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Resumo 
 

Esta tese de doutoramento, com base numa colaboração com o Hospital de Braga, teve como 

principais objetivos: i) fornecer uma caracterização sistemática dos isolados de P. aeruginosa, agrupando-

os de acordo com o seu genótipo; ii) sequenciar e comparar o genoma de isolados representativos; e iii) 

compreender a sua subjacente heterogeneidade fenotípica. 

A análise dos genótipos com base na separação dos produtos de PCR em gel foi padronizada a fim 

de avaliar a diversidade genética da coleção e estabelecer um estudo rápido e barato, possibilitando uma 

monitorização contínua dos isolados clínicos. Mais de 700 isolados foram avaliados e agrupados em 14 

grupos, sem associação com determinado fenótipo ou origem. Os nossos dados sugerem que as 

numerosas infeções por P. aeruginosa diagnosticadas no Hospital de Braga foram causadas por 

organismos geneticamente distintos, sem evidências de qualquer evento pandémico. 

Para abordar a questão de saúde pública da multirresistência a antibióticos, três isolados da nossa 

coleção, resistentes à colistina, foram sequenciados. O estudo de genómica comparativa identificou 

novos fatores genómicos potencialmente envolvidos neste fenótipo de resistência. 

De um subpainel de P. aeruginosa que visava associar o genótipo ao fenótipo, destacaram-se dois 

isolados associados a pacientes diagnosticados com pneumonia, agrupados no mesmo grupo genotípico, 

mas com características fenotípicas contrastantes. A avaliação do seu potencial patogénico em células 

epiteliais pulmonares enfatizou a importância de fatores bacterianos excretados na modulação da 

resposta imune do hospedeiro, e sugeriu uma origem de fases de infeção pulmonar distintas. A 

identificação e comparação do seu conteúdo genómico corroborou estas associações, destacando a 

grande diversificação genómica entre estirpes de P. aeruginosa. A análise de toda a componente 

extracelular do proteoma, permitiu a identificação de características únicas de função desconhecida 

como possíveis novos determinantes patogénicos e de resistência a antibióticos. 

Ademais, características associadas à resposta à luz também evidenciaram variações, sugerindo 

uma potencial capacidade diferencial de suportar a exposição aos raios UV. Desta forma, foi avaliado o 

impacto da exposição à luz, sugerindo um maior potencial patogénico para P. aeruginosa cultivada no 

escuro. Uma abordagem proteómica permitiu associar o padrão obtido quando crescido na presença 

contante de luz a uma resposta de stresse oxidativo. 

Extrapolando as estratégias seguidas nesta tese para outros isolados clínicos de P. aeruginosa e 

integrando dados de genómica, proteómica e transcriptómica com o quadro clínico, melhorará a 

capacidade de entender as interações patógeno-hospedeiro e as bases moleculares das infeções 

bacterianas. Em última análise, uma maior compreensão da resposta adaptativa de P. aeruginosa em 

fases distintas da infeção pode auxiliar na descoberta de novos biomarcadores e no desenvolvimento de 

novos tratamentos, a fim de superar as infeções causadas por Pseudomonas aeruginosa. 
 

Palavras-chave: fatores de virulência; genómica comparativa; perfis de genótipos; Pseudomonas 

aeruginosa; resistência a antibióticos. 
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Abstract 
 

The main aims of this thesis, based on a collaboration with Hospital de Braga, were to: i) provide a 

systematic characterization of P. aeruginosa isolates by clustering according to their genotype; ii) 

determine and compare the genome sequence of representative isolates; and iii) understand the 

underlying phenotypic heterogeneity among selected isolates. 

A PCR-based genotyping gel profiling pipeline was standardized to evaluate its genetic diversity and 

establish a rapid and inexpensive screening, allowing the continuous monitoring of clinical isolates. Over 

700 isolates were screened and clustered into 14 genotypic groups with no clear association with a 

phenotype or source. Our data suggests that the numerous P. aeruginosa infections being diagnosed in 

Hospital de Braga, were caused by genetically distinct organisms and no evidence of pandemic events 

has been registered. 

Tackling the public health issue of multidrug-resistance, three colistin-resistant isolates from our 

collection were sequenced and comparative genomics analysis have identified new genome-wide factors 

that could putatively be involved in this resistance phenotype. 

From a subpanel of P. aeruginosa isolates that aimed to link genotype to phenotype, two pneumonia-

associated isolates HB13 and HB15, clustered in the same RAPD-PCR group and evidencing contrasting 

phenotypic traits, were selected for evaluation of pathogenic potential towards pulmonary epithelial cells. 

Besides emphasizing the importance of bacterial secreted factors in modulating host innate immune 

responses, the results suggested possible distinct pulmonary infection stages for the two Pseudomonas 

aeruginosa clinical isolates. Genomic contextualization further corroborated these associations, 

highlighting the wide genomic diversification occurring within P. aeruginosa strains. Secretome analysis 

identified signatures features with unknown function as potential novel pathogenic and antibiotic 

resistance determinants. 

Moreover, features associated with light response also evidenced variations in these two clinical 

isolates, hinting a potential differential ability to sustain UV exposure. Therefore, the impact of light 

exposure on the pathogenic potential was evaluated, suggesting a higher pathogenic potential of P. 

aeruginosa when grown under complete absence of light. A proteomics approach associated the pattern 

obtained when grow in constant exposure to full-spectrum light with an oxidative stress response. 

Expanding the strategies followed in this thesis to other P. aeruginosa clinical isolates and integrating 

data from genomics, proteomics and transcriptomics with the clinical outcome will improve the ability to 

understand host-pathogen interactions and the molecular basis of bacterial infections. Ultimately, an 

improved understanding of the P. aeruginosa adaptive response in distinct infection stages may aid in 

finding new biomarkers and developing therapeutic strategies to overcome Pseudomonas aeruginosa 

infections. 
 

Keywords: antibiotic resistance; comparative genomics; genotype profiling; Pseudomonas aeruginosa; 

virulence factors.  
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the identified references. ..................................................................................................................... 248 
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1 
General introduction 

 

 

Epidemics of infectious diseases are still extremely problematic as pathogens can overcome human 

defenses and adapt to antimicrobial therapy. Therefore, evolution and spread of antibiotic resistance has 

become a threat to public health and strongly affects the effectiveness of most currently available 

antimicrobial agents, compromising the treatment of bacterial infections. A strong increase in the number 

of multidrug-resistant (MDR) pathogens isolated from community and hospital-acquired infections has 

been registered in the recent years and we are now facing the possibility of a future without effective 

antibiotics [1]. Infections caused by MDR bacteria are considered as the number one disease requiring 

priority drugs based on the potential public health impact if effective new antibiotics are not developed 

[2–4]. Patient health is often worsened by the coexistence of competing pathogen species or multiclonal 

subpopulations of one bacterial species. Co-infection results in within-host pathogen interactions and 

competitiveness, which changes the predicted population dynamics and fitness, selecting for higher levels 

of virulence, drug resistance and pathogenicity [5–7]. 

Nowadays, research has been mainly focused on highly prevalent pathogens, such as Gram-positive 

vancomycin-resistant Enterococcus faecium, methicillin-resistant Staphylococcus aureus (MRSA) and 

Streptococcus pneumoniae, and the Gram-negatives Pseudomonas aeruginosa, Acinetobacter 

baumannii, third-generation cephalosporin-resistant Escherichia coli and Klebsiella pneumoniae [8–13]. 

Outbreaks of these pathogens often translate into high morbidity and mortality rates that need specific 

improvements in surveillance programs to surpass them with extra healthcare costs [14–16]. 

In this context, P. aeruginosa has become one of the best characterized opportunistic human 

pathogens, associated with a breach in host defenses and rarely causing infection in healthy individuals 

[17,18]. According to data from the Centers for Disease Control and Prevention [19], approximately 8% 

of all reported healthcare-associated infections are caused by P. aeruginosa. Specifically, P. aeruginosa 

is reported as the tenth most frequently isolated pathogen from the bloodstream (4%), the fifth most 

common cause of surgical site infection (6%), the third most common cause of urinary tract infection 

(10%) and the second most common cause of nosocomial pneumonia (17%). About 13% of severe 
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healthcare-associated infections caused by Pseudomonas aeruginosa are MDR, with roughly 15% of these 

infections being fatal for the patient [20]. 

 

Pseudomonas aeruginosa: a ubiquitous and opportunistic human pathogen 

P. aeruginosa is a Gram-negative, rod-shaped bacterium that possesses a remarkable metabolic 

versatility and is categorized as a facultative anaerobe [21]. P. aeruginosa is a ubiquitous organism 

present in a variety of environmental niches including soil and water and can be isolated from various 

living sources, including plants, animals and humans [22]. Being able to tolerate a variety of physical 

conditions and survive on minimal nutritional requirements, P. aeruginosa is detected in community 

settings in swimming pools, whirlpools, hot tubs, contact lens solution, home humidifiers, soil and 

rhizosphere, and vegetables [13,17]. Sinks, water fittings and tap water have also been shown to be 

typical reservoirs of P. aeruginosa [23,24]. Moreover, colonization of respiratory therapy equipment (e.g. 

ventilators), invasive devices and intravenous lines (e.g. catheters) has also been commonly reported as 

a major cause of infection outbreaks in hospital settings [25–27]. Ultimately, this pathogen can also 

spread through contact with medical staff or infected patients [27]. 

Most manifestations are seen in healthcare settings, especially in Intensive Care Units (ICU), since 

P. aeruginosa has emerged as one of the leading causes of nosocomial infections. According to point-

prevalence surveys carried out in USA, Europe and Asia, P. aeruginosa is one of the primary agents to 

cause infections in immunocompromised individuals and other highly vulnerable patients [28–30]. 

Infections are often associated with great morbidity and mortality due to its wide spectrum resistance to 

antimicrobials. Therapeutic options are becoming increasingly limited with the continued emergence and 

spread of MDR strains, making this bacterium one of the most problematic organisms to treat and 

eradicate from hospital environment [1]. 

P. aeruginosa is responsible for urinary tract infections, respiratory system infections, skin and soft 

tissue infections, bone and joint infections, bacteremia and a variety of systemic infections particularly in 

people with compromised immune systems including burn sufferers and cancer and AIDS patients 

[17,31]. Moreover, P. aeruginosa is considered the prime lung pathogen of cystic fibrosis (CF) patients, 

contributing to the progression and death rate of the disease [32]. Even if characterized as an 

opportunistic pathogen, two unusual reports of transmission from a CF patient to both non-CF relatives 

[33] and from a CF patient to a pet cat [34] are noteworthy, since they highlight the great adaptability 

and infection ability of P. aeruginosa. 
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Figure 1.1. Overview of the Pseudomonas aeruginosa features accountable for its phenotypic heterogeneity. 

 

 

P. aeruginosa pathogenicity is both multifactorial, requiring the cumulative action of multiple 

virulence factors, and combinatorial, as pathogenicity factors may behave differently, and different 

combinations of these determinants may result in diverse virulence phenotypes [35]. Together with 

antibiotic resistance and genome plasticity, these characteristics account for P. aeruginosa phenotypic 

heterogeneity (Figure 1.1). 

 

Genomics of Pseudomonas aeruginosa 

Considering the remarkable adaptability of this bacterium it is not surprising that P. aeruginosa 

genome is among the largest and most complex bacterial genomes [21]. 
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The genome of strain PAO1, collected from a human wound, was the first P. aeruginosa genome to 

be completely sequenced [36], with 6.3 Mbp and 5570 predicted ORFs, contributing to its versatility, 

adaptability, functional diversity and virulence. The genome of strain PAO1 contains many genes encoding 

outer membrane proteins involved in adhesion, motility, antibiotic efflux, virulence factor secretion and 

Quorum-Sensing (QS), genes encoding transport systems and enzymes involved in nutrient uptake and 

metabolism. Consequently, its content in predicted regulatory genes is one of the highest among all 

bacterial genomes [21,36]. As shown in Table A1 in the Appendix, after strain PAO1 and with the advent 

of NGS technologies, over 140 genomes of P. aeruginosa isolates have been fully sequenced resorting to 

several sequencing technologies [37,38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. (a) BLAST-based comparison of the Pseudomonas aeruginosa NCGM2.S1 genome, 

using the CGView Comparison Tool [39]. Outermost circles depict ORFs on the positive and reverse 

strand, respectively. Innermost circles represent GC content and GC skew. Eight random fully sequenced 

genomes were selected, namely the ones of: 1) P. aeruginosa B136-33; 2) P. aeruginosa PA14; 3) P. 

aeruginosa LESB58; 4) P. aeruginosa RP73; 5) P. aeruginosa M18; 6) P. aeruginosa PAO1; 7) P. aeruginosa 

DK2; and 8) P. aeruginosa PA7. 40 RGPs predicted by RGP Finder [40] are also indicated. (b) Genomic 

Islands predicted for NCGM2.S1 by the IslandViewer tool [41], integrating the prediction 

methods IslandPick (green), IslandPath-DIMOB (blue), and SIGI-HMM (orange). Complementarity 

of predicted GIs and gaps (corresponding to unique loci) generated by the alignment of NCGM2.S1 genome 

with reference strains can be confirmed. 

 

(a) (b) 
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A comparative genomic analysis revealed that the P. aeruginosa genome could be considered as a 

mosaic consisting of two components: the core and the accessory genome. The core genome encodes a 

set of metabolic and pathogenic factors conserved by all strains and is estimated to constitute 

approximately 88% of the total genome [21,42]. Such percentage may be over-estimated, as new P. 

aeruginosa genome sequencing projects are completed. 

The conserved core component is interrupted by genomic segments that vary between strains, 

known as the accessory genome. These strain-specific blocks of genetic material often include genetic 

elements such as transposons, insertion sequences, plasmids, prophages and genomic islands, usually 

acquired via horizontal gene transfer (HGT) processes such as conjugation, transduction and 

transformation [21]. As seen in Figure 1.2, these tend to cluster in certain loci, termed regions of genomic 

plasticity (RGPs), also known as genomic islands (GI, > 10 kb) or islets (< 10 kb). The accessory genome 

may encode gene products that contribute to the niche-based adaptation of the bacterium, such as an 

increase in host range, survival in new environment and utilization of new nutrients [21,43]. 

For instance, comparative genomics studies allowed the classification of P. aeruginosa PA7 as a 

taxonomic outlier. Despite highlighting a core and an accessory genome and confirming the presence of 

several antibiotic resistance genes, transposons and prophages, it was also verified that the strain PA7 

genome lacks several key virulence factor genes [44]. Another example of the strain-specificity of the 

accessory genome is the one of P. aeruginosa M18, isolated from sweet melon rhizosphere. This strain 

has an effective biocontrol ability and it possesses several unusual phenotypic features, more similar to 

soil-inhabiting Pseudomonas strains. Genome comparison revealed that they differ in accessory genome 

regions, genome expression profiles, virulence activities and antibiotic resistances [45]. 

A recent comparative genomics study of forty P. aeruginosa isolates distributed the population in two 

main phylogenetic groups and the results suggested that each group may be drawing upon distinct 

accessory gene pools [46]. The accessory genome component may be predicted by evaluation of 

distinctive characteristics of the genomic DNA like an unusual GC content and codon usage, often 

associated with tRNA genes which seem to function as hotspots for the insertion of foreign DNA segments 

[21,43].There is also a close association with genetic elements facilitating mobility and a predilection for 

insertion at specific sites within the core genome [21]. Integrases perform this insertion by catalyzing a 

site-specific recombination between the attP site of the integrative/mobile element and a chromosomal 

attB site, often located at the 3’ end of a tRNA gene [21,47]. HGT, deletions, rearrangements and 

mutations are considered the main contributors to genome evolution, conferring specific phenotypes, 

thus making its knowledge valuable for a more complete understanding of the pathogenic potential of P. 
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aeruginosa [21,48]. 

The interest in the study and comparison of pangenomes, defined as the whole gene repertoire of a 

given bacterial species, has also increased [49] taking advantage of new data to i) characterize strains by 

their individual gene set (e.g., detecting virulence factors only present in one particular strain); ii) develop 

vaccines against pathogenic strains; iii) detect, identify and track new strains in metagenomics samples 

based on their individual gene subset; iv) study the contribution of HGT in genome evolution; and v) 

explore strain diversity in environmental population genomics studies. This post-genomic era of bacterial 

genomics seeks the characterization of the population structure, evolutionary trajectories and 

pathogenicity of different bacterial species [48], in order to unveil the complete potential of these 

microorganisms. 

 

Virulence factors of Pseudomonas aeruginosa 

The ability of P. aeruginosa to cause a wide range of infections is partly due to the potential 

production of a large array of virulence factors. These can be classified into cell-associated and secreted 

virulence factors. Expression levels are dependent on a variety of determinants, particularly environmental 

stimuli, such as iron and nitrogen availability, temperature, osmolarity and cell density [50]. 

 

Cell-associated virulence factors 

Cell-associated factors include flagella and pili that aid in motility, systems that are involved in the 

delivery of effector proteins into the host cells, and lipopolysaccharide (LPS) that suppresses host immune 

responses as well as being involved in the establishment of persistent infections [51]. 

Generally, P. aeruginosa has one polar flagellum and moves via a screw-like motion. It is responsible 

for the primary function of bacterial motility (swimming), and thus the response to environmental signals 

(chemotaxis) and it facilitates the acquisition of nutrients. In respiratory tracts, the flagella of P. aeruginosa 

can also function as an adhesin to receptors of host cells, essential for an initial phase of colonization 

[50,52]. The flagellar cap protein FliD has been demonstrated to be involved in the adherence of P. 

aeruginosa to mucin on the human respiratory tract [53], whereas flagellin binds to the respiratory 

epithelial cell glycolipids receptors [54]. Additionally, it has been reported that the flagellum is important 

in an initial step of biofilm production [55]. However, being very immunogenic, it activates a host defense 

response potentially leading to eradication of the bacterium. Therefore, following initial colonization, its 

presence can be considered a liability and in chronic infections, there is often a selection for aflagellar 

mutants [56]. P. aeruginosa pili also contribute for the attachment to host surfaces. Moreover, pili also 
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seem to be required for translocation of bacterial cells along solid surfaces termed “twitching” motility 

[57,58]. This occurs via extension, tethering and retraction of type IV pili, allowing P. aeruginosa cells to 

move toward environment and nutritional signals [57] and facilitates rapid colonization of cells on surfaces 

as well as biofilm formation [55]. It is interesting to notice that as with flagella, P. aeruginosa promptly 

‘turns off’ the expression of pili genes after binding to the host cells, to avoid clearance [59,60]. A third 

type of motility regulated by the availability of nitrogen and the carbon source has been identified in P. 

aeruginosa and reportedly requires both flagella and type IV pili [61,62]. However, the role of type IV pili 

remains unclear since other authors stated that mutations in pilA either resulted in increased or no 

swarming motility [63,64]. The ability to swarm is not present in all P. aeruginosa but swarmer cells tend 

to be elongated and hyperflagellated. It has been suggested that P. aeruginosa has retained these three 

types of motility due to the range of environments it can colonize, and that swarming might play a role in 

colonization of niches where nitrogen availability may be limited [61]. 

The outer membrane of P. aeruginosa is mainly composed of LPS, consisting of a hydrophobic 

domain, lipid A, and a hydrophilic tail formed by core polysaccharide and O-specific polysaccharide, 

projecting from the surface. It has been found to be critical to virulence in P. aeruginosa and binds to 

several molecules on host cells [65–69]. These bacteria can also produce an extracellular capsule of 

alginate, a linear polymer of mannuronic acid and glucuronic acid, which is known to stimulate production 

of IgG and IgA antibodies and is thought to function as an adhesin that aids bacterial anchoring to the 

respiratory epithelium [50]. Mucoid bacteria have been shown to produce 2-6-fold higher levels of alginate 

when compared to bacteria from smooth colonies [68]. Studies on overexpressed alginate indicate that 

it can protect P. aeruginosa from phagocytosis and antibodies [50]. It has also been found that alginate 

is an effective free radical scavenger, which aids in clearing reactive species released from activated 

neutrophils [65]. Mainly in the lungs of CF patients, P. aeruginosa can convert from a non-mucoid to an 

alginate-overproducing mucoid phenotype signaling chronic infection [31]. 

Therefore, these virulence factors have a predominant role in colonization, where they help bacteria 

to adhere and invade the host by damaging their immune responses and forming a barrier to antibiotics 

[31]. 

 

Secreted virulence factors 

After colonization, secreted factors can have different effects, causing extensive tissue damage, 

bloodstream invasion and dissemination, maintaining a persistent inflammatory state and leading to 

pathogenesis success [70–73]. 
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Up to now, five (type I, II, III, V and VI) of the seven secretion systems characterized in bacteria have 

been described in P. aeruginosa [50]. Type III secretion system (T3SS) of P. aeruginosa is, apparently, 

imperative to virulence as it delivers, at least, four exoenzymes into host cells: exoenzyme S (ExoS), 

exoenzyme T (ExoT), exoenzyme U (ExoU) and exoenzyme Y (ExoY). Different isolates express these 

cytotoxins differently [74,75]. It has been concluded that all virulent isolates, contained exoT, while the 

presence of other exoenzymes seemed to be usually mutually exclusive (ExoS and ExoU) [76]. ExoS and 

ExoT encode bifunctional proteins with both GTPase-activating protein and ADP-ribosyltransferase 

activities [77,78], which disrupt the actin cytoskeleton of host cells and inhibits cell migration, ultimately 

causing apoptosis. ExoY is an adenylate cyclase described to play a minor role in pathogenesis. 

Nevertheless, it elevates intracellular levels of cyclic AMP (cAMP), which indirectly disrupts the actin 

cytoskeleton [79]. ExoU has phospholipase activity and is the major cytotoxin of P. aeruginosa [80], being 

100 times more toxic than ExoS [81] and often associated to virulent P. aeruginosa strains and acute 

infections [82,83]. Furthermore, deletion of exoU significantly reduces overall virulence and impairs 

development of pathogenesis in the lung of mice and towards macrophages and neutrophils [75,84]. In 

human infection, killing of neutrophils may lead to immunosuppression localized areas, rendering the 

host susceptible for secondary infections [74,85]. 

During infection, P. aeruginosa may secrete exotoxin A that can cause cytotoxicity by inhibiting 

protein synthesis via ADP-ribosylation and inactivation of elongation factor. It is responsible for local tissue 

damage, including liver cell necrosis, renal necrosis and pulmonary hemorrhage and for bacterial invasion 

and immunosuppression in the CF lung [86]. Its contribution to bacterial virulence in a mouse model has 

been shown, [87] when an exotoxin A deficient mutant was found to be 20 times less virulent than the 

wild-type strain. 

P. aeruginosa secretes several protease enzymes identified as crucial virulence factors, such as 

elastase B (LasB protease or pseudolysin) [88,89], elastase A (LasA elastase or staphylolysin) [90], 

alkaline protease [91,92], protease IV [93,94] and PASP (Pseudomonas aeruginosa small protease) [95]. 

These proteases are associated with virulence by enhancing the ability of P. aeruginosa to invade tissues 

and interfering with host defense mechanisms. For example, the elastolytic activity of these enzymes is 

particularly important in pathogenesis since a number of tissues are composed of elastin (lung, vascular 

and ocular tissue) [31,70]. Protease IV causes the destruction of host proteins including fibrinogen, elastin 

and components of the immune system, and is thought to aid in bacterial adhesion [74]. PASP has 

considerable collagen degrading activity, can cause corneal erosions and has been found in studies of 

Pseudomonas lung infections [96]. 
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P. aeruginosa may produce a blue-green pigment called pyocyanin that inhibits epidermal cell 

growth, cell respiration in mammalian and prokaryotic cells. Pyocyanin is associated with many effects in 

the lung, being potentially involved in the establishment of both initial and chronic infections [97–99] and 

required for virulence in acute and chronic lung infection models [98,100]. Nonetheless, the mutant 

strains were still able to cause local inflammation, highlighting the importance of other virulence factors 

[98]. Other pigments as pyorubin (red-brown) and pyomelanin (black-brown) were reported as involved in 

the protection against oxidative stress, pertaining to its survival in the environment [101,102]. 

P. aeruginosa might also secrete two siderophores to accumulate iron: pyochelin and pyoverdine, 

enabling bacteria to colonize niches with limited iron availability [103]. Iron is necessary for bacterial 

growth and affects P. aeruginosa pathogenesis, where an increase in iron concentration aids this 

pathogen to cause persistent infections. Biologically useful iron (ferrous, Fe2+) in the environment is scarce 

and is mostly available in the insoluble ferric (Fe3+) form. To help scavenge this free iron, bacteria produce 

siderophores, iron chelators and transporters through TonB-dependent receptors on the cell surface [50]. 

Even though that pyoverdine was shown to be more important for iron acquisition [104], both are essential 

for virulence and infectivity. Pyoverdine is recognized by specific receptors on the outer membrane of 

bacteria that function as gated porin channels allowing the entry of bound complexes [105]. Three 

structurally different variants of pyoverdine, with a corresponding receptor for each one, have been 

identified: type I, II and III. They have different peptide chains and each isolate produces only one form 

of pyoverdine [106]. It has also been found that pyoverdine can regulate the secretion of other virulence 

factors like exotoxin A as well as its own [107]. 

Rhamnolipid, a biosurfactant, is another virulence factor involved in development and maintenance 

of biofilms and ex vivo studies revealed that it modulates and breaks the tight junctions between 

respiratory epithelial cells [108]. Other secreted virulence factors such as phospholipase C, histamine 

and leukocidin, even if less understood, also contribute to the pathogenicity of P. aeruginosa. 

As depicted above, the virulence of P. aeruginosa is multifactorial, resulting in the use of an arsenal 

of virulence factors that differs from isolate to isolate and from distinct stages of infection, particularly 

from colonization to the establishment of acute infections [31]. Mutations leading to loss of virulence-

associated phenotypes are common among CF isolates of P. aeruginosa, where this loss may represent 

an adaptive response to chronic infection, with such factors playing a crucial role in acute infections but 

are not required for persistence in the CF lung [109]. This flexibility, heterogeneity and diversification 

regarding pathogenic abilities leads to P. aeruginosa being better adapted to triggering either acute or 

chronic infections. 
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Biofilms in Pseudomonas aeruginosa – a sessile lifestyle 

Typically, Pseudomonas may be found in a biofilm, attached to some surface or substrate, or in a 

planktonic form, as a unicellular organism, actively swimming by means of its flagellum. Biofilm, by 

definition, is a structured community of bacterial cells enclosed in a self-produced polymeric matrix and 

adherent to an inert or living surface [110]. 

The physiology of biofilm cells is extremely complex and profoundly different from those grown 

planktonically. The physiological status of cells is heterogeneous and determined by the location of each 

individual cell within the multiple layers of cells that form the biofilm. Cells located in the surface of the 

biofilm may have easy access to nutrients, including oxygen, and have fewer problems with the discharge 

of metabolic waste products and hence are considered metabolically active. These cells are likely to have 

identical properties to their planktonic counterparts.  

On the other hand, cells embedded within the thick glycocalyx matrix are likely to be less 

metabolically active because of poor access to essential nutrients. These cells are at the stage of 

dormancy and are likely to be smaller since they are not actively engaged in cell division. However, the 

development of biofilms generates a sheltered community of cells in which environmental stresses are 

greatly reduced, promoting bacterial survival in a hostile environment [111]. 

 

 

 

Figure 1.3. Five proposed stages of biofilm development. See text for descriptions. Adapted from K. 

Sauer, 2003 [112]. 
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Biofilm development in P. aeruginosa is proposed to involve five distinct stages (Figure 1.3): 

i) Reversible attachment: Planktonic bacteria are attached to substratum via the flagellated pole. P. 

aeruginosa is transiently fixed to the substratum and can detach freely, independently of the QS signal 

[113]. 

ii) Irreversible attachment: Reorientation of bacteria axis possibly causes the loss of flagella thus ceasing 

the swimming motility [113]. P. aeruginosa then aggregates and forms microcolonies. Type IV pili, 

responsible for the twitching motility, has an important role in this stage [55]. After attachment, genes 

including algC, algD and algU, are activated leading to the synthesis of an extracellular matrix 

composed of alginate [57]. 

iii) Initial maturation: Approximately 540 genes were upregulated. Suggested contribution of proteins 

involved in anaerobic processes, implied an oxygen limitation for this stage [112,113]. 

iv) Maturation: Biofilms reach maximum thickness, having a mushroom-shaped multicellular structure 

separated by water-filled channels. The formation of such structure might depend on nutrient sources. 

Rhamnolipids, secreted by cells within the biofilms, have been proposed as a maintenance factor for 

the open channels surrounding microcolonies. Furthermore, bacterial population within this biofilm 

exhibits different physiological activities, which may correlate to the oxygen distribution within the 

mature biofilms [113]. 

v) Detachment and dispersion: As the biofilm develops, single cells or groups of cells can detach and 

actively leave to form new biofilms. This detachment can be caused by external perturbations; 

however, this could be an active programmed process, allowing colonization of new niches [113]. 

Bacteria within microcolonies actively swim away from the interior part of the cluster and enzymes 

degrading the matrix might also play roles in the dispersion. 

 

Bacteria organized in biofilms predominate, numerically and metabolically, in virtually all nutrient-

sufficient ecosystems and their low susceptibility to antibiotics and disinfectants is recognized. The 

exopolysaccharide (EPS) matrix encasing the P. aeruginosa biofilms also protects cells from the host 

immune response [114]. The reduced susceptibility of biofilms to antibiotics is probably related to their 

structural and chemical heterogeneity. The structural heterogeneity is given by the non-uniform 

distribution of cells and polymers within the biofilm matrix and variable biofilm thickness, whereas the 

chemical heterogeneity is indicated by the local variation in the concentrations of metabolic substrates, 

products, and microbial species. In addition, biofilm bacteria undergo several physiological, metabolic 

and phenotypic changes leading to the emergence of population diversity [115]. This seems to guarantee 
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the survival of persisting bacteria even under harsh conditions, which would be able to re-establish a 

biofilm afterwards. 

This EPS has a protective role in harsh environments in which bacteria are under attack by the 

immune system and oxidative stress, hindering eradication [116,117]. This conversion and the possible 

increased biofilm ability of colony variants are important virulence aspects in pathogenesis. It has been 

reported that biofilms have reduced activation of the complement system and biofilm-growing bacteria 

are more resistant to phagocytosis and, in some cases, to antibody-mediated immune response [118]. 

Throughout biofilm development, bacteria adopt a specific phenotype, usually different from the 

planktonic one. This switch involves physiological, metabolic and phenotypic variations. For example, it 

has been described that bacteria regulate the expression of proteins implicated in resistance to oxidative 

damage, EPS production, phospholipids synthesis and membrane transport [113]. Hereafter, it can 

prompt mechanisms accountable for antimicrobial resistance, enhanced virulence and persistence. 

Microniches within biofilms translate their heterogeneity imposed by chemical gradients. The 

morphotypes that may result from P. aeruginosa biofilms emphasize the diversity of colony morphologies 

presented by biofilm-growing cells [117]. In a mature biofilm there are at least three physiological states: 

i) cells in the superficial layer similar to planktonic cells; ii) cells in the middle zone; and iii) cells in the 

deeper zone [119]. Colony diversity is also influenced by the development stage of these structures. 

Different proportions of each variant during biofilm formation and after exposure to stressors suggests 

that they have specialized functions in establishment and survival [120,121], explaining why phenotypic 

heterogeneity within biofilms is one of the key features for survival in harsh environments [122]. 

 

Antibiotic resistance in Pseudomonas aeruginosa 

P. aeruginosa is also associated to antibiotic resistance, as a considerable number of strains show 

innate and acquired resistance against a wide range of antimicrobial agents (e.g. β-lactams, 

aminoglycosides, fluoroquinolones, cationic peptides), leading to difficulty in treating infections. 

Multidrug-resistance often results from a combination of mechanisms to circumvent antibiotic stress, 

varying between isolates. Common mechanisms involve: i) reduction of cell wall permeability to the 

antibiotic; ii) expression of modifying enzymes that selectively target and destroy the activity of antibiotics; 

iii) overexpression of membrane-associated efflux pumps that extrude the toxic compound to the 

extracellular environment; and iv) modification of the antibiotic target (e.g. through mutations in 

chromosomal genes or regulators of resistance genes, or even by reprogramming biosynthetic pathways) 
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[13,123]. Resistance might also be acquired through addition of resistance genes from other organisms 

via plasmids, transposons, integrons and bacteriophages [123]. 

As summarized in Table 1.1, multidrug-resistance is a complex phenomenon since a cross-talk 

between resistance mechanisms employed by bacterial cells as response to a specific antibiotic might 

confer additional resistance to other classes of drugs. 

 

Table 1.1. Overview of the major mechanisms of Pseudomonas aeruginosa antibiotic resistance. 

Resistance mechanism Class of antibiotic Genes involved References 

Decreased uptake/ 

cell permeability 

β-lactams oprD, ampC, ampG [128,133–

135,141] 

Cationic peptides phoPQ, pmrAB, parRS [142–144] 

Antibiotic inactivation β-lactams Chromosomal β-lactamases  

 ampC, poxB 

Plasmid-mediated β-lactamases 

ESBL (coding TEM type) 

MBL (coding IMP, VIM, SPM, GIM, 

SIM and AIM types) 

[124,125] 

 

[135,138–140] 

Aminoglycosides AME 

aac(6’)-Ib’, ant(2’’)-Ia, ant(4′)-IIa, 

ant(4′)-IIb, aph(3′)-IIb, ant(4′)-IIb 

 

[145–147] 

Increased efflux β-lactams mexAB-oprM, mexCD-oprJ, 

mexEF-oprN, mexXY, czcCBA 

[108,115,116, 

120,121] 

Aminoglycosides mexAB-oprM, mexXY [148,149] 

Fluoroquinolones mexAB-oprM, mexCD-oprJ, 

mexEF-oprN, mexXY 

[136,150] 

Target modification  β-lactams redundancy of PBPs [126–128] 

Aminoglycosides 16S rRNA methylases 

(rmtA, rmtB, rmtD, armA) 

[151–154] 

Fluoroquinolones gyrA, gyrB, parC, parE [155–157] 

Mutation of regulators β-lactams ampR, ampD, nfxB, nfxC (mexT), 

nalB (mexR) 

[128–132] 

Aminoglycosides mexZ, parRS [158,159] 

Fluoroquinolones nalB (mexR), nalC, nalD, mexZ, 

nfxB, nfxC (mexT) 

[155,160–163] 
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P. aeruginosa is naturally resistant to some β-lactams as it encodes chromosomal β-lactamases 

AmpC [124] and PoxB [125], and up to 7 penicillin-binding proteins (PBPs) [126,127]. AmpC is a well-

characterized class C cephalosporinase, frequently related to β-lactam resistance in clinical strains 

whereas class D oxacillinase PoxB expression was only detected in ampC lab mutants. PBPs are involved 

in the cross-link of peptidoglycan and are inhibited by β-lactams. However, the redundancy of the PBPs 

repertoire in P. aeruginosa and their different affinities to bind β-lactams, allow these bacteria to overcome 

some of these first-line antimicrobials [128]. Moreover, overexpression of ampC by mutations of ampR 

(positive regulator) and ampD (negative regulator) have also been described to promote resistance to 

penicillins, cephalosporins and monobactams [128–130]. Mutations and silencing of regulators, such as 

nalB (mexR [129,131]), nfxB [132] and nfxC (mexT) [130] may also lead to downregulation or alteration 

of porin OprD in the outer membrane [133–135], the main portal of entry of β-lactams into P. aeruginosa 

while overexpressing efflux systems MexAB-OprM [128,135,136], MexCD-OprJ [128,136], MexEF-OprN 

[128,135,137], MexXY [135] or CzcCBA [135]. Pan-resistance to β-lactams usually appears when 

isolates express Extended Spectrum β-lactamases (ESBL) or metallo-β-lactamases (MBL), acquired by 

HGT of mobile elements [135,138–140], that can hydrolyze broad-spectrum monobactams, 

cephalosporins and carbapenems. 

Despite the emerging of aminoglycosides as an alternative antibiotic for β-lactams-resistance, clinical 

isolates able to counteract their activity quickly appeared. Activity of aminoglycoside-modifying enzymes 

(AME) has been extensively reported as the major mechanisms responsible for resistance to this class of 

antimicrobials [145–147]. AME inactivate the target through phosphorylation by aminoglycoside 

phosphotransferases (APHs), adenylation by aminoglycoside nucleotidyltransferases/ 

adenylyltransferases (ANTs/AADs) and acetylation by aminoglycoside acetyltransferases (AACs). AME are 

frequently found in mobile genetic elements, harboring other resistance-conferring genes (e.g. ESBL, 

MBLs and chloramphenicol acetyltransferases) and thus, aminoglycoside-resistant isolates usually display 

a MDR phenotype [145,146]. AME-independent mechanisms involving overexpression of efflux pumps 

(e.g. MexAB-OprM [148], MexXY [149]) have also been described. Moreover, the appearance of multiple 

aminoglycoside resistant clinical isolates has also been reported due to the combination of transport-

related mechanisms with AME expression [164]. Regulatory mutations play a minor role in 

aminoglycoside resistance but are also reported in some CF isolates. Although they seem to be mutually 

exclusive, mutations in mexZ [158], a regulator of MexXY pump, and mutations in the two-component 

regulatory system parRS [159], which influences OprD levels, are responsible for deregulation of non-

AME mechanisms. A new mechanism accountable for a prominent level of aminoglycoside-resistance 
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among Gram-negative bacteria has also been studied, consisting in the methylation of the binding site of 

aminoglycosides molecules to the 16S ribosomal RNA of 30S ribosomal subunit. These 16S rRNA 

methylases are typically located on transposons and plasmids, disseminated by HGT events [165], and 

they have already been identified in P. aeruginosa: RmtA [151], RmtB [152], RmtD [153] and ArmA 

[154]. 

Fluoroquinolones inhibit DNA transcription and replication, by targeting DNA gyrase and 

topoisomerase IV [154]. Due to their broad-spectrum, fluoroquinolones were extensively used against β-

lactam- and aminoglycoside-resistant isolates. However, this massive application resulted in the 

appearance of fluoroquinolone-resistant clinical isolates that showed modifications of antibiotic targets. 

Fluoroquinolone-resistant isolates usually carry mutations in genes encoding subunits of DNA gyrase (gyrA 

and to a lesser extent, gyrB), and topoisomerase subunits (parC and to a lesser extent, parE) [155–157]. 

In combination to target point mutations, expression of multidrug efflux pumps also plays a significant 

role in resistance to fluoroquinolones. The four efflux systems MexAB-OprM [136], MexXY [136,148], 

MexCD-OprJ [136], and MexEF-OprN [150] have been reported to be overexpressed in some FQ-resistant 

clinical isolates by inactivation of their respective regulators. MexAB-OprM may be deregulated by 

mutations on NalB (MexR [160]), NalC [161] and NalD [162]. The other common overexpressed pump 

MexXY is repressed by MexZ and mutations in this regulator are frequent in fluoroquinolone-resistant 

strains [163]. MexCD-OprJ and MexEF-OprN overexpression are less common in fluoroquinolone-resistant 

clinical isolates. The former is related to mutations in the repressor NfxB [155] while the latter pump is 

related to an activating mutation in NfxC (MexT) [166], which is coded in an inactive form and is converted 

to an active regulator. 

Considering the versatility displayed by many clinical isolates of P. aeruginosa to overcome the action 

of antibiotics and emerge as MDR strains, new powerful and efficacious antipseudomonals were 

introduced in therapeutic strategies: the cationic peptides polymyxin B and colistin [167,168]. However, 

there are already some reports of resistance to both agents in clinical isolates, owing to the frequent use 

of these last-resource antibiotics [169,170], involving changes in LPS composition (e.g. lipid A substitution 

by aminoarabinose) regulated by PhoPQ [142,143], PmrAB [143] and ParRS [144] two-component 

regulatory systems. 

Studies in P. aeruginosa have proven that there is also an association between persisters and 

antibiotic resistance since they can prevent clearance of bacteria, especially within biofilms [171,172]. 

Persisters cells correspond to the small fraction of a bacterial isogenic population, highly tolerant to 

antibiotics since they survive to exposure to lethal conditions in the absence of drug resistance 
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mechanisms [173,174]. They are nor resistant cell nor have genetically acquired antimicrobial resistance. 

Instead, they are dormant cells remaining in a metabolic inactive state. After reinstatement of normal 

conditions, they might return to normal growth rates and generate an equally susceptible new population, 

thus suggesting a phenotypic switching event. The small amount of such cells and their only temporary 

expression justifies the little knowledge about the mechanism and traits of persisters colonies. There are 

several theories in literature explaining their formation, however, the most relevant assume that 

persistence is a phenotypic state [171]. A study performed established that this phenotype could be 

affected by QS-linked molecules, since pyocyanin and N-acyl homoserine lactone (AHL) significantly 

amplified the persister quantities [175]. 

 

Quorum-Sensing systems in Pseudomonas aeruginosa 

Bacteria can communicate with each other using cell-to-cell communication systems, known as 

Quorum-Sensing (QS). It allows bacteria to monitor their population density by sensing extracellular 

concentrations of self-generated signal molecules termed autoinducers. Once a threshold of autoinducer 

concentration is reached, they bind to specific receptors, resulting in alteration of the expression of target 

genes. Consequently, the expression of certain genes is induced or repressed depending on population 

density, synchronizing bacterial behaviors [176]. Studies showed that QS regulates more than 10% of P. 

aeruginosa genes, mainly involved in virulence factor production, biofilm formation, antibiotic resistance 

and adjustment of metabolic pathways for stress response [16]. 

In P. aeruginosa, four QS systems are described (Figure 1.4). Two N-acyl homoserine lactone (AHL)-

dependent QS systems, las and rhl, involving two signaling molecules with different substitutions on their 

acyl side chains, respectively N-(3-oxo-dodecanoyl)-homoserine lactone (OdDHL) and N-butyryl-

homoserine lactone (BHL). 

Briefly, a gene encoding an autoinducer synthase (“I” genes, lasI or rhlI) is activated, synthesizing 

an autoinducer that diffuses into the environment. Once it reaches a threshold concentration, it allows 

binding to transcriptional activators forming a complex that activates, among others, genes coding 

virulence factors such as elastase, exotoxin A, T3SS apparatus proteins, alkaline protease, rhamnolipids, 

alginate, pyocyanin and pyoverdine [71]. OdDHL homeostasis is maintained by the transcriptional 

repressor RsaL, generating a negative feedback loop [177]. 
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Figure 1.4. Representation of the four Quorum-Sensing signaling networks in Pseudomonas 

aeruginosa. QS systems are hierarchically organized, with the las system positively regulating the rhl, pqs 

and iqs systems. Additionally, the rhl system negatively regulates the pqs system, while PqsR has a positive 

effect on the rhl system. An induced iqs system triggers an up-regulation of both rhl and pqs systems Solid 

arrows indicate positive regulation and dashed T-bars, negative regulation. 

 

 

The las and rhl systems are intricately connected to a third 2-alkyl-4-quinolone (AQ)-dependent QS 

system, involving the Pseudomonas quinolone signal (PQS) and its precursor 2-heptyl-4-hydroxyquinoline 

(HHQ). Studies have shown that PQS affects biofilm formation, regulates several virulence factors in P. 

aeruginosa and is essential for full virulence in multiple hosts. A likely key role during infection is also 

suggested [176]. 



 Chapter 1 | Page 18 

Recently, a fourth system has been discovered, the integrated QS (iqs) system. The QS signal 

molecule was structurally established to be 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde (IQS). Its 

synthesis involves the gene cluster ambBCDE, which, when disrupted, also causes a decrease in the 

production of PQS and BHL signals, and the transcriptional regulator IqsR is the IQS receptor. The 

important role of IQS in modulation of P. aeruginosa pathogenesis has been highlighted [178,179]. 

Moreover, under phosphate depletion, this system was able to partially take over the functions of the las 

system [180]. 

The four QS systems are hierarchically organized (Figure 1.4), with the las system positively 

regulating the rhl, pqs and iqs systems. The rhl system negatively regulates the pqs system 

[16,52,177,179]. However, PQS was found to be able to enhance the transcription of rhlI, thus influencing 

BHL production and the overall expression of the rhl system [178]. Additionally, an induced iqs system 

triggers an up-regulation of both rhl and pqs systems [179,180]. A range of positive and negative 

regulatory proteins, controlling these systems in a variety of ways, have been identified [178]. QscR 

inhibits the las and rhl QS signaling effects by preventing the binding of LasR/OdDHL and RhlR/BHL to 

the promoter DNA of responsive genes. VqsR positively regulates the las system and is itself regulated by 

the LasR/OdDHL complex. Other factors also manipulate the activity of the QS systems, such as the two 

component systems GacA/GacS and PhoB/PhoR as well as the transcriptional regulators Vfr, PqsR, 

RsmA, DksA and PtxR [50,181,182]. 

Interspecies competition, host immune factors, starvation and depletion of phosphate/iron are few 

examples of stresses involved in pathogenesis. QS systems and virulence factors productions mediate 

the appropriate responses to these stresses in order to promote survival and adaptation [16,183]. Given 

the implication of the QS in the pathogenesis of P. aeruginosa and other bacteria, strategies designed to 

interfere with these systems are likely to have potential as biological controls. In fact, it has been 

demonstrated that QS-deficient mutants display decreased virulence when compared to their QS-able 

counterparts [184]. 

 

Outer Membrane Vesicles as delivery systems 

As other Gram-negative bacteria, P. aeruginosa releases outer membrane vesicles (OMVs), spherical 

and bilayered structures derived from the outer membrane with a reported range in size of 20 to 500 nm 

[185]. 

Despite the number of reports on the production of OMVs in P. aeruginosa, its mechanism of 

formation remains unclear [186]. Previous studies in P. aeruginosa [187] reported the requirement of 
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the signaling PQS molecule for OMV biogenesis, proposing a model where PQS accumulation triggers the 

curvature of the outer membrane, as well as the negative association of the outer-membrane proteins 

OprF and OprI to the production of OMVs [185]. Another study proposed that OMVs could derive from 

fast expansion or bulging of the outer membrane owing to either pressure from accumulation of products 

in the periplasm or anionic repulsion between LPS molecules [188]. 

Despite being produced under regular conditions, there is an association of OMVs production and 

stress, as there is an increase in production during stress conditions [189]. The envelope stress response 

to temperature, pH and nutrient availability includes misfolding of outer membrane proteins, which is 

suggested to increase OMVs production [190], thus, vesicle production is considered a bacterial protective 

mechanism to endure aggressive host environment. OMVs also facilitate the removal of competing 

bacteria during an infection, as vesicles can eliminate both Gram-negative and Gram-positive bacteria 

[189,191]. A role in pathogenesis has also been reported, with the addition of P. aeruginosa OMVs to the 

alveolar epithelial cells in vitro inducing the release of IL-8 [192] and the introduction of bacteria-free 

OMVs inducing severe pulmonary inflammation in vivo [193]. 

OMVs are key players in bacterial communication and in the host-pathogen interaction, owing to the 

nature of its cargo [189]. In Gram-negative, these vesicles operate as a separate secretory system, 

allowing the transference of proteins that increase their invasive abilities, virulence factors, adhesion 

molecules, toxins and other immunomodulatory compounds, thus enhancing bacterial survival inside the 

host [189,194].  

Particularly in Pseudomonas aeruginosa, it has been reported that OMVs transfer several virulence 

factors, such as phospholipase C, hemolysin, alkaline phosphatase [195], elastase [196], 

aminopeptidase PaAP [197] and QS-molecules [198,199]. These vesicles are also involved in antibiotic 

resistance in several ways [200], such as the ability to transport antibiotic-inactivating enzymes, like β-

lactamase in P. aeruginosa isolates [201], or the transport of drug-binding proteins (notably efflux 

proteins), which is enhanced in OMVs obtained from biofilm when comparing to its planktonic 

counterparts [202]. 

 

Environmental impacts on Pseudomonas aeruginosa lifestyle 

Bacteria are continuously challenged by biotic and abiotic factors in its environment and must adapt 

in order to survive. Bacteria can face several stressful conditions like starvation, salinity, temperature and 

pH shocks, oxygen limitation, antimicrobial agents, immune host defenses and even other competitors 

[203], triggering adaptive responses involving physiological, behavioral and genetic changes [204]. The 
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adaptive response may involve re-programming of regulatory and metabolic networks, and activation of 

differential expression of the genes whose products are necessary for successful colonization and growth. 

To balance the overall metabolic cost, the expression of unnecessary genes is also reduced [16,205]. 

Biotic factors include any living component that affects another organism or shapes the ecosystem 

and its interactions increase a species range (e.g. cross-feeding) or limit it (e.g. competitive exclusion). In 

the environment as well as in a polymicrobial infection context, P. aeruginosa may act competitively or 

synergistically with other microbes, to gain an adaptive advantage through the production of determinants 

as virulence factors and antimicrobial molecules, which impact the composition of microbial communities 

[206]. Competition between organisms can occur indirectly, through the depletion of a limited resource 

(exploitative competition), or directly through conflicts with competitors (interference competition) [207]. 

