-ATM-PRL-TTC blaSPM - 

9 CIP-CN-TOB-DOR-IMI-MRP-PRL blaSPM algD 

10 CIP-FEP-DOR-IMI-MRP-ATM-PRL blaSPM algD 

11 CIP-CN-TOB-DOR-IMI-MRP-PRL blaSPM - 

12 CIP-FEP-CAZ-DOR-IMI-MRP-ATM-PRL blaSPM plcH 

13 IMI-MRP-TTC blaSPM - blaVIM-2 plcH 

14 FEP-IMI-TTC blaSPM toxA 

15 AK-FEP-IMI-TTC blaSPM toxA- plcH algD 

16 CIP-CN-TOB-FEP-CAZ-IMI-ATM-PRL blaKPC - blaSPM - blaNDM  toxA- plcH 

17 FEP-IMI-MRP-TTC blaSPM - blaNDM- blaVIM-2 toxA- algD- plcH- pilA 

18 CIP-CN-TOB-FEP-DOR-IMI-PRL blaKPC - blaSPM toxA- algD 

19 FEP-CAZ-DOR-IMI-MRP-ATM-PRL-TTC blaSPM toxA- plcH 

20 CIP-FEP- CAZ-DOR-IMI-MRP-ATM-PRL blaSPM toxA- plcH- algD- pilA 

21 TOB-FEP-DOR-IMI-MRP-TTC blaKPC - blaSPM toxA- algD- plcH 

22 CIP-TOB-FEP-CAZ-DOR-IMI-MRP-PRL-TTC blaSPM - blaNDM toxA- algD- plcH- plcN 

23 CIP-CN-TOB-FEP-IMI blaSPM - blaNDM toxA- algD- plcH 

24 CIP-CN-TOB-IMI-PRL blaSPM toxA- plcH 

25 CIP-FEP-CAZ-DOR-IMI-MRP-ATM-PRL blaKPC - blaSPM algD- plcH- plcN- pilA 

26 CIP-CN-TOB-FEP-DOR-IMI-MRP-PRL blaSPM - blaNDM toxA- algD- plcH- pilA 

27 CIP-CN-TOB-FEP-DOR-IMI-MRP blaSPM - blaNDM toxA- algD- plcH- plcN 

28 FEP-CAZ-DOR-IMI-ATM-PRL-TTC blaKPC - blaSPM toxA- plcH- pilA 

29 FEP-CAZ-DOR-IMI-MRP-ATM-PRL blaSPM - blaNDM algD- plcH 

30 CIP-FEP-DOR-IMI-MRP-PRL blaKPC - blaSPM toxA- plcH- pilA 

31 CIP-FEP-DOR-IMI-MRP-ATM-PRL blaSPM toxA- plcH- plcN- pilA 

32 CIP-CN-TOB-FEP-DOR-IMI-MRP blaKPC- blaSPM plcH 
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Appendix C  

Composition of mediums used in this study. 

• BHI (Brain Heart Infusion) 

Ingredients g / Litre 

Calf brain, infusion from 200 

Beef heart, infusion from 250 

Proteose peptone 10 

Dextrose 2 

Sodium chloride 5 

Disodium phosphate 2.5 

Final pH (at 25°C) 7.4±0.2 

 

• Congo Red agar 

Ingredients g / Litre 

TSB 30 

Sacarose 36 

RedCongo dye 0.8 

Agar 18 

 

• LB (Luria-Bertani) 

Reagent Amount to add 

H2O 950 mL 

Tryptone 10 g 

NaCl 10 g 

Yeast extract 5 g 

 

• MH (Muller-Hinton agar) 

Ingredients g / Litre 

Calf brain, infusion from 200 

Beef heart, infusion from 250 

Proteose peptone 10 

Dextrose 2 

Sodium chloride 5 

Disodium phosphate 2.5 
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• TSB (Tryptic Soy Broth) 

 

 

 

 

Ingredients g / Litre 

Pancreatic Digest of Casein 17 

Sodium Chloride 5 

Papaic Digest of Soybean Meal 3 

Dextrose 2.5 

Dipotassium Phosphate 2.5 