Other environmental factor with great influence on bacterial lifestyle and behavior is the host-

pathogen interaction. These survival mechanisms have been suggested to alter bacterial virulence [208]. 

For instance, the ability to form a biofilm can effectively lower predation pressure in the environment and 

prevent macrophage phagocytosis inside the multicellular host [209]. Bacteriophages and protozoa are 

the two major biotic causes of bacterial mortality in the natural environment, potentially contributing to 

elevated bacterial virulence. Nevertheless, defense adaptations can be costly and traded off with virulence 

related traits, as in when bacteria experiencing protozoan predation trade off motility, often positively 

associated with virulence, with anti-predator traits resulting in lower virulence [210]. 

Abiotic factors are the non-living chemical and physical components of the environment that affect 

living organisms and the functioning of ecosystems. One of the most ubiquitous sources of abiotic 

variation in nature is temperature. Changes in temperature have profound consequences for the 

composition of microbial communities [211,212]. When establishing an infection, P. aeruginosa 

experiences a switch from ambient to body temperature (around 37 °C). A study has reported that a shift 

from growth at 22 °C to 37 °C is responsible for the differential transcriptional regulation of 6.4% of the 

genome [213], reflecting the use of different survival strategies by P. aeruginosa in each environment. At 

lower temperatures, bacterial persistence is favored by a slower and more sustainable metabolism, 

whereas at host-specific temperatures, genes involved in virulence and metabolism promoting fast growth 

ensure rapid multiplication for host colonization. 

Variations in the pH may also be reflected on the expression of these bacterial behaviors. For 

instance, in P. aeruginosa, pH variation influences biofilm formation [214]. However, such effect was not 

seen in swarming and twitching motilities, suggesting that regulation of flagellar movement and pili 

retraction are not influenced by pH variation [215]. Presence of organic acids combined with low pH are 
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growth inhibitory for P. aeruginosa [216] and the pH has also been found to influence the effectiveness 

of some antibiotics [217,218]. 

The nutrients and resources availability, such oxygen-limitation, also play an important role in the 

adaptive response of P. aeruginosa [219–221]. Being a facultative anaerobic bacterium, P. aeruginosa 

can utilize several sugar derived carbon sources and perform oxygen respiration under aerobic conditions 

and grow by denitrification under anaerobic conditions. Moreover, in the absence of alternative electron 

acceptors, it uses arginine and pyruvate fermentation to produce energy [222,223]. Consequently, 

induction of the operons encoding the corresponding enzymatic machineries has been described, and 

this study associates the progressive course of P. aeruginosa urinary tract infections with its nutrient-

limited conditions and the enhanced production of extracellular lipases and proteases [224]. These 

enzymes usually degrade macromolecules for nutrition of the bacterium, which is essential for bacterial 

growth in the urinary tract. 

Radiation is one of the most detrimental abiotic factors impacting microorganisms at both 

community and cellular levels, affecting the microbial diversity and dynamics of community structure, as 

well as causing damage to important biomolecules. The impact on growth, survival, morphology and 

membrane activity of P. aeruginosa has been described [225,226]. Light is electromagnetic radiation 

within a certain proportion of the electromagnetic spectrum. This term normally refers to visible light 

which as the name suggest is the portion of the electromagnetic spectrum detectable to the human eye, 

ranging from 380 nm to 740 nm, situated between the infrared (shorter wavelength) and the ultraviolet 

(UV) (greater wavelength) regions. 

Light influences many chemical and physiological processes in biological systems [227,228]. 

Bacteria switch between environmental and host-associated lifestyle depending on the light environment 

[229]. Several authors have reported that light influences both the virulence of pathogens as well as the 

host defense response. In order to signal the switch from their environmental lifestyle to a pathogenic 

one, bacteria resort to photoreceptors that perceive different wavelengths of light from the environment 

[229] and possess additional signaling or regulatory roles, which regulate cellular processes ranging from 

energy production to virulence [230]. For instance, motility, attachment, and virulence of the plant 

pathogen Pseudomonas syringae pv. tomato DC3000 is influenced by light [231]. An impact of the 

presence or absence of light on bacterial growth and activity has also been reported [227,232–235]. 

Most studies focus in a certain portion of the electromagnetic spectrum. The UV radiation (A, B and 

C), corresponding to about 10% of the power of sunlight, has been the target of many studies. Exposure 

to this type of radiation is a known risk factor for several health conditions as cancer and optical 
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complications [236]. These studies focus either in the effect of light on the human health [236], in the 

possibility to use in modern medicine [237,238] or in its ability to induce mutations or DNA damage 

[239,240]. In modern medicine, aside from the classical use as a sterilization agent [238], UV radiation 

has been applied in dermatological treatments and as an inactivation agent for viral agents [237]. 

Research centered in blue light (415 – 470 nm) has also reported growth inhibition and reduced viability 

of several bacteria, with blue light irradiation being considered an alternative therapeutic approach in the 

antimicrobial blue light therapy (aBLT), with promising results [241–243]. 

Despite the potential of certain wavelengths as an antimicrobial agent, visible light is also an abiotic 

factor essential to living organisms. In fact, studies based on red light (620 – 700 nm) led to the discovery 

of a bacteriophytochrome in Pseudomonas aeruginosa, a photoreceptor that regulates light responses via 

reversible photoconversion between red and far-red light-absorption states [244,245]. A modular domain 

architecture has been reported for this dimeric photoreceptor, in which three N-terminal domains of one 

monomer will form a photosensory core domain (PCD), namely a Per-ARNT-Sim (PAS), cGMP 

phosphodiesterase/adenyl cyclase/FhlA (GAF), and phytochrome (PHY) domain. The PAS, GAF and PHY 

domains are integrated by interdomain interactions and converge on the chromophore-binding site. 

Additionally, it also contains a signaling output module, specifically a Histidine Kinase (HK) domain on 

the C-terminal, responsible for the conversion of the light signal into a chemical signal via 

autophosphorylation [244]. 

The discovery of bacteriophytochromes in non-phototrophic organisms as Pseudomonas aeruginosa 

challenged the view that only phototrophic microbes can sense light. Therefore, understanding the 

influence of light on the interaction of the pathogen and the host is essential for the design of new 

strategies to understand its pathogenicity. 

 

Proteomics, a complement to Genomics 

Proteomics is the term used to describe the global study of proteomes, a set of proteins expressed 

by a genome of an organism, system or biological context. 

Unlike the genomic information, the proteome is dynamic, differs from cell to cell and changes over 

time, as it reflects the current metabolic state of a cell [246]. It can complement genomic studies through 

the detection and identification of expressed gene products [247]. 
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Proteome analysis only began to be widespread when several conditions were fulfilled, mainly the 

availability of the genomic sequence information, technological advance in protein identification and 

acquisition of greater computing power and memory [248]. 

Several high-throughput technologies have been developed to investigate proteomes in depth. The 

most commonly applied are gel-based techniques and mass spectrometry (MS)-based techniques, such 

as two-dimension electrophoresis (2-DE) followed by matrix-assisted laser desorption/ionization (MALDI). 

Advances in proteomics made clear that direct correlation between protein and gene sequence is not 

possible, due to post- and co-translational protein modifications that cannot be directly predicted from 

genomics sequence [249,250]. 

In Pseudomonas aeruginosa, the improvements in proteomics allowed the identification and study 

of several proteins under distinct conditions. Being able to identify differently expressed proteins or protein 

modifications in distinct biological conditions is an important first step to understand the mechanisms 

implemented by bacteria to respond to the surrounding environment. 

Under the scope of this work, a proteome reference map of P. aeruginosa strain PAO1 was built, 

attempting to identify spots that showed significant differences between two opposed conditions, 

considering a collection of published gel images. 

However, as not all gels were obtained using protein extracts from P. aeruginosa strain PAO1, it was 

necessary to conduct a proteome comparison of all organisms comprised in the selected collection. This 

analysis revealed a great degree of conservation in some proteins and distinct evolutionary adaptations 

in others, a conclusion also corroborated by other studies [251]. 

As expected, the different P. aeruginosa strains showed the highest level of proteome similarity, 

specifically with an average of protein sequence identity of 99.5% (Figure 1.5). The strain with lowest 

similarity is P. putida KT2440, with an average protein sequence identity of 70.4%, which we still 

considered a viable value for protein identification based on the comparison of global spot patterns. 

Nevertheless, higher proteome similarity reflects a greater confidence level and probability of a correct 

protein identification. 

Combining 2-DE and MS has produced an extensive and irrefutable advance in proteomics [253–

257]. In P. aeruginosa these approaches have been used to, for example: i) built in silico proteome 

reference maps; ii) obtain reference maps for different fractions of P. aeruginosa; iii) identify QS-regulated 

proteins; iv) study particular phenotypes as biofilm formation; and v) pinpoint protein variations to ensure 

survival to different stress factors. Additionally, it may also help to suggest the role of hypothetical or 

proteins with unknown function. 
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Figure 1.5. Proteome comparison between the Pseudomonas aeruginosa strain PAO1 and 

other Pseudomonas strains, using the PATRIC Comparison Service [252]. This service performs 

protein sequence-based genome comparison using uni- and bidirectional BLASTP. A total of nine strains were 

compared, namely: 1) P. aeruginosa PAO1; 2) P. aeruginosa PA14; 3) P. aeruginosa AES-1R; 4) P. aeruginosa 

383; 5) P. aeruginosa 2192; 6) Pseudomonas sp. M1; 7) P. putida UW4; and 8) P. putida KT2440. 

 

 

To date, proteomics has increased our knowledge in bacterial virulence, resistance mechanisms and 

in host-pathogen interaction, enabling the identification of several biomarkers and potential new drug 

targets [258]. Advances in proteomics technology to overcome known drawbacks will potentiate the 

comprehension of the molecular basis and better treatment of infections. 
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Outline of this thesis 

In this introductory chapter, we reviewed aspects accounting for the flexibility and heterogeneity of 

Pseudomonas aeruginosa and how those influence its pathogenic potential, as well as overviewed a high-

throughput approach that complements genomic data. 

This PhD work was driven by a collaboration with a Portuguese Hospital setting, specifically Hospital 

de Braga, from which a collection with over 700 P. aeruginosa clinical isolates was raised. From 2010 to 

2014, the clinical isolates were collected from a wide variety of infection loci, clinical context, hospital 

department and age groups (1 month – 99 years old) from 424 patients. This thesis aimed to: i) provide 

a systematic characterization of P. aeruginosa isolates occurring in that hospital by clustering according 

to their genotype; ii) compare the genome sequence of representative isolates; and iii) understand the 

underlying phenotypic heterogeneity among selected isolates. Therefore, the P. aeruginosa collection was 

explored to correlate genotypic profiles with phenotypic variability, and ultimately this variability with 

genomic plasticity among a few selected isolates, thus generating information and tools to more efficiently 

circumvent P. aeruginosa infections.  

In Chapter 2, a pipeline for the analysis of PCR-based genotyping gel profiles resorting to open-

source tools was standardized. We were able to validate a rapid and inexpensive screening of the genetic 

diversity of P. aeruginosa. Moreover, the systematic characterization of 705 clinical isolates included 

recording of epidemiological data, to find whether these epidemiological traits could be linked to the 

genotypic profile of the isolates. We reported alarming findings, sustaining the need for stricter infection 

prevention and control guidelines in hospital settings. 

Nowadays, antibiotic resistance is one of the most serious public health issues and with therapeutic 

options becoming inadequate with the continued emergence and spread of MDR strains, there has been 

a resurging and increasing use of colistin. Colistin is considered a last-resort therapeutic agent because 

of its toxicity, however with its increasing use there has been reports of resistant P. aeruginosa. From our 

collection, 28% of the clinical isolates were classified as MDR, from which 3% evidenced resistance to 

colistin. Three of those were isolated from a urine sample of a mal patient and despite being collected on 

the same day, they were distributed in two genotype groups and evidenced an apparent overall genetic 

variability of 0.72. In Chapter 3, these three colistin-resistant isolates were sequenced and, together with 

the two fully sequenced colistin-resistant P. aeruginosa strains E6130952 and MRSN12280, a 

comparative genomics analysis aimed to identify genome-wide factors implicated in this resistance 

phenotype. We were able to predict deleterious variations in regulatory networks and specific loci 



 Chapter 1 | Page 26 

previously implicated on resistance to colistin, while also identifying other genomic features and mutations 

as putatively new resistance determinants. 

In Chapter 4, a subpanel of P. aeruginosa clinical isolates intended to verify a possible link between 

genotype and phenotype and a comparative grouping analysis supported the heterogeneity of P. 

aeruginosa. In our collection, from all the isolates with a clinical diagnosis, 29% were associated with 

respiratory infections, particularly with pneumonia. Interestingly, from this subpanel, two Pseudomonas 

aeruginosa clinical isolates collected from a pneumonia clinical context, previously clustered in the same 

genotype group, presented contrasting phenotypic traits. To evaluate its pathogenic potential, we resorted 

to the A549 human pulmonary epithelial cell line model. As P. aeruginosa pathogenicity is both 

multifactorial and combinatorial, distinct fractions were assayed to identify the most relevant contributors 

to its cytotoxicity. Additionally, our data hinted that the two isolates were collected in distinct stages of a 

pulmonary infection, associating isolate HB13 with a chronic persistence, while isolate HB15 could 

putatively be associated with an initial colonization phase or a context of an acute infection. 

To contextualize the evidenced phenotypic variability and distinct pathogenic potential, these two 

Pseudomonas aeruginosa clinical isolates from pneumonia were sequenced. In Chapter 5, genomic 

features and variations that sustain their contrasting antibiotic resistance and virulence were identified. 

Furthermore, identification of the extracellular protein content presented a phenotype-genome association 

and allowed the identification of signature features with unknown functions as potential novel 

pathogenesis determinants. 

Moreover, the in silico predictions for features of the nucleotide excision repair pathway suggested a 

differential ability of the P. aeruginosa isolates to sustain UV exposure, with possible repercussions in the 

pathogen behavior and survivability. As one of the triggers for the switch to a pathogenic host-associated 

lifestyle is the light environment, we believe that understanding the influence of light on this pathogen-

host interaction is essential to comprehend pathogenicity. In Chapter 6 we studied the impact of exposure 

to light as an abiotic factor on the pathogenic potential of P. aeruginosa. Growth in two extreme conditions, 

particularly constant exposure and total absence of light, evidenced a variable phenotypic behavior. As 

the proteome is dynamic, comparison of the proteomic profiles aimed to identify proteins involved in the 

adaptation mechanisms to distinct light exposure conditions. We believe our findings highlighted how 

imperative it is to maintain the experimental settings as similar as possible to the in-situ conditions, to 

more accurately interpret the bacterial responses. 

All the knowledge acquired during this thesis was integrated in Chapter 7 to propose the synergistic 

use of different genomic, proteomic and transcriptomic approaches and combination of this data with the 
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clinical outcome. Ultimately, this synergy would establish a bacteriological, genome typing-like, tool to aid 

in diagnostic of Pseudomonas aeruginosa infections and in prognostic, giving the possibility to provide a 

customized antimicrobial treatment. 
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2 
Implementation of a standardized PCR-based genotypic pipeline 

towards the analysis of genetic diversity among clinical isolates of 

Pseudomonas aeruginosa 

 

 

Abstract 

A collaboration with Hospital de Braga aimed to provide a systematic characterization of 

Pseudomonas aeruginosa isolates occurring in that hospital. Discrimination of clinical pathogens in 

epidemiological studies allows a comprehensive linkage with infectious diseases, contributing for a better 

implementation of therapeutic approaches. The aim of the present study was to standardize the analysis 

of PCR-based genotyping gel profiles resorting to open-source tools and evaluate the genetic diversity of 

a P. aeruginosa collection obtained from diverse sources. 

In our approach, RAPD-PCR was validated as a useful tool for investigating the genetic variation 

among P. aeruginosa isolates. The analysis pipeline was standardized to establish a rapid and 

inexpensive screening, allowing the continuous monitoring of clinical isolates. 

A seasonal collection since 2010 resulted in 705 isolates from 424 patients, from 1 month to 99 

years old. Most isolates were obtained from urine and lung fluids of patients with a variety of infections, 

49% of which from a co-infection context (mainly Escherichia coli, MRSA, Enterococcus faecalis and 

Klebsiella pneumoniae) and 28% classified as MDR. The analysis of RAPD-PCR profiles resulted in the 

clustering into 14 groups with no clear association with a specific phenotype or source. Significantly, 

albeit numerous P. aeruginosa infections being diagnosed in Hospital de Braga, our data suggests that 

those were caused by genetically distinct organisms and no evidence of pandemic events has been 

registered. 
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Introduction 

Epidemiological studies are the cornerstone of public health, being often used for evaluation and/or 

setting of guidelines in appropriate microbiological control and preventive healthcare [1]. Typing methods 

have evolved from phenotypic to genotypic methods. The former, despite providing important data, are 

too variable, labor intensive and time-consuming to be applied to large epidemiological studies [2]. In 

contrast, genotypic methods have been revealed as very fast and powerful in discriminating pathogenic 

isolates [3]. 

Pseudomonas aeruginosa pathogenicity is both multifactorial, requiring the cumulative action of 

multiple virulence factors, and combinatorial, as pathogenicity factors may behave differently, and 

different combinations of these determinants may result in comparable virulence phenotypes [4]. 

Together with antimicrobial resistance and genome plasticity, these characteristics account for the 

growing interest in understanding P. aeruginosa heterogeneity, crucial to bacterial fitness and 

competitiveness [5–11]. Typing of P. aeruginosa is a fundamental key in epidemiological studies of 

nosocomial infections, contributing to an increased effectiveness of surveillance systems, outbreak 

detection and clinical treatment [12,13]. 

Discrimination of clinical isolates is essential in epidemiological studies of nosocomial infections 

since it: i) allows an increased effectiveness of surveillance systems; ii) contributes for a better outbreak 

control by allowing to geographically track and distinguish epidemic from endemic or sporadic isolates; 

and iii) ultimately generates robust data to base therapeutic approaches, linking strain genotypes with 

clinical outcomes, socio-economic status, etc., with direct benefit to patients.  

An ideal method must follow three criteria: i) typeability – provide unambiguous results; ii) 

reproducibility – provide the same result for the same isolate; and iii) discriminatory power – distinguish 

epidemiological unrelated strains and isolates [14]. 

Genotyping techniques can be divided into restriction-based, PCR-based, and sequencing-based 

methods. Pulsed-field gel electrophoresis (PFGE) [15,16], in which bacterial chromosomal DNA is 

digested into several fragments, has achieved widespread recognition as the ‘gold standard’ molecular 

typing method for a variety of bacterial species, however it is time-consuming and technically demanding. 

After PFGE, multi-locus sequence typing (MLST) [17–20], which consists in the sequencing of seven 

housekeeping genes, is another popular P. aeruginosa genotyping technique. Although MLST is highly 

informative it is time-consuming and costly, and it has a limited resolution, especially when applied to 

closely related isolates. PCR-based fingerprinting [15,21–25], despite being sometimes associated with 

lower reproducibility, is also widely used as a DNA typing tool since it is much faster and cost-effective 
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method when compared with other typing methods, and accounts for its utility for the primary screening 

of collections with high number of isolates. 

A collaboration was set between Centre of Molecular and Environmental Biology (CBMA) of University 

of Minho and a Portuguese Hospital setting (Hospital de Braga) towards the elucidation of genotypic and 

phenotypic variability among clinical isolates of P. aeruginosa from that Hospital. Over 700 clinical isolates 

were obtained from different clinical services of Hospital de Braga, seasonally collected from 2010 and 

2014. 

In this study, two PCR-based genotypic approaches were used to provide information regarding 

Pseudomonas aeruginosa inter-isolate similarities: repetitive extragenic palindromic-PCR (rep-PCR), 

specifically BOX-PCR [26], and Random Amplification Polymorphic DNA (RAPD) [27]. 

Rep-PCR is a genotyping method that amplifies diverse regions of the bacterial genome lying between 

spacer using oligonucleotide primers complementary to repetitive sequences [26]. The BOX elements are 

an example of these regions, modular in nature and with three differentially conserved subunits, namely 

boxA (57 bp), boxB (43 bp) and boxC (50 bp). 

RAPD is a robust and simple genomic fingerprinting method, useful in clarifying P. aeruginosa 

epidemiology [27]. It is a variation of a PCR protocol in which a single, short and arbitrary oligonucleotide 

primer can anneal and prime at multiple locations throughout the genome, producing a spectrum of 

amplification products that are characteristics of the template DNA. 

In this work, we show the challenges involved in each step on data analysis and describe a pipeline 

to evaluate and improve the quality of the genetic diversity assessment based on band patterns. The 

pipeline provided, when compared to available commercial software such as Gel Compar II (Applied 

Maths Inc.) and Phoretix 1D Pro (TotalLab Ltd.), has the advantage of being only composed by free-of-

charge open-source tools, thus also enabling more freedom in fine-tuning each output, and, possibly, 

paving the way to implement a standardized procedure to evaluate genetic diversity among close related 

bacterial isolates. 

Furthermore, this study aimed to provide a full genotypic categorization of the P. aeruginosa 

collection generated from isolates collected at Hospital de Braga. 

 

Methods 

Pseudomonas aeruginosa isolates 

A Portuguese Hospital setting (Hospital de Braga) provided 705 Pseudomonas aeruginosa isolates 

retrieved from various sources during March and June 2010-2014, upon approval by the Hospital 
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Bioethics Commission. Clinical isolates were obtained from different tissues/fluids of 424 anonymous 

patients during routine clinical diagnostics practices, at the hospital pathology department, in accordance 

with approved guidelines. Information regarding source, hospital department, clinical context, date of 

isolation, patient age and gender was registered for each isolate. Antibiotic susceptibility profiling of the 

isolates was carried out using Kirby-Bauer disk diffusion susceptibility test [28] for 7 antipseudomonal 

agents (third-generation cephalosporin ceftazidime, the carbapenem imipenem and the extended 

spectrum β-lactam piperacillin with bacterial β-lactamase inhibitor tazobactam, aminoglycosides 

tobramycin, amikacin and gentamicin, fluoroquinolone ciprofloxacin). 

The working panels of P. aeruginosa samples for the standardization were composed by three 

worldwide reference strains, PAO1, isolated from a human wound [29], PA14, collected from a burn 

patient [4] and LESB58, isolated from a CF patient in Liverpool, England [30] plus forty four clinical 

isolates collected from diverse sources at Hospital de Braga. 

P. aeruginosa were maintained in Pseudomonas isolation agar (PIA) (BD Difco™) plates for a 

maximum of 3 passages at 37° C. For the purification of genomic DNA, the Wizard® Genomic DNA 

Purification Kit (Promega) was used. 

 

Genotyping by repPCR (BOX-PCR) and RAPD-PCR 

Two subpanels of 22 isolates (Table 2.1) plus three reference strains were used to standardize the 

analysis pipeline, including which genotyping technique should be applied for this primary high-throughput 

screening. 

A subpanel of 22 isolates, randomly selected to represent the collection epidemiological diversity 

(Table 2.1-Panel A), plus three reference strains was used to compile the standardized analysis pipeline. 

To verify the pipeline clustering ability, a second subpanel of 22 isolates (Table 2.1-Panel B), comprising 

isolates collected from three patients, was assayed. 

Genotyping of P. aeruginosa isolates was performed by rep-PCR, using the BOX-A1R oligonucleotides 

(5’-CTACGGCAAGGCGACGCTGACG-3’) [26]. DNA amplification reactions were performed in 25 μL 

containing PCR reaction buffer with 75 mM Tris-HCl pH 8.8, 20 mM (NH4)2SO4 and 0.1% (v/v) Tween-20, 

1.25 mM of dNTP mix, 4 mM of MgCl2, 50 pmol of primer, 2.5 U of Taq polymerase and 60 ng template 

DNA. Repetitive regions were amplified in a MyCycler™ Thermal Cycler programmed for: an initial 

denaturation of 7 min at 95 °C; 35 cycles of 1 min at 95 °C (denaturation), 1 min at 52 ºC (annealing) 

and 8 min at 72 °C (extension); and a final elongation step of 15 min at 72 °C. 
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Table 2.1. Pseudomonas aeruginosa subpanels used for the pipeline standardization. 

ID Isolation date Infection MDR Patient Gender Age Hospital department Source Pathology 

Panel A 
 

         

HB13 24/03/2010 ̶ PDR 13 M 63 General Medicine Sputum Pneumonia 

HB15 12/05/2010 + ̶ 15 M 77 General Medicine Sputum Pneumonia 

HB58 10/04/2010 ̶ ̶ 30 F 52 ICU Bronchial aspirate ̶ 

HB82 15/04/2010 ̶ ̶ 61 F 75 General Medicine Skin swab ̶ 

HB152 30/05/2012 ̶ ̶ 107 F 36 Physiatry Skin swab ̶ 

HB390 13/09/2013 ̶ ̶ 114 M 60 Pneumology Sputum COPD 

HB188 09/05/2012 + ̶ 124 F 82 Orthopedics Exudate ̶ 

HB207 29/05/2012 ̶ ̶ 134 M 77 Neurosurgery Urine ̶ 

HB338 14/07/2012 ̶ + 201 M 94 ER Sputum ̶ 

HB354 24/08/2012 + ̶ 214 M 73 ER Sputum ̶ 

HB403 22/10/2013 + + 241 M 80 ER Urine ̶ 

HB408 15/01/2014 ̶ + 243 M 80 Urology Urine Urinary infection 

HB446 23/04/2014 + ̶ 271 M 80 ER Skin swab ̶ 

HB467 01/05/2014 + ̶ 277 F 84 General Surgery Urine ̶ 

HB463 30/04/2014 + ̶ 285 M 79 ER Urine ̶ 

HB473 06/05/2014 ̶ ̶ 286 M 86 General Medicine Urine ̶ 

HB486 09/05/2014 + ̶ 300 M 52 ER Blood ̶ 

HB503 08/05/2014 ̶ + 312 M 57 Physiatry Wound Ulcer 

HB505 10/05/2014 ̶ + 314 M 59 Neurosurgery Urine ̶ 

HB506 12/05/2014 + ̶ 315 F 63 ICU Urine ̶ 

HB509 11/05/2014 ̶ ̶ 317 M 72 ER Ear swab Ear infection 

HB514 14/05/2014 + ̶ 321 M 63 General Medicine Urine ̶ 
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ID Isolation date Infection MDR Patient Gender Age Hospital department Source Pathology 

Panel B 
 

         

HB36 15/03/2010 + ̶ 14 M 13 ER Sputum CF 

HB14 19/04/2012 + ̶ 14 M 15 Pediatrics Sputum CF 

HB363 16/05/2013 ̶ ̶ 14 M 16 Pediatrics Sputum CF 

HB406 17/10/2013 ̶ ̶ 14 M 17 Pediatrics Sputum CF 

HB407 17/10/2013 ̶ ̶ 14 M 17 Pediatrics Sputum CF 

HB436 11/03/2014 + ̶ 14 M 17 ER Sputum CF 

HB527 25/03/2014 ̶ ̶ 14 M 17 Pediatrics Sputum CF 

HB17 19/04/2010 + + 17 M 46 Urology Urine Urinary infection 

HB87 19/04/2010 + + 17 M 46 Urology Urine Urinary infection 

HB172 09/08/2011 + + 17 M 47 Physiatry Urine Urinary infection 

HB135 12/09/2011 + + 17 M 47 Physiatry Urine Urinary infection 

HB136 17/02/2012 + PDR 17 M 47 Urology Urine Urinary infection 

HB199 20/05/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB25 30/05/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB233 22/06/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB234 22/06/2012 + ̶ 25 F 62 ICU Skin swab ̶ 

HB257 14/07/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB258 14/07/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB279 30/07/2012 ̶ ̶ 25 F 62 ICU Exudate ̶ 

HB280 30/07/2012 + ̶ 25 F 62 ICU Bronchial aspirate ̶ 

HB281 30/07/2012 + ̶ 25 F 62 ICU Exudate ̶ 

HB580 23/06/2014 ̶ ̶ 25 F 64 ICU Bronchial aspirate ̶ 
 

Isolates organized by patient and then isolation date. Pseudomonas aeruginosa isolates assayed for resistance to ceftazidime, meropenem, piperacillin with tazobactam, tobramycin, 

amikacin, gentamicin and ciprofloxacin. MDR phenotype attributed if resistant to three or more classes of antibiotics. PDR isolates evidenced resistance to all antibiotics. 

-, mono-infection; +, multi-infection context; COPD, Chronic Obstructive Pulmonary Disease; ER, Emergency Room; ICU, Intensive Care Unit. 
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Genetic diversity was also assessed by RAPD using the 10-base primer P272 (5’-AGCGGGCCAA-3’) 

[27]. PCR reactions were performed in a volume of 25 μL. In each reaction, 40 ng of template DNA were 

mixed with 1x Taq Buffer with (NH4)2SO4, 2.5 mM of MgCl2, 0.2 mM of dNTPs, 3 μM of primer P272, 3 U 

of GoTaq DNA Polymerase. DNA amplifications were accomplished in MyCycler™ Thermal Cycler, using 

the following temperature profile: an initial denaturation of 5 min at 94 °C; 4 cycles of 5 min at 40 °C 

(annealing), 5 min at 72 °C (extension) and 5 min at 94 °C (denaturation); 30 cycles of 1 min at 94 °C 

(denaturation), 1 min at 40 °C (annealing) and 2 min at 72 °C (extension); and a final extension of 10 

min at 72 °C. 

Amplification products were detected by electrophoresis in 1.5% SeaKem® LE agarose gel in Tris-

Acetate-EDTA (TAE) buffer run at constant 5 V/cm, stained with Midori Green Advanced DNA Stain 

(Nippon Genetics Europe GmbH). To standardize PCR amplifications over time, at least two molecular 

weight (MW) standards lanes were loaded on each gel for improved band MW approximation. The MW 

standard used was BenchTop 1kb DNA Ladder (Promega). A negative control (with no DNA), along with 

an amplification of the same reference isolate were performed in each PCR amplification run to verify the 

obtained pattern. 

Gel images were acquired in the imaging systems Chemidoc XRS and VWR GenoSmart using 

standardized measures, applied to all gels in this study. To ensure that fainter bands became clearly 

visible, gels were incubated in 100 mL of TAE buffer with 10 µL of Midori Green Advanced DNA Stain for 

30 min in the dark, at room temperature, with agitation. If upon gel analysis, a profile showed to be 

unclear regarding band(s) presence(s), new PCRs would be set for that sample. Subpanels were 

genotyped at least three times, to confirm reproducibility of both genotyping techniques and obtained 

pattern profile. 

 

Band pattern analysis and genotype attribution 

Choice of fitting function for conversion to molecular weight 

All gel images used for genotyping analysis were color inverted using GIMP 2.8 and had its contrast 

enhanced using the automatic command “Stretch Contrast”. The images were exported using the JPEG 

format and imported into Gel Analyzer [31]. After automatic lane detection, the gel background was 

removed using the “rolling ball” command, using a 25-ball radius. Automatic band detection followed. 

Addition or removal of bands was only done when the pixel intensity spectrum corroborated the presence 

or absence of bands. 
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Figure 2.1. Conversion of band distance in molecular weight. (a) Example of a RAPD-PCR gel. 

After Rf calibration, represented by horizontal blue lines, two runs of the Benchtop 1kb DNA Ladder were used 

for MW calibration. (b) Fitting of different functions for interpolation of the molecular weight. From 

GelAnalyzer, band distances were recorded and MW marker data, represented by dots, was used for 

interpolation of its MW, fitting different functions. 

 

 

The molecular weight standards were defined and retention factor (Rf) calibration applied, where the 

Rf value of each band was associated to the known molecular weight. An example of the conducted gel 

analysis is provided in Figure 2.1. This allowed a subsequent interpolation where the distances were 

converted into molecular weights by several fitting functions, namely, the Log and Linear Log of 

GelAnalyzer [31], the 7th Degree Polynomial from CurveExpert v1.4 [32] and the Cubic Spline from SRS1 

Cubic Spline v2.5 [33]. The band weight information of all samples was copied to a spreadsheet in 

Microsoft Excel®, and organized vertically in a single column, for further processing. 
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Binary matrix construction 

To obtain a binary matrix, where 0 corresponds to absence and 1 to presence of bands in a sample, 

the Microsoft Excel® macro ClassMaker 2.0.ß [34] was used. After automatically segregate MW data for 

each sample, three available systems of classification were used to create the classes range. CL1 

algorithm applied a similarity threshold (T) of 95%, CL2 applied a complementary class amplitude (A) of 

5%, whereas CL3 was tested with a Band Similarity Threshold (BST) of 50% (corresponding to T=95%), 

the default algorithms c, and g, that results in more classes. 

No average weight values were considered for the final sample profile, but rather classes from the 

binary matrix present in at least two replicates. After computing, chosen parameters may be too small 

resulting in broad classes containing more than one band resulting in non-binary matrix, or too high, 

placing homologous bands in different classes. Therefore, manual curation was performed by either 

merging broad classes or adding intermediate classes to avoid overlaps. Resulting binary matrices were 

saved to a tab-delimited text file. 

 

Dissimilarity coefficient and hierarchical clustering method 

In R version 3.3.1 [35], read.delim() was used to load the binary matrix and the function t() 

used to transpose the data, so that each line in the matrix corresponded to a different sample. The 

distance matrix for each binary matrix was computed with the function dissimilarity() in the R 

package arules [36] testing the Jaccard [37] and Dice [38] dissimilarity coefficient. Hierarchical 

clustering analysis of the resulting matrix was carried by the function hclust() in the R package stats, 

applying Unweighted Pair Group Method with Arithmetic Mean (UPGMA) [39], Ward's minimum variance 

method [40], Single Linkage Method [41] and Complete Linkage Method [42]. The object class was 

altered to dendrogram for better handling tree-like structures with the function as.dendrogram() and 

the relation of the samples drawn with plot(). The number of clusters was estimated from the number 

of branches outputted using the function cut(), with distinct distance values (h). The function 

labels() allowed a registry of the composition of each group, whereas color_branches() in the 

R package dendextend [43] was used to set different colors to each cluster. 

Dendrogram comparison was achieved with the same package, with the functions dendlist() 

and cor.dendlist(), creating a correlation matrix between a list of trees of hierarchical clustering. 

Furthermore, the function tanglegram() allowed a visual comparison by plotting trees side by side. 
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Diversity analysis by a standardized PCR-based genotypic pipeline 

Genotyping of the 705 P. aeruginosa isolates was performed accordingly to the technique validated 

as better discriminative while also being able to cluster similar isolates. Band-pattern analysis and 

genotype attribution followed the previously standardized steps. 

RAPD-PCR groups were determined applying a similarity threshold to the clustered collection, and 

their representativeness and epidemiological frequency distribution throughout the years assessed. 

Results were explored associating groups to specific epidemiological profiles, to determine variability 

within isolates. 

 

Results 

Epidemiological study of the Pseudomonas aeruginosa collection 

Epidemiological studies are fundamental to public health, especially in microbiological control and 

preventive medicine and this study intended to provide an overview of P. aeruginosa infections in a 

Portuguese Hospital setting, specifically Hospital de Braga. 705 clinical isolates were collected from a 

wide variety of infection loci, clinical context, hospital department and age groups from 424 patients 

(Figure 2.2). Most isolates were collected from urine and sputum, correlating with the colonization and 

infection of the urinary tracts and the respiratory airways. The most common departments in Hospital de 

Braga for patients to be diagnosed with P. aeruginosa infections were the ER (Emergency Room, 28%), 

General Medicine (16%) and ICU (Intensive Care Unit, 13%), followed by the specialties of Urology (9%) 

and Pneumology (7%).  

Similarly to what has been previously reported [44], there is also a correlation between the 

predominance of P. aeruginosa infections and patients with weaker immune system, with elder individuals 

being more susceptible to P. aeruginosa infections (56% of infections occurred in individuals older than 

65 years old, with no gender bias). Altogether, no relevant relation between patient age and gender, and 

the clinical context of the isolate was found. 

Regarding the infection context, about 49% (n=343) of isolates were collected from multi-infected 

loci, predominantly with Enterococcus faecalis, Escherichia coli, Staphylococcus aureus and Klebsiella 

pneumoniae (Figure 2.2), posing additional clinical challenges in the eradication of infection focus. 
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Figure 2.2. Overall distribution of the Pseudomonas aeruginosa isolates from 424 patients of 

a Portuguese Hospital setting, during March and June 2010-2014, according to age group and 

gender of the infected patient, type of infection and drug resistance profile. Main co-inhabitant 

bacteria, when in a multi-infection context, as well as distribution of MDR isolates throughout the years are 

represented. The P. aeruginosa isolates were assayed for resistance to the following antibiotics: ceftazidime, 

meropenem, piperacillin with tazobactam, tobramycin, amikacin, gentamicin and ciprofloxacin. MDR 

phenotype attributed if resistant to three or more classes of antibiotics. 
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Isolates were categorized according to antimicrobial susceptibility as MDR (resistant to three or more 

classes of antibiotics) and susceptible (no remarkable antibiotic resistance), classifying 28% as MDR 

isolates (n=194, Figure 2.2), from which 11% (n=21) were classified as PDR (pandrug-resistant; 

generalized resistance). The number of MDR isolates has progressively grown over the years (doubled in 

5 years, 18 to 37%), however, no clear association was found between MDR phenotype and clinical 

context (data not shown). 

In other Portuguese Hospital, particularly Hospital de S. João, Porto, a 10-year study showed that 

the frequency of MDR P. aeruginosa clinical isolates was of 39.9% [45]. In 2013, the USA Center for 

Disease Control and Prevention, classified P. aeruginosa as a ‘serious threat level’, partially as a result of 

the 13% of all P. aeruginosa infections being caused by MDR isolates [46]. 

The frequency of the MDR P. aeruginosa phenotype in Portuguese Hospitals is higher than those 

reported in Europe or worldwide. According to the ATLAS (Antimicrobial Testing Leadership And 

Surveillance) database from Pfizer (https://atlas-surveillance.com/), in the same timeframe as our 

collection (2010-2014) and considering resistance to the assayed classes of antibiotics, 14 and 13% of 

reported P. aeruginosa evidenced the MDR phenotype in Europe and worldwide, respectively, comparing 

to the 23% registered for Portugal. As mentioned by Castañeda-Montes et al. [47], this observed higher 

resistance could be owed to the socio-political context of the country, accounting for the national effort to 

improve antibiotic stewardship. 

Evolution of antibiotic resistance is a global public health concern that strongly affects the efficiency 

of most currently available antibiotics, compromising the ability to treat bacterial infections. There is an 

urgent need to develop and evaluate novel alternative strategies for combating a worsening clinical 

situation, overcome resistance and reduce the morbidity and mortality rates associated with infections 

caused by MDR isolates [48]. 

 

Implementation of a standardized genotypic pipeline analysis 

To implement a standardized genotypic pipeline, two approaches were compared: rep-PCR, 

specifically BOX-PCR [26], and RAPD-PCR [27]. Briefly, these approaches were applied to a panel of 22 

randomly selected isolates from distinct patients and clinical context (Panel A), performing three replicates 

for each sample. In both cases, a multitude of different sized PCR products is originated which can be 

separated by weight in agarose gels, as exemplified in Figure 2.1. Resulting gel images of PCR products 

separation were processed with different statistical tools for dendrogram construction. 
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The discrimination of three P. aeruginosa reference strains obtained for these two approaches was 

compared to the one obtained by the Clondiag ArrayTube genotyping [49], a system that has already 

been employed in large typing studies of P. aeruginosa [50]. 

 

Conversion of band distance in molecular weight 

The first step for optimization in gel analysis is the conversion of each band Rf values into MW by 

interpolation of the fitting function. To determine the best fitting function for our data, information from 

two MW markers was used to interpolate the weight values of the same marker, run on another lane. As 

the real MW are known, one can infer the best function, or even combination of distinct functions, to 

obtain the best estimative of the weight associated to each band (Figure 2.1b). Analysis of all band 

patterns of our isolates led us to conclude that most bands are of molecular weights inferior to 3000 bp. 

The tool used to detect bands and perform Rf calibration only provides two fitting methods: Log and 

Linear Log function. These methods are theoretically correct; however, they can lead to misleading results 

due to any inaccuracy of the curve fit. Even curves with high R2 results can still have problems, as seen 

in Figure 2.1b. Despite a better R2 value (0.973 > 0.847), the Log function evidences a bad fit for low 

MWs, whereas the Linear Log shows a better fit from 250 to 2000 bp. A combination of these two 

functions would result in the best estimates if one wanted to only use one tool for band calling and weight 

determination. 

Nevertheless, other fitting functions were tested: the 7th Degree Polynomial and the Cubic Spline 

fitting function (functions used in commercial software as Gel Compar II and Phoretix 1D Pro). Given the 

obtained results, the Cubic Spline has proven to be the best fitting method, despite not having a defining 

equation, creating a smooth curve passing through all points. Thus, GelAnalyzer [31] was used for band 

assignment and Rf calibration, associating the Rf value of each band to the known MW, allowing a 

subsequent interpolation by the fitting function. To convert the distances into molecular weights the open-

source tool SRS1 Cubic Spline [33] was used to apply the Cubic Spline fitting method. 

 

Effect of DNA quantity on the discriminatory power 

The discrimination of the three P. aeruginosa reference strains obtained for these techniques was 

compared to the one obtained by the Clondiag ArrayTube (AT) genotyping [49]. 

The AT genotyping system, a rapid, robust and informative approach developed for the typing of P. 

aeruginosa strains, relies on a large searchable database, not depending on expensive sequencing 

technology and allowing the typing of both the core and the accessory genome according to 13 core-
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genome single-nucleotide polymorphisms and 38 variable genetic markers. The AT genotyping system is 

reported to give more reliable results than PCR-based methods [51]. 

In order to verify alterations on the band patterns, the DNA template was titrated to quantities lower 

than the ones described in the literature. What was verified was that the pattern became less 

discriminatory, presenting fewer bands and conserving a more widespread and similar profile. The results 

of a representative strategy used for dendrogram construction are presented in Figure 2.3. 

 

 

Figure 2.3. Effect of DNA quantity on the overall discriminatory power and distribution of the 

Pseudomonas aeruginosa reference strains. Comparison of the discrimination obtained for BOX and 

RAPD-PCR with the one by AT genotyping, implementing the standardized pipeline. The following ratios were 

tested, relating to the DNA quantity described in the literature: i) 1/10; ii) 1/4; iii) 1/2; and iv) 1/1. 

 

 

The possibility to adjust the discriminatory power according to the aim of each study may be an 

advantage when comparing to the AT genotyping. When working with a very large dataset, if the aim is to 

subdivide the collection in fewer reliable genotype groups with a low cost-effective technique, a PCR-based 

method with an adjusted template quantity could be employed. These results also showed that the PCR-

based methods used in this study are robust and reproducible since no great differences between the 

replicates were observed and the discrimination of the isolates was similar to the one obtained by the AT 

genotyping, nowadays considered one of the most reliable typing techniques. 
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Strategy for dendrogram construction 

The macro of Microsoft Excel® ClassMaker [34] was used as a link between molecular weight data 

and dendrogram construction, applying one of three alternative algorithms (CL1, CL2, and CL3). In CL1, 

classes contain bands that differ by a user-defined threshold value, T, expressed as percentage. CL2 

applies a class amplitude parameter, A, which is considered the complement of T in CL1 and is defined 

as the ratio between two contiguous Max values. Ideally, the last class of CL2 should have a Max value 

not larger than the Max value in the last class of CL1. CL3 requires to input Band Similarity Threshold 

(BST) and then the choice of the algorithm marked with letters from A to H, usually with an increasing 

number of classes produced. BST values, ranging from 1 to 100, correspond to the range 90 to 100 of 

T, thus T=95% corresponds to a BST=50%. 

After computing, the chosen parameters may be too small resulting in too broad classes containing 

more than one band thus resulting in a matrix not only composed by 0 and 1, or too high, placing 

homologous bands in different classes. Given these idiosyncrasies the resulting classes were also 

evaluated in order to confirm if it was possible to obtain a matrix with less band overlap by manually 

adding intermediate classes, but also if it was possible to merge classes without resulting in overlapping. 

Furthermore, in cases where the base pair difference of the two bands was too low (<30bps) the two 

bands were ‘ignored’ and considered as one, resulting in the ‘curated’ version of the CL1 classification 

method. 

The binary matrices produced were compared and accepted according to two main criteria: i) 

number of classes should be at least as large as the highest number of bands found in gel lanes and 

preferably not more than 3 times larger; ii) band overlaps in a class should be avoided, thus matrix 

obtained must only contain 0 and 1 values. 

For the matrix used for standardization, only comprising the results obtained for the three P. 

aeruginosa reference strains with n=3 for each, both BOX and RAPD-PCR evidenced a maximum of 13 

bands per sample, therefore according to the previously mentioned criteria, 13 to 39 classes should be 

considered. The CL2 method was automatically excluded as it produces too many classes (47 and 46 for 

BOX and RAPD-PCR), possibly placing homologous bands in different classes. The CL3 method, applying 

both the c and g algorithm resulted in an acceptable number of classes. However, the matrix produced 

had overlapping bands implying that it is not the most suitable classification system. On the other hand, 

the CL1 method with a threshold of 95% produced no band overlaps and it was even possible to reduce 

the number of classes without resulting in this occurrence (28 and 32 for BOX and RAPD-PCR, 
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respectively, to 23 classes). The classification system CL1 was more conservative than CL3 as it produced 

more classes and fewer band overlaps, thus requiring less manual edition. 

In order to optimize dendrogram construction, Jaccard [37] and Dice [38], two well-established 

dissimilarity coefficients were tested, followed by four hierarchical clustering methods: i) UPGMA [39] that 

combines, at each step, the nearest two clusters into a higher-level cluster. In this method, the distance 

between any two clusters A and B is taken to be the mean distance between elements of each cluster; ii) 

Ward's minimum variance method [40] that aims at finding compact, spherical clusters; and iii) Single-

Linkage clustering [41], also known as nearest neighbor clustering, that adopts a ‘friends of friends’ 

clustering strategy. The chaining phenomenon, referring to the gradual growth of a cluster as one element 

at a time gets added to it which may lead to impractically heterogeneous clusters, is a known drawback 

of this method; and (iv) Complete-Linkage clustering [42], also known as farthest neighbor clustering, 

that avoids previous drawback and tends to find compact clusters of approximately equal diameters. 

Interestingly, despite the applied classification system, RAPD-PCR resulted in the same clustering of 

the three reference strains for each combination, even if with distinct apparent genetic variability, which 

might be attributed to a higher robustness of the band pattern obtained with this technique when 

compared to BOX-PCR. No choice regarding dissimilarity coefficient and hierarchical clustering methods 

was made when considering the reference matrices since with only three samples the result was not too 

variable, and the choice could then be unreliable. 

Considering the Panel A dataset, 22 isolates from distinct patients and clinical contexts, with 3 

replicates for each sample, it was possible to validate the chosen classification system. BOX-PCR results 

consisted of 226 validated bands, 14 bands as the maximum of bands per sample, therefore according 

to one of the main criteria previously mentioned, a total of 14-42 classes should be considered. On the 

other hand, RAPD-PCR originated 212 validated bands, evidencing the same maximum of bands in a 

pattern. Manually curation of the CL1 classification for BOX-PCR decreased the 6 overlaps in 51 classes 

to 2 overlaps in 39 classes. For RAPD-PCR, 48 classes with 6 overlaps were turned into 33 classes with 

2 overlaps. 

All dendrograms obtained were then compared by building a correlation matrix between a list of 

trees. With a higher sample number, Single-Linkage was excluded when the mentioned drawback was 

indeed verified, and the clusters found were not biologically relevant. We calculated the average 

correlation value of each tree to find the best combination, by recording the higher correlation values for 

both BOX and RAPD-PCR. Considering these correlation values, the best strategy for dendrogram 

construction was to combine Jaccard’s or Dice’s coefficient with UPGMA, as both coefficients evidenced 
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comparable correlation values (0.84 vs. values <0.80 for BOX-PCR and 0.76 vs. values <0.74 for RAPD-

PCR). 

Dendrograms obtained evidenced no topology difference, being branch length the only variation 

(Figure 2.4). In the literature there is a slight preference for the Dice coefficient since it is the same as 

the Nei & Li coefficient [52], the most suitable coefficient to determine genetic relatedness based upon 

DNA restriction fragment patterns. Thus, combination of Dice with UPGMA was chosen over Jaccard with 

UPGMA. 

 

 

Figure 2.4. Comparison of dendrogram based on the genetic variability of the Pseudomonas 

aeruginosa isolates, produced by different strategies. Tanglegram of the P. aeruginosa isolates from 

panel A for BOX and RAPD-PCR, comparing the dendrograms derived from the combination of Jaccard or Dice 

with UPGMA for the chosen classification system, CL1 with a threshold of 95% and manual curation of 

produced classes. The applied threshold of an apparent genetic variability h value of 0.20 (similarity of 80%) 

for the attribution of a genotype group is represented by a dashed vertical line. 

 

 

Lastly, to validate the choice of genotyping technique, a decreasing h value evaluates the overall 

strategy ability to associate an isolate with a specific group (Table 2.2). Lower h values corresponded to 

clustering considering a higher similarity, thus dividing Panel A into more groups. 
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Table 2.2. Overall summary values for both PCR-based genotyping techniques. Results for the 

Panel A (22 P. aeruginosa isolates from distinct clinical contexts), considering Dice as the dissimilarity 

coefficient, combined with UPGMA as the hierarchical clustering method. 

 Genotype groups 
Max 

height 
Min 

height 
 h=0.80 h=0.70 h=0.60 h=0.50 h=0.40 h=0.30 h=0.20 

BOX-PCR 2 3 8 10 15 21 22 0.75 0.25 

RAPD-PCR 2 3 6 10 14 19 21 0.76 0.18 

 

 

Compared to BOX-PCR, RAPD was able to distribute the panel in an identical number of groups and 

to better differentiate them, presenting a higher maximum and lower minimum height values, thus 

supporting the hypothesis of a higher discriminatory power than BOX-PCR [3,14,53]. The slight 

differences in the number of genotype groups formed with distinct thresholds suggested a better 

clustering ability for this technique. 

It was possible to select RAPD as the chosen PCR approach and combination of the Dice dissimilarity 

coefficient with the hierarchical clustering method UPGMA as the best strategy for dendrogram 

construction. Most studies of P. aeruginosa genotyping using RAPD-PCR use similarity thresholds greater 

than 80% [27,54–56]. P. aeruginosa isolates with different clinical context (Panel A) presented an 

apparent genetic variability (h) ranging between 0.18 and 0.76. When selecting a similarity of 80% 

(h=0.20), 21 RAPD-PCR groups were attributed to 22 samples indicating each isolate singularity. Isolates 

included in Panel A were collected from 8 distinct origins (urine, sputum, skin, ear, blood, wound, 

exudates and bronchial aspirates) of 22 patients ranging from 36 to 94 years old. When working with 

heterogeneous collections or diverse panels as this one, the number of genotypic patterns is expected to 

increase. 

Clustering ability of the standardized pipeline was further validated with Panel B, containing same-

patient isolates (Figure 2.5). These P. aeruginosa clinical isolates presented an apparent genetic variability 

ranging between 0.00 and 0.51 with 8 RAPD-PCR groups assigned when selecting a similarity of 80%. 

One can clearly observe the ability to separate isolates from distinct patients as the three major clusters 

individually correspond to three sampled patients. Isolates from patient 14 and 17 are more similar, while 

isolates from patient 25 are more heterogeneous. 
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Figure 2.5. Clustering of the Pseudomonas aeruginosa clinical isolates from a Portuguese 

Hospital setting. Application of the standardized pipeline to Panel B, where differentiation according to the 

sampled patient and ability to cluster and discriminate isolates with the same genetic background is evident. 

Colors represent distinct RAPD-PCR groups considering an apparent genetic variability h value of 0.20 

(similarity of 80%). An asterisk indicates collection from the patient on the same day; the different colors for 

the asterisks specify distinct days. 

 

 

Therefore, this panel evidences an apparent pathology-related genotype-speciation since patient 14 

was diagnosed with CF and patient 17 with a chronic urinary infection, whereas patient 25 had, 

apparently, no chronic pathology. The standardized pipeline proved to be robust enough to discriminate 

isolates sharing the same genetic background, even collected from the same day, and cluster putatively 

clonal isolates. 

 

Genetic diversity of the Pseudomonas aeruginosa isolates 

Following the standardized pipeline, P. aeruginosa clinical isolates from this study presented a 

genetic relation ranging between 0.00 and 0.77. Selecting a similarity threshold of 80%, the analysis 
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attributed 666 genotypic profiles to 705 samples, meaning a ratio of 0.94 genotypic profiles per isolate, 

which indicates a great apparent genetic variation between clinical isolates. Usually a smaller distance is 

stated, for instance, authors reported 35 genotypes among 385 isolates (ratio of 0.09) [27] and 31 

genotypes for 48 isolates (ratio of 0.65) [56]. However, these studies focused on specific groups of 

isolates, such as ones recovered from chronically colonized patients with CF and not a diverse collection 

as the one here described. 

Figure 2.6. Distribution of the Pseudomonas aeruginosa clinical isolates and reference strains 

by the 14 RAPD-PCR groups. Color represents distinct groups considering an apparent genetic variability 

h value of 0.70 (similarity of 30%), evidenced with a dashed horizontal line. 

 

 

In order to obtain a workable number of RAPD-PCR groups, a less conservative similarity threshold 

of 30%, thus considering an apparent genetic variability of 0.70, clustered the collection into 14 groups 

(A-N; Figure 2.6) with distinct representativeness (Figure 2.7, Table 2.3, Table A2 in the Appendix). 
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Table 2.3. Epidemiological overview of the Pseudomonas aeruginosa isolates from 424 patients of a Portuguese Hospital setting. 

Representativeness and relative frequency of clinical isolates RAPD-PCR groups among MDR phenotype, patient gender and age, isolation source, clinical 

context and hospital department. Representativeness presented as percentage of total P. aeruginosa isolates (T%), and metadata information as RAPD-PCR 

group percentage (G%). Raw values indicated between parentheses. 

  RAPD-PCR groups 

 All A B C D E F G H I J K L M N 

Representativeness T% 100 1.3 3.5 3.2 4.0 3.5 4.8 2.3 6.1 8.5 19.1 1.7 27.5 1.4 13.1 
(708) (9) (25) (23) (28) (25) (34) (16) (43) (60) (135) (12) (195) (10) (93) 

                

MDR isolates G%, a 28 33.3 28.0 43.5 17.9 36.0 38.2 25.0 25.6 33.3 26.7 25.0 22.6 10.0 30.1 
(194) (3) (7) (10) (5) (9) (13) (4) (11) (20) (36) (3) (44) (1) (28) 

                

Patient gender G%                

Male 60 33.3 59.1 68.2 58.3 50.0 65.6 73.3 52.9 58.6 55.7 54.5 65.2 77.8 55.8 
(357) (3) (13) (15) (14) (10) (21) (11) (18) (34) (59) (6) (103) (7) (43) 

Female 40 66.7 40.9 31.8 41.7 50.0 34.4 26.7 47.1 41.4 44.3 45.5 34.8 22.2 44.2 
(240) (6) (9) (7) (10) (10) (11) (4) (16) (24) (47) (5) (55) (2) (34) 

                

Patient age G%                

0 to 5 2 
- - - - 

4.0 
- - - - 

3.0 
- 

3.6 
- 

3.3 
(15) (1) (4) (7) (3) 

6 to 18 1 
- - - - - - - - - - - 

4.2 
- - 

(8) (8) 

19 to 65 40 44.4 28.0 56.5 21.4 48.0 41.2 62.5 39.5 28.3 44.4 25.0 37.8 30.0 48.9 
(284) (4) (7) (13) (6) (12) (14) (10) (17) (17) (60) (3) (73) (3) (45) 

66 to 99 57 55.6 72.0 43.5 78.6 48.0 58.8 37.5 60.5 71.7 52.6 75.0 54.4 70.0 47.8 
(398) (5) (18) (10) (22) (12) (20) (6) (26) (43) (71) (9) (105) (7) (44) 

                

Isolation source G%                

Urine 44 22.2 16.0 43.5 57.1 52.0 52.9 37.5 20.9 51.6 41.5 33.4 43.5 30.0 56.5 
(308) (2) (4) (10) (16) (13) (18) (6) (9) (31) (56) (4) (84) (3) (52) 
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  RAPD-PCR groups 

 All A B C D E F G H I J K L M N 

Sputum 31 11.2 60.0 30.4 32.1 16.0 23.6 25.0 37.2 30.0 23.0 50.0 35.2 50.0 28.3 
(218) (1) (15) (7) (9) (4) (8) (4) (16) (18) (31) (6) (68) (5) (26) 

Bronchial aspirate 7 11.1 16.0 4.4 3.6 8.0 3.0 12.5 14.0 6.7 10.4 8.3 4.2 
- 

4.3 
(49) (1) (4) (1) (1) (2) (1) (2) (6) (4) (14) (1) (8) (4) 

Exudate 4 11.1 
- 

8.7 
- - - 

6.3 9.3 5.0 5.9 8.3 2.6 
- 

5.4 
(30) (1) (2) (1) (4) (3) (8) (1) (5) (5) 

Wound 3 22.2 
- 

4.4 
- - 

5.9 
- 

2.3 
- 

3.7 
- 

5.7 
- 

2.2 
(24) (2) (1) (2) (1) (5) (11) (2) 

Skin 3 
- 

8.0 4.3 3.6 
- 

5.9 6.3 7.0 
- 

6.7 
- 

1.6 
- 

1.1 
(23) (2) (1) (1) (2) (1) (3) (9) (3) (1) 

Blood 3 
- - 

4.3 
- 

4.0 
- - 

2.3 3.3 4.4 
- 

3.1 
- 

2.2 
(19) (1) (1) (1) (2) (6) (6) (2) 

Catheter 1 11.1 
- - - 

4.0 2.9 6.2 
- 

1.7 0.7 
- 

2.1 
- - 

(10) (1) (1) (1) (1) (1) (1) (4) 

Ear 1 
- - - - 

4.0 2.9 
- 

2.3 
- 

0.7 
- 

0.5 
- - 

(5) (1) (1) (1) (1) (1) 

Eye 1 
- - - - - - - - - - - 

1.0 20.0 
- 

(4) (2) (2) 

Others b 2 11.1 
- - 

3.6 12.0 2.9 6.2 4.7 1.7 3.0 
- 

0.5 
- - 

(15) (1) (1) (3) (1) (1) (2) (1) (4) (1) 
                

Clinical context G%                

Respiratory infection c 17 
- 

24.0 21.8 10.7 16.0 11.8 
- 

23.3 23.3 14.8 16.7 20.2 
- 

15.2 
(121) (6) (5) (3) (4) (4) (10) (14) (20) (2) (39) (14) 

Urinary infection 16 22.3 8.0 8.7 17.9 36.0 20.6 12.5 7.0 25.0 14.2 8.4 15.0 10.0 19.6 
(115) (2) (2) (2) (5) (9) (7) (2) (3) (15) (19) (1) (29) (1) (18) 

Wound infection c 8 22.2 8.0 13.0 3.6 
- 

5.9 6.3 7.0 6.7 11.1 8.3 7.8 
- 

6.5 
(55) (2) (2) (3) (1) (2) (1) (3) (4) (15) (1) (15) (6) 

Cancer 3 
- - 

13.0 3.6 
- - 

12.5 
- - 

1.5 8.3 2.1 10.0 5.4 
(19) (3) (1) (2) (2) (1) (4) (1) (5) 
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  RAPD-PCR groups 

 All A B C D E F G H I J K L M N 

Surgical infection 2 11.1 
- - 

3.6 8.0 2.9 6.2 4.7 
- 

0.7 
- 

2.6 
- 

1.1 
(15) (1) (1) (2) (1) (1) (2) (1) (5) (1) 

Sepsis 1 
- - - - - - - 

2.3 6.7 0.7 
- 

2.1 
- - 

(10) (1) (4) (1) (4) 

Fever 1 
- 

4.0 
- - - - - - 

1.7 0.7 
- 

2.6 
- - 

(8) (1) (1) (1) (5) 

Trauma 1 
- - - - - 

5.9 
- 

2.3 1.7 1.5 
- 

1.0 
- - 

(8) (2) (1) (1) (2) (2) 

Ear infection 1 
- - - - 

4.0 2.9 
- 

2.3 
- 

0.7 
- 

0.5 
- - 

(5) (1) (1) (1) (1) (1) 

Anemia 1 
- - - - - - - 

4.6 1.6 0.7 
- - - - 

(4) (2) (1) (1) 

Eye infection 1 
- - - - - - - - - - - 

1.0 20.0 
- 

(4) (2) (2) 

Stroke 0 
- - - 

3.5 
- - - - 

1.6 0.7 
- - - - 

(3) (1) (1) (1) 

Routine evaluation c 48 44.4 56.0 43.5 57.1 36.0 50.0 62.5 46.5 31.7 52.7 58.3 45.1 60.0 52.2 
(338) (4) (14) (10) (16) (9) (17) (10) (20) (19) (71) (7) (87) (6) (48) 

                

Hospital department G%                

ER 28 22.2 32.0 26.1 35.7 28.0 29.4 25.0 27.9 31.7 31.9 33.3 28.5 40.0 14.1 
(197) (2) (8) (6) (10) (7) (10) (4) (12) (19) (43) (4) (55) (4) (13) 

General Medicine 16 33.3 16.0 13.0 25.0 12.0 11.8 
- 

9.3 18.3 17.8 33.3 16.6 
- 

15.2 
(113) (3) (4) (3) (7) (3) (4) (4) (11) (24) (4) (32) (14) 

ICU 13 11.2 20.0 17.4 
- 

32.0 8.8 12.5 18.6 13.3 19.3 16.7 7.3 10.0 8.7 
(90) (1) (5) (4) (8) (3) (2) (8) (8) (26) (2) (14) (1) (8) 

Urology 9 
- 

4.0 
- 

7.2 4.0 23.6 6.3 7.0 8.3 9.0 
- 

8.3 10.0 15.2 
(64) (1) (2) (1) (8) (1) (3) (5) (12) (16) (1) (14) 

Pneumology 7 
- 

12.0 4.4 
- - 

5.9 12.5 7.0 5.0 4.4 8.4 8.8 20.0 13.0 
(52) (3) (1) (2) (2) (3) (3) (6) (1) (17) (2) (12) 



 

 

C
hapter 2

 
|

 
P

age 64
 

  RAPD-PCR groups 

 All A B C D E F G H I J K L M N 

Physiatry 5 
- 

4.0 
- 

3.6 
- 

3.0 6.3 9.3 6.7 5.9 
- 

4.7 
- 

8.7 
(37) (1) (1) (1) (1) (4) (4) (8) (9) (8) 

General Surgery 5 33.3 
- 

4.4 
- 

4.0 2.9 12.5 14.0 1.7 4.4 
- 

4.1 
- 

3.3 
(32) (3) (1) (1) (1) (2) (6) (1) (6) (8) (3) 

Neurosurgery 4 
- - 

8.7 10.7 4.0 5.9 6.2 
- 

3.3 2.2 
- 

4.7 
- 

2.2 
(25) (2) (3) (1) (2) (1) (2) (3) (9) (2) 

Oncology 3 
- - 

13.0 
- - 

2.9 12.5 2.3 
- 

0.7 8.3 4.1 10.0 4.4 
(22) (3) (1) (2) (1) (1) (1) (8) (1) (4) 

Orthopedics 3 
- 

8.0 4.3 10.7 
- 

2.9 
- - 

5.0 1.5 
- 

1.0 10.0 6.5 
(21) (2) (1) (3) (1) (3) (2) (2) (1) (6) 

Pediatrics 2 
- - - - - - - - - 

0.7 
- 

5.2 
- 

3.3 
(14) (1) (10) (3) 

Others b 5 
- 

4.0 8.7 7.1 16.0 2.9 6.2 4.6 6.7 2.2 
- 

6.7 
- 

5.4 

(38) (1) (2) (2) (4) (1) (1) (2) (4) (3) (13) (5) 
                

a P. aeruginosa isolates assayed for resistance to the following antibiotics: ceftazidime, meropenem, piperacillin with tazobactam, tobramycin, amikacin, gentamicin and ciprofloxacin. MDR phenotype 

attributed if resistant to three or more classes of antibiotics. 

b Others contains all sources and departments that individually contributed with less than 1% of the total isolates collected. Specifically, other sources of isolation included peritoneal, pleural and 

synovial fluid, prosthesis and oropharynx samples. Other departments are, in decreasing order of frequency: Cardiology, Nephrology, Neurology, Gynecology, Dermatology, Plastic Surgery, Vascular 

Surgery, Otorhinolaryngology, Anesthesiology and Ophthalmology. 

c Respiratory infection includes every reported medical condition associated with respiratory tract, such as pneumonia and CF. Wound infection comprises every case of reported acute, surgical and 

chronic wounds, including ulcers. Routine evaluation corresponds to isolations in regular hospital visits or not associated with a medical condition. 

T%, total percentage; G%, RAPD-PCR group percentage; ER, Emergency Room; ICU, Intensive Care Unit.  
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Figure 2.7. Epidemiological overview of the Pseudomonas aeruginosa isolates from 424 patients of a Portuguese Hospital setting. Representativeness 

of each group presented as percentage of total P. aeruginosa isolates. Relative frequency of clinical isolates groups among multi-infection context, MDR phenotype, 

isolation source, clinical context and hospital department, presented as group percentage. Absolute frequency for each metadata, detailed in Table 2.3, is indicated. 

a Others contains all sources and departments that individually contributed with less than 1% of the total isolates collected. 

b Respiratory infection includes every reported medical condition associated with respiratory tract, such as pneumonia and CF. Wound infection comprises every case of reported acute, surgical and 

chronic wounds, including ulcers. Routine evaluation corresponds to isolations in regular hospital visits, or not associated with a medical condition. 
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Distribution of the P. aeruginosa groups according to isolation source, pathology-associated and 

hospital department varied greatly. The most represented RAPD-PCR groups were L, J and N, with 27.5%, 

19.1% and 13.1% of all isolates, respectively, whereas the most under-represented groups were A, M and 

K with less than 2% of all isolates. The other groups represented 2-9% of the P. aeruginosa collection. 

Specifically, reference strains PAO1, PA14 and LESB58 were placed in over-represented groups N, L and 

L, respectively. 

We found no obvious correlation of a RAPD-PCR group with a specific phenotype or source, 

suggesting a highly diversified non-nosocomial origin of infection for, at least, most clinical cases in this 

Portuguese Hospital setting, rather than epidemic or prevalent nosocomial cause, which sustains the well-

described Pseudomonas aeruginosa ubiquitous character [57,58]. 

 

 

Multi-infections, MDR phenotype and RAPD-PCR group distribution 

The multi-infection context comprised isolates from every RAPD-PCR group. Groups with a 

percentage above average (49%), thus more enriched in isolates associated with a co-infection 

environment were A, F, H, I, J and K, with group A having twice the representation of isolates in a multi-

infection context. 

Around 28% of this collection was classified as MDR P. aeruginosa. Six groups hold a relative 

abundance that surpasses average: A, C, E, F, I and N (33-43%), together accounting for 43% of all MDR 

isolates (n=83, Table 2.3). 

PDR isolates are associated with even worse clinical outcomes given the difficulty to eradicate them. 

A study showed that patients infected with PDR P. aeruginosa had incredibly high mortality rates (74%) 

and an average survival of 19 days after diagnosis [59]. 

Our collection contained 21 PDR isolates from sixteen patients (Table 2.4) distributed in 9 groups, 

from which five collected from two distinct patients also evidenced resistance to the polymyxin colistin, 

raising another challenge in infection control. Despite some RAPD-PCR groups being more frequent than 

others, we observed a significant variability as the 21 isolates were not related with a specific source 

(such as patient age and gender, hospital department, etc.). Previous studies also report genotypic 

diversity among PDR isolates [60]. 
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Table 2.4. Genetic diversity of the Pseudomonas aeruginosa subpanels. 

ID 
RAPD-PCR 

group 

Isolation 

date 
Infection Patient Gender Age 

Hospital 

department 
Source Colistin 

PDR Isolates         

HB13 L 24/03/2010 ̶ 13 M 63 GM Sputum S 

HB167 L 24/03/2010 ̶ 13 M 63 GM Sputum S 

HB298 F 07/02/2012 ̶ 179 F 76 ER Wound S 

HB136 N 17/02/2012 + 17 M 47 Urology Urine S 

HB225 L 19/06/2012 ̶ 143 F 87 Urology Catheter S 

HB332 N 27/06/2012 ̶ 198 M 90 ER Urine S 

HB254 J 13/07/2012 ̶ 150 M 36 Neurosurgery Bronchial aspirate S 

HB159 J 12/09/2012 + 112 M 73 Urology Urine R 

HB392 J 12/09/2012 + 112 M 73 Urology Urine R 

HB158 L 12/09/2012 + 112 M 73 Urology Urine R 

HB288 C 01/10/2012 + 171 M 39 ICU Blood R 

HB290 N 14/11/2012 ̶ 171 M 39 GS Sputum R 

HB401 J 27/05/2013 ̶ 195 M 42 ER Urine S 

HB405 J 30/10/2013 ̶ 242 M 56 ER Exudate S 

HB428 N 29/12/2013 + 248 M 82 ER Urine S 

HB410 B 29/01/2014 + 244 M 38 Urology Urine S 

HB578 D 22/06/2014 ̶ 354 F 47 Nephrology Skin swab S 

HB661 I 31/07/2014 + 399 M 82 ICU Urine S 

HB662 E 01/08/2014 + 399 M 82 ICU Urine S 

HB679 L 16/09/2014 ̶ 409 M 70 Oncology Wound S 

HB682 L 23/09/2014 ̶ 312 M 57 Physiatry Wound S 

ID 
RAPD-PCR 

group 

Isolation 

date 
Infection Patient Gender Age 

Hospital 

department 
Source Colistin 

CF Isolates         

HB36 L 15/03/2010 + 14 M 13 ER Sputum No 

HB14 L 19/04/2012 + 14 M 15 Pediatrics Sputum No 

HB363 L 16/05/2013 ̶ 14 M 16 Pediatrics Sputum No 

HB406 L 17/10/2013 ̶ 14 M 17 Pediatrics Sputum No 

HB407 L 17/10/2013 ̶ 14 M 17 Pediatrics Sputum No 

HB436 L 11/03/2014 + 14 M 17 ER Sputum No 

HB527 L 25/03/2014 ̶ 14 M 17 Pediatrics Sputum No 

HB695 L 13/08/2014 ̶ 14 M 17 Pediatrics Sputum No 

Isolates organized by patient and then isolation date. P. aeruginosa isolates assayed for resistance to ceftazidime, meropenem, 

piperacillin with tazobactam, tobramycin, amikacin, gentamicin and ciprofloxacin. MDR phenotype attributed if resistant to three or more 

classes of antibiotics. PDR isolates evidenced resistance to all antibiotics. 

-, mono-infection; +, multi-infection context; ER, Emergency Room; GM, General Medicine; GS, General Surgery; ICU, Intensive Care 

Unit; S, Susceptible; R, Resistant. 
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Interestingly, the five colistin-resistant isolates belong to 4 groups indicating an overall apparent 

genotypic variability of 0.75. Colistin is considered a last-resort antibiotic when treating P. aeruginosa 

infections [61] and this resistant phenotype is particularly problematic considering that experimental data 

indicate that it is rather found in genetically distant isolates, even within the same patient. 

The genotypic heterogeneity and inability to correlate a RAPD-PCR group with a phenotype or source 

evidenced the individuality of P. aeruginosa isolates, indicating that the acquisition of multidrug-resistance 

may be a widespread capacity. 

 

Genetic diversity of same-patient Pseudomonas aeruginosa  

Pseudomonas aeruginosa infections are challenging to treat and eradicate, thus recurrence of 

isolations from the same patient are not uncommon. During the present survey, 132 patients of a 

Portuguese Hospital setting were in this situation, resulting in the retrieval of 413 clinical isolates. For 

instance, eight P. aeruginosa were collected from the sputum of one male CF patient since he was 13 

until he reached 17 years old, in 2014 (Table 2.4). All CF isolates were from the same RAPD-PCR group 

(although with variable genetic relation ranges, Figure 2.5, patient 14) suggesting that all derived from 

same ancestor and correspond to distinct progressive states [62] of a P. aeruginosa infection. In this 

case, the adaptation of this pathogen is apparently reflected not on antimicrobial resistance but rather on 

diversification into new genotype types of P. aeruginosa. This finding is consistent with the colonization 

success of the CF airway by P. aeruginosa owed to long-term adaptation [63–66] and highlights the need 

for improved eradication approaches. 

Considering same-patient isolates clonal if grouped in the same group, out of those 413 (59% of 

whole collection), 44% (n=182) were putatively clonal, collected from 63 patients (age range from 4 

months to 93 years old). Among those 182, 74 were collected on the same day, of which 61 shared the 

isolation source. Therefore, one was able to cluster similar isolates, while also discriminating those with 

similar genetic background, sustaining the applicability of this standardized pipeline. 

Some same-patient isolates collected over few weeks or months, despite having equivalent 

epidemiological features, exhibited genotypic profile changes, whereas isolates in the same group, sharing 

patient-source and separated by a time frame ranging from days to one year, evidenced alterations in 

antibiotic resistance profile. Alarmingly, from 182 putatively clonal isolates, this analysis reported a radical 

change in 15 isolates, from 10 patients. Antibiotic-susceptible isolates were firstly collected, however 

posterior same-source isolations evidenced the MDR phenotype, suggesting an unsuccessful infection 

control and eradication strategy. 
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Discussion 

This study wanted to determine the better strategy for evaluation of genetic diversity based on band 

patterns profiling, balancing between choosing the more conservative method while also considering the 

biological relevance of the produced genotype groups. 

After band definition and Rf calibration, Cubic Spline Fitting function was used to convert gel 

distances in band weights. Subsequently, for binary matrix construction, the classification system CL1 

compared to the CL3 was more conservative, as in it produced more classes and fewer band overlaps, 

then requiring less manual edition. The combination of Dice and UPGMA was selected for dendrogram 

creation. RAPD-PCR was chosen as the top technique for genotypic characterization in our research since 

it is a simple, inexpensive and rapid method, less labor intensive and therefore more amenable to high-

throughput screenings, allowing the continuous monitoring of clinical isolates throughout the years. 

The observed higher discriminatory power reveals that the results will not be biased, for instance 

conferring an erroneous epidemic status to infections with genetically distant isolates. Interestingly the 

two genotyping methods tested in this study showed distinct relatedness between P. aeruginosa reference 

strains, highlighting the fact that relying on a single genotyping method could be misleading. This is 

explained by the lower discriminatory power of BOX-PCR, validating RAPD-PCR as our chosen genotyping 

technique. 

A summary of the chosen pipeline can be found in Figure 2.8. Given that the whole procedure relies 

on open-source applications, it consents the flexibility required for the necessities of each research group, 

possibly, paving the way to implement a standardized procedure to evaluate genetic relation among 

closely related bacterial isolates and even others than Pseudomonas aeruginosa. 

This technical standardization is of central importance, particularly for large collections since it must 

be ensured that large number of samples do not compromise the methodology. Standardization of 

collection protocols allows investigators to continually add samples to their working dataset while 

minimizing the effect of the methodology followed on isolate discrimination. 

The discriminatory power of a technique is affected by the threshold chosen to cluster the collection 

and adjusting it, one can classify a collection in more or fewer genotype groups. Analyzing these groups, 

one might establish more directed therapies strategies, benefitting the patient. For the design of targeted 

therapy strategies, the similarity threshold could be increased in order to cluster the collection in more 

groups, searching for a clear genotype-phenotype relation. When working with the common threshold 

used in the literature (80%), the number of RAPD-PCR groups obtained (666) makes this strategy 

impracticable. 
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Figure 2.8. Pipeline summary. Summary of the optimized genotyping pipeline analysis by RAPD-PCR 

amplification, applying only open-source tools. 

 

 

This work was also the first epidemiological study of the P. aeruginosa nosocomial infections in 

Hospital de Braga and the first epidemiological report of a diversified collection of Portuguese P. 

aeruginosa clinical isolates coupled to genotypic approaches. Albeit the high number of diagnosed 

infections, one should not speak of a P. aeruginosa outbreak in this Hospital, as our data suggests an 

almost unique molecular fingerprint for each clinical isolate. Rather, those infections were likely caused 

by genetically distinct organisms, consistent with the available reports, which do not record any pandemic 

event in this Hospital. This genetic singularity may reflect P. aeruginosa success in human infections, 

with repercussions in patient segregation policies and therapeutic strategies. 

High heterogeneity of MDR (including PDR and colistin-resistant) isolates indicates that acquisition 

of these traits may not be more favorable to occur in genotypically close isolates, but rather a widespread 

ability. Inadequate procedures towards infection control and eradication policies were signaled by a 

radical change in resistance profile, towards multidrug-resistance (e.g. susceptible isolate HB314 and 
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MDR isolate HB334, collected from same-patient sputum within one month), which lead to bacterial 

survival and adaptation to therapeutic strategies. These are alarming findings given the inability to relate 

epidemiology to genotypic profiles, sustaining the need for stricter infection control and effective antibiotic 

stewardship measures in hospital settings for better patient management. To further understand and 

evaluate the clinical consequences of such genetic diversity, high-throughput approaches as those 

employed by the international Pseudomonas aeruginosa consortium [67] are mandatory. Expectedly, 

these efforts will contribute to the development of effective molecular biomarker-based tools for fast 

discrimination and diagnosis of individual P. aeruginosa isolates. 
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3 
Resistance to the ‘last-hope’ antibiotic colistin in Pseudomonas 

aeruginosa: a public health issue 

 

 

Abstract 

Colistin is a last-resort antibiotic commonly used against multidrug-resistant strains of Pseudomonas 

aeruginosa. Together with the two fully sequenced P. aeruginosa strains E6130952 and MRSN12280, 

three colistin-resistant isolates were sequenced and analyzed. These three isolates from our P. aeruginosa 

collection (HB158, HB159 and HB392) were collected on the same day from routine urine samples of a 

male patient and distributed in two RAPD-PCR groups, indicating an overall apparent genetic variability of 

0.72. 

When compared to susceptible strains, the genome of these colistin-resistant P. aeruginosa harbors 

non-synonymous single-nucleotide variations, predicted to affect protein function, in regulatory networks 

and specific loci previously implicated on colistin resistance, such as in the arnC, arnT and pmrAB genes. 

Furthermore, the genome of colistin-resistant P. aeruginosa comprised features and mutations 

associated with resistance to multiple antibiotics, absent in all analyzed susceptible-strains which could 

be implicated in colistin resistance (liaR coding for a cytosolic response regulator, mprF coding for a 

bacterial resistance protein, and the gene coding for the D-Ala-D-Ala ligase protein involved in cell wall 

biosynthesis). To not overlook currently unknown resistance determinants, a comparative analysis 

highlighted the membrane bound lytic murein transglycosylase MltF and hypothetical proteins with 

predicted domains associated with fusaric acid resistance and the transcriptional regulators families IclR 

and LuxR. 

The presented comparative genomics aimed to identify genome-wide factors that could be involved 

in this resistance phenotype.  
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Introduction 

Antibiotic resistance is one of the most serious public health issues, in Europe and globally. Apart 

from the innate resistance to several antimicrobial agents [1], Pseudomonas aeruginosa may acquire 

resistance by mutations in bacterial genes, or acquisition of exogenous resistance genes carried by mobile 

genetic elements that can spread horizontally between bacteria [2]. This phenomenon is particularly 

problematic as it may severely limit the available treatment alternatives for the infection in already 

vulnerable patient groups. 

According to data from the European Centre for Disease Prevention and Control, 31% of the reported 

P. aeruginosa isolates under regular surveillance were resistant to at least one class of antibiotic. The 

MDR phenotype was common and seen in 14% of all tested isolates [3]. Due to its pathogenic potential 

and as antibiotics used to treat infections become less effective, P. aeruginosa is a pathogen hard to 

control in healthcare settings. Antibiotic resistance leads to prolonged hospital stays, higher medical costs 

and increased mortality. Reasonable antibiotic use and better management of infections are essential to 

prevent this public health issue from further aggravating [4]. Owing to this, there has been a resurging 

and increasing use of colistin, considered a last-resort therapeutic agent because of its toxicity, which has 

already led to reports of resistant P. aeruginosa [5]. 

Colistin, also known as polymyxin E, is a cyclic amphipathic antibiotic synthesized by bacteria, which 

interacts strongly with phospholipids and kills bacteria by disrupting their cell membranes [5]. Colistin 

resistance in P. aeruginosa is known to be adaptive, meaning it is induced in the presence of the 

antimicrobial agent and reversed to the susceptible phenotype in its absence [6]. Studies have associated 

the resistance with changes in LPS composition, as for instance the addition of 4-amino-4-deoxy-L-

arabinose (L-Ara4N) or phosphoethanolamine (pEtN) to Lipid A, regulated by two-component regulatory 

systems as PhoPQ, PmrAB, ParRS and CprRS [5,7]. Alterations in these regulatory networks have been 

found to be involved in P. aeruginosa polymyxin resistance, despite the mechanisms behind it remaining 

unclear [5,7–11]. Nevertheless, a previous evolution study has showed that individual two-component 

regulatory systems were not essential for the acquisition of colistin resistance [12]. Therefore, the 

contribution of alternative or compensatory pathways should not be ruled out. 

The advent of NGS technologies prompted the expansion of genome-based knowledge of 

Pseudomonas aeruginosa strains as several whole-genome projects have been completed and more are 

in completion [13,14]. Pseudomonas aeruginosa genome is a mosaic of a conserved core component, 

interrupted by combinations of strain-specific blocks of genetic material, acquired by HGT events [15], 

that varies according to the evolutionary traits of each isolate. HGT events play an important role in the 
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evolution of pathogen competitiveness and fitness, leading to a constant and unpredicted fluctuation of 

the clinical outcome [16]. Genome-wide comparisons between strains enabled the large-scale detection 

of genetic variability among isolates through identification of single-nucleotide variations (SNVs) and 

insertions/deletions of bases (indels), considerably improving the understanding of P. aeruginosa strain-

specific physiology towards distinct pathogenesis traits [17–20]. 

From our Pseudomonas aeruginosa collection of 705 isolates, 28% were classified as MDR isolates, 

from which 3% evidenced resistance to colistin. In this work, three of those colistin-resistant isolates, were 

sequenced and analyzed to identify genomic loci that could be involved in this resistance phenotype.  

 

Methods 

Pseudomonas aeruginosa isolates 

Three clinical isolates of P. aeruginosa, HB158, HB159 and HB392, were used in this study. The 

clinical isolates of P. aeruginosa were collected on the same day, from urine samples of a patient 

attending Portuguese Hospital (Hospital de Braga). 

All bacterial strains were maintained on a sterile PIA medium for a maximum of three passages. 

Resistance to the polymyxin colistin was confirmed according to the CLSI guidelines [21]. Since the disk-

diffusion test for colistin is unreliable, the minimum inhibitory concentration was determined by broth 

micro-dilution. 

 

Genome sequencing, assembly and annotation 

Genomic DNA was extracted and purified using the DNeasy Blood and Tissue Kit (QIAGEN). Samples 

were processed according to Illumina instructions generating pair-ended libraries, sequenced using the 

Illumina MiSeq system (2 x 300 bp) at the Plateforme d’Analyses Génomiques of the Institut de Biologie 

Intégrative et des Systèmes (Université Laval, Québec, Canada). 

Information on the de novo genome assembly and annotation workflow can be found in Appendix 

A3. 

 

Comparative genomics analysis 

Mutation analysis based on literature reports 

A preliminary analysis verified the presence or absence of mutations in regulatory networks and 

specific loci with possible implications on colistin resistance, according to literature reports [7,12,22–
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27]. Protein sequences of the three assembled draft genomes were aligned with the corresponding 

sequence of P. aeruginosa reference strains PAO1 [28], PA14 [29], LESB58 [30] and isolates HB13 and 

HB15 (Chapter 5), using MUSCLE [31]. 

Any variation found was interpreted as a non-synonymous nucleotide variation and PROVEAN 

(Protein Variation Effect Analyzer) web server [32] was used to predict its effect on protein function, based 

on residues conservation within homologous sequences and quality of sequence alignment derived from 

the neighborhood flanking sequences. PROVEAN Protein was used with a score threshold of -2.5 to 

classify each variation as either “Neutral” or “Deleterious”. 

 

Distinctive genome traits of the colistin-resistant Pseudomonas aeruginosa 

The Panseq [33] and Roary tools [34] were used to predict and identify distinctive genome traits of 

all isolates, using as reference the P. aeruginosa strains PAO1 [28], PA14 [29], LESB58 [30] and isolates 

HB13 and HB15. Two fully sequenced colistin-resistant P. aeruginosa were also added to the pool 

(E6130952 [35] and MRSN12280 [36]), in order to identify common features in colistin-resistant that 

were considered distinctive, when comparing to the assayed colistin-susceptible isolates. Strain-specific 

genes were determined by defining the Minimum Novel Region Size as 500 bp and using the following 

nucmer parameters: b=200; c=50; d=0.12; g=100; l=20. Homology search was performed using Blastn 

tool from NCBI [37]. 

 

Identification of antibiotic resistance genes 

The antibiotic resistance genes in the assembled P. aeruginosa genomes were predicted according 

to known and curated databases: CARD (Comprehensive Antibiotic Resistance Database [38]) and 

ResFinder [39]. 

The RGI (Resistance Gene Finder) analysis tool, which utilizes the CARD, was used to predict the 

resistome from nucleotide sequences of the three sequenced genomes [38]. This tool analyzes sequences 

under three paradigms – Perfect, Strict, and Loose. The Perfect algorithm detects perfect matches to the 

curated reference sequences and mutations. The Strict algorithm detects previously unknown variants of 

known antibiotic resistance genes, ensuring that the detected variant is likely a functional gene. The Loose 

algorithm provides detection of new, emergent threats and more distant homologs of resistance genes 

however, it will also catalog homologous sequences and spurious partial hits that may not have a role in 

antibiotic resistance [38]. 
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Results and Discussion 

Comparative genomics of the colistin-resistant Pseudomonas aeruginosa 

NGS coupled with whole-genome comparison is now becoming the new gold standard for 

understanding bacterial population structure, promising to shed light on the genetic basis of its 

adaptability [40–43]. 

The International Pseudomonas aeruginosa Consortium was formed with the aim of genome 

sequencing over 1000 genomes and constructing an analysis pipeline for the study of P. aeruginosa 

evolution, virulence and antibiotic resistance [44]. Under the scope of this consortium, three P. aeruginosa 

isolates evidencing resistance to colistin were selected for genome sequencing. 

These three isolates (HB158, HB159 and HB392) were collected on the same day from routine 

urine samples of a male patient, and distributed in two RAPD-PCR groups, indicating an overall apparent 

genetic variability of 0.72 in our P. aeruginosa collection. Two of these isolates were clustered in the same 

group (J, 19.1% overall representativeness) whereas HB158 was assigned to a distinct group (C, 3.2% 

overall representativeness). 

A circular genome comparison of the three colistin-resistant isolates and the fully sequenced colistin-

resistant P. aeruginosa strains E6130952 [35] and MRSN12280 [36] was performed with the CGView 

Comparison Tool [45] (Figure 3.1). The rings represent regions of sequence similarity detected by BLAST 

comparisons conducted at the nucleotide level between the reference (each of the sequenced P. 

aeruginosa isolates) and the other four P. aeruginosa considered. The genomes were plotted from outer 

to inner circles by order of decreasing similarity to the reference. 

 

We have compared these three genomes searching for point mutations and gene content variation 

to verify possible within-host diversity. Few point mutations predicted to have a functional impact were 

detected, specifically 3 deleterious protein changes out of 34 detected in 23 protein hits (Table 3.1). 
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Figure 3.1. Graphical representation of the BLAST-based comparison of the colistin-resistant Pseudomonas aeruginosa genomes, using the CGView 

Comparison Tool [62]. Outermost circle depicts ORFs on the positive and reverse strand, respectively. Innermost circles represent GC content and GC skew. A total 

of five genomes were compared, namely: 1) P. aeruginosa HB158; 2) P. aeruginosa HB159; 3) P. aeruginosa HB392; 4) P. aeruginosa MRSN12280; and 5) P. aeruginosa 

E6130952. 
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The sensor histidine kinase QseC is part of a two-component system regulated by QS and known to 

be involved in bacterial pathogenesis [46]. Studies in Salmonella enterica serovar Typhimurium and in 

uropathogenic E. coli demonstrated that this system regulates genes affecting resistance to antimicrobial 

peptides, as colistin, and a variety of drugs or reactive oxygen compounds [47,48]. These reports have 

demonstrated that, despite not affecting antimicrobial susceptibility [47], QseC mutants lead to 

attenuation of virulence [46,48] and a similar effect could be verified in P. aeruginosa. 

GpA, the large subunit of bacteriophage λ terminase also evidenced a putatively deleterious mutation 

in residue 592. One of the several domains of this protein is a putative basic leucine zipper, from residues 

573 to 616, and mutations in this domain were reported to specifically inactivate the endonuclease activity 

of this terminase [49,50]. 

Another protein change predicted as having an intolerant functional impact was detected in a 

hypothetical protein. Blast analysis and domain prediction resorting to in silico tools identified a domain 

corresponding to galactose-6-phosphate isomerase subunit LacB, associated with lactose catabolism in 

other bacteria [51]. 

 

On the other hand, 50 genes were found to be distinctively present in the three P. aeruginosa isolates 

(Table 3.2). Genetic loci associated with replacement islands (flagellin - RGP9; lipopolysaccharide O-

antigen - RGP31; pilin - RGP60; pyoverdine biosynthesis and posttranslational modification - RGP73) were 

disregarded as they are under diversifying selection and are highly variable between strains [52]. 

Most hits were of hypothetical proteins, therefore functional domains for proteins with unknown or 

putative function were predicted according to InterPro [53], HMMER [54] and CDD [55]. Protein sequence 

of hypothetical or putative hits was compared to other sequences by homology search with Blastp tool 

[56]. This domain search has identified disordered regions for few hits, which rely on a highly flexible 

state or structural plasticity to carry out their functions. This disordering is believed to allow for more 

interaction partners and modification sites in proteins reportedly involved in many biological processes, 

such as regulation, signaling and cell cycle control [57]. 

Several of these genes encode proteins with known functions or domains involved in cellular 

metabolism and transport of small molecules, indicating that metabolic adaptation for a better exploitation 

of available nutrients in the host is an important evolutionary driver, as previously reported [58]. In 

agreement with bacterial evolution studies showing that virulence attenuation is associated with long-term 

persistence [59], some genes were also associated with bacterial pathogenesis.  
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Table 3.1. Non-synonymous SNVs detected when comparing the Pseudomonas aeruginosa isolates HB158, HB159 and HB392. Protein changes 

are represented using the clinical isolate HB158 as reference, except when other reference isolate is mentioned. Change effect on protein function was predicted by 

PROVEAN as deleterious if score < -2.5. 

P. aeruginosa 
HB158 

P. aeruginosa 
HB159 

P. aeruginosa 
HB392 

Protein product Protein change 
Putative functional 

impact 

HB158_01380 HB159_00365 HB392_00258 TetR transcriptional regulator NalC H91L Neutral 

HB158_02256 HB159_04874 - Hypothetical protein I170V a Neutral 

HB158_02257 HB159_04873 HB392_03579 ShlB family hemolysin secretion/activation protein N343H Neutral 

HB158_02847 HB159_01804 HB392_01765 Fosfomycin resistance protein FosA Q124R Neutral 

HB158_03251 HB159_03785 HB392_03705 DNA replication and repair protein RecF E193D Neutral 

HB158_03332 HB159_03704 HB392_03624 NADH-quinone oxidoreductase subunit L NuoL S326G Neutral 

HB158_03682 HB159_02367 HB392_02326 Two-component sensor histidine kinase QseC T260P Deleterious 

HB158_03683 HB159_02368 HB392_02327 Transcriptional regulatory protein QseB P18A Neutral 

HB158_05292 HB159_05412 HB392_06067 Putative peptidoglycan D, D-transpeptidase PbpC L291I Neutral 

HB158_05905 HB159_06254 HB392_05568 Major facilitator superfamily transporter S525N Neutral 

HB158_06075 HB159_00859 HB392_00821 Hypothetical protein V115I Neutral 

HB158_06103 HB159_03880 HB392_03801 Putative protein YnbC P40H Neutral 

HB158_06174 HB159_04308 HB392_04228 Phenylacetaldehyde dehydrogenase Q59K Neutral 

    S88A Neutral 

HB158_06301 HB159_04390 HB392_04310 Hypothetical protein L26R Neutral 

HB158_06325 HB159_06448 HB392_06444 Maleylpyruvate isomerase F166C Neutral 

HB158_06446 HB159_06479 HB392_06463 Head protein K26T Neutral 

HB158_06511 HB159_06551 HB392_06514 DNA primase D400G Neutral 

      



 

 

C
hapter 3

 
|

 
P

age 83
 

P. aeruginosa 
HB158 

P. aeruginosa 
HB159 

P. aeruginosa 
HB392 

Protein product Protein change 
Putative functional 

impact 

HB158_06513 HB159_06553 HB392_06516 Hypothetical protein A83V Neutral 

    P90S Deleterious 

HB158_06524 HB159_06577 HB392_06550 Isochorismate synthase MenF M105L b Neutral 

HB158_06582 HB159_06537 HB392_06509 Phage terminase large subunit family protein T502N a Neutral 

    V503A a Neutral 

    G592N Deleterious 

    S619A Neutral 

HB158_06588 HB159_06539 HB392_06507 Phage portal family V86A b Neutral 

    T161K b Neutral 

    I181V b Neutral 

    A194G b Neutral 

- HB159_06473 HB392_06457 DUF935 domain-containing protein P417S c Neutral 

- HB159_06540 HB392_06506 Clp protease proteolytic subunit A54T c Neutral 

    V57A c Neutral 

    F158L c Neutral 

    P261A c Neutral 

a protein change only present in Pseudomonas aeruginosa HB159; 

b protein change only present in Pseudomonas aeruginosa HB392; 

c protein change comparing to Pseudomonas aeruginosa HB159. 
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Table 3.2. Comparison of the genomic content of the Pseudomonas aeruginosa isolates 

HB158, HB159 and HB392. List of the genes with a distinct distribution in the clinical isolates HB158, 

HB159 and HB392. When a CDS is present in a specified genome, the corresponding locus_tag is 

represented. –, symbolizes gene absence in the specified genome. 

Protein product Predicted domains 
P. aeruginosa 

HB158 
P. aeruginosa 

HB159 
P. aeruginosa 

HB392 
     

Hypothetical protein GDSL-like Lipase/Acylhydrolase family HB158_00503 HB159_01396 - 

Hypothetical protein None HB158_01397 - HB392_00275 

Hypothetical protein None HB158_02256 HB159_04874 - 

Hypothetical protein None HB158_05777 - - 

Hypothetical protein Vitamin B12-binding domain HB158_05884 HB159_06233 - 

Hypothetical protein None HB158_06040 - - 

Hypothetical protein None HB158_06189 - - 

Hypothetical protein Disorder prediction HB158_06397 - HB392_02415 

Hypothetical protein None HB158_06468 - HB392_06532 

Hypothetical protein None HB158_06469 - HB392_06531 

Hypothetical protein None HB158_06470 - HB392_06530 

Hypothetical protein None HB158_06471 - HB392_06529 

Hypothetical protein Cell division protein MukB HB158_06496 HB159_06488 - 

Hypothetical protein Disorder prediction HB158_06543 - - 

Hypothetical protein Bacteriophage Mu Gam like protein HB158_06562 - HB392_06618 

Hypothetical protein None HB158_06574 - - 

Hypothetical protein None - HB159_00858 - 

Hypothetical protein Zinc-ribbon containing domain - HB159_01911 - 

Hypothetical protein Disorder prediction - HB159_03369 HB392_02591 

Type III export protein PscG - - HB159_03452 HB392_02674 

Glutaminase 2 - - HB159_03536 HB392_02758 

CDP-alcohol phosphatidyltransferase - - HB159_03879 HB392_03800 

Hypothetical protein β-1,6-galactofuranosyltransferase - HB159_03932 HB392_06583 

Putative acetyl-hydrolase LipR Esterase/Lipase - HB159_04337 HB392_04257 

Alkaline phosphatase H - - HB159_04876 HB392_04848 

Hypothetical protein T6SS baseplate subunit TssF - HB159_05752 HB392_05773 

Hypothetical protein DUF3100 - HB159_05899 HB392_05921 

Hypothetical protein DUF1456 - HB159_06418 HB392_02425 

Hypothetical protein Putative outer membrane receptor - HB159_06458 - 

Hypothetical protein None - HB159_06460 HB392_06557 

Hypothetical protein DUF935 - HB159_06473 HB392_06457 

Hypothetical protein Psp operon transcriptional activator - HB159_06477 HB392_06461 

Zinc import ATP binding protein ZnuC - - HB159_06494 HB392_06413 
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Protein product Predicted domains 
P. aeruginosa 

HB158 
P. aeruginosa 

HB159 
P. aeruginosa 

HB392 

Clp protease proteolytic subunit - - HB159_06540 HB392_06506 

Phage head decoration protein D - - HB159_06541 HB392_06505 

Phage major capsid protein E - - HB159_06542 HB392_06504 

Hypothetical protein Trimethylamine methyltransferase - HB159_06543 HB392_06503 

Hypothetical protein DUF1871 - HB159_06556 HB392_06519 

Hypothetical protein DUF746 - HB159_06573 HB392_06584 

Chemotaxis protein PctC - - HB159_06594 HB392_06346 

Type VI secretion system effector Hcp - - HB159_06630 HB392_06520 

Bacteriophage protein - - HB159_06638 - 

Hypothetical protein Acylphosphatase - HB159_06648 HB392_06628 

Hypothetical protein None - HB159_06649 HB392_06629 

Hypothetical protein Transcriptional regulator TrmB - HB159_06652 HB392_06649 

Hypothetical protein EEV maturation protein - HB159_06654 HB392_06554 

Host nuclease inhibitor protein - - HB159_06655 HB392_06555 

Hypothetical protein None - - HB392_03711 

Hypothetical protein DUF1320 - - HB392_06652 

Hypothetical protein DUF5339 - - HB392_06653 

Hypothetical protein Mu-like prophage FluMu protein gp35 - - HB392_06654 

 

 

Additionally, these results also suggested that HGT of mobile elements could be more common than 

point mutations in within-host diversity and may have important evolutionary and phenotypic 

consequences for P. aeruginosa populations [60]. 

The reports of colistin resistance after its increasing use to treat P. aeruginosa infections have led to 

a higher need to identify mechanisms and genes accountable for this phenotype. Our preliminary analysis 

of these colistin-resistant genomes verified the presence of non-synonymous nucleotide variations in 

regulatory networks and specific loci previously implicated on colistin resistance [7,12,22–27], some 

predictably affecting protein function (Table 3.3). The colistin-resistant P. aeruginosa used in this study 

harbor 56 changes in 22 genes previous linked to colistin resistance, from which the protein change of 7 

non-synonymous SNVs in 4 genes were predicted to affect protein function. Interestingly, all protein 

changes predicted to be deleterious were only observed in colistin-resistant P. aeruginosa and none of 

the assayed colistin-susceptible strains. 

Resistance to colistin in Pseudomonas aeruginosa is mainly associated with changes in LPS, 

particularly lipid A, involving the pmrAB and arnBCADTEF-pmrE operons that mediate the synthesis and 
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transfer of, respectively, pEtN and L-Ara4N [24]. Protein changes with a putative functional impact were 

found in members of both operons. P. aeruginosa strain MRSN12280, isolated from a sacral wound from 

a male patient with no previous report of colistin administration [36], evidenced the L22P deleterious 

protein change in ArnC. The inner membrane L-Ara4N transferase ArnT also evidenced protein changes 

in the three colistin-resistant clinical isolates (V88F and R446H) and in P. aeruginosa strains E6130952 

and MRSN12280 (R535l). The P. aeruginosa strain E6130952 was isolated from a sputum sample of a 

patient with respiratory failure, also with no record of previous colistin treatment [35]. 

 

Table 3.3. Non-synonymous SNVs in regulatory networks and specific loci reported as 

possibly associated with colistin resistance in Pseudomonas aeruginosa. Five colistin-

resistant isolates (the clinical isolates HB158, HB159, HB392, and the strains E6130952 and 

MRSN12280) and five colistin-susceptible isolates (the clinical isolates HB13 and HB15, and the 

reference strains PAO1, PA14 and LESB58) were screened. Change effect on protein function was 

predicted by PROVEAN as deleterious if score < -2.5. 

Related genes Protein change 
Putative functional 

impact 
Colistin-R no. Colistin-S no. 

   
  

ArnBCADTEF-PmrE operon 

arnA I388V Neutral 5 1 

arnB R105S Neutral 2 0 
 K286E Neutral 3 0 
 E376D Neutral 2 3 

arnC L22P Deleterious 1 0 
 A327V Neutral 2 2 

arnD F58L Neutral 5 1 
 S272N Neutral 2 1 

arnE R28H Neutral 2 1 
 A109V Neutral 2 1 

arnF V14M Neutral 5 3 

arnT C7W Neutral 2 3 

 V88F Deleterious 3 0 
 H151Y Neutral 2 3 
 T166I Neutral 2 1 
 A265V Neutral 2 1 

 S340N Neutral 3 0 
 T443A Neutral 2 1 
 T443I Neutral 3 0 
 R446H Deleterious 3 0 
 V468M Neutral 2 0 
 R502Q Neutral 3 1 
 R535l Deleterious 2 0 
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Related genes Protein change 
Putative functional 

impact 
Colistin-R no. Colistin-S no. 

     

pmrE V101A Neutral 3 1 
 A163V Neutral 2 1 
 M458l Neutral 2 0 

     

CprR-CprS two-component regulatory system 

cprS T16S Neutral 2 2 

 E386D Neutral 2 1 

     

ParR-ParS two-component regulatory system 

parR S170N Neutral 2 2 

     

PhoP-PhoQ two-component regulatory system 

phoQ Y85F Neutral 2 0 

micA V222I Neutral 2 1 

     

PmrA-PmrB two-component regulatory system 

pmrA A18P Deleterious 1 0 

 L71R Neutral 5 1 

pmrB S2P Neutral 2 2 

 A4T Neutral 2 2 

 G68S Neutral 2 2 

 E218A Deleterious 3 0 

 T260P Deleterious 2 0 

 H345Y Neutral 3 4 

     

Lipid A and LPS alterations 

lpxD V20L Neutral 2 1 

 A73S Neutral 2 1 

lpxT L199M Neutral 5 2 

cptA S7R Neutral 2 1 

 L269M Neutral 2 0 

 N598D Neutral 3 0 

pagL V145L Neutral 2 0 

     

Others     

PA0043 L355M Neutral 3 1 

PA2157 K142T Neutral 3 0 

 H152Y Neutral 2 0 

 R240H Neutral 2 2 

 G244S Neutral 2 2 

 G246D Neutral 3 0 

PA4089 H220Q Neutral 2 1 
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The sensor kinase PmrB activates the transcriptional response regulator PmrA through a 

phosphotransfer relay or as consequence of a pmrB mutation [23]. This two-component system conducts 

bacterial responses to multiple stimuli and regulates LPS modifications. In P. aeruginosa HB158, a A18P 

deleterious change was found in PmrA, whereas PmrB evidenced two impactful changes, specifically 

E218A in the three P. aeruginosa clinical isolates here described and T260P in P. aeruginosa HB159 

and HB392. 

In Pseudomonas aeruginosa, the expression of the arnBCADTEF-pmrE operon is controlled by a 

complex regulatory network involving at least five two-component systems, namely those expressed by 

pmrAB, phoPQ, parRS, colRS and cprRS [61]. Protein alterations within these regulatory systems which 

activate the arnBCADTEF-pmrE operon are characteristically identified in colistin-resistant P. aeruginosa 

[6,7,22,26]. Despite not being associated with a predicted deleterious protein changes, some alterations 

were only present in colistin-resistant strains (phoQ in P. aeruginosa strains E6130952 and 

MRSN12280). 

Nevertheless, as individual two-component systems are reportedly not essential for acquisition of 

colistin resistance, alternative or compensatory mechanisms may exist [12]. In Gram-negative bacteria, 

the LPS core can be further modified by pEtN by the cptA gene [24], which was altered both in P. 

aeruginosa strains E6130952 and MRSN12280 (L269M) and the three colistin-resistant clinical isolates 

(N598D). 

Furthermore, in Salmonella, lipid A can be deacylated by pagL, which is activated by PhoP. Due to 

inhibition by more common lipid A modifications (pEtN and L-Ara4N), pagL is usually considered a latent 

gene. However, in strains unable to perform such lipid A modifications, PagL-mediated deacylation of lipid 

A can occur, thus increasing colistin resistance and sustaining the existence of compensatory 

mechanisms in certain bacteria [24]. In P. aeruginosa strains E6130952 and MRSN12280, pagL 

evidenced a non-synonymous SNV absent in the colistin-susceptible strains used in this study. Previous 

studies have also identified some genes unrelated to L-Ara4N likely involved in colistin resistance in P. 

aeruginosa [6,25], as PA2157. 

However, as the colistin resistance phenotype often results from a combination of several 

mechanisms to circumvent antibiotic stress, we predicted the resistance genes according to known and 

curated databases and filtered those only identified in our three colistin-resistant clinical isolates and two 

fully sequenced P. aeruginosa [35,36], when comparing to the previous mentioned pool of colistin-

susceptible strains (Table 3.4). 
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Table 3.4. In silico predicted antibiotic resistance genes in the colistin-resistant Pseudomonas aeruginosa. Hits presented were found to be unique to 

the colistin-resistant P. aeruginosa (the clinical isolates HB158, HB159 and HB392 and the strains E6130952 and MRSN12280), when compared to the susceptible 

isolates (the clinical isolates HB13, HB15 and the reference strains PAO1, PA14, LESB58).All hits were detected under the Loose paradigm, potentially associated with 

new, emergent threats and more distant homologs of AMR genes. 

AMR, Antimicrobial resistance; ARO, Antibiotic resistance ontology; SNPs, Single nucleotide polymorphisms; R, resistant. 

Antibiotic efflux pumps: ABC, ATP-binding cassette; MFS, Major facilitator superfamily; RND, Resistance-nodulation-cell division. 

 

Resistance mechanism Class of antibiotic AMR Gene Family ARO hit Detected SNPs Colistin-R P. aeruginosa 

Efflux Aminocoumarin RND efflux pump mdtC - HB158; HB159; HB392 

 Multiple antibiotics RND efflux pump smeC - HB159 

 Multiple antibiotics RND, MFS and ABC efflux pump Salmonella enterica mutant soxR G121D HB158; HB159; HB392 

Target alteration Elfamycin Elfamycin resistant EF-Tu Enterococcus faecium mutants EF-Tu G275A HB158; HB159; HB392 

  Elfamycin resistant EF-Tu Planobispora rosea mutants EF-Tu G279A, G261S HB158; HB159; HB392 

 
Fluoroquinolones Fluoroquinolone resistant gyrA Propionibacterium acnes mutant gyrA S101L HB158; HB159; HB392; 

E6130952; MRSN12280 

 Peptides Daptomycin resistant liaR Enterococcus faecium mutant liaR W73C HB158; HB159; HB392 

  Daptomycin resistant mprF Staphylococcus aureus mutant mprF S295L HB158; HB159; HB392 

  Van ligase D-Ala-D-Ala ligase D295G, P313L HB158; HB159; HB392 

 
Peptides; Rifamycin β-subunit of RNA polymerase Mycobacterium tuberculosis mutant rpoB T508S, Q517L, 

L511R, H526S 

HB158; HB159; HB392 

 Multiple antibiotics Penicillin-binding protein Haemophilus influenzae mutant PBP3 L389F HB158; HB159; HB392 
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Out of the 11 presented hits, 3 were associated with multiple antibiotics, which is not surprising 

since the colistin-resistant P. aeruginosa also evidenced resistance to other antibiotics. As colistin is a 

polycationic peptide, we will highlight hits associated with resistance to peptides, which were identified in 

the three clinical isolates described in this chapter. LiaR is the main regulator of the enterococcal cell 

response to antimicrobial peptides [62]. To tetramerize and increase its binding affinity, this cytosolic 

response regulator requires being phosphorylated or harboring mutations that mimic phosphorylation, 

resulting in constitutive activation of the LiaFSR system and therefore resistance to peptide antibiotics as 

daptomycin [63]. Furthermore, deletion of the liaR gene in E. faecalis resulted in a hypersusceptible 

phenotype, independent of the genetic background into which it is introduced [62]. In Streptococcus, a 

liaR deletion mutant was also more susceptible to cell wall-active antibiotics (particularly vancomycin and 

bacitracin) and antimicrobial peptides (specifically polymyxin B, colistin, and nisin) [64]. The detected 

alteration in our P. aeruginosa clinical isolates, W73C, is an example of such mutation, since cysteine 

modifications have been described to accurate mimic natural phosphorylated serine [65] and is the most 

common change described in LiaR [63]. Interestingly, to increase activity in Gram-negative, daptomycin 

has been used in combination with colistin [66]. 

The Gram-positive S. pyogenes is susceptible to colistin, likely because of the absence of the mprF 

gene [67]. MprF is a bifunctional bacterial resistance protein that reduces the negative net charge of the 

membrane surface. This enzyme links lysine to negatively charged phosphatidylglycerol and translocates 

the positively charged product to the outer leaflet of the cytoplasmic membrane, facilitating the 

electrostatic repulsion of cationic peptides, thus decreasing the sensitivity against these antimicrobials 

[68]. In S. aureus, daptomycin-resistant mutants are mostly associated with point mutations in the mprF 

gene [69]. However, previous studies have identified the mutation S295L in S. aureus as one that 

contributes to daptomycin resistance only in combination with additional mutations [69,70]. 

The D-Ala-D-Ala ligase protein participates in cell wall biosynthesis, specifically in the pathway of 

peptidoglycan biosynthesis by catalyzing the dimerization of D-Ala before its incorporation in late 

peptidoglycan precursors [71]. Glycopeptide antibiotics, such as vancomycin, form a complex with the D-

Ala-D-Ala moiety of peptidoglycan precursors on the outer surface of the bacterial cell membrane. This 

high-affinity binding leads to inhibition of the transglycosylation and transpeptidation reactions of cell wall 

biosynthesis [72] and therefore sensitivity to these classes of antibiotics [73]. 

Resistance to rifampicin is associated with mutations in the gene coding for its drug target, the β 

subunit of the RNA polymerase (RpoB) [74], that change the structure of the binding pocket and block 

antibiotic-target binding [75]. 
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Table 3.5. Signature genomic features of the colistin-resistant Pseudomonas aeruginosa. 

Genomic content of the colistin-resistant P. aeruginosa isolates HB158, HB159 and HB392 and the strains 

E6130952 and MRSN12280 was compared to the ones of the susceptible isolates HB13 and HB15 and the 

reference strains PAO1, PA14 and LESB58, to identify distinctive colistin-resistant genome traits. 

Protein ID Protein product Predicted domains 
   

WP_003085687 Hypothetical protein Membrane lipoprotein lipid attachment site profile 

WP_003085704 Hypothetical protein L-arabinose ABC transporter permease AraH 

WP_003085729 Hypothetical protein Carbamate kinase ArcC 

WP_003085732 Hypothetical protein Phage regulatory protein Rha 

WP_003085760 Hypothetical protein Histidine-histamine antiporter HdcP 

WP_003086876 Hypothetical protein Malate dehydrogenase 

WP_003094188 DUF2786 domain containing protein - 

WP_003094190 DUF3164 domain containing protein - 

WP_003094200 Transposase - 

WP_003094225 Membrane protein Putative 2/3 transmembrane domain holin 

WP_003096116 Hypothetical protein Von Willebrand type A C-terminal domain 

WP_003119048 Hypothetical protein Terminase small subunit 

WP_003129239 Hypothetical protein Pyruvate dehydrogenase dihydrolipoyl transacetylase 

WP_004353177 Phage holin, λ family - 

WP_014603617 Hypothetical protein Phosphoglycerate kinase 

WP_015649331 HK97 family phage prohead protease - 

WP_022580266 Terminase large subunit - 

WP_023098869 Hypothetical protein Cofactor-independent phosphoglycerate mutase 

WP_023099109 Phage major capsid protein - 

WP_023099127 Arc family DNA-binding protein - 

WP_023103745 Hypothetical protein PapG carbohydrate / receptor binding domain 

WP_023103987 Phage portal protein - 

WP_023103989 HNH endonuclease - 

WP_023123661 Hypothetical protein IclR transcriptional regulator family 

WP_023123664 Hypothetical protein Sarcosine oxidase 

WP_023442737 Hypothetical protein Bacteriophage CI repressor helix-turn-helix domain 

WP_023657072 Membrane-bound lytic murein transglycosylase F - 

WP_023657613 Hypothetical protein Integrase catalytic domain 

WP_023657614 Hypothetical protein Fusaric acid resistance protein family; DUF4355 

WP_033894988 Hypothetical protein None 

WP_083144814 Helix-turn-helix transcriptional regulator LuxR transcriptional regulator family 
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While data relevant to antibiotic resistance is rapidly expanding, a considerable part of microbial 

genomes is still associated with proteins with hypothetical or unknown function and a potential role in 

resistance for those cannot be ruled out. Therefore, features present only on the colistin-resistant P. 

aeruginosa strains genome were analyzed and we predicted protein domains for hits with unknown 

function resorting to in silico tools. Thirty-one features were identified (Table 3.5), mostly associated with 

phages, hypothetical and proteins with unknown function, sustaining the need of such strategies to shed 

light on unknown resistance determinants. 

Given the described association of colistin resistance with changes in LPS, we highlight the 

membrane bound lytic murein transglycosylase MltF, which cleaves the β-1,4 glycosidic bond between 

N-acetylglucosamine and N-acetylmuramic acid residues of peptidoglycan, thus affecting the cell wall 

organization [76]. In fact, it has been demonstrated that, in P. aeruginosa, loss of the membrane‐bound 

lytic transglycosylases leads to an increase in outer membrane permeability and sensitivity to osmotic 

stress and antibiotics, such as β‐lactams and vancomycin [77]. The reported effects were suggestive that 

these proteins could contribute to stabilizing interactions between the outer membrane and 

peptidoglycan, thus a possible role in colistin resistance could also be postulated. 

From the domain search performed for the hypothetical proteins, we highlight three findings, two of 

which associated to families of transcriptional regulators. The IclR family is conserved across bacteria 

and is reported to control the transcription of genes involved in several processes [78], including carbon 

catabolism, amino acid and secondary metabolite biosynthesis, motility, QS, virulence, stress response 

and antibiotic resistance. The LuxR family is involved in regulating QS, typically functioning as activators 

[79]. Lastly, a domain associated with the fusaric acid resistance protein family was found. Despite not 

being normally used as an antimicrobial in clinical practice, fusaric acid is reported to be toxic to some 

microorganisms [80] and its ability to inhibit P. aeruginosa QS has been demonstrated [81]. 

The aim of such analysis was to assess if the colistin resistance phenotype could be associated to a 

specific genomic content. Nevertheless, further deliberation and studies are required. 

 

Conclusion 

A hallmark of P. aeruginosa infections is the emergence of antibiotic-resistant variants. This flexibility 

is crucial to bacterial fitness and competitiveness, allowing the bacteria to circumvent continuously 

challenging factors [82]. Healthcare authorities have already classified P. aeruginosa as a dangerous 

pathogen and make an increasing effort to monitor its infections. 
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Here, we have attempted to identify genome-wide factors involved in colistin resistance in P. 

aeruginosa. In addition to well-known colistin resistance mechanisms, such as the PmrAB two-component 

regulatory system and the ArnBCADTEF-PmrE operon, we uncovered other genetic determinants and 

mutations that could potentially drive colistin resistance. 

Other studies reported a reversion of the evolved resistance phenotype upon withdrawal of the 

antibiotic, likely due to genetic reversion [6]. These mechanisms affect the treatment options for P. 

aeruginosa infections, concerning the improvement of bactericidal efficacy and prevention of further 

resistance to antibiotics. Ultimately this chapter aimed to provide genome data useful for the identification 

of antibiotic resistance determinants and data mining for potential new therapeutic targets. 

Future work could involve an experimental evolution approach to investigate how exposure to 

subinhibitory concentrations of colistin changes the evolution of P. aeruginosa populations, compared to 

unexposed populations. This approach would intend to investigate any phenotypic change between the 

parental and evolved populations in both conditions, aiming to answer several questions. Is the general 

flexibility of P. aeruginosa affected by the presence of a stressor (in this case, colistin)? Is there any impact 

on virulence behavior? Are there fitness costs associated with the gain of resistance? Are possible P. 

aeruginosa revertants identical to the parental population or do they differently modulate its features? 

Does the phenotype reversion affect other features of P. aeruginosa, thus constraining its flexibility? 

We believe that understanding the evolution of colistin resistance is of great importance. Findings 

from this type of experiments could be translated into routine diagnostics and therapeutic approaches, 

therefore improving stewardship measures and patient care in hospital settings. 
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4 
Evidences of differential pathogenic potential of two Pseudomonas 

aeruginosa clinical isolates from pneumonia towards pulmonary 

epithelial cells 

 

 

Abstract 

In this work, a genotype-phenotype survey of a subpanel of a highly diversified Pseudomonas 

aeruginosa collection was conducted, aiming to detail pathogen-associated challenging scenarios that 

clinicians face nowadays. Our analysis evidenced a lack of grouping collinearity, thus supporting the 

heterogeneity of P. aeruginosa. 

From a collection of over 700 Portuguese P. aeruginosa clinical isolates, 29% of the isolates collected 

from patients with a clinical diagnosis were associated with respiratory infections, particularly with 

pneumonia. From the assayed subpanel, the pneumonia-associated isolates HB13 and HB15, clustered 

in the same RAPD-PCR group but evidencing contrasting phenotypic traits, were selected for evaluation 

of its pathogenic potential against the A549 human pulmonary epithelial cell line model. As P. aeruginosa 

pathogenicity is both multifactorial and combinatorial, distinct fractions were assayed to identify the most 

relevant contributors to its cytotoxicity. 

Despite evidencing similar concentration- and time-dependency trends, it was possible to classify the 

P. aeruginosa according to its cytotoxic potential, with isolate HB15 significantly outperforming, 

respectively, both isolate HB13 and the reference strain PAO1. Induced morphological alterations, 

cytopathic effects and apoptosis hallmarks were also observed. The results also suggested a possible 

collection in distinct pulmonary infection stage for the two P. aeruginosa clinical isolates. 

This study highlighted the importance of bacterial secreted factors in modulating host innate immune 

responses and suggested that the natural secretion of OMVs by Pseudomonas aeruginosa could 

potentially stimulate a strain-specific host response. 
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Introduction 

Most requirements for bacterial growth and persistence are fulfilled by the human body (i.e. humidity, 

constant temperature, richness in nutrients). Reflecting the efficiency of its innate immunity, which 

comprises the combined efforts of the immune response, a healthy individual generally remains free of 

infection. The innate immunity in the respiratory tract, promptly activated upon invasion, consists of 

mechanical barriers, secreted products and pathogen-responsive cells. For a successful colonization and 

persistence, a pathogen as Pseudomonas aeruginosa must endure all its parts [1,2]. 

According to data from the Centers for Disease Control and Prevention [3], approximately 8% of all 

reported healthcare-associated infections are caused by P. aeruginosa. About 13% of severe healthcare-

associated infections caused by Pseudomonas aeruginosa are MDR, with roughly 15% of these infections 

being fatal for the patient [4]. Interestingly, P. aeruginosa is reported as the second most common cause 

of nosocomial pneumonia (17%) and it is the most common MDR Gram-negative pathogen causing 

pneumonia in hospitalized patients [5]. 

The epithelium is the first barrier against pathogens, playing several roles in the innate response to 

infection [6,7]. Briefly, the immunological defenses of the airways are influenced by coordinated efforts 

of many cell types, including dendritic cells, lymphocytes, macrophages, and neutrophils [7,8]. Bacteria 

are imprisoned in the viscous mucous layer which is cleared from the lung by the rhythmic unidirectional 

beating of ciliated epithelial cells [9]. Flagella, LPS, and type IV pili of Pseudomonas aeruginosa are highly 

inflammatory and can be recognized by host pattern recognition receptors such as toll-like receptors on 

various host cells to initiate an inflammatory response via the NFκB signaling pathway. Activated alveolar 

macrophages and neutrophils recruited by IL-8 promote phagocytosis and kill P. aeruginosa [10,11]. The 

action of dendritic cells will activate the adaptive response (B cells and T cells). Secreted antimicrobial 

peptides such as α-defensins, lactoferrin, and lysozyme also render the lumen of the lung hostile for 

infectious agents [12,13]. 

On the other hand, P. aeruginosa can be a highly virulent invader, attaching to damaged epithelial 

cells, injecting toxins that interfere with cytoskeletal integrity, and rapidly triggering apoptosis and 

breaches in epithelial integrity [14]. The genomic complexity of P. aeruginosa implies many hints of the 

versatility of this pathogen, allowing to thrive in diverse conditions and possessing multiple virulence 

factors which impact the pathogenic potential of P. aeruginosa [15,16]. Thus, the outcome of a P. 

aeruginosa infection depends both on the appropriate host response and the bacterial virulence factors 

that counter the host response [7,8,14]. 
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Interactions between bacterial pathogens and host cells are complex and numerous, and in vitro cell 

and tissue culture models have been widely used to study the infectious process of Pseudomonas 

aeruginosa. One of the most frequent in vitro model of lung epithelia is the two-dimensional monolayer, 

where cells are grown on flat plastic surfaces [17]. The advantages of using such models are that they: 

i) are cost-effective; ii) are easy to set up, maintain, monitor, and manipulate; iii) require limited equipment 

and materials; iv) are quickly ready for downstream assays; and v) are high-throughput. Additionally, a 

well-characterized homogeneous cell population is usually obtained, resulting in high experimental 

reproducibility [18]. However, these models are usually associated with a few drawbacks, such as: i) lack 

of differentiation characteristics of the in vivo parental tissue; ii) lack of multicellular complexity, and 

function; iii) most cell lines are not polarized, thus not expressing distinctive apical and basolateral 

markers (important for, for instance, adhesion studies); and iv) limited long-term studies as the cells easily 

detach upon infection [17,18]. These two-dimensional monolayer lines have been an election model to 

study P. aeruginosa, mainly assaying host-associated biofilm formation, cytotoxicity, adhesion, virulence 

factor production in response to host cells and inflammatory response [18]. 

From a collection of over 700 Portuguese P. aeruginosa clinical isolates, 17% were associated with 

the respiratory tract. Evaluating all clinical isolates with an associated clinical diagnosis, 29% of our 

collection is of P. aeruginosa collected from patients with respiratory infections, particularly with 

pneumonia. In this work, we compared the genotype and phenotype of a representative subpanel of six 

clinical isolates. From this representative subpanel, two pneumonia-associated isolates were selected for 

assessment of its pathogenic potential against the A549 human pulmonary epithelial cell line model, 

considering the tissue and organ they originally infected. 

These cells possess the morphological and biochemical characteristics of type II pneumocytes of the 

intact lung. The A549 cell line, first identified through lung carcinomatous tissues explant culture from a 

Caucasian male 58 years old patient [19], is composed of adenocarcinoma cells from basal epithelia of 

the human lung alveoli. Attending its morphology, these cells present a squamous shape and are 

organized as an adherent monolayer in vivo. These human pulmonary epithelial cells have been widely 

used in studying P. aeruginosa pathogenesis [20–22] analyzing subjects as cellular adhesion [23], 

cellular apoptosis [24,25], oxidative stress [26,27], cytotoxicity [28,29], cellular responses to virulence 

factors [30–33] and gene regulation [34]. 

Furthermore, given the multifactorial and combinatorial nature of P. aeruginosa pathogenicity [35], 

we assayed distinct fractions of each P. aeruginosa clinical isolate in order to identify the bacterial 

components that impact the viability of the A549 cell line. 
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Methods 

Genotype-phenotype correlation of a Pseudomonas aeruginosa subpanel 

From a collection of 705 Pseudomonas aeruginosa isolates from a Portuguese Hospital setting 

(Hospital de Braga), a smaller panel of six clinical isolates (HB3, HB4, HB5, HB6, HB13 and HB15) was 

chosen for further phenotypic studies, investigating a possible genotype-phenotype link. For comparison 

purposes, P. aeruginosa reference strain PAO1 was selected [36], as it is the most used P. aeruginosa 

laboratory strain, allowing comparison to other studies. 

P. aeruginosa were maintained in PIA plates for a maximum of three passages and for liquid cultures 

inoculated in 50 mL of Lysogeny Broth (LB; 1.0% (w/v) tryptone 0.5% (w/v) yeast extract and 0.5% (w/v) 

NaCl) in 250 mL flasks, at 37 °C with orbital shaking of 200 rpm. 

Genotyping and subsequent analysis was performed as previously described in Chapter 2. 

 

Antibiotic susceptibility profiles 

Antibiotic susceptibility profiling was carried out using the Kirby-Bauer disk-diffusion susceptibility 

test for seven antipseudomonal agents (the third-generation cephalosporin ceftazidime, the carbapenem 

meropenem, the extended spectrum β-lactam piperacillin with bacterial β-lactamase inhibitor 

tazobactam, the aminoglycosides tobramycin, amikacin and gentamicin and the fluoroquinolone 

ciprofloxacin), following the Clinical & Laboratory Standards Institute (CLSI) guidelines [37]. 

This assay was performed by the Portuguese Hospital setting for every P. aeruginosa isolate 

provided, and isolates were categorized according to their antimicrobial susceptibility as MDR (resistant 

to three or more classes of antibiotics) and susceptible (no remarkable antibiotic resistance). MDR isolates 

were classified as PDR (pan-resistant; generalized resistance) if resistant to all the seven antipseudomonal 

agents assessed. 

 

Motility assays 

P. aeruginosa clinical isolates and reference strain PAO1 were inoculated from PIA plates in LB and 

grown at 37 °C for approximately 12 h, to reach late stationary phase. All motility assays were performed 

in triplicate, as described by Deligianni et al. (2010) [38]. For swimming and swarming, after incubation 

for 17 h at 37 °C, the diameter of bacterial migration zone was measured. For twitching, the agar was 

removed, and bacteria adhered to the plate polystyrene surface were stained with Coomassie Brilliant 

Blue R-250 for 5 min. Diameter of twitching zone was measured. 
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Biofilm formation and pyocyanin production 

P. aeruginosa clinical isolates and reference strain PAO1 were inoculated from PIA plates in LB and 

grown at 37 °C. Cells were grown on 96-well plates, in 100 µL of LB with starting optical density at 600 

nm (OD600) of 0.06. Biofilm formation was assessed according to Zegans et al. (2009) [39] and pyocyanin 

production determined as previously reported by Salunkhe et al. (2005) [40]. 

 

Dendrogram construction 

In R version 3.3.1 [41], read.table() was used to load the multivariate table compiling results 

obtained for each phenotypic assay. Given the different value scales for the assays, the variables were 

normalized with the base function scale(). The object class was altered to matrix for further processing 

with the function as.matrix(). The distance matrix for quantitative data was computed with the 

function dist() in R package stats, applying Euclidean, Squared Euclidean, Maximum, Manhattan, 

Canberra and Minkowski distance measures. Hierarchical clustering analysis of resulting matrix was 

carried by the function hclust() in the same R package, applying UPGMA, as previously optimized. 

Object class was altered to dendrogram for better handling tree-like structures with the function 

as.dendrogram() and the relation of samples drawn with plot(). 

Dendrogram comparison was achieved with R package dendextend [42], with the functions 

dendlist() and cor.dendlist(), creating a correlation matrix between a list of trees, thus 

indicating the better combination of methods for dendrogram construction. Furthermore, these functions 

were used after intersect_trees() from the same package, to calculate the correlation of trees 

based on genotypic and phenotypic variability. 

 

Cell-culture maintenance 

The A549 human adenocarcinomic epithelial cell line (ATCC CCL-185) was used in this study to 

assess the pathogenic potential of P. aeruginosa. The A549 cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) F12 supplemented with 10% heat-inactivated fetal bovine serum and 1% L-

glutamine with antibiotics (1% Pre-set antibiotic mix - penicillin, streptomycin and amphotericin). Cells 

were grown at 37 ºC in a humidified atmosphere with 5% CO2 and seeded every four days when confluence 

neared 90%. 
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Preparation of the Pseudomonas aeruginosa fractions 

Three Pseudomonas aeruginosa (HB13, HB15 and PAO1) were grown overnight, from a single 

colony, in LB at 37 ºC. The three P. aeruginosa were inoculated in 250 mL of LB, with a starting OD600 of 

0.08 and grown for 24 and 48 h at 37 ºC with orbital shaking of 200 rpm. 

In a first phase, the secreted fraction of P. aeruginosa was collected by centrifugation of the bacterial 

cultures at 10,000 xg at 4 ºC for 10 min and filter sterilized through a 0.22 µm filter and aliquoted. The 

aliquots were kept at -80 ºC until further use. 

In a second phase, four different fractions of P. aeruginosa were freshly collected for further cytotoxic 

assays. Bacterial cultures were harvested by centrifugation at 10,000 xg at 4 ºC for 10 min. The cell 

pellet was washed twice with cold 10 mM TrisHCl pH 7.4 plus 250 mM sucrose. Afterwards, it was 

resuspended in 10 mM TrisHCl pH 7.4 and sonicated (15 min; cycles of 2 sec burst ON with 9 sec. burst 

OFF) on ice. After sonication, the cell lysate was centrifuged at 5,000 xg for 15 min at 4 ºC and the 

supernatant was filter sterilized through a 0.2 μm syringe filter, resulting in the cytosolic fraction F1. 

The bacterial culture supernatant was centrifuged a second time at 10,000 xg at 4 ºC for 10 min 

and filtered through a 0.20 µm membrane filter to remove any remaining cell debris, resulting in the 

secreted fraction F2. The secreted fraction was further separated by high-speed centrifugation at 50,000 

xg at 4 ºC for 1.5 h. The collected supernatant corresponded to fraction F3, whereas the pellet was 

washed and resuspended with 10 mM TrisHCl pH 7.4, resulting in fraction F4, composed by Outer 

Membrane Vesicles (OMVs). The total protein content of all fractions was quantified by the Modified 

Lowry’s Method [43]. 

 

Assessment of the pathogenic potential of Pseudomonas aeruginosa 

Cytotoxicity evaluation by the MTT viability assay 

The viability of the A549 cells was determined resorting to a colorimetric assay, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which assesses metabolic activity and by 

extrapolation cellular viability [44]. Briefly, cells were seeded at a density of 10,000 cells/well on 96-wells 

tissue culture plates at 37 ºC in a 5% CO2 atmosphere. After 24 h of growth, the medium was refreshed, 

and the cells were exposed to eight different concentrations, ranging from 0.625 to 5 μg/mL, of the 

Pseudomonas aeruginosa supernatants. Three concentrations were then selected to evaluate the four 

fractions of each isolate: IC50, IC50/8 and IC50/64. 
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Three controls were added, as follows: i) A549 cells in fresh medium – life control; ii) A549 cells 

incubated with 30% DMSO – death control; and iii) A549 cells incubated with LB – bacterial medium 

control. 

Cells were incubated at 37 ºC in a humidified atmosphere with 5% CO2. At the end of 24, 48 and 72 

h of contact, cell metabolic activity was assessed using the MTT viability assay. The MTT solution was 

added to each well (1/10 V), and the mixture incubated at 37 ºC for 2 h. The MTT solution was carefully 

decanted, and the formazan crystals were dissolved in DMSO:ethanol (1:1 v/v) and 

spectrophotometrically measured at a wavelength of 570 nm in a microplate reader. All assays were 

repeated independently three times. Additionally, growth of the A549 cells was monitored from initial 

plating to the three MTT timepoints, by cell counting (data not shown). 

 

Cell morphology 

Cellular morphology alterations in A549 cells induced by the distinct fractions of the P. aeruginosa 

isolates were investigated by optical microscopy using an inverted microscope Olympus IX71 58F-3, 

equipped with an Olympus DP72 camera. 

The A549 cells were visualized directly in the 96 well plates destined to the MTT assay. ImageJ was 

used for the determination of the cells area, for comparison purposes [45,46]. 

 

DLS and zeta potential analysis 

Particle size and zeta potential were measured at 25 ºC using a Malvern Nano ZS Zetasizer. Purified 

bacteria fractions were diluted in phosphate buffer prior to analysis to match the highest concentration 

applied to the A549 cell lines. For both size and zeta potential measurements, a clear disposable zeta 

cell was used. 

 

Statistical analysis 

Data was presented as the mean value and standard deviation of three independent experiments. 

Each independent MTT assay included at least four technical replicates. 

Statistical comparisons were performed by one-way ANOVA with GraphPad Prism 7.0 software. 

Tukey’s post-hoc test was used for multiple comparisons, and a Dunnett’s test was used to compare the 

results with a specific control. A P-value below 0.05 was considered as statistically significant. 
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Results and Discussion 

Linking genotype to phenotype in a Pseudomonas aeruginosa subpanel 

Understanding the reported P. aeruginosa individuality based on distinct genetic patterns is critical 

for a correct infection diagnosis and treatment, as clinicians rely on predicting phenotypes from genetic 

variations [47]. In this context, a subpanel of clinical isolates and P. aeruginosa PAO1 as a reference 

strain were assayed for common virulence-associated traits, to verify a possible genotype-phenotype link. 

This subpanel comprised two same-source isolates genotypically clustered in the same RAPD-PCR group 

and one genotypically distant same-source isolate, from the two registered main sources: urine (HB3, 

HB5, HB6) and sputum (HB4, HB13, HB15) (Table 4.1). 

 

 

Table 4.1. Phenotypic characterization of a Pseudomonas aeruginosa subpanel from a 

Portuguese Hospital setting. This subpanel was assayed for antibiotic susceptibility, MBL, motility, 

biofilm formation and pyocyanin production. RAPD-PCR group is the classification according to the genotypic 

clustering. Data from motility, biofilm and pyocyanin assays is shown as fold change ratio between values 

measured for each isolate and those of the P. aeruginosa reference strain PAO1. 

Isolates HB3 HB4 HB5 HB6 HB13 HB15 

Source Urine Sputum Urine Urine Sputum Sputum 

Clinical context Sepsis Pneumonia 
Urinary 
infection 

Urinary 
infection 

Pneumonia Pneumonia 

RAPD-PCR group J H N N L L 

AB profile       

CAZ S S S S R S 

MEM R S S S R S 

TZP R S S S R S 

TOB S S R S R S 

AMK R S R S R S 

GEN  R S R S R S 

CIP S S R S R S 

MBL - - - - + - 

Motility       

Swimming 0.7 1.2 0.9 0.8 0.6 0.3 

Swarming 0.7 0.8 2.1 1.4 0.7 0.9 

Twitching ND ND 4.5 4.9 ND 1.1 

Biofilm 1.1 0.6 3.6 1.7 1.3 1.3 

Pyocyanin 1.2 1.0 0.5 0.4 ND 1.3 

AB, Antibiotic; CAZ, Ceftazidime; MEM, Meropenem; TZP, Piperacillin/Tazobactam; TOB, Tobramycin; AMK, Amikacin; GEN, 

Gentamicin; CIP, Ciprofloxacin; S, susceptible; R, resistant; 

MBL, metallo-β-lactamases; +, MBL detected; --, MBL not detected; ND, not detected. 
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Thus, with this subpanel we assayed six isolates previously clustered in 4 groups, representing a 

ratio of 0.67 genotypic profiles per isolate, with an overall apparent genetic variability of 0.75. Antibiotic 

resistance profiles ranged from pan-susceptibility (HB4, HB6, HB15), to a PDR phenotype (HB13). 

Under the tested conditions, comparing to P. aeruginosa PAO1, the panel of isolates showed distinct 

motility profiles (Table 4.1). Isolate HB4 presented the largest flagella-mediated swimming halo and 

isolate HB15 showed the smallest. Ability to swarm was very asymmetric and, as all isolates displayed 

flagella-mediated swimming, differences in swarming may be associated with diversity in type IV pili 

biogenesis [48]. Concomitantly, isolates HB5 and HB6 exhibited the highest twitching motility halos and 

the highest swarming ability, whereas the other isolates showed reduced or lacked this kind of motility. 

Motility influences biofilm formation at different stages and at the initial stages, motility is indeed crucial 

for biofilm architecture [49]. When comparing to P. aeruginosa PAO1, isolates HB5 and HB6 displayed 

higher biofilm production, which correlates to longer diameters detected in type-IV pili-dependent 

swarming and twitching assays. 

Pyocyanin is a blue pigment secreted by P. aeruginosa, described to act as virulence factor in 

infection [50]. Isolates HB3, HB4, HB15 and PAO1 (with no significant differences) had highest pyocyanin 

levels whereas isolate HB13 registered an undetectable amount of blue pigment, even after longer growth 

periods. 

 

 

Figure 4.1. Clustering of a Pseudomonas aeruginosa subpanel from a Portuguese Hospital 

setting. Dendrogram constructed based on the genotypic and phenotypic variability, applying the previously 

described pipelines. 
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We normalized and compiled these phenotypic traits in a multivariate matrix to compare with the 

genotype-based clustering (Figure 4.1). The differential isolate grouping is easily observed and the 

calculated correlation value of -0.328 suggests a lack of collinearity between the two trees, thus supporting 

P. aeruginosa heterogeneity. 

The number of P. aeruginosa clinical isolates associated with respiratory infections corresponds to 

29% of all our isolates with an associated clinical diagnosis, being pneumonia the main representative. In 

this study, isolates HB13 and HB15, clustered in the same RAPD-PCR group, out-performed others 

respectively concerning pan-resistance and virulence indicators. Having in mind the distinctive traits 

evidenced by isolates causing similar infections and the significant clinical impact, as the genotype 

discrimination was insufficient, isolates HB13 and HB15, as the genotype discrimination was insufficient 

both collected from the sputum of pneumonia-diagnosed patients and belonging to group L, were selected 

to evaluate their pathogenic potential and its relationship with the registered phenotypic differences. 

 

Cytotoxicity of the Pseudomonas aeruginosa culture supernatants in the A549 cells 

Pathogenicity of Pseudomonas aeruginosa can be evaluated by its cytotoxicity in cell models. As the 

two clinical isolates used in this study were collected from the sputum of pneumonia-diagnosed patients, 

we selected the human cell line A549, a widely used alveolar epithelial cell line, derived from a pulmonary 

adenocarcinoma [19]. 

Given that the ability to exert toxicity on cell lines is majorly associated with virulence factors [8], a 

preliminary study was performed screening a serial range of concentrations of the supernatant of P. 

aeruginosa, in order to determine the half-maximal inhibitory concentration (IC50). 

Despite showing a significant difference in cytotoxicity induction by the P. aeruginosa supernatants 

obtained from 24 and 48 h of bacterial growth, only for concentrations higher than 2.50 μg/mL, the 

results evidenced an overall decrease on the cellular viability with increasing incubation times (Figure A4 

in the Appendix). Nevertheless, we also observed a tendency where the difference between the viability 

of the A549 cells subjected to the same supernatant concentration but increasing incubation time was 

lower, as if a plateau of the cytotoxicity levels was reached. 

To compare the pathogenic potential of the three P. aeruginosa isolates, we determined the absolute 

IC50 for each growth timepoint, by fitting a sigmoid-dose response curve to the data, using nonlinear 

regression (Table 4.2). 
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Table 4.2. Determined values of the IC50 (μg/mL). The A549 cells were 

screened for cytotoxicity at three MTT endpoints (24, 48 and 72 h) with the supernatant 

of a 24 and 48 h culture of three Pseudomonas aeruginosa isolates, namely, the 

reference strain PAO1 and the clinical isolates HB13 and HB15. 

 
PAO1 HB13 HB15 

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 

B
a

ct
e

ri
a

l 
g

ro
w

th
 24 h 4.91 4.66 3.61 3.73 3.33 2.91 3.08 2.79 1.59 

48 h 3.76 3.68 3.46 2.96 2.93 2.87 2.50 2.40 2.18 

 

 

These results showed an effective cytotoxicity of the P. aeruginosa isolates affecting the A549 cells, 

while also implying different cytotoxic potential and therefore different pathogenicity (HB15 > HB13 > 

PAO1). Comparing the two bacterial growth timepoints, the supernatants from a 48 h culture evidenced 

higher cytotoxicity, however, for the 24 h culture, the cell response to the three assayed P. aeruginosa 

isolates showed stronger statistical difference. 

In P. aeruginosa, the QS monitors its population density, leading to the induction or repression of 

target genes once a critical threshold of autoinducer concentration is reached, in order to promote survival 

and adaptation [51,52]. When nutrient concentrations are insufficient to sustain the requirements for a 

steady growth, bacteria enter a state called stationary phase [53] and alter patterns of gene expression 

to allow extended cell survival in the absence of nutrients [54]. In P. aeruginosa, the sigma factor RpoS 

controls QS gene expression at the onset of stationary phase, with transcript levels shifting at the transition 

from logarithmic to stationary phase, correlating with an increase in rpoS transcription [55]. 

In order to withstand longer periods without energy-yielding substrates, bacteria have adapted 

different subsistence strategies, such as the persister cells in P. aeruginosa [56], a phenomenon that 

seems to increase with the accumulation of QS-linked molecules [57,58]. As this enhancement does not 

directly result from the adaptation to the host, an assessment of the pathogenic potential of P. aeruginosa 

in later stages of growth would be influenced by this phenomenon. Thus, for subsequent experiments, 

the selected bacterial culture growth time was of 24 h. 

This distinct pathogenic potential had been hinted from previous phenotypic tests, particularly the 

pyocyanin production. In fact, pyocyanin-deficient strains, producing reduced or no levels of pyocyanin as 

our P. aeruginosa isolate HB13, are associated to a less cytotoxicity in a variety of hosts [59–61]. 
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Morphological alterations induced by the Pseudomonas aeruginosa culture 

supernatants 

The effects of bacterial pathogenicity at the cellular level can be analyzed by direct microscopy 

observation, to detect morphological alterations induced in pulmonary epithelial cells and possible signs 

of cell death, and therefore establish analytical associations with the results of the cytotoxicity tests. 

Previous studies support the need to correlate potential morphological alterations with cytotoxicity data, 

reporting that secreted virulence factors from P. aeruginosa induce morphologic alterations [62–68] or 

cellular apoptosis in cell lines [69–72]. 

 



 

 Chapter 4 | Page 111 

 

 

 

 

 

 

 

Figure 4.2. (a) Contrast phase microscope shot of the A549 cells grown in 96 well plate at 24, 

48 and 72 h endpoints. The image shows abundant distinguishable cells with spindle and stellate shape. 

Observable round shaped cells correspond to the A549 cells entering its mitotic phase. (b) Morphologic 

alterations in the A549 cells induced by the culture supernatant of Pseudomonas aeruginosa 

isolates grown for 24 h, visualized using phase contrast microscopy. The figure shows the effect of 

three supernatant concentrations (lowest, IC50 and highest) after an incubation of 48 h. The scale bar is set 

for 200 µm. (c) Average cell area determined for the A549 cells. Both the area determined for each 

condition (bars) and the cellular metabolic viability evaluated using the MTT assay (circles) are shown to 

associate cytotoxicity with the cellular morphology observations. 

 

 

The secretion of many virulence factors in Pseudomonas aeruginosa is regulated by the QS systems 

in a cell-density-dependent manner [73,74]. For instance, the P. aeruginosa type III system (T3SS) was 

found to be repressed in the early adaptive-growth phase [75] and it has also been proven that specific 

growth phases affected apoptosis induction and bacterial invasion ability in P. aeruginosa [76]. 

The A549 cells present a squamous shape and are organized as an adherent monolayer in vivo 

(Figure 4.2a). The presence of observable round shaped cells is due to the A549 cells entering its mitotic 

phase [77]. When exposed to the secreted virulence factors of P. aeruginosa, the A549 cells revealed 

significant morphological alterations at the cellular level, in a concentration- and time-dependent manner. 
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One of the first alterations observed in the A549 cells was the decrease of cell density when 

increasing the concentration of P. aeruginosa supernatant and time of incubation, which can be related 

with a decrease on cellular viability, as evaluated by the MTT assay (Figure 4.2b). Nevertheless, the cell 

density alone is not only associated with cellular metabolic viability, given that cells could maintain its 

structural integrity while losing its cellular functions. 

Another important morphological alteration was the change in cell shape and size. The appearance 

of cells with a distinct size was noticed in the A549 cell cultures exposed to the supernatant of all three 

P. aeruginosa. This morphological alteration was dependent on the concentration and time of incubation. 

With increasing concentration of the secreted virulence factors, one could verify that along with a 

reduction in density, the cells also became increasingly smaller and more elongated. To verify this effect, 

we determined the area for the A549 cells in each condition and compared to the life control. For this 

analysis, only cells seemingly viable were considered, without evidence of apoptosis hallmarks such as 

blistering and blebbing or formation of apoptotic bodies [78]. 

For the three assayed P. aeruginosa isolates, the amount of administrated supernatant negatively 

correlated with average cell area (Figure 4.2c). This parameter also allowed us to compare the three 

assayed clinical isolates, suggesting a correlation between cell density, cell area and cellular viability 

reduction, as P. aeruginosa isolate HB15 outperformed both P. aeruginosa HB13 and PAO1, for the 

screened parameters. 

Particularly for higher concentrations, more A549 cells displayed a round form. Although the 

presence of round shape cells was referred above as cells that underwent mitosis in normal conditions, 

when incubated with the bacterial supernatants, the increasing appearance of this morphological 

alteration, designated as cytopathic effect [79], might be due to exposure to the bacterial virulence factors. 

Previous studies also report cell rounding when A549 cells were incubated with staurosporine from 

Streptomyces staurosporeus [80] and with other Pseudomonas aeruginosa clinical isolates [81]. This 

morphology modification is associated to the cytoskeleton rearrangement, due to changes in the actin 

structure, which may be caused by P. aeruginosa virulent factors [82]. 

High concentrations of the supernatants of the P. aeruginosa strains, particularly the reference strain 

PAO1, also induced membrane blebbing and formation of vesicles, likely apoptotic bodies. Cell blebs are 

protuberances of the plasma membrane, induced by localized decoupling of the cytoskeleton, commonly 

seen in apoptosis [83]. Frequently, following membrane blebbing, extracellular vesicles containing 

fragments of an apoptotic cell are formed, termed apoptotic bodies [84,85]. The ability to induce 

apoptosis in airway epithelial cells was found to be dependent upon properties of both host epithelial cells 
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and the P. aeruginosa bacteria. Susceptibility of the A549 cells to apoptosis induced by P. aeruginosa 

has been associated, at least partially, with the integrity of tight junctions [86] and bacterial virulence 

factors [87], such as the type III secreted toxins, the LPS-induced production of ROS [25] and pyocyanin 

[70]. The reason P. aeruginosa strain PAO1 was the one for which these apoptosis-associated alterations 

were more evident could be simply because the A549 cellular density was not as low as the one for P. 

aeruginosa HB13 and HB15. These morphologic alterations support the suggestion that these cells also 

underwent apoptosis under influence of virulence factors of the P. aeruginosa isolates, as previously 

reported [24,88]. 

The overall ability of P. aeruginosa to induce apoptosis in the A549 cells coupled to the association 

of prominence of induced morphologic alterations with decreased cellular could have unveiled insights in 

the possible infection mechanisms of the two clinical isolates. Pseudomonas aeruginosa resorts to a 

variety of proteases that provide an opportunity to debilitate the hosts innate immune protection, such as 

elastase, which disrupts the extracellular matrix [89,90] causing cell dissociation in the cell cultures. Such 

differences in the pathogenic potential of two clinical isolates with similar epidemiological data could also 

be associated with collection from distinct phases of infection. 

When establishing a chronic infection, Pseudomonas aeruginosa is usually associated with several 

changes, including impaired adherence and motility, downregulation of virulence mechanisms as toxin 

secretion, alterations in QS and evolution to multidrug-resistance phenotype promoted by prolonged 

antibiotic therapies [8]. Therefore, these chronic isolates are less inflammatory and less cytotoxic than 

isolates from the initial acute phase of infection [8], as observed when comparing P. aeruginosa isolate 

HB13 with isolate HB15. Nevertheless, to validate these hypotheses further characterization of the two 

clinical isolates is necessary. 

 

Characterization of the Pseudomonas aeruginosa fractions 

Given the multifactorial and combinatorial nature of P. aeruginosa pathogenicity [35], we assayed 

distinct fractions of each P. aeruginosa clinical isolate in order to pinpoint the most relevant contributors 

to cytotoxicity against the A549 cell line. 

For Pseudomonas aeruginosa PAO1, the protein profile of these fractions was compared by SDS-

PAGE electrophoresis (Figure 4.3). 
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Figure 4.3. SDS-PAGE of protein extracts of the four fractions collected for the Pseudomonas 

aeruginosa strain PAO1. A 12.5% polyacrylamide gel was loaded with 10 µg of protein extracted from each 

fraction and stained with Coomassie-Blue. Four fractions were screened, corresponding to the cytosolic 

fraction (F1), the whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). 

 

 

One can easily observe that supernatant fraction F2 is similar to the further fractioned fraction F3, 

apart from a few bands that are seemingly enriched in the OMVs fraction F4. These differential proteins 

could be identified in the future, resorting to techniques as peptide mass fingerprinting. 

Based on preliminary results, three concentrations were selected to assay the four fractions of each 

isolate, for 24 h of culture growth: IC50, IC50/8 and IC50/64. 

 

Particle size and zeta potential characterization of aggregates 

The physicochemical properties of the fractions F1, F2, F3 and F4 were analyzed by DLS (Figure 

4.4). 
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Figure 4.4. Particle size distribution of the fractions of the Pseudomonas aeruginosa isolates 

grown for 24 h, measured by Malvern Zetasizer. (a) Particle size distribution by intensity 

organized by isolate. (b) Particle size distribution by intensity organized by fraction. Three P. 

aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four 

freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the 

whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). 

 

 

Comparison of the particle size distribution by intensity obtained for each assayed fraction, suggested 

that the overall population was more variable, regarding particle size, between fractions than between 

isolates. This observation also validates the methodology used to obtain comparable F1 to F4 fractions 

from different isolates. Nevertheless, the secreted F2-F4 fractions, particularly the non-OMVs ones (F2 

and F3), were seemingly more variable between isolates, than the cytosolic fraction F1 (Figure 4.4b). 

Figure 4.5 showed that, as suggested by the size distribution graphs, the mean particle diameter (Z-

ave) was statistically different between the four fractions evaluated (p ≤ 0.05), but not between the three 
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assayed Pseudomonas aeruginosa. For P. aeruginosa PAO1, the average size determined for the OMVs 

fraction F4 was approximately 31% higher than the other OMVs fractions (247.90 nm for PAO1, compared 

to 183.7 nm and 194.60 nm for HB13 and HB15, respectively). Being OMVs bilayered vesicles derived 

from the outer membrane with a reported range in size of 20 to 500 nm [91] the determined average 

sizes for the three P. aeruginosa were not atypical. Previously reported sizes for OMVs isolated from P. 

aeruginosa strain PAO1 were of a range between 14.7 to 271.4 nm [92–94]. Despite being in the range 

of reported sizes, most studies report a lower average size for P. aeruginosa [95]. Nevertheless, changes 

in LPS chemistry, alterations in the O-side chain structure [93] and growth conditions [96,97] influence 

the production, size and composition of OMVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Particle characterization of the fractions of the Pseudomonas aeruginosa isolates 

grown for 24 h. Three P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical 

isolates HB13 and HB15. Four freshly collected fractions from each isolate were screened, corresponding to 

the cytosolic fraction (F1), the whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs 

fraction (F4). The physicochemical properties from each fraction and isolate were analyzed by DLS, particularly 

the Z-ave, the ZP and the PDI. Standard deviation bars are represented for three independent experiments 

conducted in triplicate. 

 



 

 Chapter 4 | Page 118 

Surface charge is usually characterized by the electrical potential of the interfacial region between 

the bacterial surface and the aqueous environment, known as zeta potential [98]. Understanding the zeta 

potential (ZP) of the fractions is also relevant as authors have suggested the importance of salt bridging 

between OMVs and bacterial cells [99]. Previously reported ZP for P. aeruginosa cells were as negative 

as -30 mV at pH 7 [100] and OMVs fractions were often associated with less negative ZP [101]. In this 

work, the ZP was measured for all four fractions, showing a less negative and less variable ZP, suggesting 

that there was no biological significant difference in the stability of the particles (Figure 4.5). One could 

hypothesize that the release of OMVs (F4) had no effect on the ZP, as the secreted fractions F2 and F3 

evidenced similar measurements. Nevertheless, bigger vesicles exhibited a slightly more negative ZP. 

Comparing the physicochemical properties of the OMVs fraction (F4), the one from the reference strain 

PAO1 evidenced a more negative ZP (-11.9 mV vs. -4.2 and -8.7 mV from isolates HB13 and HB15) and 

corresponded to bigger vesicles (average particle size of 247.9 nm vs. 183.7 and 194.6 nm for isolates 

HB13 and HB15). This increase in the average particle size could be owed to the formation of aggregates, 

as a more negative cell-surface charge has been associated with increased cellular aggregation in P. 

aeruginosa [102]. 

The polydispersity index (PDI) is an indication of the particle quality with respect to its size 

distribution, used to describe the degree of non-uniformity of a size distribution of particles. The PDI 

values range from 0 to 1, meaning that in respect to the particle size, a sample can be perfectly uniform 

to highly polydisperse, with multiple particle size populations. As the determined PDIs were all under 0.7, 

the samples were validated as suitable for analysis by the DLS technique [103]. Complying with the 

distinct particle size distribution, the fractions and the P. aeruginosa isolates evidenced variable PDI 

values. Overall, the less variable fractions within the three screened Pseudomonas aeruginosa were the 

cytosolic fraction (F1) and the OMVs fraction (F4). Apart from being the less variable fractions regarding 

PDI, these fractions also exhibited lower PDI values, suggesting a narrower size distribution for these 

particles [104]. As seen in Figure 4.4b, the secreted fractions F2 and F3 were indeed the ones with a 

broader size distribution. Interestingly, both clinical isolates HB13 and HB15 showed a lower PDI value 

for the OMVs fraction, suggesting a more homogeneous population, as the OMVs had less-variable sizes. 

However, this was not observed for the P. aeruginosa reference strain PAO1, suggesting particle 

aggregation and thus supporting the previous findings of higher average particle size. 

Nevertheless, no direct association of particle size, zeta potential or polydispersity with the effect in 

the A549 cells could be made. 
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Cytotoxic effect of the Pseudomonas aeruginosa fractions 

Freezing leads to the formation of ice crystals and when the proteins are not encapsulated, a 

decrease in stability is observed. Despite protecting its cargo from inactivation resulting from freeze-thaw, 

a decrease in OMVs stability is also observed [105]. As we wanted to assay the full potential of all the P. 

aeruginosa fractions, each one was used fresh and directly administrated to the A549 cells. 

The overall tendency observed for each fraction was that cytotoxicity increased in a time- and 

concentration-dependent manner (Figure A5 and Figure A6 in the Appendix). Nevertheless, the difference 

was not always statistically significant, being more evident for longer incubation times of the A549 cells 

or when comparing the highest to the lowest concentration assessed. We opted to compare the results 

between fractions and isolates considering the cellular viability obtained for the 48 h endpoint, as cells 

exposed for 72 h seemed to reach a plateau of cytotoxicity. 

For the three P. aeruginosa isolates, a higher concentration of each fraction resulted in a statistically 

relevant higher cytotoxicity, as expected. Aiming to compare the pathogenic potential of each fraction, we 

focused on the cytotoxicity determined for the highest concentration administrated, corresponding to the 

previously determined IC50 (Figure 4.6). 

For the P. aeruginosa strain PAO1, the cytosolic fraction F1 resulted in a cytotoxicity of 58%, the 

secreted fraction F2 in 61%, the fractioned supernatant F3 in 63%, and the OMVs fraction F4 in 61%. For 

the P. aeruginosa isolate HB13, the cytosolic fraction F1 resulted in a cytotoxicity of 53%, the secreted 

fraction F2 in 71%, the fractioned supernatant F3 in 74%, and the OMVs fraction F4 in 66%. Whereas, for 

the P. aeruginosa isolate HB15, the cytosolic fraction F1 resulted in a cytotoxicity of 63%, the secreted 

fraction F2 in 62%, the fractioned supernatant F3 in 66%, and the OMVs fraction F4 in 53%. 

When comparing the fractions within the same P. aeruginosa isolate, the fraction F3 was the one 

associated with the highest viability of A549 cells. The cytosolic fraction F1 exhibited a similar effect on 

the viability of the A549 cells as the supernatant fraction F2, except for the P. aeruginosa isolate HB13, 

where it was the most cytotoxic fraction (P < 0.001). Interestingly, in the P. aeruginosa isolate HB15, the 

OMVs fraction F4 was significantly more cytotoxic (P < 0.001) than the other fractions. 

Comparing each fraction between the three assayed P. aeruginosa isolates, the cytotoxicity was only 

significantly lower (P < 0.01) for the secreted fraction F2 and the fractioned supernatant F3 of isolate 

HB13. Nevertheless, for P. aeruginosa PAO1 and HB13 a trend could be observed regarding the ability 

of each fraction to decrease viability of A549 cells: F1 > F4 > F2 ≈ F3. On the other hand, for P. aeruginosa 

isolate HB15 the trend was F4 > F1 ≈ F2 ≈ F3. 
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Figure 4.6. Comparison of the effective response on the viability of the A549 cells, when 

incubated for 48 h with a concentration, corresponding to the previously determined IC50 

(Table 4.2), of the fractions of Pseudomonas aeruginosa isolates grown for 24 h. Three P. 

aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four 

freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the 

whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). A horizontal line 

highlights a cellular viability of 50%. Standard deviation bars are represented for three independent 

experiments. Statistical comparisons were performed by one-way ANOVA, followed by Tukey’s post-hoc test 

for multiple comparison. A P-value below 0.05 was considered as statistically significant. Asterisks represent 

values statistically significant (** P < 0.01, *** P < 0.001) comparing fractions within the same P. aeruginosa 

isolate, while hashtags represent values statistically significant (## P < 0.01, ### P < 0.001) comparing 

fractions between the P. aeruginosa isolates. 
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The secreted fractions (F2, F3 and F4) of isolate HB15 exhibited higher cytotoxicity than the secreted 

fractions of the P. aeruginosa HB13, which could be owed to a potential secretion of virulence factors by 

isolate HB15, putatively not observed in P. aeruginosa HB13. 

The secreted fraction F2 was further purified to obtain the fraction F3 and the OMVs fraction F4. 

OMVs are key players in bacterial communication and in the host-pathogen interaction, owing to the 

nature of its cargo. In Gram-negative, these vesicles operate as a separate secretory system, allowing the 

transference of proteins that increase their invasive abilities, virulence factors, adhesion molecules, toxins 

and other immunomodulatory compounds, thus enhancing bacterial survival inside the host [106,107]. 

Particularly in Pseudomonas aeruginosa, it has been reported that OMVs transfer several virulence 

factors, such as phospholipase C, hemolysin, alkaline phosphatase [108], elastase [95], aminopeptidase 

PaAP [101], PQS and other QS-molecules [109,110]. The addition of P. aeruginosa OMVs to the alveolar 

epithelial cells in vitro induces the release of IL-8 [111] and the introduction of bacteria-free OMVs has 

been reported to induce severe pulmonary inflammation in vivo [112]. Comparing the OMVs fraction F4 

of all three assayed Pseudomonas aeruginosa, the one from isolate HB15 is significantly more cytotoxic 

(P < 0.001) than the others. This could be supported if some virulence factors potentially secreted by this 

isolate were transferred as cargo in OMVs, as reported in other studies [95,101,108–110]. 

The 2-4% decrease of the determined cytotoxicity of fractions F3 compared to F2, even if not 

statistically relevant, is another indication that the OMVs fraction, despite being present in a relative low 

abundance in the supernatant, is a contributor to the overall cytotoxicity of Pseudomonas aeruginosa. 

This small difference could be owed to the absence of the OMVs fraction in F3. One must consider that 

in this assay we compared the fractions by administrating the same concentration to the A549 cells, thus 

we are not accounting the distinct relative abundance and effective contribution of each fraction within 

and between isolates. Having this in mind, the protein content of the secreted fraction F2 ranged from 

12.2 to 15.1 mg. For the further fractioned fraction F3, the protein content ranged from 11.5 to 14.7 mg, 

whereas under the tested conditions, the P. aeruginosa culture produced 0.21-0.50 mg of the OMVs 

fraction F4. This differential abundance of the protein content in each fraction could explain why the effect 

of removing the OMVs fraction from the secreted fraction does not have a high impact on the overall 

viability of the A549 cells. 

 

Morphological alterations induced by Pseudomonas aeruginosa fractions 

Freezing leads to the formation of ice crystals and when the proteins are not encapsulated, a 

decrease in stability is observed. Despite protecting its cargo from inactivation resulting from freeze-thaw, 
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a decrease in the stability of the OMVs is also observed [105]. As we wanted to assay the full potential of 

all the P. aeruginosa fractions, each one was used fresh and directly administrated to the A549 cells. 

As previously observed, the secreted fraction of the P. aeruginosa isolates PAO1, HB13 and HB15 

induced morphologic alterations in the A549 cells. To better understand the mechanisms underlying the 

cytotoxic effect of the secreted fractions, we studied if the distinct fractions (F1-F4) could also affect cell 

morphology and size (Figure 4.7). 

Other described morphologic alterations, such as the cytopathic effect of cell rounding and the 

apoptosis hallmarks, such as membrane blebbing and formation of apoptotic bodies, were also verified 

for the four fractions. 

 



 

 Chapter 4 | Page 123 

 

 

 

 

 

 

Figure 4.7. Morphologic alterations in the A549 cells induced by fractions of the Pseudomonas 

aeruginosa isolates grown for 24 h. (a) Contrast phase microscope shot of the A549 cells 

exposed to the previously determined IC50 (Table 4.2) at 48 h endpoint. Three P. aeruginosa were 

assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four freshly collected 

fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the whole supernatant 

(F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). The scale bar is set for 200 µm. (b) 

Average cell area determined for the A549 cells. Both the area determined for each condition (bars) 

and the cellular metabolic viability evaluated using the MTT assay (circles) are shown to associate cytotoxicity 

with the cellular morphology observations. 

 

 

The most prominent effects were associated with a lower A549 cell viability, particularly when 

exposed to the cytosolic fraction F1 and the OMVs fraction F4. Nevertheless, the direct microscopy 

observation suggested a non-specific ability of P. aeruginosa to induce morphological alterations in the 

A549 cells, including the decrease of the cell area, (Figure 4.7b) for which no association was observable 

when comparing to the cytotoxic effect in the A549 cells. 
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Conclusion 

Cell culture-based infection models have been widely used to study the cytotoxicity of P. aeruginosa, 

aiming to identify important virulence factors and examine interactions with the epithelial barrier. In this 

work, assessment of the pathogenic potential against the A549 human pulmonary epithelial cell line 

model hinted a more aggressive infection potential for P. aeruginosa HB15. Furthermore, to deliver a 

solid description of the pathogen performance, distinct fractions of each P. aeruginosa clinical isolate 

were assayed. 

The initial screening of the effect of a serial range of concentrations of the secreted fraction of P. 

aeruginosa was appropriate for the determination of the IC50 and for the verification that the cytotoxicity 

was concentration- and time-dependent. Pseudomonas aeruginosa induced morphological alterations in 

the A549 cells, which implied different pathogenic potentials, as the cellular density and the average cell 

area decreased. Furthermore, the cytopathic effect of cell rounding and apoptosis hallmarks, such as 

membrane blebbing and formation of apoptotic bodies, were also observed. 

Evaluating four different P. aeruginosa fractions, similar concentration- and time-dependency trends 

were found. Comparing each fraction, the effect in the viability of the A549 cells was isolate-dependent. 

For the clinical isolate HB13, the cytosolic fraction (F1) was more cytotoxic than the secreted fractions 

(F2-F4), whereas for P. aeruginosa HB15, the OMVs fraction (F4) induced a higher cytotoxicity than the 

others. OMVs are proposed to aid Pseudomonas aeruginosa pathogenesis by contributing to a variety of 

virulence-associated processes. Several virulence factors of P. aeruginosa are reported to be encapsulated 

in this type of vesicles, which could support the higher cytotoxic potential of OMVs from isolate HB15. 

However, further assays are required. 

The induced morphologic alterations were not dependent on the administrated fraction, suggesting 

an overall ability of P. aeruginosa to induce cell death in the A549 cell line, but its prominence was rather 

associated with the ability to decrease cellular viability. Regarding particle size, zeta potential or 

polydispersity, no direct association with the effect on the A549 cells could be made. Future work should 

include further characterization of these fractions by a proteomic or transcriptomic approach. 

Nevertheless, cellular oxidative stress and cell death mechanistic studies should be performed, to better 

characterize the induced cell death process. 

The verified decreased ability to deploy extensive damage to the host by P. aeruginosa HB13 could 

be associated with an under-expression or absence of molecular machinery required for cell damaging 

and cell death, thus suggesting possible distinct infection mechanisms for the two Pseudomonas 

aeruginosa clinical isolates. These findings support a role for isolate HB13 as a chronic persistent P. 
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aeruginosa isolate, which are less inflammatory and less cytotoxic [8,28], whereas isolate HB15, also 

collected from the sputum of a pneumonia-diagnosed patient, could putatively be associated with an initial 

colonization phase or acute infection context. 

We were unable to effectively compare the contribution of the OMVs fraction to the overall cytotoxicity 

of these isolates. Nevertheless, we were able to confirm distinct effects on the viability of the A549 cells 

exposed to the secreted fraction of P. aeruginosa, where the apparently acute isolate HB15 significantly 

outperformed (P < 0.001) the hypothesized chronic persistent isolate HB13. It is also noteworthy that to 

exert a higher effect on viability, P. aeruginosa HB15 required a lower concentration of the fractions than 

the reference strain PAO1 and isolate HB13 (lower determined IC50). 

Our data suggests that Pseudomonas aeruginosa is always predisposed to subvert host defenses 

even without effective contact with the host, as the fractions were collected from a culture grown under 

normal lab conditions. Our study also highlights the importance of bacterial secreted factors in modulating 

host innate immune responses and suggests that the natural secretion of OMVs by Pseudomonas 

aeruginosa could potentially stimulate a strain-specific host response. Nevertheless, to support our 

hypothesis of these two clinical isolates being collected from distinct phases of infection, it is imperative 

to identify genomic signatures underlying this phenotypic variability, towards a more efficient and tailored 

therapeutic approach to tackle P. aeruginosa isolate-specific singularity. Therefore, these two pneumonia-

associated isolates were selected for high-throughput sequencing and identification of secreted proteins. 

Moreover, the A549 cell line model was able to hint that the P. aeruginosa clinical isolates were 

collected in distinct stages of the pulmonary infections. In our collection we have sequential isolates 

collected from patients with many diagnosed infections. If coupled with proteomics and transcriptomics 

studies, this model could be used as a mean of identifying differentially expressed virulence genes over 

the course of infections, generating clinically relevant data, similarly to strategies previously described for 

other purposes [113–118]. An improved understanding of the specific adaptation, virulence and gene 

expression characteristics of strains in distinct infection stages may aid in the development of new 

therapeutic strategies. 
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5 
Identification of genomic loci associated with genotypic and 

phenotypic variation among Pseudomonas aeruginosa clinical 

isolates from pneumonia 

 

 

Abstract 

The ability of Pseudomonas aeruginosa to cause a varied range of infections and compromising host 

defenses is due to the wide spectrum resistance to antimicrobials and the potential expression of several 

virulence factors. 

The pneumonia-associated isolates HB13 and HB15, clustered in the same RAPD-PCR group, were 

selected to evaluate the genomic background underlying their contrasting antibiotic resistance and 

virulence. The genome of P. aeruginosa strains codes for virulence factors and multidrug-resistance 

determinants that allow a strain-specific versatile adaptability to different loci and a plethora of stressors. 

The genome of P. aeruginosa isolate HB13 harbors antibiotic-inactivating enzymes-coding genes (e.g. 

aac(3)-Ia, arr, blaVIM-2) and single-nucleotide variations (SNVs) in antibiotic targets, likely accounting for 

its pan-resistance, whereas the susceptibility of isolate HB15 correlated to predicted dysfunctional alleles. 

Isolate HB13 showed the unprecedented rhl-cluster absence and variations in other pathogen 

competitiveness contributors. Conversely, the genome of HB15 comprises exoenzyme-coding genes and 

SNVs linked to an increased virulence. This wide genomic diversification indicated that genome plasticity 

might be modulated towards an improved fitness, driven by the niche-specific environmental cues. 

Secretome analysis identified signatures features with unknown function as potential novel 

pathogenic (e.g. a MATE-protein in HB13, a protease in HB15) and antibiotic resistance (a HlyD-like 

secretion protein in HB13) determinants. Detection of active prophages, proteases (including protease IV 

and alkaline metalloproteinase), a porin and a peptidase in HB15 highlights the secreted arsenal likely 

essential for its virulent behavior. The presented phenotype-genome association will contribute to the 

current knowledge on Pseudomonas aeruginosa pathogenomics. 
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Introduction 

Our Pseudomonas aeruginosa collection contains 705 isolates, seasonally collected from diverse 

clinical contexts. The most common infections associated with these isolates were those of the respiratory 

airways, corresponding to 17% of the isolates, particularly associated with a clinical diagnosis of 

pneumonia. 

Among the anatomic sites of P. aeruginosa infection, the lung is associated with the highest mortality 

and morbidity rate [1]. Pneumonia is one of the most important infectious diseases, being associated 

with significant hospital length of stay, cost, morbidity, and mortality, which seem to not have improved 

despite medical advances [2]. Pneumonia due to P. aeruginosa occurs in several distinct syndromes [3]: 

i) community-acquired pneumonia (CAP); ii) nosocomial pneumonia; and iii) bacteremic pneumonia. 

CAP is the most common lower respiratory tract infection and a worldwide leading cause of death to 

infection [1]. In CAP, the colonization of P aeruginosa in the upper airway leads to the lung infection, 

usually in patients with chronic lung disease and CF [4]. Despite being reported as a rare cause of CAP, 

P. aeruginosa is considered the pathogen with the highest attributable mortality rate, ranging from 50 to 

100% [5,6]. 

Nosocomial pneumonia is a leading cause of infections in hospital setting and includes hospital-

acquired pneumonia (HAP) and ventilator‐associated pneumonia (VAP). It usually occurs in patients of 

the ICU with a preexisting lung colonization [7]. In the US and Europe, P. aeruginosa is identified as one 

of the main causes of VAP [7,8]. Bacteremic pneumonia arises in the immunosuppressed host, usually 

with neutropenia [9]. Loss of mucosal barriers, mucositis from chemotherapy, and the selective pressure 

of broad-spectrum antimicrobial therapy are important risk factors for P. aeruginosa infections [10]. 

The pathogenicity of P. aeruginosa is influenced by multiple virulence factors, the host immune 

status, and environmental factors. Depending on the host immune status, the P. aeruginosa infection 

may vary from an asymptomatic colonization to a chronic or acute infection, with highly virulent clinical 

features [10–12]. 

Acute infections of P. aeruginosa are invasive, cytotoxic and frequently result in systemic infection, 

septic shock and mortality. Remarkably, the same pathogen can cause chronic infections that are 

minimally invasive, less cytotoxic and persist for long periods of time, resulting from a dynamic interplay 

between pathogen and host, where bacteria persist without causing an overwhelming host injury, and 

where host defenses fail to eradicate it. A prime example is the one of CF patients, where the primary 

cause of mortality is the inflammation and lung deterioration associated with the chronic infection of P. 

aeruginosa [13]. 
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In this work, the two pneumonia-associated isolates HB13 and HB15 were selected for high-

throughput sequencing to identify the genomic basis associated with the distinct phenotypes and 

pathogenic potential previously characterized, using both MiSeq and Genome Analyzer IIx [14] from 

Illumina. 

 

Methods 

Genome sequencing, assembly and annotation 

Genomic DNA from a pan-resistant (resistant to all antibiotics assessed) P. aeruginosa, isolate HB13, 

and a susceptible P. aeruginosa, isolate HB15, was extracted and purified using the Wizard Genomic 

Purification Kit (Promega). Samples were processed according to the Illumina instructions generating 

pair-ended libraries, sequenced using the Illumina MiSeq system (2x250 bp) at Yale Center for Genomic 

Analysis. 

Information on the de novo genome assembly and annotation workflow can be found in Appendix 

A7. 

The Whole Genome Shotgun projects of Pseudomonas aeruginosa isolates HB13 and HB15 have 

been deposited at EMBL/GenBank under the accessions AEVV00000000 and AEVW00000000, 

respectively. The versions here described are the AEVV00000000.3 and AEVW00000000.3. 

 

Comparative genomics analysis 

As antibiotic resistance and virulence greatly affect patient condition following infection, a detailed 

genomic contextualization was carried out focusing on the genes of P. aeruginosa related to resistance 

and virulence determinants, according to VFDB (Virulence Factors of Pathogenic Bacteria Database [15]), 

PHIDIAS (Victors Virulence Factors; http://www.phidias.us/victors), PseudoCAP [16] and CARD 

(Comprehensive Antibiotic Resistance Database [17]). This analysis included genome comparison, 

identification of distinctive genome traits and SNVs and/or indels in these determinants. 

 

Genome comparisons with the Pseudomonas aeruginosa strain PAO1 

The mGenomeSubtractor tool [18] was used to assess the genomic content of P. aeruginosa 

reference strain PAO1 [19] absent in isolates HB13 and HB15. The rule to define strain-specific genes 

by subtractive hybridization was a homology (H) value <0.42. 
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Distinctive genome traits of Pseudomonas aeruginosa HB13 and HB15 

The Panseq tool [20] was used to predict and identify distinctive genome traits of each isolate, using 

P. aeruginosa strain PAO1 as reference and isolate HB13 or HB15. Strain-specific genes were determined 

by defining the Minimum Novel Region Size as 500 bp and using the following nucmer parameters: 

b=200; c=50; d=0.12; g=100; l=20. Homology search was performed using Blastn tool from NCBI [21]. 

 

SNVs and indels analysis 

Sequence reads of isolates HB13 and HB15 were mapped against the reference genome of P. 

aeruginosa strain PAO1 [19], using CLC Genomics Workbench software, to identify polymorphisms 

considering the default parameters for base quality and a nucleotide frequency of 100%. Variations 

obtained were compared and corroborated with data from two other core-genome SNV typing tools 

[22,23]. 

SIFT (Sorting Intolerant From Tolerant) web server [24] was used to predict the effect of non-

synonymous SNVs on protein function, based on residues conservation within homologous sequences 

and on the characteristics of adjacent aa. SIFT BLink was used selecting Best blast hit, aiming at 

functional similarity among sequences. If sequence diversity was not adequate, the option All blast hits 

was considered, otherwise if there was low confidence in the prediction, the option Hits from complete 

genome database only was chosen. Results remaining with low confidence in prediction were analyzed 

using SIFT Sequence. Default parameters of SIFT were used (median conservation of sequences = 3.0 

and removal of sequences >90% identical to the query) to search sequences against the Swiss-

Prot/TrEMBL database. The amino acid substitution was predicted as “deleterious”, thus affecting protein 

function, if the score was ≤ 0.05. 

 

Extracellular peptide mass fingerprinting 

Cultures of selected P. aeruginosa isolates HB13 and HB15 were grown in LB at 37 °C. Several 

time-points were collected for protein extraction and identification: exponential phase (4 h), early 

stationary phase (8 h), late stationary phase (12 h) and dead zone (20 h), followed by centrifugation at 

10,000 xg, at 4 °C for 10 min, and filtering with 0.45 µm S-PAK membranes (Millipore) to remove cells. 

The cell-free supernatants were acidified with 0.5% TCA to a pH around 3 to reduce proteolytic activity 

and frozen with liquid nitrogen until analysis. For the qualitative assessment of extracellular proteins, the 

supernatants were thawed, neutralized with NaOH and ultrafiltered with Vivaspin® 15R 10,000 MWCO 
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centrifugal concentrators (Sartorius Stedim Biotech) into 1 mL of sample. The concentrated samples were 

precipitated with 80% acetone plus 10% TCA and washed pellets solubilized into 100 µL of sample buffer 

(9 M urea, 50 mM Tris-HCl pH 6.8, 10% glycerol, 10% SDS and 20 mM DTT). 

The protein samples were loaded on a SDS-PAGE and stained by the silver nitrate protocol [25]. 

Protein bands were excised with a clean scalpel and prepared for Mass Spectrometry analysis. Silver 

stained gel pieces were destained with 60 mM ferricyanide and 200 mM sodium thiosulfate [26]. 

Afterwards, gel slices were prepared for mass spectrometry according to Santos et al. (2007) [27]. 

Peptides were analyzed by an Ultraflex II matrix-assisted laser desorption / ionization tandem time-

of-flight (MALDI-TOF-TOF) instrument (Bruker-Daltonics) equipped with a LIFT cell and 50 Hz nitrogen 

laser. Peptide mass fingerprints were generated by operating in positive ion mode using a reflectron and 

thus, spectra were acquired in 600-3500 m/z range. A total of 500 spectra were acquired for each 

sample at a laser frequency of 50Hz and external calibration was performed with the [M+H]+ monoisotopic 

peaks of Peptide Calibration Standards II (Bruker Daltonics): bradykinin1– 7 (m/z 757.3992), angiotensin 

II (m/z 1046.5418), angiotensin I (m/z 1296.6848) substance P (m/z 1347.7354), bombesin (m/z 

1619.8223), renin substrate (m/z 1758.9326), ACTH clip1–17 (m/z 2093.0862), ACTH clip18–39 

(m/z 2465.1983) and somatostatin 28 (m/z 3147.4710). 

Peptide mass fingerprints were searched on a custom database comprised by proteomes predicted 

in silico, based on the P. aeruginosa isolates HB13 or HB15 sequenced genomes, via the in-house 

MASCOT server v2.2 [28] and the ProteinProspector v5.10.7 (http://prospector.ucsf.edu) search 

engines. 

A decoy database was included in the peptide mass fingerprint search to exclude false positive 

identifications. The following search parameters were used: i) protein MW was not specified; ii) error range 

of peptide mass accuracy estimated up to 100 ppm; iii) allowing one possible missed tryptic cleavage per 

peptide; iv) fixed modifications for protein identification included carbamidomethylation of cysteine 

residues, whereas oxidation of methionine and alkylation of cysteine residues by acrylamide were 

considered as variable modifications. Protein assignments in MASCOT server were considered “identified” 

when the probability-based score was above the significance threshold (p ≤0.05), whereas in 

ProteinProspector assignments required at least four significant peptide matches. 

The tools PSORTb v3.0.2 tool [29], Gneg-mPLoc [30], SOSUIGramN [31] and CELLO2GO [32] were used 

to classify the cellular localization of identified proteins. For predicting the presence of signal peptide 

cleavage sites, the tools SignalP 4.1 [33], TargetP 1.1 [34] and TatP 1.0 [35] were used. 
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As we wanted to analyze the P. aeruginosa secretome (i.e. complete set of secreted proteins), 

identified proteins with predicted cytoplasmic localization were disregarded if no signal peptide cleavage 

site was identified. These cytoplasmic proteins are likely contaminants, nevertheless, natural P. 

aeruginosa autolysis could lead to these protein release or even secretion by non-traditional pathways. 

Furthermore, functional domains for proteins with unknown or putative function were predicted 

according to InterPro [36], HMMER [37] and CDD [38]. Protein sequence of hypothetical or putative hits 

was compared to other sequences by homology search with Blastp tool [39]. Sequences were retrieved 

from NCBI, aligned with the MAFFT L-INS-i method [40] and a similarity tree generated with PhyML 

version 3.0 [41], with 100 bootstrap sets, the best-fit model of amino acid substitution for maximal 

likelihood predicted by ProtTest 3 [42], gamma distribution parameter estimated, BioNJ starting tree, 

with optimization of topology, branch lengths and rate parameter. 

 

Results 

Comparative genomics of Pseudomonas aeruginosa HB13 and HB15 

Despite not being from a respiratory infection context, given that our data from Chapter 2 showed a 

lack of relation between the genotypic pattern and source, P. aeruginosa PAO1 was selected as the 

reference strain for a comparative analysis (Figure 5.1). 

Freschi et al. [44] reported the division of 389 P. aeruginosa strains into three major groups, based 

on the SNPs within the core genome. Following this phylogenetic analysis, isolate HB13 was included in 

the same group as the P. aeruginosa strain PAO1, yet genetically closer to the reference strain LESB58, 

while isolate HB15 was included in the same group as P. aeruginosa strain PA14 (Fig. 5.1b). This 

corroborates the association, obtained in Chapter 2, of these two isolates with the reference strains 

LESB58 and PA14 (Table A2 in the Appendix). 

Nevertheless, since the same study reported that the conserved regions among all isolates 

represented 17.5% of the average P. aeruginosa genome size [44], our analysis was primarily focused on 

the genomic features with distinct distribution. 

The comparison of gene organization of isolates HB13 and HB15 with the reference genome of P. 

aeruginosa strain PAO1 allowed the identification of distinct distribution of 90 features related to antibiotic 

resistance and virulence in both isolates (10 and 80 genes, respectively; Figure 5.2, Table A8 in the 

Appendix). 
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Figure 5.1. Gene organization of the Pseudomonas aeruginosa clinical isolates. (a) Graphical representation of the BLAST-based genome comparison, 

using the CGView Comparison Tool [43]. Outermost circle depicts ORFs on the positive and reverse strand, respectively. Innermost circles represent GC content and GC 

skew. A total of three genomes were compared, namely: 1) P. aeruginosa PAO1; 2) P. aeruginosa HB15; and 3) P. aeruginosa HB13. (b) Adaptation of the maximum 

likelihood tree of 389 Pseudomonas aeruginosa genomes based on SNPs within the core genome, reported by Freschi et al. [44]. Number of strains for each 

of the three major groups (group 1: blue, group 2: orange and group 3: green) is shown. Main P. aeruginosa reference strains and the two clinical isolates described in this 

chapter are highlighted. 
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Figure 5.2. Comparison of the genomic content of the Pseudomonas aeruginosa reference strain PAO1 and isolates HB13 and HB15. Heat map 

representation of the genes associated with antibiotic resistance and virulence, with a distinct distribution in the P. aeruginosa reference strain PAO1 and the clinical 

isolates HB13 and HB15. Genes associated with replacement islands were not considered. Black represents presence of a CDS in a specified genome, whereas white 

symbolizes gene absence in the specified genome. Table A8 in the Appendix identifies each corresponding locus_tag. 
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Genetic loci associated with replacement islands (flagellin - RGP9; lipopolysaccharide O-antigen - 

RGP31; pilin - RGP60; pyoverdine biosynthesis and posttranslational modification - RGP73) were 

disregarded as they are under diversifying selection and are highly variable between strains [45]. In isolate 

HB13, 72% of virulence determinants and 20% of antibiotic resistance features are missing, whereas 

isolate HB15 respectively lacks 16% and 80% of these determinants. 

The genome of P. aeruginosa HB13 is missing several virulence-associated genetic features, such 

as those encoding for the transcriptional regulators ptxRS, that enhances the production of exotoxin A 

[46], and the rhlRI cluster, a key component of one P. aeruginosa QS system. QS systems regulate, in a 

cell-density-dependent manner, many P. aeruginosa physiological traits, mainly related to virulence [47]. 

The genome of P. aeruginosa HB13 also lacks the AraC-type transcriptional regulator vqsM, a global 

regulator essential for QS and modulation of virulence in P. aeruginosa. Inactivation is related to lack of 

proteolytic activity owing to attenuated AHL production [48], pathogenesis loss and higher antibiotic 

resistance [49]. Moreover, the amb five-gene cluster responsible for the biosynthesis of L-2-amino-4-

methoxy-trans-3-butenoic acid, a potent toxin against prokaryotes and eukaryotes with reported 

contribution to the pathogenic potential of P. aeruginosa [50], is also absent in isolate HB13. 

P. aeruginosa also secretes exoenzymes that target host cells (ExoU, ExoS, ExoT, and ExoY), with 

differential effects in pathogenesis. ExoY is reported to have a minor role in pathogenesis [51], whereas 

ExoU is often associated with virulent P. aeruginosa strains and acute infections [52]. Furthermore, exoU 

deletion significantly reduces overall virulence and impairs pathogenesis development in the mice lung 

[53]. Studies on ExoS and ExoT report a lesser effect on virulence [54,55]. P. aeruginosa isolate HB13 

harbors only exoS and exoT genes, whereas P. aeruginosa isolate HB15 harbors exoU, exoT and exoY 

genes. 

Interestingly, both clinical isolates lack a PA1372 homolog, encoding a protein belonging to the 

helicases UvrD superfamily. UvrD plays a critical role in maintaining genomic stability and facilitating DNA 

lesion repair [56], being particularly required for DNA recovery after UV-induced damage [57,58]. 

We analyzed whether the genomic constitution of isolates HB13 and HB15 correlated with their 

antibiotic resistant phenotype by looking to antibiotic-resistant features, and we showed this to be the 

case, since the genome of isolate HB15 is, apparently, missing some loci, as the gene aac(3)-Ia, which 

codes for an aminoglycoside-modifying enzyme, and the aminoglycoside response regulator gene arr. In 

contrast, isolate HB13 evidenced an enrichment in efflux pumps and other antibiotic resistance-

associated features, such as VIM-2, the most-reported worldwide extended spectrum MBL [59], which, 

seemingly, confers pan-resistance to β-lactams and the sulfonamides resistance gene sul1 [60]. 
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The multidrug-resistance phenotype of isolate HB13 had been previously hinted by its allelic 

sequence type [14]. P. aeruginosa HB13 is a representative of ST175, a widely disseminated type 

associated with multidrug-resistance, while P. aeruginosa HB15 belongs to the ST560, a rare allelic 

sequence type not specific to the human host, also associated with animal and environmental strains 

[61,62]. ST175 has been reported as an internationally distributed VIM-2 MBL-producing epidemic 

lineage [63,64] and as one of the most successful high-risk clones, grouping the majority of MDR P. 

aeruginosa strains [65], sustaining our in silico analysis. 

 

While data relevant to antibiotic resistance and virulence is rapidly expanding, a considerable part of 

microbial genomes is still associated with proteins with hypothetical or unknown function. As this 

comparative analysis relies on curated databases of known determinants and pathogenicity is both 

combinatorial and multifactorial [66], currently unknown factors cannot be ruled out but would not be 

identified by this approach. Therefore, aiming to provide new insights into the P. aeruginosa pathogenicity, 

signature features of isolates HB13 and HB15, i.e. present only on the respective isolate genome, were 

analyzed (data not shown). 

We predicted protein domains for the hits with unknown or putative function resorting to in silico 

tools to identify new potential determinants of the observed phenotypic variation. This analysis predicted 

domains linked to antibiotic resistance for two signature features in isolate HB13: a MATE domain in 

PA13_1001085, and a metallo-β-lactamase domain in PA13_1011590. The role of metallo-β-

lactamases has been discussed and similarly, members of the multidrug and toxin extrusion (MATE) 

family are also associated with MDR phenotype, functioning as drug/Na+ antiporters [67]. Moreover, in 

isolate HB15 three hypothetical proteins putatively hold virulence-associated domains: a 

nucleotidyltransferase AbiEii toxin in PA15_0312500; a transcriptional regulator AbiEi antitoxin in 

PA15_0312505; and a peptidase M91 in PA15_0330735. Together, the first two constitute a type IV 

bacteriostatic toxin-antitoxin innate immunity bacterial abortive infection (Abi) system [68]. Abi systems 

provide resistance of the bacterial population to phage infection [69] and from our analysis, the only 

completely assembled Pseudomonas genome possessing this system is Pseudomonas stutzeri 

SLG510A3-8 [70]. Peptidase M91 is a zinc metallopeptidases family, and members of this family are 

reported as effector proteins that aid in inactivation of the inflammatory response [71]. 
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SNVs/indels in the genome of Pseudomonas aeruginosa HB13 and HB15 

The profile of nucleotide changes may unravel additional genetic signatures of strain-specific 

microevolution driven by selective forces intrinsic to the colonized niche, eventually leading to 

accumulation of adaptive mutations [72]. Aiming to contextualize variation associated with antibiotic 

resistance and virulence, we focused this analysis on these determinants, identifying for the isolate HB13, 

sequence alterations in 65 genes related to resistance and virulence altered, including 11 non-

synonymous SNVs affecting protein function (Table A9 in the Appendix). 

A lesser virulent ability for the P. aeruginosa HB13 was supported by intolerant SNVs in aprF and 

aprX, suggesting a deficient secretion of alkaline protease [73], known to enhance ability of tissue invasion 

and interfere with the host defense mechanisms [74], and in aaaA, where mutations significantly 

attenuated pathogenicity in the chronic wound model [75]. The DNA lesions, particularly those caused by 

UV radiation, are recognized by the UvrAB complex and nicked by UvrC. The UvrD helicase then removes 

the DNA patch carrying the lesion. All proteins of this nucleotide excision repair pathway are under SOS 

control, except for UvrC [76]. The importance of the uvrC gene in virulence has been described in Bombyx 

mori, hinting that host defenses likely subject P. aeruginosa to stresses similar to UV exposure, thus 

damaging the DNA [77]. It was hypothesized that a uvrC mutant strain, as P. aeruginosa HB13, would 

be unable to escape these pressures. 

Regarding antibiotic resistance, the predicted deleterious SNVs might also contribute to the PDR-

phenotype of the isolate HB13, such as the variation in the subunit B of DNA gyrase (gyrB), described in 

other fluoroquinolone-resistant P. aeruginosa isolates as a resistance determinant [78]. 

The P. aeruginosa isolate HB15 harbors, in 50 genes linked to resistance and virulence, 6 SNVs 

predicted to affect protein function and 7 indels (Table A10 in the Appendix). From the sequence 

alterations detected, the SNV in the aminopeptidase-coding gene phpA may contribute to an increased 

expression of virulence-associated alginate biosynthetic genes [79]. The observed susceptible phenotype 

of isolate HB15 might also be supported by variations in three specific gene products. The organic solvent 

tolerance protein OstA precursor is suggested to determine sensitivity to organic solvents, membrane 

permeability and susceptibility to antibiotics [80]. ArmZ, which interacts with MexZ, the negative-regulator 

of MexXY efflux [81], is unable to derepress MexXY-related antibiotic resistance when dysfunctional, 

contributing to susceptibility to aminoglycosides. Furthermore, the membrane protein OpdE exhibited 

increased expression in resistant isolates [82] and mutation was associated with susceptibility to several 

antibiotics [83]. 
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Further molecular approaches are necessary to evaluate the effect of these events in genes linked 

to an improved resistance and virulence, towards circumventing the multidrug-resistance and 

pathogenicity of P. aeruginosa. 

 

Pathogenic potential of Pseudomonas aeruginosa HB13 and HB15  

Despite all the advantages of in silico tools, due to unavailability of experimental validations, there is 

a fair degree of uncertainty associated with its predictions. Therefore, the in silico predicted avirulent PDR-

phenotype for isolate HB13 and the virulent antibiotic-susceptible phenotype for HB15 were analyzed by 

MALDI-TOF identification of the extracellular protein content (Figure 5.3, Table 5.1). 

 

 

Figure 5.3. Extracellular protein profiles of the LB-grown Pseudomonas aeruginosa isolates 

HB13 (a) and HB15 (b). Four time points were collected from cultures of the P. aeruginosa isolates, 

namely: exponential phase (4 h), early stationary phase (8 h), late stationary phase (12 h) and dead zone (20 

h). Correspondence of the gel coordinates and the protein ID is available at Table 5.1 and Table A11 in the 

Appendix. 
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Table 5.1. Main identified proteins on the LB-grown supernatant of Pseudomonas aeruginosa isolates HB13 and HB15, by MALDI-TOF 

mass spectrometry. Full list of the identified proteins and the corresponding scores is available at Table A11 in the Appendix. 

Locus_Tag Protein product Predicted domains and superfamilies a SP b Localization c TP d 

      

PA13_1004255 Elastase LasB - + E 8, 12, 20 h (a4, a8, a13) 

PA13_1009415 Putative membrane protein HlyD-like secretion proteins 
RND eflux pump family, MFP 

+ CM 20 h (a11) 

PA13_1011705 Aminopeptidase - + E 12 h (a7) 

PA13_1021130 Hypothetical protein Peptidase M60; DUF3712 + OM 4, 8, 20 h (a1, a3, a10) 

PA13_1028635 Metallo-β-lactamase VIM-2 subclass B1 - + U 4, 12 h (a2, a9) 

PA15_0303145 Aminopeptidase - + E 8, 12, 20 h (b7, b19, b27) 

PA15_0307120 Elastase LasB - + E 8, 12, 20 h (b12, b18, b25) 

PA15_0309435 Protease IV - + E 8, 12, 20 h (b13, b22, b32) 

PA15_0310815 Alkaline metalloproteinase precursor AprA - + E 4 h (b1) 

PA15_0314315 Phage tail length tape measure protein - - OM 8 h (b4) 

PA15_0314335 Bacteriophage tail protein Phage tail sheath protein subtilisin-like domain - U 8, 12, 20 h (b9, b21, b29) 

PA15_0314340 Bacteriophage protein Phage tail-collar fibre protein + E 8, 12 h (b5, b17) 

PA15_0314610 Hypothetical protein Peptidase M60; DUF3712 + OM 8, 12, 20 h (b3, b16, b24) 

PA15_0315610 Putative peptidase Peptidase M16, N-terminal 
Peptidase M16 inactive domain, C-terminal 

+ U 4 h (b2) 

PA15_0327485 Putative porin OprF membrane domain + OM 8 h (b11) 

a Prediction of the protein domains according to the tools InterPro, HMMER and CDD, for the hits with unknown or putative function. 

b Prediction of the signal peptide (SP) cleavage sites presence according to the tools SignalP 4.1, TargetP 1.1 and TatP 1.0: -, absence; +, presence. 

c Prediction of the cellular localization according to the tools PSORTb, Gneg-mPLoc, SOSUIGramN and CELLO2GO: 

E, extracellular; OM, outer membrane; P, periplasmic; CM, cytoplasmic membrane; F, flagellar; U, unknown. 

d TP, time point. The corresponding gel coordinate from Figure 5.3 is indicated in parentheses. 
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The main identified function-known proteins in the supernatants of the PDR isolate HB13 

corresponded to the secreted protease elastase LasB after 8 h of growth and in both exponential and 

stationary phases, the MBL VIM-2, previously identified as a signature feature of P. aeruginosa HB13 

(Figure 5.3). Elastase LasB is a metalloprotease able to induce tissue damage [84] and involved in 

degradation of host tissue-modelling enzymes [85]. Furthermore, metallo-β-lactamases enzymes 

secretion causes the antibiotic resistance of P. aeruginosa [86], supporting previous in silico predictions 

and the evidenced resistance to β-lactams of isolate HB13. 

Mass spectrometry of the supernatants of isolate HB15 detected several protein-degrading enzymes, 

such as an alkaline metalloproteinase precursor and a putative peptidase (PA15_0315610), within the 

exponential growth phase. The P. aeruginosa clinical isolate HB15 evidenced proteolytic activity at initial 

stages and an elastase LasB and protease IV enrichment over time. These extracellular protein/peptide-

degrading enzymes produced by isolate HB15, namely elastase LasB, protease IV and alkaline 

metalloproteinase, are well-known virulence factors of P. aeruginosa, secreted to assist bacterial 

invasiveness [87,88]. 

The blast analysis of an aminopeptidase, secreted by isolate HB13 (PA13_1011705) at 12 h of 

growth, and by isolate HB15 (PA15_0303145) at 8, 12 and 20 h of growth, showed 100% identity to a 

leucine aminopeptidase PaAP, present in several other P. aeruginosa, with a reported role in pathogenesis 

[89]. These aminopeptidases might also suppress the neutrophil activating factor interleukin-8, thus 

contributing to the infection persistence [90]. Despite both clinical isolates being able to secrete it, P. 

aeruginosa HB15 did it from the early stationary phase to the dead zone, suggesting an earlier and more 

permanent virulent potential. 

Both P. aeruginosa clinical isolates HB13 and H15 also secreted a hypothetical protein 

(PA13_1021130, PA15_0314610) homologous to IMPa, an immunomodulating metalloprotease with 

proteolytic activity and immune evasive properties [91], thus suggesting a role in P. aeruginosa 

persistence and pathogenesis. 

We identified a putative membrane protein (PA13_1009415) in isolate HB13 whose domain 

prediction was associated with HlyD-like secretion proteins, particularly a component of a type I secretion 

system anchored in the cytoplasmic membrane [92], whose localization was confirmed by in silico 

analysis. This protein belongs to a large family of membrane fusion proteins involved in the export of 

different compounds, including drug molecules [93], as does the MexA in P. aeruginosa [94], thus 

associating this hit with antibiotic resistance. 
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Figure 5.4. Homology of the putative protease (PA15_0315610) secreted by Pseudomonas 

aeruginosa isolate HB15 after 4 h of LB-growth. A box highlights the position of the 53 P. aeruginosa 

strains in analysis, sharing more than 98% sequence identity. Only complete and published genomes were 

considered. For other species, only one representative blast hit was represented. Color represents the 

distinction of clinical (orange) and environmental (blue) isolates. The alignment of the protein sequences was 

performed with MAFFT, to generate the midpoint-rooted tree with PhyML. The identity percentage of 

PA15_0315610 to the protein sequence of the two main groups is indicated. The GenBank accession 

numbers of the non-Pseudomonas aeruginosa sequences used are indicated in parentheses. The ones of the 

Pseudomonas aeruginosa sequences used are, in no particular order: ESQ66578.1; AAG03760.1; 

ABJ15337.1; ABR85593.1; AEO72859.1; AFM62668.1; AGI79303.1; AGO38326.1; AGV58366.1; 

AGV68404.1; AHA19802.1; AHA25601.1; AHB53631.1; AHC63052.1; AHC74501.1; AHH47655.1; 

AHK99136.1; AHL05089.1; AHW68870.1; AIL00411.1; AJF52463.1; AKO84558.1; AKQ18126.1; 

ALE46223.1; ALP57001.1; AMA34795.1; AMX88907.1; ANA70744.1; ANP60387.1; AON04702.1; 

AON10692.1; AON16679.1; AON22687.1; AON28674.1; AON34681.1; AON40664.1; AON46676.1; 

AON69947.1; AOT38381.1; AOX30713.1; AOX37138.1; APB54800.1; APB62923.1; BAK92639.1; 

BAP19510.1; BAP48383.1; BAQ37078.1; BAR65244.1; BAT63041.1; CAW25095.1; CDO85135.1; 

EFQ42893.1 and KPE45681.1. 
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After 4 h of growth, isolate HB15 secreted a putative peptidase (PA15_0315610) and our in silico 

analysis identified a signal peptide cleavage site and predicted an extracellular localization. The blast 

analysis indicated homology to proteins mainly belonging to other Pseudomonas species, some annotated 

as peptidase M16 (Figure 5.4). 

Accordingly, in silico tools predicted two peptidase M16 domains, one active and other inactive. 

Peptidase M16 is known to hold its substrate as a clamp, with an active peptidase domain and a C-

terminal inactive domain [95], thus hinting the secretion of a functional protein by isolate HB15. These 

metalloproteases are important for several biological processes and its substrates are involved in the 

pathogenesis of human disease [96]. 

The isolate HB15 also secreted a putative porin (PA15_0327485) whose predictions led to associate 

with OprF, a major outer membrane protein conserved across clinical isolates. Other studies describe it 

as a host immune system sensor, modulating QS to enhance virulence when the bacteria are in contact 

with host cells [97], and required for the expression of P. aeruginosa full virulence [98]. Absence or 

mutations in OprF are known to overproduce polysaccharide production and biofilm formation, while 

negatively affecting the production of many virulence factors, including pyocyanin, elastase and 

exoenzymes [98]. 

 

Discussion 

Ultimately, our work highlighted the genomic diversification occurring within P. aeruginosa strains 

and hinted that it might reflect a distinctive pathogenic behavior. Accordingly, apparent absence of 

virulence determinant genes and the exoenzyme-coding genes profile in P. aeruginosa HB13 suggests 

decreased ability to deploy extensive host damage, whereas P. aeruginosa HB15, putatively, possesses 

an arsenal that allows it to have a virulent behavior. 

Negative mutants in QS systems have reduced cytotoxicity due to defective signaling and reduced 

release of extracellular virulence factors [99]. However, these reported negative mutants display point 

mutations and not complete cluster deletions as deduced for the genomic analysis of isolate HB13. The 

rhlRI system directly activates the rhamnolipid biosynthesis operon rhlAB and hydrogen cyanide 

production by hcnABC [100], known contributors to the in vivo competitiveness of P. aeruginosa and also 

absent in isolate HB13. 

Moreover, mutations in rhRI systems are correlated to an increased denitrification activity and 

therefore anaerobic growth in P. aeruginosa strain PAO1 [101]. Since reduced oxygen concentrations and 
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anaerobiosis are frequently associated with the lung environment and biofilm growth [102], a rhlRI-

deficiency would be beneficial for a chronic persistent strain. Isolate HB13 was able to establish lung 

infection in a pneumonia-diagnosed patient. Deletions of rhlRI-related operons might have occurred, 

driven by selective evolution during lung colonization. Absence of hcnABC [103] and rhlAB [104] clusters, 

deletions of rhlR or rhlI [105] have been described, particularly in persistent infections and with a reported 

attenuated virulence. To our knowledge, this is the first report of a clinical isolate not carrying these three 

clusters. 

SNVs and indels did not occur evenly spread through the genome of both isolates, suggesting that 

some genetic loci are highly conserved while others are hotspots, prone to variations that might translate 

into niche-specific adaptations or isolate-specific characteristics, thus partially constituting the molecular 

basis for the registered phenotypic variations. 

Our in silico analysis supported the phenotypic characterization of both P. aeruginosa isolates, 

corroborating the PDR and avirulent phenotype of isolate HB13, and the pan-susceptible and higher 

virulent potential of isolate HB15. This strategy allowed the identification of P. aeruginosa putative novel 

determinants among the signatures features of both isolates, which would otherwise be ignored, making 

whole-genome sequencing a more unbiased and consistent method for determining the genetic potential 

for antibiotic resistance and virulence.  

Moreover, we found a set of, apparently, secreted proteins with previously unknown or putative 

function and our analysis suggests an involvement in the pathogenesis of P. aeruginosa. For instance, 

the homology search of the peptidase secreted by isolate HB15 (Figure 5.4) showed that it is widespread 

in Pseudomonas aeruginosa and other human pathogens, as the Gram-negative Acinetobacter baumannii 

and Enterobacter cloacae, but also in Gram-positive bacteria as Streptococcus pneumoniae, often found 

in co-inhabitation with Pseudomonas aeruginosa [106,107], suggesting a HGT phenomenon. 

Homologous hits were found in environmental bacteria, which does not discard a peptidase virulence-

association, as some environmental strains are known plant pathogens with reported ability to infect 

humans [108]. Considering survival and adaptation of bacteria in humans similar to the one in the 

environment, pathogenicity determinants will also be present in non-pathogens. Future work should focus 

on the characterization of the molecular activity of these secreted proteins with previously unknown or 

putative function as novel antibiotic resistance and virulence determinants. 

Given the multifactorial and combinatorial nature of P. aeruginosa pathogenicity [66], secretion of 

more virulence factors by P. aeruginosa isolate HB15 together with other observed phenotypic traits and 
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the former in silico predictions of distinctive virulent behaviors for isolates HB13 and HB15, corroborate 

the cytotoxic data towards pulmonary epithelial cells presented in Chapter 4. 

The identification of the extracellular protein content evidenced a proteolytic activity at early stages 

for P. aeruginosa isolate HB15, which seemed to increase over time, with an enrichment in elastase, 

protease IV and alkaline metalloproteinase, well-known virulence factors, secreted by P. aeruginosa to 

assist in bacterial invasiveness [87,88]. Both elastase and alkaline metalloproteinase are known to 

degrade exogenous flagellin and prevents flagellin-mediated immune recognition [88].  

Furthermore, the lower level of cytotoxicity induced by isolate HB13 when compared to P. aeruginosa 

HB15 could also be explained by an under-expression of certain genes or absence of molecular machinery 

required for causing cell damage and death.  

For instance, the distinct exoenzyme profile, where P. aeruginosa HB13 harbors exoS and exoT 

genes, suggesting decreased ability to deploy extensive damage to the host [51–55], whereas the clinical 

isolate HB15 harbors exoU, exoT and exoY genes. Active prophages, proteases and peptidases possibly 

play a determinant role in modulation of pathogenic potential, particularly in the latter isolate. 

Moreover, given the in-silico predictions for features associated with light response, particularly the 

nucleotide excision repair pathway, one could suggest that the two pneumonia-associated isolates 

possess a differential ability to sustain UV exposure. However, the data available is inconclusive and 

further experiments should be considered to evaluate the effect of light exposure on the P. aeruginosa 

pathogenic potential. 
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6 
Impact of light exposure on the pathogenic potential of Pseudomonas 

aeruginosa 

 

 

Abstract 

Pseudomonas aeruginosa is known for its ability to adapt and survive to continuously changing 

conditions. Previous studies evidenced variations in features associated with light response, hinting a 

potential differential ability to sustain UV exposure. 

In this study, the impact of exposure to light as an abiotic factor on the dynamic and adaptability of 

two Pseudomonas aeruginosa clinical isolates (HB13 and HB15) and the reference strain PAO1 was 

assessed. Two conditions were evaluated, particularly growth in constant presence and intensity of full-

spectrum light (Light) and growth in total absence of light (Dark). The pathogenic potential of distinct 

fractions was screened against the A549 human pulmonary epithelial cell line model and the P. 

aeruginosa isolates were further compared by a phenotypic characterization. 

The switch from light to dark evidenced an increased toxicity towards the A549 cells, pyocyanin 

production and protease activity, suggesting a higher pathogenic potential of P. aeruginosa when grown 

under complete absence of light. 

Aiming to identify proteins with a potential role in this dynamic, we resorted to a proteomics 

approach, using two-dimension electrophoresis. A proteome reference map for the P. aeruginosa strain 

PAO1 was built from the comparison of spot spatial distribution and local/global patterns of obtained gels 

with a collection of published 2-DE gels of organisms from the Pseudomonas genus. Using this 

methodology, 64 spots with significant cytosolic expression differences between the two conditions were 

identified. This analysis highlighted several expression variations that could be behind an adaptation to 

the dark environment, while associating light exposure to an oxidative stress response. 
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Introduction 

Pseudomonas aeruginosa is greatly associated with molecular flexibility and adaptability, being able 

to respond to different kinds of stress by active modulation of antibiotic resistance, metabolic and 

secretory-related systems, among others [1–4]. 

One of the triggers for the switch from environmental to a pathogenic host-associated lifestyle is the 

light environment [5]. Resorting to photoreceptors, as the bacteriophytochrome described in 

Pseudomonas aeruginosa [6,7], bacteria can perceive different wavelengths of light and regulate cellular 

processes ranging from energy production to virulence [8–10]. 

Understanding the influence of light on the interaction of the pathogen and the host is essential for 

the design of new strategies to understand its pathogenicity. To assess possible changes in the molecular 

dynamics induced by the exposure to this abiotic factor, a proteomics approach was envisaged, as the 

proteome of a cell reflects its current metabolic state and therefore is extremely dynamic and variable 

[11]. 

Proteomics is the systematic identification and quantification of the complete complement of proteins 

(the proteome) of a biological system (cell, tissue, organ, biological fluid, or organism) at a specific point 

in time [12]. Technological advance in protein identification and acquisition of greater computing power 

and memory has led to a growing interest in proteomics, reflected in an increase in the number of 

proteomics publications and the number of protein sequences deposited in the databases [13]. 

Experimental practice is extremely complex being dependent on several factors that must be 

correctly set to achieve experimental success. Classical gel-based proteome analysis, as the one used in 

this study, usually start with two-dimension electrophoresis (2-DE) [14], allowing the isolation of individual 

proteins and posterior identification by mass-spectrometry (MS) [15]. 

2-DE consists in the separation of a complex protein mix by to two separate parameters by coupling 

isoelectric focusing (IEF) and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [16]. 

In the first dimension, under the influence of an electric field and presence of a pH gradient, proteins are 

separated linearly according to their isoelectric point, the pH value at which the protein net charge is zero 

[17]. Nowadays, IEF is mostly conducted in polyacrylamide gel strips that contain an immobilized pH 

gradient, commonly known as IPG (Immobilized Polyacrylamide Gel) strips. Various commercial gel strips 

containing different pH gradients exist, allowing broad or narrow range separation between different sets 

of pH values [18]. In the second dimension, proteins are then separated at 90 degrees based on their 

molecular mass, a separation that can also be optimized by tweaking the polyacrylamide gel percentage 

according to the expected size of the proteins to resolve [19]. Proteins separated by 2-DE are visualized 
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by staining with Coomassie Brilliant Blue dye, silver stains, fluorescent dyes, immunological detection or 

by radiolabeling. By spreading the pH range across several gels, 2-DE can resolve up to 10,000 proteins 

[16]. 

The 2-DE separation of proteins allows the study of protein levels (spot intensity), the detection of 

isoforms and protein modifications (spot position), and the study of protein interactions and complexes 

(native electrophoresis). Gels belonging to different conditions can then be compared, both qualitatively 

(presence, absence), or quantitatively (difference of intensities in corresponding spots) using appropriate 

highly specialized image acquisition and analysis software [20]. Identification of protein spots of interest 

can then be performed by either matching to a reference gel with previously identified spots, or by MS 

analysis and database mining. Nevertheless, protein identification by the former is always preferable as 

variations in spot position may occur due to several factors [21]. The major drawbacks of the 2-DE 

approach are well-known: i) is laborious, time-consuming and more sensitive to technical reproducibility 

error; ii) limited dynamic range; iii) poor solubility of membrane proteins; and iv) difficulties in separating 

highly alkaline, acidic or low-abundance proteins. Despite these drawbacks, 2-DE will remain a versatile 

and powerful method and the most common strategy in proteome analysis [16]. 

Nowadays, it is imperative to improve the comprehension of the mechanisms of host-pathogen 

interactions to develop new therapeutics with potential activity against these pathogens. Proteomic 

approaches have achieved noteworthy advances in the identification of proteins playing a role in bacterial 

pathogenesis and in the host response [22]. 

In this study, we address how exposure to light as an abiotic factor affects the dynamic and 

adaptability of two Pseudomonas aeruginosa clinical isolates (HB13 and HB15) and the reference strain 

PAO1. Two conditions were evaluated, namely, growth in constant presence and intensity of full-spectrum 

light and growth in total absence of light. 

Given the multifactorial and combinatorial nature of P. aeruginosa pathogenicity [23], we screened 

the pathogenic potential of P. aeruginosa distinct fractions against the A549 human pulmonary epithelial 

cell line model. The P. aeruginosa isolates were further compared by a phenotypic characterization and 

a proteomic approach for the reference strain PAO1 aimed to identify proteins possibly implied in the 

shift to a pathogenic host-associated lifestyle. 
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Methods 

Pseudomonas aeruginosa isolates 

The two clinical isolates of P. aeruginosa, HB13 and HB15, and the reference strain PAO1 were 

used in this study. The clinical isolates of P. aeruginosa were obtained from sputum samples of 

pneumonia patients attending a Portuguese Hospital (Hospital de Braga). These isolates have been 

previously characterized in this thesis, particularly at the genotype (Chapter 2), phenotype (Chapter 4) 

and genomic (Chapter 5) level. 

All the bacterial isolates were maintained on a sterile PIA medium for a maximum of three passages 

and grown overnight, from a single-colony, in LB at 37 ºC. Two growth conditions were evaluated, namely, 

exposure to full-spectrum light at 4000 lumens to mimic sunlight exposure conditions (Light) and total 

absence of light (Dark), resorting to a Light insulated Panasonic MIR-154-PE Cooled Incubator. The three 

P. aeruginosa were inoculated in 250 mL of LB, with a starting OD600 of 0.08 and grown for 24 h at 37 ºC 

with orbital shaking of 200 rpm. 

 

Preparation of the Pseudomonas aeruginosa fractions 

As described in Chapter 4, four different fractions were freshly collected from each P. aeruginosa, 

corresponding to the cytosolic fraction (F1), the whole supernatant (F2), the further fractioned supernatant 

(F3) and the OMVs fraction (F4). 

 

Cell-culture maintenance 

The A549 human adenocarcinomic epithelial cell line (ATCC CCL-185) was used in this study to 

assess the pathogenic potential of P. aeruginosa. The A549 cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) F12 supplemented with 10% heat-inactivated fetal bovine serum and 1% L-

glutamine with antibiotics (1% Pre-set antibiotic mix - penicillin, streptomycin and amphotericin). Cells 

were grown at 37 ºC in a humidified atmosphere with 5% CO2 and seeded every four days when confluence 

neared 90%. 

 

Assessment of the pathogenic potential of Pseudomonas aeruginosa 

Cytotoxicity evaluation by the MTT viability assay 

As described in Chapter 4, the viability of the A549 cells was determined resorting to the MTT viability 

assay [25]. Briefly, cells were seeded at a density of 10,000 cells/well on 96-wells tissue culture plates 
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at 37 ºC in a 5% CO2 atmosphere. Based on previous results, three concentrations were selected to 

evaluate the four fractions of each isolate: IC50, IC50/8 and IC50/64. 

The same three controls were added, as follows: i) A549 cells in fresh medium – life control; ii) A549 

cells incubated with 30% DMSO – death control; and iii) A549 cells incubated with LB – bacterial medium 

control. 

Cells were incubated at 37 ºC in a humidified atmosphere with 5% CO2. At the end of 24, 48 and 72 

h of contact, cell metabolic activity was assessed using the MTT viability assay. The MTT solution was 

added to each well (1/10 V), and the mixture incubated at 37 ºC for 2 h. The MTT solution was carefully 

decanted, the formazan crystals dissolved in DMSO:ethanol (1:1 v/v) and spectrophotometrically 

measured at a wavelength of 570 nm in a microplate reader. All assays were repeated independently 

three times. Additionally, growth of the A549 cells was monitored from initial plating to the three MTT 

timepoints, by cell counting (data not shown). 

 

Cell morphology 

Cellular morphology alterations induced by the distinct fractions of the P. aeruginosa isolates in the 

A549 cells were investigated by optical microscopy using an inverted microscope Olympus IX71 58F-3, 

equipped with an Olympus DP72 camera. 

The A549 cells were visualized directly in the 96 well plates destined to the MTT assay. ImageJ was 

used for the determination of the cells area, for comparison purposes [26,27]. 

 

DLS and zeta potential analysis 

Particle size and zeta potential were measured at 25 ºC using a Malvern Nano ZS Zetasizer. Purified 

bacteria fractions were diluted in phosphate buffer prior to analysis to match the highest concentration 

applied to the A549 cell lines. For both size and zeta potential measurements, a clear disposable zeta 

cell was used. 

 

Phenotypic profiling of Pseudomonas aeruginosa 

The two Pseudomonas aeruginosa clinical isolates HB13, HB15, and the reference strain PAO1 were 

further categorized by its phenotypic features, particularly, antibiotic susceptibility profiles, biofilm and 

pigment production and LasA protease activity, under the two growth conditions (Light vs. Dark). 

Antibiotic susceptibility profiling followed the Clinical & Laboratory Standards Institute (CLSI) 

guidelines [28]. Determination of the minimum inhibitory concentration was carried out using the broth 
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microdilution method [29] for four antipseudomonal agents (the aminoglycosides tobramycin, kanamycin 

and gentamicin and the polymyxin colistin). Biofilm formation was assessed according to Zegans et al. 

(2009) [30]. The production of two pigments was assessed, specifically, pyocyanin as previously reported 

by Salunkhe et al. (2005) [31] and pyoverdine according to Ackerley et al. (2004) [32]. Levels of LasA 

protease in P. aeruginosa cultures supernatant were determined by assessing the lysis of boiled S. aureus 

cells, leading to a decrease in the absorbance at 600nm, according to Kessler et al. (2004) [33]. 

 

Statistical analysis 

Data was presented as the mean value and standard deviation of three independent experiments. 

Each independent MTT assay included at least four technical replicates. 

Statistical comparisons were performed by one-way ANOVA with GraphPad Prism 7.0 software. 

Tukey’s post-hoc test was used for multiple comparisons, and a Dunnett’s test was used to compare the 

results with a specific control. A P-value below 0.05 was considered as statistically significant. 

 

2-DE comparative analysis of the cytosolic proteome 

Cultures of the P. aeruginosa reference strain PAO1 were grown for 24 h in LB at 37 °C, under the 

two growth conditions (Light vs. Dark). To reduce the effects of biological variation in the different 

experiments conducted, two cell samples obtained from two independent and identical growth 

experiments were pooled. Cells were harvested by centrifugation at 15,000 xg, at 4 °C for 10 min and 

pellets washed twice with cold Washing Buffer (10 mM Tris-HCl pH 7.4 plus 250 mM sucrose) and then 

stored at –80 ºC until used. 

Cell pellets were resuspended in 10 mM Tris-HCl pH 7.4 and disrupted by sonication (15 min; cycles 

of 2 sec burst ON with 9 sec. burst OFF) on ice. Cell debris was removed by centrifugation (5,000 xg at 

4°C for 15 min) and the supernatant was filter sterilized through a 0.2 μm syringe filter and stored at -

80°C. Crude cell extract proteins were quantified by the Modified Lowry’s Method [24], using bovine 

serum albumin (BSA) as the standard. SDS-PAGE was performed to confirm sample integrity and protein 

quantification. 

A clean-up step intended to remove any contaminants from the cell extract: precipitation with 

TCA/DOC plus acetone. The volume of cell extract necessary for the precipitation of 600 µg of protein 

was normalized to 300 µL with 10 mM Tris-base. The protein solution was mixed with 1/100 V of 2% 

(w/v) DOC (deoxycholate). After vortex and spin-down, the mixture was incubated for 30 min at 4 ºC. The 
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sample was precipitated by adding 1/10 V of 100% (w/v) TCA, mixing the contents as before and 

incubating for 2 h at 4 ºC. 

Afterwards, samples were centrifuged at 14,000 xg for 15 minutes and supernatant discarded 

(additional centrifugation for 1 min to carefully remove the remaining supernatant). Pellet was washed 

with 1 mL of cold acetone for 20 min, flicking every 10 min, centrifuged at 10,000 xg for 10 min and 

acetone removed. The washing and centrifugation step must be repeated, and the pellet let to air-dry for 

5-10 min, until the acetone evaporates, taking care to no overdry it. 

Pellets were resuspended in a volume of rehydration buffer (9 M urea, 2% w/v CHAPS, 0.4% v/v 

Pharmalytes pH 3–10, 0.2% v/v Biolytes pH 6-8, traces of bromophenol blue and 15 mM DTT freshly 

added) according to the strip to be used and incubated for 1 h at RT, with gentle flicking every 15 min. 

These protein samples were then centrifuged at max speed for 10 min and the supernatant transferred 

to clean 1.5 mL microcentrifuge tubes. 

Samples were re-quantified to ensure that the target amount of protein was transferred to the strips. 

IEF was then carried out, using the PROTEAN IEF cell system (Bio-Rad), following the manufacturer 

instructions. In this study, focusing was performed using Immobiline DryStrip Gel pH 3-10 NL (GE 

Healthcare Life Sciences) with two different lengths: 7 and 18 cm. For the 7 cm strips, 150 µg of protein 

resuspended in 160 µL of rehydration buffer was transferred, whereas for the 18 cm strips, 250 µg of 

protein in 380 µL of rehydration buffer was used. Table 6.1 describes the IEF protocols used for each 

strip length. 

After IEF, the excess of mineral oil of strips was dried in paper by holding the strip vertically and then 

strips were stored at –80ºC or used immediately for the second-dimension separation. 

Briefly, strips were incubated for 10 min in equilibration buffer (6 M urea, 2% w/v SDS, 37.5 mM 

Tris-HCl pH 8.8, 20% v/v glycerol and traces of bromophenol blue) containing 2% (w/v) DTT freshly added 

followed by incubation in the same buffer containing 2.5 % (w/v) iodoacetamide. Finally, strips were 

applied into 1.5 mm thick 12% SDS-PAGE gels, sealing the strips with agarose sealing solution (0.5% w/v 

agarose prepared using Tris-Glycine SDS electrophoresis running buffer). 

Afterwards, gel cassettes are carefully inserted into the electrophoresis unit, specifically, the Mini-

PROTEAN Tetra system (Bio-Rad) for the 7 cm strips, or the PROTEAN II xi system (Bio-Rad) for the 18 

cm strips. Proteins were separated at 50 V for 20 min and 100 V for 100 min for the 7 cm strips, while 

for the 18 cm strips, separation was run at 20 W for 20 min and 50 W for 2 h. 
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Table 6.1. IEF protocols for the 7 and 18 cm IPG pH 3-10 NL strips. Protocol 

described as it is to be inserted in the PROTEAN IEF cell system (Bio-Rad). 

7 cm 18 cm 

SELECT VOLTAGE SLOPE: linear SELECT VOLTAGE SLOPE: linear 

REHYDRATION: active @50V REHYDRATION: active @50V 

ENTER TIME: 12:00 ENTER TIME: 12:00 

INSERT PAUSE AFTER REHYDRATION? no INSERT PAUSE AFTER REHYDRATION? no 

GEL LENGTH 07 GEL LENGTH 18 

FOCUS TEMP: 20 °C FOCUS TEMP: 20 °C 

S1 250V 00:15 slope fast S1 100V 1:00 slope fast 

S2 4000V 8Kvh slope fast S2 500V 1:00 slope slow 

S3 4000V 8Kvh slope fast S3 1000V 1:00 slope slow 

S4 500V/HOLD yes > S4 5000V 2:00 slope slow 

 S5 8000V 13.5 Kvh slope slow 

 S6 8000V 21 Kvh slope fast 

 S7 500V/HOLD yes > 

 

 

After the second-dimension run, gel cassettes were opened and the gels carefully removed and 

washed twice in acidified ddH2O (with 35 mM HCl) for 10 min. Gels were stained using a Coomassie 

solution without organic solvent and acetic acid (80 mg Coomassie Brilliant Blue G-350 in 35 mM HCl) 

overnight [34]. Then, gels were washed with acidified ddH2O until background was satisfactorily 

eliminated, followed by image acquisition. 

 

Analysis of the protein expression profiles 

Gel images of each condition and strip length were acquired using an HP Scanjet 4500 cc scanner 

(Hewlett-Packard) with a resolution of 600 PPI (pixels per inch) and analyzed using the ImageMaster 2D 

Platinum 5.0 software (GE Healthcare Life Sciences). For each strip length, the set of gel replicates for 

both growth conditions were combined into a representative gel with a union fusion algorithm [35]. This 

in silico proteome map summarizes all spot signals identified in these experiments. 

Briefly, spots were detected, the gels manually verified for: i) artifacts (e.g. air bubbles, staining 

deposits) mistaken as spots; ii) undetected spots, or iii) incorrectly grouped spots. The total number of 

spots detected was registered and gels were automatically matched, using the common spots present in 

all images as landmarks. 
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Following manual curation carefully inspected any inappropriate matching. The gel chosen as 

reference for the identification of differently expressed spots had the highest number of spots and the 

overall best image quality for the Light growth condition. The software calculated the spot intensity by 

integrating the absorbance over the spot area, called spot volume. To minimize variability due to staining 

and to reflect the quantitative variations in the intensity of protein spots, the individual spot intensity 

volume was normalized with the total intensity volume (sum of the intensity volumes obtained from all 

spots in the same 2-DE gel). 

Then, the normalized intensity volume values of individual protein spots (%Vol) were used to 

determine the differential protein expression between the Light and Dark groups. The variation of the 

expression level of each protein was calculated as a ratio of the %Vol for each protein spot in gels prepared 

with cells grown in the Dark compared with cells that were grown in the Light condition. These ratio values 

were calculated as the average data from four independent experiments. Spots that exhibited a minimum 

of 1.50-fold change for the up-regulated proteins or 0.67-fold change for the down-regulated proteins were 

assessed for statistical significance (P < 0.05). 

For the statistical analysis of the proteomic data, we performed multiple unpaired t-tests accounting 

for the False Discovery Rate approach, calculated with the Two-stage linear step-up procedure of 

Benjamini, Krieger and Yekutieli, with a Q = 5% [36]. Each group of matched spots was analyzed 

individually, without assuming a consistent standard deviation. 

To identify relevant spots, the spot patterns of several published 2-DE gels of organisms from the 

Pseudomonas genus were analyzed, matching them to the proteome map previously described. When 

local and global pattern disposition observed in the published gel and our proteome map were the same, 

the spots in question were assumed to have the same identity. 

The use of gels obtained using protein extracts from organisms other than P. aeruginosa strain PAO1 

but belonging to the Pseudomonas genus was validated through a proteome comparison study conducted 

using PATRIC online Proteome comparison tool [37], which compares the total proteome of the target 

organisms by an uni- and bi-directional BLAST analysis (Figure 1.5). 

 

Results and Discussion 

Characterization of the Pseudomonas aeruginosa fractions 

As mentioned in Chapter 4, distinct fractions of each P. aeruginosa clinical isolate were assayed in 

order to pinpoint the most relevant contributors to the cytotoxicity against A549 cells. These experiments 
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showed an effective cytotoxicity of the P. aeruginosa isolates, while also implying different cytotoxic 

potential and therefore different pathogenicity both for the isolates and for the screened fractions. 

Based on the in silico predictions for the nucleotide excision repair pathway presented in Chapter 5, 

we postulated that P. aeruginosa isolates could possess a differential light response. In this chapter, P. 

aeruginosa was grown in two distinct growth conditions to assess if light exposure would impact its 

pathogenic potential. 

 

Particle size and zeta potential characterization of aggregates 

Possible alterations of the physicochemical properties of the fractions F1, F2, F3 and F4 were 

analyzed by DLS (Figure 6.1). 

When comparing the fractions by P. aeruginosa isolate (Figure 6.1a), the OMVs fraction (F4) showed 

a more variable particle size distribution, suggesting that its composition could be more isolate-dependent. 

P. aeruginosa HB13, particularly when grown in the dark, was the isolate that evidenced profiles of size 

distributions by intensity that were more distinct. 

Comparison of the particle size distribution by intensity obtained for each screened fraction (Figure 

6.1b), suggested that, regarding particle size, the overall population was more variable between fractions 

than between isolates. Nevertheless, for both growth conditions, the secreted F2-F4 fractions were 

seemingly more variable between isolates, than the cytosolic fraction F1. 

Interestingly, the OMVs fraction (F4) seemed to be the one with a more distinct profile when 

comparing the same isolate in the two growth conditions. This suggested that the light environment might 

have a greater influence in the OMVs profile of Pseudomonas aeruginosa isolates. 
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Figure 6.1. Particle size distribution of the fractions of the Pseudomonas aeruginosa isolates grown for 24 h, in constant exposure to full-spectrum 

light (L; Light) and in total absence of light (D; Dark), measured by Malvern Zetasizer. (a) Particle size distribution by intensity organized by isolate. 

(b) Particle size distribution by intensity organized by fraction. Three P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates 

HB13 and HB15. Four freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the whole supernatant (F2), the further 

fractioned supernatant (F3) and the OMVs fraction (F4). 
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Figure 6.2. Particle characterization of the fractions of the Pseudomonas aeruginosa isolates 

grown for 24 h, in constant exposure to full-spectrum light (L; Light) and in total absence of 

light (D; Dark). Three P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates 

HB13 and HB15. Four freshly collected fractions from each isolate were screened, corresponding to the 

cytosolic fraction (F1), the whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs 

fraction (F4). The physicochemical properties from each fraction and isolate were analyzed by DLS, particularly 

the Z-ave, the ZP and the PDI. Standard deviation bars are represented for three independent experiments 

conducted in triplicate. 

 

 

Figure 6.2 showed that, as suggested by the size distribution graphs for each growth condition, the 

mean particle diameter (Z-ave) was statistically different between the fractions tested (p ≤ 0.05), but not 

between the three assayed Pseudomonas aeruginosa, except for the whole supernatant fraction (F2) and 

the one associated with OMVs (F4). As hinted by the size distribution, the latter was the one more variable 

between isolates. For reference, as previously mentioned, the reported range in size for the OMVs is 20 
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to 500 nm [38]. Particularly, for the P. aeruginosa strain PAO1, the isolated OMVs were of a range 

between 14.7 to 271.4 nm [39–41]. 

For the P. aeruginosa strain PAO1 grown under constant light, the average size determined for the 

OMVs fraction was, approximately, 31% higher than the other OMVs fractions (247.90 nm for PAO1, 

compared to 183.70 nm and 194.60 nm for HB13 and HB15, respectively). When grown in the dark, 

the size of the OMVs fraction of the reference strain PAO1 was, on average, 25% higher than the fraction 

from the other isolates (254.03 nm for PAO1, compared to 176.00 nm and 231.97 nm for HB13 and 

HB15, respectively). For both growth conditions, the fraction exhibiting the highest average size was the 

OMVs fraction (F4). Comparing the two different growth conditions, the average size of each fraction was 

not significantly variable. However, a trend was observed for P. aeruginosa isolate HB15 where, when the 

culture was grown under complete absence of light, the average size of the particles increased in all 

fractions. 

To understand if changes in the light environment induced physiological adaptations of the surface 

charge, the zeta potential of the fractions was measured. Our data suggested that there was no biological 

significance in the stability of the particles from both growth conditions. As for the previously assayed 

Light growth condition, the release of OMVs (F4) when P. aeruginosa was grown in the dark had apparently 

no effect on the overall ZP since the secreted fractions (F2 and F3) showed comparable ZP 

measurements. Nevertheless, both growth conditions supported a minor association, where bigger 

vesicles evidenced a slightly more negative ZP. 

Comparing the physicochemical properties of the OMVs fraction, the one from the reference strain 

PAO1 grown under light evidenced a more negative ZP (-11.9 mV vs. -4.2 and -8.7 mV from isolates 

HB13 and HB15) and corresponded to bigger vesicles. The same fraction obtained for P. aeruginosa 

PAO1 grown in the dark also showed the most negative potential (-12.4 mV vs. -7.3 and -8.8 mV from 

isolates HB13 and HB15) and correlate with bigger vesicles. These values of ZP fall in the range that has 

been associated with a tendency for particle aggregation in P. aeruginosa [42], thus sustaining that the 

overall increase in the average particle size of OMVs could be owed to the formation of aggregates. 

The particles were also qualitatively characterized by the degree of non-uniformity of its size 

distribution, i.e. its PDI, where a sample can be perfectly uniform (PDI=0) to highly polydisperse (PDI=1), 

with multiple particle size populations. Correlating with the distinct particle size distribution, the fractions 

and the P. aeruginosa isolates evidenced variable PDI values in both growth conditions. 

As previously, for both growth conditions, lower PDI values were determined for the cytosolic fraction 

(F1) and the OMVs fraction (F4), than the other two secreted fractions, hinting a less variable size 
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distribution for these particles. No differences associated with the change in the growth conditions was 

observed, except for the OMVs fraction (F4) of the clinical isolate HB15, where a higher PDI when grown 

in the dark correlated with a more disperse size distribution. 

 

Cytotoxic effect of the Pseudomonas aeruginosa fractions 

To assess the impact of light exposure as an abiotic factor on the cytotoxic potential of P. aeruginosa, 

the four fractions were collected from 24 h of growth in a light environment mimicking sunlight (Light) 

and in the dark and three concentrations were screened against the A549 cells: IC50, IC50/8 and 

IC50/64 (Table 4.2). 

For both growth conditions, the overall tendency observed for each fraction was an increase of the 

cytotoxicity in a time- and dose-dependent manner (Figure A12 and Figure A13 in the Appendix). However, 

the difference was not always significant, being more evident for longer incubation times of the A549 cells 

or when comparing the highest to the lowest concentration evaluated. As before, we opted to compare 

the results between fractions and isolates considering the cellular viability obtained for the 48 h endpoint, 

as cells exposed for 72 h seemed to reach a plateau of cytotoxicity. 

For the three P. aeruginosa isolates grown in both light environments, a higher concentration of each 

fraction resulted in a statistically relevant higher cytotoxicity, as expected. Aiming to compare the 

pathogenic potential of each fraction, we focused on the cytotoxicity determined for the highest 

concentration administrated, corresponding to the previously determined IC50 for a P. aeruginosa 

supernatant sample (Figure 6.3). 

For this determined concentration, which previously exerted an equal effect on the viability of the 

A549 cells for the three assayed clinical isolates, distinct cellular responses were observed for each 

fraction and growth condition (Table 6.2). 
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Figure 6.3. Comparison of the effective response on the viability of the A549 cells, when 

incubated for 48 h with a concentration, corresponding to the previously determined IC50 

(Table 4.2), of the fractions of Pseudomonas aeruginosa isolates grown for 24 h, in constant 

exposure to full-spectrum light (L; Light) and in total absence of light (D; Dark). Three P. 

aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four 

freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the 

whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). A horizontal line 

highlights a cellular viability of 50%. Standard deviation bars are represented for three independent 

experiments. Statistical comparisons were performed by one-way ANOVA, followed by Tukey’s post-hoc test 

for multiple comparison. A P-value below 0.05 was considered as statistically significant. Asterisks represent 

values statistically significant (* P < 0.05, ** P < 0.01, *** P < 0.001) comparing fractions within the same 

P. aeruginosa isolate and growth conditions; hashtags represent values statistically significant (## P < 0.01, 

### P < 0.001) comparing fractions between the P. aeruginosa isolates; and plus sign represent values 

statistically significant (+++ P < 0.001) comparing the same fractions collected from the distinct growth 

conditions. 
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Table 6.2. Comparison of the effective response on the viability of the A549 cells, 

when incubated for 48 h with a concentration, corresponding to the previously 

determined IC50 (Table 4.2), of the fractions of Pseudomonas aeruginosa isolates 

grown for 24 h, in constant exposure to full-spectrum light (Light) and in total 

absence of light (Dark). Three P. aeruginosa were assayed, namely the reference strain PAO1 

and the clinical isolates HB13 and HB15. Four freshly collected fractions from each isolate were 

screened, corresponding to the cytosolic fraction (F1), the whole supernatant (F2), the further 

fractioned supernatant (F3) and the OMVs fraction (F4). 

 
PAO1 HB13 HB15 

F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 

Light 58 61 63 61 53 71 74 66 63 62 66 53 

Dark 59 46 46 40 55 45 49 41 44 39 41 34 

 

 

Excluding the cytosolic fraction (F1) of the reference strain PAO1 and the clinical isolate HB13, the 

cytotoxic effect in the A549 cells was always significantly higher (P < 0. 001) when the P. aeruginosa 

cultures were grown in the dark. As all secreted fractions (F2-F4) were more cytotoxic, it was suggested 

that the switch from light to dark induced a higher pathogenic potential, possibly associated with an 

increase in the production of virulence factors. 

 

Morphological alterations induced by Pseudomonas aeruginosa fractions 

As we previously observed, under the influence of the distinct fractions of P. aeruginosa grown under 

light exposure, the A549 cells revealed morphological alterations at the cellular level, in a concentration- 

and time-dependent manner, namely a correlation between the cell density, cell area and cellular viability 

reduction. 

Particularly for higher concentrations, the cells presented features associated with a cytopathic 

effect, assuming a round form due to changes in the actin structure and events of membrane blebbing 

and formation of vesicles, likely apoptotic bodies (Figure 6.4). 
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Figure 6.4. Morphologic alterations in the A549 cells induced by fractions of Pseudomonas 

aeruginosa isolates grown for 24 h, in constant exposure to full-spectrum light (Light) and in 

total absence of light (Dark). (a) Contrast phase microscope shot of the A549 cells exposed to 

the previously determined IC50 (Table 4.2) at 48 h endpoint. Three P. aeruginosa were assayed, 

namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four freshly collected fractions 

from each isolate were screened, corresponding to the cytosolic fraction (F1), the whole supernatant (F2), the 

further fractioned supernatant (F3) and the OMVs fraction (F4). The scale bar is set for 200 µm. (b) Average 

cell area determined for the A549 cells. Both the area determined for each condition (bars) and the 

cellular metabolic viability evaluated using the MTT assay (circles) are shown to associate cytotoxicity with the 

cellular morphology observations. 

 

 

Comparing the two distinct growth conditions, one can observe that the same morphological 

alterations were induced in the A549 cells. Nevertheless, the effect on the average cell area, was more 

evident in the A549 cells exposed to fractions collected from growth in the dark, despite not being 

statistically relevant. 

These morphologic alterations support the suggestion that these cells also underwent apoptosis 

under influence of virulence factors of the P. aeruginosa isolates, as previously reported [43,44]. 

 

Phenotypic plasticity driven by light exposure 

Our analysis evidenced that indeed the light environment influenced the pathogenic potential of P. 

aeruginosa isolates and suggested that this influence could be owed to a differential production of 
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virulence factors. Further characterization of the bacterial cultures demonstrated that the exposure or 

absence of light had no direct impact on the growth of Pseudomonas aeruginosa (monitoring of the OD600 

during growth; data not shown). This phenotypic characterization showed no changes in the antibiotic 

susceptibility profiles, however, other virulence-associated phenotypes were altered in response to this 

abiotic factor (Figure 6.5). 

Particularly for biofilm formation, a light-induced inhibition phenomenon has been described for other 

bacteria, including the opportunistic human pathogen Acinetobacter baumannii, owing to the only 

photoreceptor identified in its genome, the BlsA, a blue light sensory protein [45]. However, all reported 

examples of light regulation of biofilm formation and virulence involve blue light receptors [5] and P. 

aeruginosa possesses a red/far-red light photoreceptor. 
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Figure 6.5. Phenotypic characterization of the Pseudomonas aeruginosa isolates grown for 24 

h, in constant exposure to full-spectrum light (L, Light) and in total absence of light (D, Dark). 

Three P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and 

HB15. Box and whiskers plots of the MICs of the four antibiotics screened, determined by broth microdilution. 

Horizontal dotted lines indicate the clinical susceptibility breakpoints [28]. Biofilm production quantified by the 

absorbance measured at 590 nm [30], normalized by the one measured at 600 nm. Pyocyanin production 

measured by the absorbance at 695 nm [31], normalized by the cell density, monitored at 600 nm. Pyoverdine 

production measured by the absorbance at 403 nm [32], normalized by the cell density. LasA protease activity 

was measured as the decrease in the initial absorbance at 600nm of a S. aureus boiled culture after 60 min 

[33], induced by the P. aeruginosa supernatants. The dotted line represents the cut-off for LasA 

overexpression, expressed as a final absorbance lesser than 80%. Statistical comparisons were performed by 

one-way ANOVA, followed by Tukey’s post-hoc test for multiple comparison. A P-value below 0.05 was 

considered as statistically significant. Hashtags represent values statistically significant (### P < 0.001) 

comparing phenotypes between the P. aeruginosa isolates, while the plus signs represent values statistically 

significant (+ P < 0.05, ++ P < 0.01, +++ P < 0.001) comparing the two growth conditions. 

 

 

Previous in silico findings, particularly the absence of bmfR and bmfS in clinical isolates HB13 and 

HB15 hinted a low biofilm formation, as the products of these genes are required for development and 

maintenance of normal biofilm architecture [46]. In addition, P. aeruginosa isolate HB13 lacks the psl 

cluster, comprising 15 genes known to contribute to biofilm formation by nonmucoid P. aeruginosa strains 

[47]. It has been reported that reference strain PAO1 might be armed with endogenous biofilm 

suppression mechanisms since they are not necessary in laboratory conditions [48]. Accordingly, P. 
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aeruginosa reference strain PAO1 and isolate HB13 evidenced a reduced biofilm formation compared 

with isolate HB15 (Figure 6.5), suggesting that the latter could possess mechanisms to stimulate biofilm 

formation. 

A major contributor to the pathogenesis of P. aeruginosa is its ability to secrete toxic compounds 

and degradation enzymes, as the pigments pyocyanin and pyoverdine. Pyocyanin secretion, a blue redox-

active phenazine, is mostly regulated by the QS [49]. Pyoverdine is a siderophore, a low-molecular-weight 

compound secreted to accumulate iron and also proved to be important for P. aeruginosa virulence [50], 

functioning as a toxin by removing iron from mitochondria, inflicting damage on this organelle [51]. 

Phenotypic assays indicated that P. aeruginosa isolate HB15 increased almost 3-fold the pyocyanin 

production when compared to the isolate HB13, which produced extremely reduced amounts, 

comparable to P. aeruginosa reference strain PAO1 (Figure 6.5). As other studies associate pyocyanin-

deficient strains, producing reduced or no levels of pyocyanin, to a lesser cytotoxicity in a variety of hosts 

[52–54], this distinct production hinted a higher cytotoxicity for P. aeruginosa HB15, a conclusion also 

sustained by the production levels of pyoverdine. 

One of the proteases secreted by P. aeruginosa is LasA, a zinc metalloendopeptidase with a strong 

staphylolytic activity and weaker elastolytic action [55], suggested to play a more significant role in 

virulence in clinical situations [56]. The staphylolytic activity occurs due to the hydrolysis of pentaglycine 

cross-links in the cell wall peptidoglycan of Staphylococcus aureus cells and based on this ability, one can 

determine the LasA protease activity [33] (Figure 6.5). P. aeruginosa isolate HB13 evidenced the lowest 

LasA protease activity, whereas isolate HB15 showed an increase in activity by around 2% when compared 

to the reference strain PAO1, implying a more virulent behavior for P. aeruginosa HB15. The observed 

underperformance of P. aeruginosa HB13 in the production of virulence factors is supported by the 

absence of several virulence-associated genetic features. These absences hinted a lack of proteolytic 

activity, pathogenesis loss and higher antibiotic resistance, traits beneficial for a chronic persistent strain, 

as hypothesized to be the case of isolate HB13 in Chapter 4 and 5. 

Nevertheless, with no exception, all assayed virulence-associated traits were positively affected when 

the culture was grown in the dark, suggesting, in concordance to the cytotoxicity analysis, an increased 

pathogenic potential of P. aeruginosa when grown under complete absence of light, which more closely 

mimics the light conditions that these isolates sustained in the lung of pneumonia-diagnosed patients. In 

this situation, bacteria would be switching from sunlight exposure to inside the host, and the induced 

adaptations would be to increase the ability to invade the host. 
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Most light-associated research efforts have been made to identify an alternative antimicrobial 

approach without easily facilitating the development of resistance and not in understanding the dynamic 

effect of exposure to such abiotic factor on the pathogen. High doses of visible light lead to lethal effects 

primarily via the production of reactive oxygen species (ROS), which damage proteins and lipids resulting 

in loss of cell viability. Nevertheless, such studies allowed the verification of the high bactericidal 

effectiveness of therapies as blue light therapy and its inactivation of numerous P. aeruginosa virulence 

factors [57,58]. Despite reporting blue light illumination, one should not disregard that blue light is a color 

in the visible light spectrum, contained in the illumination settings used in this study to mimic sunlight, 

which could support a lesser yet observable impact on the pathogenic potential of Pseudomonas 

aeruginosa. 

Another important variation is that in this study, the light conditions were controlled from the culture 

growth and not only after the supernatant collection, which could have an effect on the photodynamic 

processes that could occur and result in a reduction of the production of virulence factors and subsequent 

impact on the Pseudomonas aeruginosa pathogenic potential. 

 

Building a proteome reference map for the Pseudomonas aeruginosa strain PAO1 

2-DE was performed to evaluate changes in the proteome of P. aeruginosa reference strain PAO1, 

using cytosolic protein extracts. A total of four independent gels per growth condition and strip length 

were obtained (Table 6.3). 

After spot detection and gel matching, the number of spot matches between gels was determined, 

as well as total match percentage according to the following equation: 

%����ℎ�� =  
2�

�� + ��
 

Where � is the total number of matches between the gel and the proteome map (the master image), 

�� is the total number of spots in the gel and �� is the total number of spots in the master image. In 

the proteome map for the 7 cm strips a total of 353 spots were detected, while for the 18 cm, one was 

able to distinguish 517 spots. 

In light-associated gels, an average of 316 and 458 spots were successfully matched to the proteome 

map, reflecting an average match percentage of 91.6% and 90.6%, for 7 and 18 cm gels, respectively. 

Dark-associated gels evidenced slightly lower values, with an average of 309 and 452 spots matched to 

the master gel, reflecting an average match percentage of 90.3% and 89.6%. 
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Table 6.3. Number of protein spots and matching rates of 2-DE profiles of the samples of 

Pseudomonas aeruginosa strain PAO1. Spots were matched against the proteome reference map 

built, with a total of 353 spots for the 7 cm strips and 517 spots for the 18 cm strips. 

Strip length (cm) Growth condition a Replicate Spots Matches %Matches b 

7 Light 1 333 310 90.4 

  2 328 314 92.2 

  3 346 323 92.4 

  4 337 316 91.6 

 Dark 1 329 307 90.0 

  2 336 312 90.6 

  3 332 309 90.2 

  4 328 308 90.5 

18 Light 1 498 466 91.8 

  2 490 452 89.8 

  3 493 453 89.7 

  4 497 461 90.9 

 Dark 1 490 448 88.6 

  2 489 448 89.0 

  3 491 453 89.9 

  4 492 457 90.6 

a P. aeruginosa reference strain PAO1 was grown in constant exposure to full-spectrum light (Light) and total absence 

of light (Dark). 

b Determined as: %����ℎ�� =  
��

�����
, where � is the number of matches between the gel and the proteome map 

(the master image), �� is the total number of spots in the gel and �� is the number of spots in the master image. 

 

 

Several studies of organisms from the Pseudomonas genus coupled 2-DE with protein identification 

[59–73]. We then compare its spots patterns to the proteome map previously described, being able to 

identify 178 and 220 spots for the 7 and the 18 cm proteome map (Figure 6.6, Table A14 in the 

Appendix). 

 



 

 

Chapter 3 | Page 183 

C
hapter 6

 
|

 
P

age 183
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Proteome reference map of the Pseudomonas aeruginosa strain PAO1. The set of 7 (a) and 18 cm (b) gel replicates for both growth conditions 

were combined into a representative gel with a union fusion algorithm [35]. Comparing its spots patterns to published 2-DE gels, we identified 178 (a) and 220 (b) spots. 

(a)        (b) 
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Evaluating the proteomes considered in this study, the highest level of proteome similarity was, as 

expected, between the different P. aeruginosa strains, with an average protein sequence identity of 99.5% 

(Figure 1.5). Gels from protein extracts of P. putida strain KT2440 [69,73], the strain presenting lowest 

similarity with P. aeruginosa, were also considered when building the cytosolic proteome map. We 

considered an average protein sequence identity of 70.4% viable for protein identification based on the 

comparison of global spot patterns. Nevertheless, higher proteome similarity reflects a greater confidence 

level and probability of a correct protein identification. 

 

Impact of light exposure on the cytosolic proteome 

The gel with more detected and matched spots (Table 6.3) was chosen as a representative gel for 

each growth condition and can be found in Figure A15 and Figure A16 in the Appendix. To identify the 

differently expressed spots between the growth conditions, the gel with overall best image quality for the 

Light growth condition was chosen as reference for the comparison of the normalized intensity volume 

values of individual protein spots. 

To validate the observed differences two criteria should be met: i) the spot should present a minimum 

of 1.50-fold change for the up-regulated proteins or maximum 0.67-fold change for the down-regulated 

proteins; and ii) the difference should be statistically significant (P < 0.05) accounting for all replicates. 

Fitting these criteria and resorting to the proteome map of the P. aeruginosa strain PAO1, we were able 

to identify 64 protein spots involved in the dynamics of adaptation to the light environment, specifically 

27 proteins were found to be up-regulated and 37 to be down-regulated, when P. aeruginosa strain PAO1 

was grown in the dark (Table 6.4).  

 

Table 6.4. Number of the statistically significant protein spots found to be up-, down-

regulated or unique to growth in complete absence of light. Up-regulated proteins presented 

a minimum of 1.50-fold change, while down-regulated proteins evidenced a maximum 0.67-fold 

change between the Light and Dark (D) condition. All spots showed a statistically significant (P < 

0.05) difference. 

  Up-regulated in D Down-regulated in D Unique in D 

7
 c

m
 Total 8 22 0 

Identified 3 7 0 

1
8

 c
m

 

Total 40 97 4 

Identified 27 37 0 
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The full list of the statistically significant identified protein spots can be found in Table 6.5. Supporting 

our methodology, the 10 differently expressed protein spots found in the 7 cm gels were also found in 

the 18 cm gels. 

Interestingly, YaeT (Omp85) was found overexpressed when cells were grown in the dark. This is a 

highly conserved protein required for the assembly of outer-membrane proteins (OMP) in Gram-negative) 

[74,75]. Accordingly, this overexpression was accompanied with an increase in the expression of OMPs 

as Opr86, OprB and OprF. Opr86 has been found to be essential for viability and plays a role in assembly 

of OMPs [76]. OprB is a porin that acts as a central component of carbohydrate transport [77]. OprF is 

a major OMP conserved across clinical isolates, involved in adhesion to eukaryotic cells [78] and required 

for expression of P. aeruginosa full virulence [79]. Studies describe it as a host immune system sensor, 

modulating QS to enhance virulence when the bacteria are in contact with host cells and more generally 

as a bacterial sensor of environmental changes [80]. Studies report its stimulation of the QS network and 

consequent production of many virulence factors, including pyocyanin, elastase and exoenzymes [80]. 

Another up-regulated protein was NusA, a transcription factor involved in elongation, termination and 

anti-termination, whose overexpression has been associated with an enhanced stress resistance, by 

protecting proteins from aggregation [81]. 

Correlating with a higher pyocyanin production in complete absence of light, these cells also 

presented a higher expression of FpvA, the ferric pyoverdine receptor of P. aeruginosa strain PAO1 [82], 

which controls genes of pyoverdine biosynthesis. FpvA is described as dependent upon the energy 

coupling Ton-B [83] and concordantly, a probable TonB-dependent receptor was also found to be up-

regulated. 

Other overexpressed proteins included the trigger factor Tig protein, important for adaptations and 

protection of the cell [84]; AtpD, which in Lactobacillus plantarum strains is directly involved in tolerance 

of the hostile acidic environment encountered in the stomach [85]; and MetK which has been found to 

confer tolerance to several stresses [86,87]. 

It is also noteworthy that the overexpression of AlgO is accompanied by a repression of MucD. While 

ALgO promotes alginate production [88] and is potentially involved in the cell wall stress response [89]. 

MucD plays an important role in stress resistance [90] of P. aeruginosa as a negative regulator of the 

alginate production [91]. 

The universal stress protein UspK is essential for a successful adaptation to anaerobic energy stress 

conditions [92]. Given that its expression is under the control of an oxygen-sensing regulator, and the 

growth conditions had no oxygen limitation, the repression of UspK is not abnormal. 
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Table 6.5. Proteins differentially expressed in the cytosolic proteome of Pseudomonas 

aeruginosa strain PAO1 when grown in constant exposure to full-spectrum light (Light) and in 

total absence of light (Dark). Protein spots were identified resorting to the built proteome reference 

map. The variation of the expression level of each protein was calculated as a ratio of the %Vol for each 

protein spot in four gels prepared with cells grown in the Dark compared with cells that were grown in the 

Light condition. Up-regulated proteins (↑) presented a minimum of 1.50-fold change, while down-regulated 

proteins (↓) evidenced a maximum 0.67-fold change between the Light and Dark condition. All spots showed 

a statistically significant (P < 0.05) difference. A close-up view of differently expressed protein spots is 

shown. * represents spots found to be differently expressed both in 7 (a) and 18 (b) cm gels. 

Spot no. Proposed protein identification Effect 
Fold-

change 
Light Dark 

      

1 DNA-directed RNA polymerase beta chain RpoB ↑ 6.20 
  

* 2 Outer membrane protein assembly complex YaeT ↑ 
a 1.64 
b 5.27   

4 Glycine cleavage system protein P2 GcvP2 ↑ 2.51 
  

5 Proline dehydrogenase PutA ↑ 2.29 
  

6 Translation initiation factor IF-2 ↑ 1.93 
  

7 Transcription elongation factor NusA ↑ 1.54 
  

8 Hypothetical protein ↑ 7.88 
  

9 Outer membrane protein Opr86 ↑ 2.83 
  

11 Ferripyoverdine receptor FpvA ↑ 2,71 
  

12 Phosphoenolpyruvate synthase ↑ 1,91 
  

16 AlgO ↑ 1,72 
  

17 Probable TonB-dependent receptor ↑ 1,97 
  

18 Hypothetical protein ↑ 1,64 
  

27 30S ribosomal protein S1 RpsA ↑ 1,96 
  

32 Beta-ketoacyl-ACP synthase I FabB ↑ 1,91 
  

61 Trigger factor Tig ↑ 1,64 
  

71 Argininosuccinate synthase ArgG ↑ 1,53 
  

74 Carbohydrate-selective porin OprB ↑ 1,77 
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Spot no. Proposed protein identification Effect 
Fold-

change 
Light Dark 

76 Dihydrolipoamide dehydrogenase Lpd ↑ 1,58 
  

      

78 Biotin carboxylase subunit of acetyl-CoA carboxylase ↑ 1,60 
  

79 ATP synthase beta chain AtPD ↑ 2,18 
  

94 Isocitrate dehydrogenase IcdA ↑ 1,60 
  

95 Cell division protein FtsZ ↑ 1,62 
  

106 S-adenosylmethionine synthetase MetK ↑ 2,71 
  

* 126 Hypothetical protein ↑ 
a 1.51 
b 1.66   

130 
Major porin and structural outer membrane porin OprF 

precursor 
↑ 2.75 

  

* 206 50S ribosomal protein L7/L12 RplL ↑ 
a 1.59 
b 1.51   

63 Glu-tRNA(Gln) amidotransferase subunit B ↓ 0.63 
  

89 Serine protease MucD precursor ↓ 0.64 
  

* 102 NADP-glutamate dehydrogenase GdhA ↓ 
a 0.67 
b 0.67   

* 112 Chitin-binding protein CbpD precursor ↓ 
a 0.58 
b 0.00   

* 113 Muconate cycloisomerase CatB ↓ 
a 0.67 
b 0.60   

* 115 Probable binding protein component of ABC transporter ↓ 
a 0.43 
b 0.58   

* 117 Alcohol dehydrogenase AdhA ↓ 
a 0.29 
b 0.55   

120 Fructose-1,6-bisphosphate aldolase ↓ 0.59 
  

124 Protease IV ↓ 0.48 
  

138 Elongation factor Ts ↓ 0.54 
  

150 Hypothetical protein ↓ 0.46 
  

152 Hypothetical protein ↓ 0.48 
  

155 NAD(P)H-dependent carbonyl reductase ↓ 0.48 
  

156 Arginine/ornithine binding protein AotJ ↓ 0.21 
  

157 Ferredoxin NADP(+) reductase FprA ↓ 0.33 
  

* 159 Translation elongation factor P Efp ↓ 
a 0.00 
b 0.00   

162 Fe/S biogenesis protein NfuA ↓ 0.39 
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Spot no. Proposed protein identification Effect 
Fold-

change 
Light Dark 

168 Hypothetical protein ↓ 0.41 
  

      

169 Hypothetical protein ↓ 0.27 
  

171 Hypothetical protein ↓ 0.33 
  

175 Superoxide dismutase SodB ↓ 0.24 
  

177 PasP protease ↓ 0.27 
  

180 Alkyl hydroperoxide reductase subunit C AhpC ↓ 0.61 
  

181 Hypothetical protein ↓ 0.21 
  

185 Putative DNA-binding stress protein ↓ 0.29 
  

186 Conserved hypothetical Protein UspK ↓ 0.33 
  

187 Iojap family protein ↓ 0.31 
  

* 188 30S ribosomal protein S6 RpsF ↓ 
a 0.23 
b 0.18   

190 Probable ribosomal protein L25 RplY ↓ 0.19 
  

193 Conserved hypothetical protein ↓ 0.37 
  

199 Peptide methionine sulfoxide reductase MsrB ↓ 0.27 
  

202 Azurin precursor Azu ↓ 0.31 
  

204 Nucleoside diphosphate kinase ↓ 0.13 
  

207 Hypothetical protein ↓ 0.00 
  

210 Thioredoxin TrxA ↓ 0.09 
  

218 Alkyl hydroperoxide reductase TsaA ↓ 0.38 
  

219 Putative amino-acid ABC transporter-binding protein YhdW ↓ 0.39 
  

 

 

The down-regulation of several proteins associated with the oxidative stress when P. aeruginosa 

strain PAO1 was grown in complete absence of light is striking. Reports in E. coli and A. baumannii 

described NfuA as an essential feature to sustain oxidative stress and iron starvation [93,94], but not 

critical for the central cellular processes [95]. In P. aeruginosa, deletion of nfuA also reduced the bacterial 

ability to manage oxidative stress and iron-deprivation conditions [96], however, these responses were 
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only triggered when bacteria were cultured under such conditions. Similar conclusions were taken for the 

expression of FprA, only induced when cells were treated with certain oxidants, such as a superoxide 

generator, paraquat, or sodium hypochlorite (NaOCl), but required for survival as a mutation in frpA 

conferred high sensitivity to oxidative stress [97]. 

To defend against the host-produced ROS, P. aeruginosa expresses alkyl hydroperoxide reductases 

(such as AhpC and TsaA) [98]. The expression of these antioxidant proteins, known to limit ROS 

production by reducing the levels of hydrogen peroxide and iron available as substrates for the Fenton 

reaction [99], is under the control of the transcriptional regulator OxyR. As mentioned before, expression 

is only activated in response to oxidative stresses [100,101], thus its absence could explain the down-

regulation of proteins as AhpC and TsaA. 

As for MsrB, it has been recently reported as involved in P. aeruginosa protection of oxidative stress 

due to its ability to convert methionine sulfoxide, the product of methionine oxidation, back to its 

methionine form [102]. The expression of MsrB is rapidly induced by oxidative stress and maintained at 

a low level under normal physiological conditions [103]. 

The expression of other proteins involved in the resistance to oxidative stress, such as a putative 

DNA-binding stress protein [104], TrxA, which prevents protein aggregation in P. aeruginosa [105] and is 

also expressed after heat or oxidative stress [106]; and SodB, another enzyme with a major role in 

multiple defense systems against oxidative stress [107], was also found repressed. 

When comparing the cytosolic proteome of both growth conditions, some virulence factors were 

down-regulated when grown in the dark, particularly CbpD, protease IV, PASP and azurin. The CbpD, 

despite having no detectable protease or staphylolytic activity, can bind chitin-binding protein and 

possesses adhesin-like properties [108]. Chitin-binding proteins are associated with enhanced rate of 

bacterial infection, adaptation to environmental nutrient gradients, higher pathogenesis and stability of 

biofilms, tolerance to stress and protection against predators [109]. Protease IV is a protease highly 

induced by QS in P. aeruginosa and a major virulence factor for the Pseudomonas corneal and lung 

infections [110]. Interestingly, its activity is restrained until completely secreted into extracellular space 

when a propeptide is cleaved to generate a mature protein [111], acting as a protective system as 

protease IV may as well be potentially harmful to the bacterial cells producing them. Similarly, the active 

form of PASP is only found in the culture supernatant [112]. PASP can degrade collagens, cause corneal 

erosions and has been found in studies of Pseudomonas lung infections [113]. Azurin, recognized as an 

anticancer drug, plays an important role in inducing apoptosis and cytotoxicity [114]. Despite the 

decreased expression in the cytosolic proteome, given the increase in biofilm formation, the production 
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of virulence factors and the cytotoxicity of the secreted fractions of cells grown in the dark, one could 

postulate that a lower cytosolic expression of these proteins could be associated with a higher secretion. 

Accordingly, these virulence factors are rapidly exported to exert its functions and are more commonly 

detected in the extracellular supernatant of the cells [108,115–118]. Hence, a similar proteomic 

approach should screen the secretome of P. aeruginosa grown in constant exposure to full-spectrum light 

and in total absence of light. 

In addition, our proteome analysis confirmed the expression of 11 hypothetical proteins (11% of the 

27 up-regulated proteins and 22% of the 37 down-regulated proteins) and provided a basis for further 

investigations into the functionality of these proteins. As functions are attributed to the many hypothetical 

proteins identified, more key details will emerge from these studies. 

 

Conclusion 

As the influence of light on both the virulence of pathogens and the host defense response has been 

discussed, we wanted to verify how this abiotic factor impacted the pathogenic potential of Pseudomonas 

aeruginosa, particularly the reference strain PAO1 and two pneumonia-associated isolates. Previous in 

silico predictions which were able to contextualize the observed phenotypic variability also highlighted 

genomic content and SNVs that hinted a differential P. aeruginosa light response. Therefore, in this study 

two growth conditions were evaluated, namely, constant exposure to full-spectrum light and total absence 

of light (dark). 

Most examples of light regulation of virulence traits reported in the literature involve blue light 

receptors, however, Pseudomonas aeruginosa possesses a red light-based bacteriophytochrome, with 

distinct modular domain architecture and different output modules. An association of the activation of 

such structure with virulent phenotypes has yet to be reported. Therefore, the question arises, does red 

light regulate bacterial lifestyle decisions? And if so, are these the same decisions as the one reported for 

blue light? 

Nevertheless, the discovery of a P. aeruginosa photoreceptor suggests that changes in light 

conditions, being in the extreme settings of constant exposure or total absence as studied here, or 

exposure to specific wavelengths as light is an electromagnetic spectrum, could alter the activity of the 

photoreceptor and potentially impact the bacterial behavior. Perceiving the changes triggered by exposure 

to this abiotic factor and the molecular mechanisms behind those triggers may aid in the development of 
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new biotechnological tools, such as a light-controlled expression system, which would possess a wide 

range of applications in several fields. 

Despite not showing relevant differences in the particle characteristics of each assayed fraction, such 

as size, zeta potential and polydispersity index, the switch from light to dark had an impact on the 

cytotoxicity on the A549 cells and the P. aeruginosa virulence traits. When compared to a light control, 

the supernatant of P. aeruginosa grown in the dark evidenced an increased pigment production and 

protease activity and a significant increase of the toxicity of the P. aeruginosa extracellular fractions 

towards the A549 cells, suggesting an increased pathogenic potential of P. aeruginosa when grown under 

complete absence of light. 

Variations in each trait evaluated could be considered isolate-dependent, suggesting that the 

response to the light conditions could be dynamically adapted by P. aeruginosa isolates. The output 

domain of the Pseudomonas aeruginosa photoreceptor is a histidine kinase, which signals to a 

downstream response regulator of a two-component regulatory system, being the target for such 

regulation often gene expression. Therefore, we further compared these two-contrasting growth conditions 

by a proteomic approach. 

While it was not possible to conduct protein identification using traditional MS methods, an alternative 

was found in the building of the proteome reference map here presented, identifying 27 up-regulated and 

37 down-regulated protein spots in the cytosolic proteome of P. aeruginosa strain PAO1 grown in the 

dark. However, one should not rule out the 77 spots with no proposed identity in the proteome map that 

were found to have statistically significant expression variation. Despite the inability to make any direct 

biological conclusion due to the lack of identification, these spots still attest to a possible dynamic shift in 

the cytosolic proteome and should be further studied. 

Growth in complete absence of light was associated with a repression of the oxidative stress 

response. Bacteria usually require protection of oxidative stress proteins in order to avoid possibly lethal 

DNA damage. Nevertheless, a decreased expression of these proteins has been described as a putative 

marker of hypermutability in CF strains, allowing bacterial survival [98]. Moreover, reversibly looking at 

the protein expression levels, when grown in constant exposure to full-spectrum light, the cytosolic 

proteome of P. aeruginosa strain PAO1 evidenced increased expression levels of proteins directly involved 

in primary responses to oxidative stress, supporting the possibility that cells of P. aeruginosa strain PAO1 

exposed to light are under oxidative stress. This apparent state of oxidative stress could be owed to the 

continuous exposure to full-spectrum light, as it has been reported that bacteria irradiated with blue (415 

– 470 nm) and red (620 – 700 nm) light displayed increased ROS production levels [119]. Sustaining 
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this hypothesis SodB, which has an important protective role against UV-C radiations in P. aeruginosa 

[120], was found to be up-regulated when the reference strain PAO1 was grown in presence of full-

spectrum light. 

Phenotypic characterization also implied a higher secretion of virulence factors when grown in the 

dark, correlating with a higher cytotoxicity of extracellular fractions in the A549 cells. Future work should 

expand this proteomic approach to other isolates and to the secretome of P. aeruginosa, in order to 

identify more proteins possibly implied in the shift to a pathogenic host-associated lifestyle. 

Transcriptomics would also be a viable approach to pinpoint relevant contributors to the possible dynamic 

response to light exposure. 

Given the origin of the screened Pseudomonas aeruginosa clinical isolates, it could be postulated 

that growth in the dark mimics more closely the light exposure conditions that these isolates sustained in 

the host. This study hints that the observed overall responses of Pseudomonas aeruginosa are influenced 

by how different the growth conditions are from the natural light conditions the microorganisms are 

adapted to. Consequently, it is imperative to maintain the experimental settings the most similar to in situ 

conditions, in order to more accurately interpret the observed bacterial responses. 
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7 
Final remarks and future perspectives 

 

 

Pseudomonas aeruginosa, a ubiquitous opportunistic pathogen, is a leading cause of opportunistic 

infections, as a result of its multifactorial pathogenicity, multidrug-resistance and genomic plasticity 

characteristics, allowing a strain-specific versatile adaptability to different loci and a plethora of stressors.  

This thesis was based in a collaboration with Hospital de Braga, from which a collection of over 700 

P. aeruginosa clinical isolates was raised. The main aims of this thesis were to: i) provide a systematic 

characterization of P. aeruginosa isolates occurring in that hospital by clustering according to their 

genotype; ii) determine and compare the genome sequence of representatives isolates; and iii) 

understand the underlying phenotypic heterogeneity among selected isolates. 

In chapter 2 of the present work we presented an epidemiological study of the P. aeruginosa 

nosocomial infections in Hospital de Braga coupled to genotypic approaches, reporting an almost isolate-

specific molecular-pattern and sustaining the need for stricter infection control and effective antibiotic 

stewardship measures in hospital settings, for better patient management. To further understand and 

evaluate the clinical consequences of such genetic diversity, high-throughput approaches as those 

employed by the international Pseudomonas aeruginosa consortium [1] are mandatory, which will 

ultimately contribute to the development of effective molecular biomarker-based tools for fast 

discrimination and diagnosis of individual P. aeruginosa isolates. 

In the scope of “1000 P. aeruginosa Genomes” [1,2] many research priorities in the international 

P. aeruginosa community were identified, including linking bacterial phenotype, genotype and clinical 

data, with a clear focus on the development of prognostic approaches to treat infections. Evolution and 

spread of antibiotic resistance are global public health concerns that strongly affect the efficiency of most 

currently available antimicrobial agents, compromising the ability to treat bacterial infections. This public 

health issue has led to the resurgence of colistin, considered a last-resort therapeutic agent and its 

increasing use has led to reports of resistant P. aeruginosa [3]. Three isolates from our collection, 

resistant to colistin, were sequenced and analyzed in Chapter 3, to identify genomic loci that could be 

involved in this resistant phenotype. Ultimately this selection aimed to provide genome data useful for 
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antimicrobial testing, identification of resistance markers and data mining for new therapeutic targets. In 

addition to well-known colistin resistance mechanisms, such as the PmrAB two-component regulatory 

system and the ArnBCADTEF-PmrE operon, we uncovered other genetic determinants and mutations that 

potentially drive colistin resistance. Future work aiming to understand the evolution of colistin resistance 

would be of foremost importance, as it could be translated into routine diagnostics and therapeutic 

approaches. 

Additionally, a correct infection diagnosis and treatment are even more mandatory when studies, as 

the one in this thesis, report such individuality of P. aeruginosa, based on distinct genetic patterns. 

Therefore, in Chapter 4, a subpanel of clinical isolates and P. aeruginosa reference strain PAO1 were 

assayed for common phenotypic traits, to verify a possible genotype-phenotype link. Our data supported 

the heterogeneity of P. aeruginosa and highlighted two pneumonia-associated clinical isolates, clustered 

in the same RAPD-PCR group but evidencing contrasting phenotypes. Having in mind the distinctive traits 

evidenced by isolates causing similar infections and the significant clinical impact, the suggested distinct 

pathogenic potential of isolates HB13 and HB15 was determined towards pulmonary epithelial cells. This 

hypothesis was further sustained by recognizing the induced morphological alterations in the A549 cells, 

as the cellular density and the average cell area decreased. Four distinct fractions of each P. aeruginosa 

isolate were assayed exhibiting an isolate-dependent effect in the A549 cells. Furthermore, the results 

suggested possible distinct pulmonary infection stages for the two Pseudomonas aeruginosa clinical 

isolates, associating isolate HB13 with a chronic persistent P. aeruginosa isolate, which are less 

inflammatory and less cytotoxic [4], whereas isolate HB15 could putatively be associated with an initial 

colonization phase or acute infection context. 

A phenotype-genome association for these two pneumonia-associated isolates was presented in 

Chapter 5, highlighting the wide genomic diversification occurring within P. aeruginosa and indicated that 

genome plasticity might be modulated towards an improved fitness, driven by environmental signals and 

how this reflects on a distinctive pathogenic behavior. Supporting the phenotypic traits assayed and the 

cytotoxicity observed in the A549 cells, in silico predictions of the contrasting antibiotic resistance and 

virulence were also supported by secretome analysis. The more aggressive infection potential of isolate 

HB15 was corroborated by a set of virulence-associated exoenzyme-coding genes and SNVs linked to 

increased virulence. Furthermore, detection of active prophages, proteases (including protease IV and 

alkaline metalloproteinase), a porin and a peptidase in the extracellular protein content of P. aeruginosa 

isolate HB15 highlighted the secreted arsenal likely essential for its virulent behavior. Sustaining the 

association of OMVs, particularly the ones from isolate HB15, with a higher cytotoxicity towards the A549 
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cells, several virulence factors already reported to be encapsulated in this type of vesicles were found to 

be secreted by this P. aeruginosa clinical isolate. On the other hand, the P. aeruginosa isolate HB13 

showed the unprecedented absence of rhlRI-related gene clusters, variations in other pathogen 

competitiveness contributors and an apparent under-expression or absence of molecular machinery 

required for cell damaging and cell death. These findings support the previous association of isolate HB13 

with a chronic infection and isolate HB15 with an acute infection context. Moreover, we reported secretion 

evidences of potential novel pathogenic and resistance determinants. 

Our comparative genomics analysis has also highlighted nucleotide variations and distinct genomic 

content associated with light response in these two pneumonia-associated isolates, compared to the P. 

aeruginosa reference strain PAO1. Molecular flexibility and adaptability are greatly connected to 

Pseudomonas aeruginosa, which is able to respond to different kinds of stress by active modulation of, 

for instance, the antibiotic resistance, metabolic and secretory-related systems [5–8]. One of the triggers 

for the switch from environmental to a pathogenic host-associated lifestyle is the light environment [9], 

since it has been demonstrated that Pseudomonas aeruginosa perceive different wavelengths of light and 

regulate cellular processes ranging from energy production to virulence [10–12]. To verify if these isolates 

possessed a differential ability to sustain UV exposure, which would have repercussions in the pathogen 

behavior and survivability, in Chapter 6, a phenotypic characterization and cytotoxicity assays were 

performed for P. aeruginosa grown in two distinct growth conditions, particularly, constant exposure to 

full-spectrum light and total absence of light. The switch from light to dark had a positive impact on the 

cytotoxicity of the extracellular fractions and production of the P. aeruginosa virulence traits, sustaining 

an increased pathogenic potential for P. aeruginosa when grown under complete absence of light. 

Furthermore, to evaluate the dynamic adaptation to the conditions of light exposure, a proteomics 

approach was envisaged, aiming to identify proteins possibly implied in the shift to a pathogenic host-

associated lifestyle. With this approach, we were able to associate growth in constant exposure to full-

spectrum light to an up-regulation of the oxidative stress response in the cytosolic proteome of P. 

aeruginosa strain PAO1. As mentioned before, being able to identify differently expressed proteins is an 

important first step to understand the mechanisms implemented by bacteria to respond to different 

stresses. If we could be able to combine MS to the 2-DE work developed, 77 differently expressed spots 

could also be involved in the dynamic shift in the cytosolic proteome. Other in silico approaches could 

also help to suggest the role of hypothetical or proteins with unknown function. Moreover, to better 

understand the molecular basis of light response, future work should expand the resolving power of 2-DE 

in this study by assaying the secretome of P. aeruginosa, and even its subdivisions, such as the fractions 
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screened in the A549 cells, in order to identify additional proteins possibly implied in the dynamic 

response to light exposure and pinpoint relevant contributors in the shift to a pathogenic host-associated 

lifestyle. 

P. aeruginosa secretion systems deliver several virulence factors into host cells that aid in 

colonization and survival within the host, causing acute or chronic infections and evading the host immune 

response [13,14]. The elucidation of such factors is crucial for understanding the progression of infection. 

Transcriptomics would also be a viable approach to pinpoint relevant contributors in the shift to a 

pathogenic host-associated lifestyle. Additionally, more studies aiming for a clear distinction between the 

molecular requirements for acute and chronic infections would be important [15], as differentially 

expressed features with virulence- or adaptation-related functions would represent potential targets for 

new therapeutic approaches. 

We also proposed the use of the A549 human pulmonary epithelial cell line model to identify 

differentially expressed virulence genes over the course of infections, generating clinically relevant data. 

For instance, in our collection we have several sequential isolates collected from patients with many 

diagnosed infections that could be selected. 

Altogether our results suggested that the generation of diverse phenotypes we displayed in this thesis 

is a complex and multifactorial issue, in which several actors could be taking part. Ideally, the phenotype 

of each strain should be individually screened to determine the molecular basis, with it being difficult to 

draw general trends. Associating the clinical outcome with phenotype and genotype is imperative to aid 

clinicians in the treatment and eradication of the bacterial infections, towards a more efficient and tailored 

approach to tackle isolate-specific singularity. 

Epidemiological, genotyping and phenotyping follow-up studies are required to verify the 

consequences of the clinical approach. Complementary diagnostic tests are crucial to guide clinicians to 

choose therapeutic strategies more appropriately, based not only on the species identification and 

antibiotic resistance profiles but also in the molecular patterns of the detected pathogens. However, 

evaluating the genotypic profile might not provide the necessary information to account for a phenotype. 

In summary, as showed in this thesis, linking the genomic repertoire of P. aeruginosa to a phenotypic 

profile is a necessary aspect of uncovering novel pathogenic mechanisms and understanding the relative 

contribution of known determinants and their allelic variants. 

Expanding this approach to other P. aeruginosa clinical isolates would aid in the creation of a 

variations profile and evolutionary strategies, correlating their genomic repertoire to a phenotypic profile. 

Combining the available pipelines with the ever increasing –omics data will lead to a better prioritization 
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strategy where the most promising determinants can be rapidly targeted for future analysis, aimed at a 

better understanding of P. aeruginosa pathogenesis. 

We believe that the synergistic use of different genomic, proteomic and transcriptomic approaches 

and integration of this data with the clinical outcome will deliver a solid description of the pathogen 

performance, meaningfully improving the ability to understand host-pathogen interactions and the 

molecular basis of bacterial infections. An improved understanding of the specific adaptation, virulence 

and gene expression characteristics of strains in distinct infection stages may aid in finding new 

biomarkers and developing new therapeutic strategies. This would rouse the establishment of a 

bacteriological, genome typing-like, tool that may help in the diagnostic of Pseudomonas aeruginosa 

strains and in prognostic, giving the possibility to provide a customized antimicrobial treatment, thus 

improving patient care. 
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Appendix 
 

 

 

Table A1. Pseudomonas aeruginosa strains with a complete genome sequence [1,2].  

A total of 149 strains were fully sequenced resorting to several NGS technologies. Unp, unpublished. 

Accession no. Strains Size (Mbp) GC (%) Year Ref Sequencing technology 

NC_002516 PAO1 6.3 66.6 2000 [3] WGS 

NC_008463 PA14 6.5 66.3 2006 [4] WGS 

NC_009656 PA7 6.6 66.4 2007 [5] WGS 

NC_011770 LESB58 6.6 66.3 2008 [6] WGS 

NC_017548 M18 6.3 66.5 2011 [7] 454 GS 20 

NC_017549 NCGM2.S1 6.8 66.1 2011 [8] 454 GS FLX Titanium 

NC_018080 DK2 6.4 66.3 2011 [9] 454; Illumina GAIIx and Hiseq2000 

NC_020912 B136-33 6.4 66.4 2013 Unp. Sanger; 454; SOLiD; Illumina MiSeq 

NC_021577 RP73 6.3 66.5 2013 [10] 454 

NC_022808 PA1 6.5 66.4 2013 [11] PacBio 

NC_022806 PA1R 6.3 66.3 2013 [12] Illumina GA IIx 

NC_023019 MTB-1 6.6 66.2 2013 [13] 454 GS FLX+; Illumina MiSeq 

NC_023066 LES431 6.6 66.3 2013 [14] Sanger; 454 

NC_023149 SCV20265 6.7 66.3 2013 [15] Illumina GA IIx; PacBio 

NZ_CP007147 YL84 6.4 66.4 2014 [16] PacBio 

NZ_CP007399 F22031 6.6 66.2 2014 [17] PacBio 

NZ_CP008739 VRFPA04 6.8 66.5 2014 [18] Sanger; Ion Torrent 

NZ_AP014622 NCGM1900 6.8 66.0 2014 Unp. PacBio 

NZ_AP014646 NCGM1984 6.9 66.0 2014 [19] PacBio 

NZ_AP014651 NCGM257 7.1 65.9 2014 Unp. PacBio 

NZ_CP008856 F23197 6.5 66.2 2014 [17] PacBio 

NZ_CP008857 F30658 7.3 65.8 2014 [17] PacBio 

NZ_CP008858 F63912 6.6 66.3 2014 [17] PacBio 

NZ_CP008859 H5708 6.3 66.5 2014 [17] PacBio 

NZ_CP008860 H27930 6.6 66.3 2014 [17] PacBio 

NZ_CP008861 H47921 6.8 66.1 2014 [17] PacBio 

NZ_CP008862 M1608 6.5 66.0 2014 [17] PacBio 

NZ_CP008863 M37351 6.9 66.0 2014 [17] PacBio 

NZ_CP008864 W60856 6.9 66.2 2014 [17] PacBio 
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Accession no. Strains Size (Mbp) GC (%) Year Ref Sequencing technology 

NZ_CP008865 S86968 6.9 66.0 2014 [17] PacBio 

NZ_CP008866 T38079 6.8 66.1 2014 [17] PacBio 

NZ_CP008867 T52373 6.3 66.5 2014 [17] PacBio 

NZ_CP008868 T63266 6.4 66.3 2014 [17] PacBio 

NZ_CP008869 W16407 6.8 65.9 2014 [17] PacBio 

NZ_CP008870 W36662 6.8 66.2 2014 [17] PacBio 

NZ_CP008871 W45909 6.8 66.2 2014 [17] PacBio 

NZ_CP008872 X78812 6.3 66.4 2014 [17] PacBio 

NZ_CP008873 F9670 6.8 66.1 2014 [17] PacBio 

NZ_CP010555 FRD1 6.7 66.1 2014 [20] Illumina HiSeq; PacBio 

NZ_AP014839 8380 6.6 66.2 2015 [21] PacBio 

NZ_AP017302 IOMTU 133 6.9 66.0 2015 Unp. PacBio 

NZ_LN831024 NCTC10332 6.3 66.5 2015 Unp. PacBio 

NZ_LN870292 DK1 (NH57388A) 6.2 66.6 2015 [22] Illumina MiSeq 

NZ_CP011317 Carb01 63 7.5 65.6 2015 [23] PacBio 

NZ_CP011369 S04 90 7.1 65.8 2015 [23] PacBio 

NZ_CP012001 DSM 50071 6.3 66.5 2015 [24] PacBio 

NZ_CP012066 F9676 6.4 66.5 2015 [25] PacBio 

NZ_CP012578 PA_D2 6.6 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012579 PA_D5 6.7 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012580 PA_D9 6.6 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012581 PA_D16 6.7 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012582 PA_D21 6.6 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012583 PA_D22 6.7 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012584 PA_D25 6.7 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012585 PA_D1 6.6 66.2 2015 [26] Illumina HiSeq; PacBio 

NZ_CP012679 PA1RG 6.5 66.3 2015 [27] PacBio 

NZ_CP012901 N15-01092 7.0 65.9 2015 [28] PacBio 

NZ_CP013113 PAER4_119 6.5 66.4 2015 Unp. 454; Illumina MiSeq; Sanger 

NZ_CP013989 USDA-ARS-USMARC-41639 6.4 66.4 2016 Unp. PacBio 

NZ_CP013245 VA-134 6.4 66.4 2015 [29] Illumina HiSeq; PacBio 

NZ_CP013479 NHmuc (NH57388A) 6.2 66.6 2015 [30] Illumina GA IIx; PacBio 

NZ_CP013696 12-4-4(59) 6.4 66.3 2015 [31] Illumina HiSeq; PacBio 

NZ_CP013993 DHS01 7.1 65.8 2016 [32] Illumina GA IIx 

NZ_CP014866 PA_154197 6.4 66.4 2016 [33] Illumina NextSeq; Sanger 

NZ_CP014948 N17-1 6.4 66.4 2016 Unp. Illumina 

NZ_CP014999 PA7790 7.1 65.9 2016 [34] Illumina MiSeq 

NZ_CP015001 PA1088 6.7 66.1 2016 [34] Illumina MiSeq 

NZ_CP015002 PA8281 6.9 66.0 2016 [34] Illumina MiSeq 

NZ_CP015003 PA11803 7.0 66.0 2016 [34]1 Illumina MiSeq 

NZ_CP015117 ATCC 27853 6.8 66.1 2016 [35] Illumina HiSeq; PacBio 
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NZ_CP015377 BAMCPA07-48 7.0 66.0 2016 [36] Illumina HiSeq; PacBio 

NZ_CP015877 SJTD-1 6.2 66.5 2016 [37] 454; Illumina MiSeq 

NZ_CP016214 PA121617 6.8 65.8 2016 Unp. Illumina; PacBio 

NZ_CP016955 RIVM-EMC2982 7.4 65.7 2016 Unp. Illumina; PacBio 

NZ_CP017099 DN1 7.0 65.9 2016 [38] Illumina MiSeq; PacBio 

NZ_CP017149 ATCC 15692 6.3 66.5 2016 Unp. PacBio 

NZ_CP017293 PA83 7.2 65.7 2016 [39] Illumina HiSeq; PacBio 

NZ_CP017306 PA150577 6.3 66.5 2016 Unp. Illumina HiSeq 

NZ_CP017353 FA-HZ1 6.9 66.2 2016 [40] PacBio 

NZ_CP017969 B10W 6.7 66.2 2016 [41] PacBio 

NZ_CP019338 L10 6.7 66.1 2017 [42] Illumina HiSeq; PacBio 

NZ_CP020560 CR1 6.1 66.9 2018 Unp. PacBio 

NZ_CP020603 E6130952 7.1 65.9 2017 [43] PacBio 

NZ_CP020659 PAK 6.3 66.3 2017 [44] 454 GS FLX Titanium 

NZ_CP020703 PASGNDM345 6.9 66.1 2017 [45] PacBio 

NZ_CP020704 PASGNDM699 7.0 66.0 2017 [45] PacBio 

NZ_CP021774 Pa124 7.0 65.8 2017 [46] PacBio 

NZ_CP021775 Pa58 7.2 65.8 2017 [46] PacBio 

NZ_CP021999 Pa84 6.6 66.2 2017 [46] PacBio 

NZ_CP022000 Pa127 7.1 65.7 2017 [46] PacBio 

NZ_CP022001 Pa1207 7.4 65.7 2017 [47] PacBio 

NZ_CP022002 Pa1242 7.0 65.8 2017 [47] PacBio 

NZ_CP022526 Ocean-1155 6.9 66.0 2017 [48] PacBio 

NZ_CP022525 Ocean-1175 6.9 66.0 2017 [48] PacBio 

NZ_CP023255 CCUG 70744 6.8 66.0 2018 Unp. Illumina MiSeq; PacBio 

NZ_CP023316 PPF-1 6.9 65.9 2017 [49] PacBio 

NZ_CP024477 12939 6.6 66.2 2017 [50] Illumina HiSeq; PacBio 

NZ_CP025049 PB369 6.5 66.0 2017 Unp. Illumina; PacBio 

NZ_CP025050 PB368 6.6 66.0 2017 Unp. Illumina; PacBio 

NZ_CP025051 PB353 6.5 66.3 2017 Unp. Illumina; PacBio 

NZ_CP025053 PB354 6.5 66.3 2017 Unp. Illumina; PacBio 

NZ_CP025055 PB350 6.7 66.2 2017 Unp. Illumina; PacBio 

NZ_CP025056 PB367 6.7 66.2 2017 Unp. Illumina; PacBio 

NZ_LT673656 PcyII-10 6.3 66.5 2017 Unp. Illumina; PacBio 

NZ_LT883143 C-NN2 6.9 66.1 2017 [51] - 

NZ_LT969520 RW109 7.0 65.8 2017 [52] PacBio 

NZ_CP026680 F5677 6.6 65.9 2018 [17] PacBio 

NZ_CP027165 AR_0360 6.5 66.4 2018 Unp. Illumina; PacBio 

NZ_CP027166 AR_0357 7.2 65.8 2018 Unp. Illumina; PacBio 

NZ_CP027169 AR_0356 7.2 65.5 2018 Unp. Illumina; PacBio 

NZ_CP027171 AR_0354 6.7 66.1 2018 Unp. Illumina; PacBio 
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NZ_CP027172 AR_0353 7.3 65.6 2018 Unp. Illumina; PacBio 

NZ_CP027174 AR_0230 7.1 65.8 2018 Unp. Illumina; PacBio 

NZ_CP027538 AR_0095 6.8 66.1 2018 Unp. PacBio 

NZ_CP028162 MRSN12280 7.0 66.0 2018 [53] Illumina NextSeq; PacBio 

NZ_CP028584 WCHPA075019 6.9 66.0 2018 Unp. Illumina HiSeq; MinION 

NZ_CP028917 JB2 6.9 66.0 2018 [54] Illumina HiSeq; PacBio; MinION 

NZ_CP029088 AR445 7.1 65.8 2018 Unp. Illumina; PacBio 

NZ_CP029089 AR444 6.8 66.1 2018 Unp. Illumina; PacBio 

NZ_CP029090 AR442 7.3 65.8 2018 Unp. Illumina; PacBio 

NZ_CP029093 AR441 7.2 65.6 2018 Unp. Illumina; PacBio 

NZ_CP029097 AR439 7.2 65.4 2018 Unp. Illumina; PacBio 

NZ_CP029605 24Pae112 7.1 66.0 2018 Unp. PacBio 

NZ_CP029660 AR_0446 6.5 66.3 2018 Unp. Illumina; PacBio 

NZ_CP029707 K34-7 7.0 65.9 2018 [55] Illumina HiSeq; PacBio 

NZ_CP029745 AR0110 6.8 66.0 2018 [56] PacBio 

NZ_CP030327 AR458 6.7 66.2 2018 Unp. Illumina; PacBio 

NZ_CP030328 AR455 6.5 65.9 2018 Unp. Illumina; PacBio 

NZ_CP030351 AR460 6.3 66.6 2018 Unp. Illumina; PacBio 

NZ_CP030861 HS9 6.9 66.2 2017 Unp. Illumina HiSeq 

NZ_CP030910 Y31 6.8 66.2 2018 Unp. PacBio 

NZ_CP030911 Y71 6.9 66.0 2018 Unp. PacBio 

NZ_CP030912 Y82 7.1 65.8 2018 Unp. PacBio 

NZ_CP030913 Y89 7.0 66.0 2018 Unp. PacBio 

NZ_CP031449 97 6.9 65.9 2018 Unp. MiniION 

NZ_CP031659 PABL012 6.5 66.3 2018 Unp. Illumina HiSeq; PacBio 

NZ_CP031660 PABL017 6.5 66.3 2018 Unp. Illumina HiSeq; PacBio 

NZ_CP032257 AR0111 7.1 65.8 2018 [56] PacBio 

NZ_CP032552 PA34 6.8 66.1 2018 [57] Illumina MiSeq; MiniION 

NZ_CP033439 SP4528 6.9 65.8 2018 Unp. IonTorrent; MiniION 

CP032569 BA7823 6.9 65.8 2018 Unp. MinION 

CP033084 PA-3 6.3 66.5 2018 Unp. Illumina MiSeq 

CP033432 BA15561 6.8 65.8 2018 Unp. IonTorrent; MiniION 

CP033771 FDAARGOS_532 6.9 66.1 2018 [58] Illumina HiSeq; PacBio 

CP033832 FDAARGOS_505 7.0 65.9 2018 [58] Illumina HiSeq; PacBio 

CP033833 FDAARGOS_571 7.0 65.9 2018 [58] Illumina HiSeq; PacBio 

CP033835 FDAARGOS_570 7.2 65.9 2018 [58] Illumina HiSeq; PacBio 

CP033843 FDAARGOS_501 6.9 66.0 2018 [58] Illumina HiSeq; PacBio 

NZ_CP035739 1334/14 6.9 65.8 2019 Unp. Illumina MiSeq; MiniION 
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Table A2. Distribution of the Pseudomonas aeruginosa clinical isolates and reference 

strains by the 14 RAPD-PCR groups. The P. aeruginosa reference strains and the clinical isolates 

further used in this thesis are highlighted. 

Group Pseudomonas aeruginosa 

A HB43, HB126, HB265, HB271, HB511, HB520, HB656, HB658, HB660 

B HB37, HB39, HB71, HB77, HB82, HB98, HB113, HB176, HB218, HB232, HB233, HB243, HB283, 

HB339, HB362, HB380, HB410, HB447, HB480, HB554, HB562, HB563, HB573, HB632, HB681 

C HB129, HB160, HB222, HB257, HB288, HB377, HB425, HB456, HB465, HB528, HB534, HB569, HB575, 

HB582, HB620, HB625, HB665, HB668, HB669, HB671, HB675, HB698, HB701 

D HB8, HB21, HB55, HB61, HB133, HB147, HB220, HB311, HB314, HB319, HB382, HB461, HB463, 

HB471, HB476, HB501, HB515, HB522, HB556, HB558, HB578, HB581, HB591, HB594, HB599, HB600, 

HB618, HB649 

E HB24, HB53, HB245, HB249, HB384, HB390, HB418, HB419, HB420, HB445, HB467, HB479, HB485, 

HB512, HB551, HB576, HB583, HB584, HB585, HB611, HB662, HB663, HB664, HB699, HB704 

F HB10, HB18, HB35, HB73, HB90, HB112, HB116, HB146, HB287, HB291, HB298, HB309, HB313, 

HB324, HB331, HB361, HB422, HB444, HB449, HB472, HB488, HB506, HB509, HB517, HB543, HB548, 

HB595, HB639, HB645, HB650, HB652, HB653, HB655, HB657 

G HB72, HB156, HB173, HB175, HB340, HB439, HB441, HB442, HB446, HB498, HB574, HB577, HB586, 

HB628, HB667, HB680 

H HB2, HB4, HB12, HB19, HB25, HB28, HB32, HB50, HB120, HB121, HB140, HB148, HB149, HB209, 

HB210, HB221, HB226, HB227, HB246, HB334, HB343, HB348, HB356, HB364, HB368, HB372, HB393, 

HB423, HB464, HB468, HB469, HB503, HB535, HB536, HB568, HB610, HB627, HB636, HB638, HB640, 

HB646, HB684, HB709 

I HB1, HB34, HB46, HB56, HB62, HB64, HB69, HB74, HB76, HB78, HB92, HB93, HB94, HB97, HB114, 

HB122, HB128, HB144, HB155, HB164, HB162A, HB166, HB177, HB188, HB268, HB272, HB285, 

HB296, HB300, HB305, HB320, HB322, HB336, HB350, HB360, HB391, HB395, HB398, HB399, HB408, 

HB415, HB435, HB482, HB483, HB491, HB510, HB523, HB524, HB537, HB552, HB588, HB612, HB613, 

HB622, HB661, HB672, HB673, HB683, HB700, HB703 

J HB3, HB23, HB33, HB47, HB51, HB83, HB85, HB88, HB89, HB91, HB102, HB105, HB108, HB109, 

HB111, HB123, HB124, HB139, HB143, HB150, HB152, HB153, HB157, HB159, HB161, HB169, 

HB174, HB185, HB186, HB189, HB190, HB191, HB193, HB195, HB196, HB199, HB201, HB202, HB205, 

HB207, HB208, HB211, HB214, HB216, HB223, HB234, HB235, HB237, HB238, HB239, HB240, HB241, 

HB244, HB247, HB251, HB254, HB256, HB259, HB260, HB263, HB264, HB267, HB275, HB276, HB278, 

HB279, HB280, HB282, HB286, HB295, HB302, HB303, HB304, HB307, HB308, HB310, HB318, HB325, 

HB326, HB329, HB335, HB342, HB345, HB346, HB347, HB351, HB352, HB355, HB370, HB376, HB378, 

HB381, HB386, HB387, HB389, HB392, HB396, HB397, HB400, HB401, HB402, HB403, HB404, 

HB405, HB434, HB437, HB438, HB443, HB521, HB525, HB526, HB530, HB532, HB533, HB539, HB541, 

HB545, HB550, HB553, HB557, HB561, HB566, HB567, HB571, HB614, HB621, HB631, HB633, HB654, 

HB659, HB670, HB694, HB702, HB707, HB708 
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Group Pseudomonas aeruginosa 

K HB44, HB58, HB330, HB337, HB412, HB414, HB451, HB458, HB493, HB496, HB508, HB564 

L LESB58, PA14, HB7, HB11, HB13, HB14, HB15, HB20, HB22, HB26, HB27, HB30, HB31, HB36, 

HB38, HB40, HB41, HB45, HB49, HB52, HB54, HB63, HB66, HB67, HB68, HB70, HB80, HB81, HB84, 

HB89A, HB96, HB100, HB101, HB104, HB115, HB117, HB127, HB132, HB134, HB137, HB141, HB151, 

HB154, HB158, HB163, HB167, HB168, HB171, HB178, HB181, HB187, HB192, HB194, HB197, 

HB198, HB204, HB212, HB213, HB215, HB219, HB225, HB228, HB230, HB231, HB236, HB242, HB248, 

HB252, HB253, HB258, HB261, HB262, HB266, HB274, HB281, HB289, HB292, HB293, HB299, HB301, 

HB306, HB312, HB317, HB321, HB323, HB338, HB341, HB344, HB353, HB354, HB358, HB363, HB365, 

HB369, HB371, HB373, HB374, HB379, HB383, HB385, HB388, HB394, HB406, HB407, HB409, HB411, 

HB413, HB416, HB417, HB424, HB426, HB429, HB430, HB431, HB432, HB433, HB436, HB448, HB450, 

HB452, HB452A, HB452B, HB453, HB454, HB455, HB457, HB459, HB462, HB466, HB473, HB474, 

HB475, HB477, HB478, HB484, HB486, HB487, HB489, HB490, HB492, HB494, HB497, HB499, HB500, 

HB516, HB518, HB527, HB529, HB531, HB542, HB544, HB560, HB570, HB579, HB589, HB590, HB593, 

HB596, HB597, HB598, HB601, HB602, HB603, HB604, HB605, HB606, HB607, HB608, HB609, HB615, 

HB616, HB619, HB623, HB624, HB626, HB634, HB635, HB637, HB643, HB647, HB674, HB679, HB682, 

HB686, HB687, HB689, HB690, HB691, HB692, HB693, HB695, HB696, HB697, HB705, HB706 

M HB9, HB60, HB180, HB250, HB315, HB316, HB349, HB460, HB495, HB519 

N PAO1, HB5, HB6, HB16, HB17, HB48, HB57, HB59, HB65, HB75, HB86, HB87, HB89B, HB99, HB106, 

HB103, HB107, HB110, HB118, HB119, HB125, HB130, HB131, HB135, HB136, HB138, HB142, HB145, 

HB162B, HB165, HB172, HB179, HB182, HB183, HB184, HB200, HB203, HB206, HB217, HB224, 

HB229, HB255, HB269, HB270, HB277, HB284, HB290, HB294, HB297, HB327, HB332, HB333, HB357, 

HB357A, HB357B, HB359, HB366, HB367, HB375, HB421, HB427, HB428, HB440, HB470, HB481, 

HB502, HB504, HB505, HB507, HB513, HB514, HB538, HB540, HB546, HB547, HB549, HB555, HB559, 

HB565, HB580, HB587, HB592, HB617, HB629, HB630, HB644, HB648, HB651, HB676, HB677, HB678, 

HB685, HB688 
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Appendix A3. 

Workflow of the genome assembly of the colistin-resistant Pseudomonas 

aeruginosa  

 

Under the scope of the International Pseudomonas aeruginosa Consortium [1], three P. aeruginosa 

isolates evidencing resistance to colistin were selected for genome sequencing. P. aeruginosa HB158, 

HB158 and HB392 were sequenced with Illumina MiSeq technology yielding 376,684, 526,823 and 

536,118 paired-reads of 300 bp, respectively (Table A3). 

The raw paired-reads datasets obtained from the Illumina MiSeq system were corrected with sickle 

[2] and BayesHammer [3]. On all reads, a quality filtering was applied based on Phred quality scores and 

potential adapter contamination, low quality and ambiguous nucleotides were trimmed off from the 

remaining reads, using the fastq-mcf tool [4]. 

After correction of sequencing errors, trimming and quality filtering of both raw paired-read datasets, 

approximately 85% of the original reads were de novo assembled using different assemblers, in order to 

fine-tune the genome reconstruction pipeline according to contiguity and miss-assembly predictions [5]. 

The paired-reads datasets were de novo assembled using SPAdes v3.13.0 [6], A5-miseq v20160825 [7], 

Unicycler v0.4.7 [8] and SGA v0.10.15 [9]. Parameterization of each assembler was fine-tuned according 

to contiguity and miss-assembly predictions, as inferred from REAPR reports [5]. Customized parameters 

used for each assembler were as follows: i) SPAdes, --only-assembler --careful -t 8 -k 21,33,55,77,99,127; 

ii) A5-miseq, min. contig 1000; iii) Unicycler, --min_fasta_length 1000 --keep 1 --mode conservative; iv) 

SGA, -q 20 -m 85, -a sais. 

The different assemblies were merged with CISA v1.3 [10]. Scaffolding and gap-closure of selected 

assemblies were performed using the filtered datasets with SSPACE v3.0 [11] and GapFiller v1.10 [12]. 

To analyze the assembly quality, reference assembly mapping of filtered paired-reads was performed with 

Bowtie 2 [13], using as reference the draft contig list produced by each assembler or merge. Samtools 

v1.9 [14], Picard tools v2.20.0 [15] and GATK v4.1.2 [16] were used to convert .SAM files to sorted .BAM 

files and for the detection of variant nucleotides. 

The final draft genome assembly for each isolate was obtained after further automated assembly 

improvement with Pilon [17]. The genome annotations were conducted using Prokka v1.12 [18]. 

As shown in Table A3, the assembly with SPAdes, A5-miseq and Unicycler resulted in a more 

contiguous draft sequence, with less fragmentation as deduced by the lower number and longer contigs, 

when comparing to the assembly with SGA. 
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Table A3. Summary of the genomic reconstruction pipeline. Raw paired-reads from Illumina MiSeq 

technology were corrected, filtered and trimmed. High quality reads were de novo assembled using several 

assemblers. Final draft genome for each isolate was obtained after merging, scaffolding, gap closure and 

automated assembly improvement.  

MiSeq datasets (2x 300 bp) 

 
P. aeruginosa 

HB158 

P. aeruginosa 

HB159 

P. aeruginosa 

HB392 

Original reads (2x) 376,684 526,823 536,118 

Sickle and BayesHammer corrected reads (2x) 367,801 515,522 522,152 

Trimmed and filtered (2x) 320,472 442,532 459,635 

De novo assembly 

Assembly comparison metrics 

 
Contigs 

(1K) 

Longest 

contig (bp) 

N50 

(bp) 

Total size 

(bp) 
SNVs Indels 

P. aeruginosa HB158       

SPAdes (v 3.13.0) 133 447,478 205,125 6,973,622 40 0 

A5-miseq (v. 20160825) 123 596,764 179,566 7,000,067 14 2 

Unicycler (v.0.4.7) 129 417,769 182,538 6,894,623 141 8 

SGA (v. 0.10.15) 1,223 53,661 8,247 6,932,861 112 6 

P. aeruginosa HB159       

SPAdes (v 3.13.0) 74 760,950 308,413 6,988,605 88 2 

A5-miseq (v. 20160825) 68 873,677 315,855 7,010,936 42 2 

Unicycler (v.0.4.7) 79 860,971 302,134 6,940,626 90 11 

SGA (v. 0.10.15) 861 62,647 13,088 7,046,692 101 3 

P. aeruginosa HB392       

SPAdes (v 3.13.0) 69 692,563 275,770 6,988,386 70 0 

A5-miseq (v. 20160825) 76 953,472 455,396 7,015,232 24 1 

Unicycler (v.0.4.7) 78 751,033 257,193 6,931,941 106 13 

SGA (v. 0.10.15) 762 66,446 14,781 7,027,822 93 0 

Merging, scaffolding, gapclosure and finishing 

 
Scaffolds 

(1K) 

Longest 

scaffold (bp) 

N50 

(bp) 

Ns per 

100 Kbp 

Contigs 

(1K) 

Total size 

(bp) 
SNVs Indels 

CISA         

P. aeruginosa HB158 110 547,690 212,361 0 110 6,979,971 196 11 

P. aeruginosa HB159 70 873,686 315,977 12.68 70 7,011,363 45 2 

P. aeruginosa HB392 69 852,046 278,663 8.59 69 7,011,323 5 2 

SSPACE + GapFiller         

P. aeruginosa HB158 110 547,791 212,361 0 110 6,984,434 121 3 

P. aeruginosa HB159 68 873,686 315,977 12.68 68 7,017,740 45 2 

P. aeruginosa HB392 69 852,046 278,707 8.58 69 7,018,992 5 1 

Pilon         

P. aeruginosa HB158 110 547,791 212,361 0 110 6,984,434 117 1 

P. aeruginosa HB159 68 873,686 315,977 0 68 7,018,002 26 1 

P. aeruginosa HB392 69 852,046 278,707 0 69 7,019,158 37 0 
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Assembly accuracy was then evaluated and the A5-miseq assembler would be considered the best 

tool to reconstruct the genome sequence of both isolates, based on the available datasets, as it resulted 

in draft genomes with lower errors and mismatches. 

Further processing of the assemblies resulted in draft genomes for clinical isolates HB158, HB159 

and HB392 comprised of: i) 110 contigs with 6,984,434 bp and 0 Ns; ii) 68 contigs with 7,018,002 bp 

and 0 Ns; and iii) 69 contigs with 7,019,158 bp and 0 Ns, respectively. This resulted in greater contiguity 

and overall assembly quality improvement over the pre-merging assembly. 
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Figure A4. Comparison of the effective response on the viability of the A549 cells, when 

incubated with different concentrations of the Pseudomonas aeruginosa culture supernatants. 

Three P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and 

HB15. The results of the MTT assay are depicted as the cell viability percentage of the A549 cells exposed to 

a serial range of eight concentrations (from 0.625 to 5 μg/mL) of the supernatants of the P. aeruginosa 

isolates, grown for 24 and 48 h. The viability was determined according to the life control, where the A549 

cells were grown in fresh medium. Two additional controls are represented, the bacterial medium control - LB 

(A549 cells incubated with LB) and the death control (A549 cells incubated with 30% DMSO). A horizontal line 

highlights a cellular viability of 50%. A concentration able to inhibit 50% of viable A549 cells corresponds to 

the IC50. Three MTT endpoints were assayed (24, 48 and 72 h of contact) and standard deviation bars are 

represented for three independent experiments. 



 Appendix | Page 220 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5. Comparison of the effective response on the viability of the A549 cells, when incubated 

with different fractions of the Pseudomonas aeruginosa isolates grown for 24 h. Three P. aeruginosa 

were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four freshly collected 

fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the whole supernatant (F2), 

the further fractioned supernatant (F3) and the OMVs fraction (F4). Results of the MTT assay are depicted as the 

cell viability percentage of the A549 cells exposed to a serial range of three concentrations (from a dilution of 64 

times the IC50 to the IC50) of each fraction. A horizontal line highlights a cellular viability of 50%. Three MTT 

endpoints were assayed (24, 48 and 72 h of contact) and standard deviation bars are represented for three 

independent experiments. Results are organized to highlight the differences between the fractions. In Figure A6, 

organization highlights the differences between the P. aeruginosa isolates. 
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Figure A6. Comparison of the effective response on the viability of the A549 cells, when incubated 

with different fractions of the Pseudomonas aeruginosa isolates grown for 24 h. Three P. aeruginosa 

were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. Four freshly collected 

fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), the whole supernatant (F2), 

the further fractioned supernatant (F3) and the OMVs fraction (F4). Results of the MTT assay are depicted as the 

cell viability percentage of the A549 cells exposed to a serial range of three concentrations (from a dilution of 64 

times the IC50 to the IC50) of each fraction. A horizontal line highlights a cellular viability of 50%. Three MTT 

endpoints were assayed (24, 48 and 72 h of contact) and standard deviation bars are represented for three 

independent experiments. Results are organized to highlight the differences between the P. aeruginosa isolates. In 

Figure A5, organization highlights the differences between the fractions.
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Appendix A7. 

Workflow of the genome assembly of the Pseudomonas aeruginosa clinical 

isolates from pneumonia 

 

The two pneumonia-associated isolates HB13 and HB15 were selected for high-throughput 

sequencing to identify the genomic basis associated with the distinct phenotypes and pathogenic potential 

previously characterized. Pseudomonas aeruginosa HB13 and HB15 were sequenced with Illumina 

MiSeq technology yielding 5,139,439 and 5,080,823 paired-reads of 250 bp for isolate HB13 and isolate 

HB15, respectively (Table A7). 

The raw paired-reads datasets, with an insert size around 470 bp, obtained from the Illumina MiSeq 

system were corrected with QUAKE [1]. On all reads, a quality filtering was applied based on Phred quality 

scores and potential adapter contamination, low quality and ambiguous nucleotides were trimmed off 

from remaining reads, using the fastq-mcf tool [2].  

After correction of sequencing errors, trimming and quality filtering of both raw paired-read datasets, 

approximately 70% of the original reads were de novo assembled using different assemblers, in order to 

fine-tune the genome reconstruction pipeline according to contiguity and miss-assembly predictions from 

REAPR reports [3]. The paired-reads datasets were de novo assembled using CLC Genomics Workbench 

v6.5, Edena v3.130110 [4], SPAdes v2.5 [5] or Velvet v1.2.10 [6]. Parameterization of each assembler 

was fine-tuned according to contiguity and miss-assembly predictions, as inferred from REAPR reports 

[3]. Customized parameters used for each assembler were as follows: i) CLC Genomics Workbench, min. 

contig 1000 ; ii) Edena, -M 75, -m 85, -c 1000; iii) SPAdes, --only-assembler --careful -t 8 -k 

21,33,55,77,99,127; and iv) Velvet, VelvetOptimiser.pl -s 41 -e 61 --o '-exp_cov auto -ins_length1 470 -

min_contig_lgth 1000'. 

To analyze assembly quality, reference assembly mapping of the filtered paired-reads was performed 

with BWA [7], using as reference the contig list produced by each assembler. Samtools v0.1.19 [8] and 

SNVer v0.4.1 [9] were used to convert .SAM files to sorted .BAM files and detection of variant nucleotides, 

respectively. Scaffolding and gap-closure of selected assemblies were performed with SSPACE v2.3 [10] 

and Gapfiller v1.5 [11], using both the MiSeq datasets generated in this work and Illumina GAIIx 2x50 bp 

datasets previously reported [12]. 

The final draft genome assembly for each isolate was obtained after automated assembly 

improvement with Pilon [13], CLC Genomics Workbench Microbial Genome Finishing Module analysis, 



 
Appendix | Page 223 

and manual curation. The genome annotations and analysis were carried out primarily using RAST 

genome prokaryotic annotation server [14], Prokka v1.5.2 [15] and CLC Genomics Workbench. 

 

 

Table A7. Summary of the genomic reconstruction pipeline. Raw paired-reads from Illumina 

MiSeq technology were corrected, filtered and trimmed. High quality reads were de novo assembled using 

several assemblers. Scaffolding and gapclosure were performed using both the respective MiSeq datasets 

generated in this work and Illumina GAIIx datasets previously reported [12]. Final draft genome for each 

isolate was obtained after automated assembly improvement and manual curation. 

MiSeq datasets (2x 250 bp) 

 P. aeruginosa HB13 P. aeruginosa HB15 

Original reads (2x) 5,139,439 5,080,823 

QUAKE corrected reads (2x) 5,018,286 4,987,030 

Trimmed and filtered  (2x) 3,546,763 3,668,767 

De novo assembly 

Assembly comparison metrics 

 
Contigs 

(1K) 

Longest 

contig (bp) 

N50 

(bp) 

Total size 

(bp) 
SNVs Indels 

P. aeruginosa HB13       

ClC GW (v 6.5) 32 756,117 329,122 6,513,319 35 138 

Edena (v 3.130110) 41 730,504 285,757 6,534,129 1 1 

Spades (v 2.5) 35 701,307 377,896 6,523,684 35 142 

Velvet (v 1.2.10) 55 490,395 163,691 6,494,449 47 260 

P. aeruginosa HB15       

ClC GW (v 6.5) 31 704,521 337,315 6,620,370 36 204 

Edena (v 3.130110) 42 621,140 292,007 6,644,197 4 8 

Spades (v 2.5) 34 704,958 327,888 6,629,741 38 124 

Velvet (v 1.2.10) 63 417,214 175,818 6,596,200 73 302 

Scaffolding, gapclosure and finishing 

 
Scaffolds 

(1K) 

Longest 

scaffold (bp) 

N50 

(bp) 

Number 

of Ns 

Contigs 

(1K) 

Total size 

(bp) 

SSPACE       

P. aeruginosa HB13 26 1,412,468 696,624 105 28 6,533,567 

P. aeruginosa HB15 23 1,386,611 1,386,611 178 27 6,643,523 

Gapfiller       

P. aeruginosa HB13 26 1,412,346 696,624 5 28 6,533,784 

P. aeruginosa HB15 23 1,386,952 1,386,952 4 27 6,644,496 

Pilon and manual revision      

P. aeruginosa HB13 22 1,412,346 696,624 332 24 6,534,891 

P. aeruginosa HB15 19 1,386,613 1,386,613 654 20 6,643,276 
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As shown in Table A7, the assembly with CLC Genomics Workbench and SPAdes resulted in a more 

contiguous draft sequence in both isolates, with less fragmentation as deduced by the lower number and 

longer contigs. 

Assembly accuracy was then evaluated and the Edena assembler would be considered the best tool 

to reconstruct the genome sequence of both isolates, based on the available datasets, as it resulted in 

draft genomes with lower errors and mismatches. Scaffolding and gap-closure were performed using the 

MiSeq datasets here obtained (2x250 bp) and Illumina GAIIx 2x50 bp datasets previously reported [12]. 

The draft genome assembly was obtained after automated assembly improvement and manual 

curation. The draft genome of isolate HB13 comprised 22 scaffolds (24 contigs) with 6,534,891 bp and 

332 unknown bases (Ns), whereas the draft genome of isolate HB15 comprised 19 scaffolds (20 contigs) 

with 6,643,276 bp and 654 Ns. This resulted in great contiguity and overall assembly quality 

improvement over the previously reported assembly. 
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Table A8. Comparison of the genomic content of the Pseudomonas aeruginosa strain PAO1 

and isolates HB13 and HB15. List of the genes associated with antibiotic resistance and virulence, with 

a distinct distribution in the P. aeruginosa reference strain PAO1 and the clinical isolates HB13 and HB15. 

Genes associated with replacement islands were not considered. When a CDS is present in a specified 

genome, the corresponding locus_tag is represented. –, symbolizes gene absence in the specified genome. 

Related 
genes 

Protein product 
P. aeruginosa 

PAO1 
P. aeruginosa 

HB13 
P. aeruginosa 

HB15 

Adaptation and protection    

- ArsC family transcriptional regulator - PA13_1028680 PA15_0302420 

- Cation-transporting ATPase transmembrane protein - PA13_1013765 PA15_0302465 

- Chromate resistance protein - - PA15_0312415 

- Chromate transporter - PA13_1013830 PA15_0302400 

- Chromate transporter - - PA15_0312410 

copB Copper resistance protein B - PA13_1013780 PA15_0302450 

copD Copper resistance protein D - PA13_1013755 PA15_0302475 

pheC Cyclohexadienyl dehydratase precursor PA3475 - PA15_0305950 

merA Mercuric reductase MerA - PA13_1014095 PA15_0302130 

katN Non-heme catalase KatN PA2185 - - 

soxR Protein SoxR PA2273 - PA15_0330265 

terB Tellurite resistance protein TerB - - PA15_0318025 

rpoS Sigma factor RpoS PA3622 - PA15_0306600 
    

Biofilm formation    

bfmR Protein BfmR PA4101 - - 

bfmS Protein BfmS PA4102 - - 

pslA Biofilm formation protein PslA PA2231 - PA15_0330055 

pslB Biofilm formation protein PslB PA2232 - PA15_0330060 

pslC Biofilm formation protein PslC PA2233 - PA15_0330065 

pslD Biofilm formation protein PslD PA2234 - PA15_0330070 

pslE Biofilm formation protein PslE PA2235 - PA15_0330075 

pslF Biofilm formation protein PslF PA2236 - PA15_0330080 

pslG Biofilm formation protein PslG PA2237 - PA15_0330085 

pslH Biofilm formation protein PslH PA2238 - PA15_0330090 

pslI Biofilm formation protein PslI PA2239 - PA15_0330095 

pslJ Biofilm formation protein PslJ PA2240 - PA15_0330100 

pslK Biofilm formation protein PslL PA2241 - PA15_0330105 

pslL Hypothetical protein PA2242 - PA15_0330110 

pslM FAD-binding dehydrogenase PslM PA2243 - PA15_0330115 

pslN Hypothetical protein PA2244 - PA15_0330120 

pslO Hypothetical protein PA2245 - PA15_0330125 
    

Light response    

- UvrD-like helicase PA1372 - - 
     
     

Adherence 
    

Type IV pili    

pilL2 Type IV B pilus protein PilL2 - PA13_1023095 PA15_0317680 
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Related 
genes 

Protein product 
P. aeruginosa 

PAO1 
P. aeruginosa 

HB13 
P. aeruginosa 

HB15 
     

pilN2 Type IV B pilus protein PilN2 - PA13_1023100 PA15_0317685 

pilO2 Type IV B pilus protein PilO2 - PA13_1023105 PA15_0317690 

pilP2 Type IV B pilus protein PilP2 - PA13_1023110 PA15_0317695 

pilQ2 Type IV B pilus protein PilQ2 - PA13_1023115 PA15_0317700 

pilR2 Type IV B pilus protein PilR2 - PA13_1023120 PA15_0317705 

pilS2 Type IV B pilus protein PilS2 - PA13_1023125 PA15_0317710 

pilT2 Type IV B pilus protein PilT2 - PA13_1023130 PA15_0317715 

pilV2 Type IV B pilus protein PilV2 - PA13_1023135 PA15_0317720 
     

Antibiotic resistance and susceptibility    

Antibiotic efflux    

mdtG Major facilitator family transporter MdtG PA1131 PA13_1012455 - 

- Major facilitator superfamily (MFS) transporter PA1313 PA13_1008365 - 

lrfA Putative major facilitator superfamily (MFS) transporter PA1316 PA13_1008350 - 

opdE Membrane protein OpdE PA2219 - PA15_0329885 
    

Antibiotic inactivation    

aac(3)-Ia AAC(3)-I family aminoglycoside 3-N-acetyltransferase - PA13_1028640 - 

arr Aminoglycoside response regulator PA2818 PA13_1012330 - 

blaVIM-2 Metallo-β-lactamase VIM-2 subclass B1 - PA13_1028635 - 

fosA Fosfomycin resistance protein PA1129 PA13_1009920 - 
    

Antibiotic target alteration    

sul1 Dihydropteroate synthase Sul1 - PA13_1028650 - 

pbpC Penicillin-binding protein 3A PA2272 - PA15_0330260 
     

Biosurfactant    

Rhamnolipid    

rhlA Rhamnosyltransferase subunit A PA3479 - PA15_0305970 

rhlB Rhamnosyltransferase subunit B PA3478 - PA15_0305965 

rhlC Rhamnosyltransferase 2 PA1130 PA13_1009915 - 
     

Iron Uptake    

Pyoverdine    

pvcA Paerucumarin biosynthesis protein PvcA PA2254 - PA15_0330170 

pvcB Paerucumarin biosynthesis protein PvcB PA2255 - PA15_0330175 

pvcC Paerucumarin biosynthesis protein PvcC PA2256 - PA15_0330180 

pvcD Paerucumarin biosynthesis protein PvcD PA2257 - PA15_0330185 
     

Siderophore transport    

- Ferrichrome-iron receptor - - PA15_0330870 
     
     

Lipases and peptidases    

pldB Phospholipase PldB PA5089 - PA15_0325175 

tle1 Type VI lipase effectors 1 PA3290 - PA15_0304995 

tle5 Phospholipase D, Tle5 PA3487 - PA15_0306010 

tli1 Type VI secretion lipase immunity 1 PA3291 - - 

tli5 Type VI secretion lipase immunity 5 PA3488 - PA15_0306015 
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Related 
genes 

Protein product 
P. aeruginosa 

PAO1 
P. aeruginosa 

HB13 
P. aeruginosa 

HB15 
     

QS systems    

N-(butanoyl)-L-homoserine lactone QS system    

rhlI Autoinducer synthesis protein RhlI PA3476 - PA15_0305955 

rhlR Transcriptional regulator RhlR PA3477 - PA15_0305960 
     

Global Regulators    

vqsM AraC-type transcriptional regulator VqsM PA2227 - PA15_0330040 
     

Secretion systems    

P. aeruginosa T2SS    

lapB Low-molecular-weight alkaline phosphatase B PA0689 - PA15_0314060 
     

P. aeruginosa T6SS    

rhs Type VI secretion protein Rhs - - PA15_0326840 

vgrG2a VgrG2a PA1511 PA13_1008515 - 

vgrG2b VgrG2b PA0262 PA13_1019540 - 

- Hypothetical protein PA2372 - - 
     

Two-partner secretion system    

cdrA Cyclic diguanylate-regulated TPS partner A PA4625 PA13_1023855 - 
     

Toxin     

exoY Adenylate cyclase ExoY PA2191 - PA15_0329750 

exoU Effector protein of type III secretion system ExoU - - PA15_0312530 

exoS Exoenzyme S PA3841 PA13_1004855 - 

ambA Protein AmbA PA2306 - PA15_0330420 

ambB Protein AmbB PA2305 - PA15_0330415 

ambC Protein AmbC PA2304 - PA15_0330410 

ambD Protein AmbD PA2303 - PA15_0330405 

ambE Protein AmbE PA2302 - PA15_0330400 

- Pyocin killing protein - - PA15_0311325 

pyoS5 Pyocin S5 PA0985 - - 

- Secreted acid phosphatase - - PA15_0301700 

- S-type pyocin - PA13_1003095 - 

- Zeta toxin - PA13_1027080 - 

zot Zonular occludens toxin - - PA15_0329900 
     

Hydrogen cyanide production    

hcnA Hydrogen cyanide synthase HcnA PA2193 - PA15_0329755 

hcnB Hydrogen cyanide synthase HcnB PA2194 - PA15_0329760 

hcnC Hydrogen cyanide synthase HcnC PA2195 - PA15_0329765 
     

Transcriptional regulators    

ptxR Transcriptional regulator PtxR PA2258 - PA15_0330190 

prxS Transcriptional regulator PtxS PA2259 - PA15_0330195 
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Table A9. Non-synonymous SNVs and indels detected in Pseudomonas aeruginosa isolate HB13. List of the non-synonymous SNVs and indel 

mutations in locus of isolate HB13 associated with antibiotic resistance and virulence, when compared with the P. aeruginosa reference strain PAO1. 

Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a          

Adaptation and protection        

gap PA13_1000285 Glyceraldehyde-3-phosphate dehydrogenase SNV C → A L154M Neutral 

ostA PA13_1021260 Organic solvent tolerance protein OstA precursor SNV G → C S881T Neutral 
   SNV A → G T905A Neutral 
   SNV G → T T905A Neutral 

magB PA13_1022645 MagB SNV G → A M553I Neutral 

yfiO PA13_1026470 Outer membrane assembly lipoprotein YfiO SNV G → C G337A Neutral 
 

  SNV A → C K444Q Neutral 

sphC PA13_1027870 SphC SNV T → C V87A Neutral 

Biofilm formation        

sagS PA13_1012295 Surface attachment and growth sensor hybrid SagS SNV C → T P118S Neutral 

Light response        

uvrC PA13_1013695 Excinuclease ABC subunit C UvrC SNV C → G E27D Neutral 

   SNV A → G H572Y Deleterious 

uvrD PA13_1026460 DNA helicase II UvrD SNV G → A G108R Neutral 

   SNV A → C S341R Neutral 

   SNV C → T S662N Neutral 

   SNV A → G N666S Neutral 

Regulators         

copS PA13_1012370 Two-component sensor CopS SNV A → G N97S Neutral 
   SNV G → A R130Q Neutral 

Adherence         

Flagella         

flhF PA13_1008805 Flagellar biosynthesis protein FlhF SNV C → A T84N Neutral 

fleS PA13_1010085 Two-component sensor FleS SNV G → C P309R Neutral 

flgK PA13_1010205 Flagellar hook-associated protein FlgK SNV C → A T562N Neutral 

 
  SNV G → T G563S Deleterious 

 
  SNV G → C G563S Deleterious 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a 

   SNV C → A T567K Neutral 
   SNV C → G T567K Neutral 
   SNV A → G S569G Neutral 
   SNV A → G K572D Neutral 
   SNV G → C K572D Neutral 
   SNV G → A D573K Neutral 
   SNV C → G D573K Neutral 
   SNV G → T A576S Neutral 
   SNV G → C A576S Neutral 
   SNV A → C N585L Neutral 
   SNV A → T N585L Neutral 
   SNV T → G N585L Neutral 

LPS O-antigen         

wbpM b PA13_1001030 Nucleotide sugar epimerase/dehydratase WbpM SNV C → A V164L Neutral 

waaL PA13_1016570 O-antigen ligase WaaL SNV T → A S8T Neutral 

   SNV G → A R147Q Neutral 

Type IV pili biosynthesis        

pilM PA13_1016345 Type 4 fimbrial biogenesis protein PilM SNV C → A G295V Deleterious 

pilQ PA13_1016365 Type 4 fimbrial biogenesis outer membrane protein PilQ precursor SNV C → T A128T Neutral 

 

  SNV C → T A135T Neutral 
       

Antibiotic resistance and susceptibility       

Antibiotic efflux        

mexQ PA13_1002875 Multidrug efflux protein MexQ SNV G → A G505D Neutral 
   SNV C → G G602E Neutral 

triB PA13_1019010 Triclosan efflux membrane fusion protein TriB SNV C → T A13V Neutral 

mexW PA13_1022060 Multidrug efflux protein MexW SNV A → G Q511R Neutral 

mexD PA13_1023715 Multidrug efflux transporter MexD SNV C → G E257Q Neutral 

mexC PA13_1023720 Multidrug efflux membrane fusion protein MexC precursor SNV T → G E26A Neutral 

parS PA13_1025040 Two-component sensor ParS SNV T → C H398R Neutral 

mexZ PA13_1030530 Putative transcriptional regulator SNV G → A G195E Neutral 
   SNV C → A G195E Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a 

Antibiotic inactivation        

aph(3')-IIb PA13_1006215 Aminoglycoside 3'-phosphotransferase type IIb SNV C → T A42V Neutral 

arr PA13_1012330 Aminoglycoside response regulator SNV G → A V18I Neutral 

 
  SNV G → A S104N Neutral 

   SNV G → A S525N Neutral 

ampD PA13_1022800 β-lactamase expression regulator AmpD SNV C → A D183Y Neutral 

catB7 PA13_1026820 Chloramphenicol acetyltransferase SNV G → A V147I Deleterious 

        

Antibiotic target        

gyrB PA13_1025770 DNA gyrase subunit B SNV C → A S466Y Deleterious 

        

Antibiotic target alteration  
    

  
pmrC PA13_1030780 Membrane protein PmrC SNV C → A P210T Neutral 

   SNV G → A P210T Neutral 

   SNV C → A A222D Neutral 
         

Antimicrobial activity        

Phenazines biosynthesis        

phzA1 PA13_1006670 Putative phenazine biosynthesis protein SNV T → C Y6H Neutral 

phzA2 PA13_1025570 Putative phenazine biosynthesis protein SNV G → A M142I Neutral 
         

Antiphagocytosis        

Alginate biosynthesis        

algX PA13_1002995 Alginate biosynthesis protein AlgX SNV T → G Y49D Neutral 

 
  SNV C → G P375A Neutral 

Alginate production regulators        

kinB PA13_1026255 Histidine protein kinase KinB SNV A → T I305L Neutral 
         

Biosurfactant         

Rhamnolipid         

rhlC PA13_1009915 Rhamnosyltransferase 2 SNV T → C S317P Neutral 
   SNV G → A V318T Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a 

   SNV T → C V318T Neutral 
   SNV C → T A319V Neutral 
   SNV T → C S320P Neutral 

Iron uptake         

Pyochelin         

pchD PA13_1028275 Pyochelin biosynthesis protein PchD SNV A → G T42A Neutral 

pchE PA13_1028285 Dihydroaeruginoic acid synthetase PchE SNV C → A G583C Neutral 

 
  SNV C → T R591H Neutral 

 
  SNV A → C I1278L Neutral 

pchF PA13_1028290 Pyochelin synthetase PchF SNV G → A P340L Neutral 

 
  SNV C → G S550T Neutral 

 
  SNV G → T P1506Q Neutral 

pchI PA13_1028305 Putative ATP-binding component of ABC transporter SNV A → G V571A Neutral 
        

Pyochelin receptor        

fptA PA13_1028310 Fe(III)-pyochelin outer membrane receptor precursor SNV G → A S698F Neutral 
         

Pyoverdine         

pvdI b PA13_1029005 Putative non-ribosomal peptide synthetase SNV T → G D137A Neutral 
 

 
 SNV C → T E140K Neutral 

   SNV C → G A961T Neutral 
   SNV C → T A961T Neutral 
   SNV C → A G1401C Neutral 
   SNV A → G T1422A Neutral 
   SNV T → C T1422A Neutral 
   SNV T → G T1705P Neutral 
   SNV C → T A1745T Neutral 
   SNV C → T A1830T Neutral 
   SNV C → G A1953P Neutral 
   SNV A → G Y2013H Neutral 
   SNV A → T L2416Q Neutral 
   SNV A → G I2550V Neutral 
   SNV T → C I2577V Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a 

   SNV T → C Q2620R Neutral 
   SNV C → A G3880C Neutral 

pvdH b PA13_1029060 L-2,4-diaminobutyrate:2-ketoglutarate 4-aminotransferase PvdH SNV G → A R366C Neutral 

pvdL b PA13_1029120 Peptide synthase PvdL SNV C → T A420T Neutral 

 
  SNV T → C D857G Neutral 

 
  SNV T → C T1307A Neutral 

 
  SNV C → T G1799S Neutral 

 
  SNV C → A A2813S Neutral 

 
  SNV C → T R3194Q Neutral 

 
  SNV T → C S3410G Neutral 

pvdY b PA13_1029135 Hypothetical protein SNV G → T Q29H Deleterious 

pvdR b PA13_1029635 PvdR SNV T → A W346R Neutral 

pvdF b PA13_1029670 Pyoverdine synthetase F SNV G → A A64V Deleterious 

pvdD b PA13_1029685 Pyoverdine synthetase D SNV T → C Q1259R Neutral 

 
  SNV G → C D1262E Neutral 

   SNV A → G V1264A Neutral 
   SNV C → T G2208D Neutral 
   SNV C → T D2328N Neutral 

pvdJ b PA13_1029695 PvdJ SNV G → A R985H Neutral 

 
  SNV G → A A991T Neutral 

 
  SNV C → T T1071M Neutral 

 
  SNV A → G N1159S Neutral 

 
  SNV A → G T1184A Neutral 

 
  SNV T → C S1340P Neutral 

         

Pyoverdine receptors        

fpvA b PA13_1029680 Ferripyoverdine receptor SNV G → A V46I Neutral 
         

Siderophore transport        

- PA13_1018980 Putative TonB-dependent receptor SNV G → C V609L Neutral 
         

Lipases and peptidases 

 
    

  

aaaA PA13_1019885 Arginine-specific autotransporter of P. aeruginosa AaaA SNV G → A E446K Deleterious 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 
impact a 

Proteases         

aprA PA13_1009335 Alkaline metalloproteinase precursor SNV G → A A103T Neutral 

lasB PA13_1004255 Elastase LasB SNV A → G S241G Neutral 

lasA PA13_1025425 LasA protease precursor SNV A → T T262S Neutral 

 
  SNV A → T Y268F Neutral 

QS systems        

Global Regulators        
prmC PA13_1024060 S-adenosylmethionine-dependent methyltransferase PrmC SNV G → T R53L Neutral 

 
        

Secretion systems        

P. aeruginosa T1SS        
aprF PA13_1009340 Alkaline protease secretion protein AprF SNV A → C N481H Deleterious 

aprX PA13_1009355 AprX SNV G → A G391D Deleterious 

P. aeruginosa T3SS        
pscB PA13_1006835 Type III export apparatus protein PscB SNV A → T Q61L Neutral 

pscQ PA13_1006950 Translocation protein in type III secretion PscQ SNV T → C S173G Neutral 

P. aeruginosa T6SS        

hsiH2 PA13_1007345 Hcp secretion island-2 encoded type VI secretion system HsiH2 SNV A → C M177L Neutral 

hsiG2 PA13_1007350 Hcp secretion island-2 encoded type VI secretion system HsiG2 SNV C → A S122R Neutral 

ppkA PA13_1018600 Serine/Threonine protein kinase PpkA SNV G → A A844V Neutral 

icmF3 PA13_1029490 Hcp secretion island-3 encoded type VI secretion system IcmF3 SNV A → G Q936R Neutral 

   SNV C → A Q1045K Neutral 

hsiF3 PA13_1029525 Hcp secretion island-3 encoded type VI secretion system HsiF3 SNV T → A C130S Neutral 

vgrG3 PA13_1029550 Hcp secretion island-3 encoded type VI secretion system VgrG3 SNV G → C S322T Neutral 
         

Toxin         
pys2 PA13_1009810 Pyocin S2 SNV C → A L83I Neutral 

                  

a Effect on protein function predicted by SIFT. 

b Gene associated with replacement islands. 
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Table A10. Non-synonymous SNVs and indels detected in Pseudomonas aeruginosa isolate HB15. List of the non-synonymous SNVs and indel 

mutations in locus of isolate HB15 associated with antibiotic resistance and virulence, when compared with the P. aeruginosa reference strain PAO1. 

Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a          

Adaptation and protection        

ostA PA15_0314475 Organic solvent tolerance protein OstA precursor SNV C → A L827M Deleterious 
 

  SNV T → C M907T Neutral 

metE PA15_0328460 5-methyltetrahydropteroyltriglutamate-homocysteine S-methyltransferase SNV C → G F197L Neutral 
         

Biofilm formation        

pslB PA15_0330060 Biofilm formation protein PslB SNV G → A G140E Neutral 
         

Light response         

uvrA PA15_0322300 Excinuclease ABC subunit A UvrA SNV G → A A341T Neutral 

uvrB PA15_0304200 Excinuclease ABC subunit B UvrB SNV G → A V406I Neutral 

   SNV T → G D444N Neutral 

   SNV C → G E578Q Neutral 

uvrC PA15_0300665 Excinuclease ABC subunit C UvrC SNV C → G E27D Neutral 

uvrD PA15_0320010 DNA helicase II UvrD SNV T → C K344R Neutral 

   SNV C → G A641S Neutral 

   SNV C → T S662N Neutral 

   SNV A → G N666S Neutral 

Regulators         

phoQ PA15_0311185 Two-component sensor PhoQ SNV G → T Q263H Neutral          

Adherence 

  
    

  

Flagella 
  

    
  

motY PA15_0306115 Putative outer membrane protein precursor SNV C → T S111N Neutral 

fliJ PA15_0311560 Flagellar protein FliJ SNV C → T A82V Neutral 

fleR PA15_0311590 Two-component response regulator FleR SNV G → C S412T Neutral 

motB PA15_0324285 Chemotaxis protein MotB SNV G → A A299T Neutral 

         

LPS O-antigen 
  

    
  

wbpM b PA15_0304220 Nucleotide sugar epimerase/dehydratase WbpM SNV T → C S51G Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
        

Type IV pili biosynthesis 
 

    
  

fimT PA15_0318095 Type 4 fimbrial biogenesis protein FimT SNV G → C L9F Neutral 
 

  
SNV T → C V19A Neutral 

fimU PA15_0318100 Type 4 fimbrial biogenesis protein FimU SNV A → G N32S Neutral 

pilV PA15_0318105 Type 4 fimbrial biogenesis protein PilV SNV A → T K130M Neutral 

pilX PA15_0318115 Type 4 fimbrial biogenesis protein PilX SNV G → C S125T Neutral 

pilY1 PA15_0318120 Type 4 fimbrial biogenesis protein PilY1 SNV G → A D376N Neutral 
 

  
SNV T → C S452P Neutral 

 
  

SNV C → T T583I Neutral 
 

  
SNV C → A Q592K Neutral 

 
  

SNV G → A A947S Neutral 
 

  
SNV C → G A947S Neutral 

pilY2 PA15_0318125 Type 4 fimbrial biogenesis protein PilY2 SNV T → G D20E Neutral 
         

Antibiotic resistance and susceptibility       

Antibiotic efflux 
 

    
  

mexK PA15_0306870 Multidrug efflux transporter MexK SNV G → C S426A Neutral 
 

 
 SNV A → G S426A Neutral 

armZ PA15_0320150 MexZ anti-repressor ArmZ SNV T → C I237V Neutral 
 

  
SNV A → G V243A Deleterious 

 
  

SNV G → A P244L Neutral 

opdE PA15_0329885 Membrane protein OpdE SNV G → T G221C Neutral 
 

 
 SNV G → A V258I Deleterious 

Antibiotic inactivation  
    

  
cat PA15_0313965 Chloramphenicol acetyltransferase SNV A → G V97A Neutral 

         

Antibiotic target alteration  
    

  
alaS PA15_0312980 Alanyl-tRNA synthetase SNV G → C G544A Neutral 

 
  

SNV C → G D578E Neutral 

ampDh3 PA15_0313505 AmpDh3 SNV A → G D75G Neutral 

pmrC PA15_0328690 Membrane protein PmrC SNV G → A G247S Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 

Iron uptake         

Pyochelin 
  

    
  

pchR PA15_0322335 Transcriptional regulator PchR SNV G → A V24I Neutral 

pchE PA15_0322340 Dihydroaeruginoic acid synthetase PchE SNV T → C H275R Neutral 
 

  
SNV T → C N728D Neutral 

 
  

SNV T → C E831G Neutral 
 

 

 SNV C → G P868A Deleterious 

pchF PA15_0322345 Pyochelin synthetase PchF SNV C → T V462I Neutral 
 

  
SNV G → T P645H Neutral 

 
  

SNV C → A P1506Q Neutral 

pchH PA15_0322355 Putative ATP-binding component of ABC transporter SNV G → A A260V Neutral 
         

Pyoverdine 
  

    
  

pvdL b PA15_0321525 Peptide synthase PvdL SNV G → A A1084V Neutral 
 

  
SNV G → A R1099C Neutral 

 
  

SNV T → C H1114R Neutral 
 

  
SNV G → T H1717Q Neutral 

 
  

SNV G → T P1728T Neutral 
 

  
SNV A → G C2366R Neutral 

 
  

SNV A → G S3405G Neutral 
 

  
SNV T → C S3405G Neutral 

pvdA b PA15_0330810 L-ornithine N5-oxygenase PvdA SNV G → C Q30E Neutral 
 

  
Del   - G A33Fs - 

 
  

SNV G → C Q34E Neutral 
 

  
Ins  +  T A35Fs - 

 
  

SNV G → T A38E Neutral 
 

  
SNV G → T A38E Neutral 

 
  

SNV C → G E40Q Neutral 
 

  
SNV C → G G48A Neutral 

 
  

SNV G → T L367M Neutral 
 

  
SNV C → G E369D Neutral 

 
  

SNV T → A H374F Neutral 
 

  
SNV G → A H374F Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
 

  
SNV T → C I376V Neutral 

 
  

SNV C → T G377D Neutral 
 

  
SNV C → T D379N Neutral 

 
  

SNV G → T Q383I Neutral 
 

  
SNV T → A Q383I Neutral 

 
  

SNV C → G Q383I Neutral 
 

  
SNV C → G E386Q Neutral 

 
  

SNV T → G K389Q Neutral 
 

  
SNV A → G V390A Neutral 

 
  

SNV C → A A391S Neutral 
 

  
SNV G → A A394M Neutral 

 
  

SNV C → T A394M Neutral 
 

  
SNV T → A S398C Neutral 

pvdP b PA15_0330840 PvdP SNV C → G V114L Neutral 
 

  
SNV G → C L119V Neutral 

 
  

Del   - CA Q133fs - 
 

  
Ins  + AA A134fs - 

 
  

SNV C → G S135T Neutral 
 

  
SNV C → G G136A Neutral 

 
  

SNV A → T G136A Neutral 
 

  
SNV C → T V138M Neutral 

 
  

SNV C → T A139T Neutral 
 

  
SNV C → G A139T Neutral 

 
  

Ins  + G T141fs - 
 

  
Del   - C H142fs - 

 
  

Ins  + A A153fs - 
 

  
SNV C → T D154I Neutral 

 
  

SNV T → A D154I Neutral 
 

  
SNV T → G Y155* Deleterious 

 
  

SNV G → C Q168E Neutral 
 

  
SNV A → G S176Q Neutral 

 
  

SNV G → T S176Q Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
 

  
SNV C → T S176Q Neutral 

 
  

SNV G → C P177A Neutral 
 

  
SNV T → G N178Q Neutral 

 
  

SNV G → C N178Q Neutral 
 

  
SNV T → G H189P Neutral 

 
  

SNV G → C H189P Neutral 
 

  
SNV T → C H194R Neutral 

 
  

SNV A → G H194R Neutral 
 

  
SNV A → C V198G Neutral 

 
  

SNV C → G V198G Neutral 
 

  
SNV G → C P256R Neutral 

 
  

SNV C → A P256R Neutral 
 

  
SNV C → T R257H Neutral 

 
  

SNV C → G E288R Neutral 
 

  
SNV T → C E288R Neutral 

 
  

SNV C → A R292L Neutral 
 

  
SNV T → C R292L Neutral 

 
  

SNV A → C V294G Neutral 
 

  
SNV C → G V294G Neutral 

 
  

SNV T → G I305L Neutral 
 

  
SNV G → C I305L Neutral 

 
  

SNV A → C F314C Neutral 
 

  
SNV C → G S329T Neutral 

 
  

SNV T → C H333R Neutral 
 

  
SNV G → T A338D Neutral 

 
  

SNV G → C A340G Neutral 
 

  
SNV G → T A356E Neutral 

 
  

SNV C → T A356E Neutral 
 

  
SNV G → T L370M Neutral 

pvdM b PA15_0330845 putative dipeptidase SNV A → G I62V Neutral 
 

  
SNV C → G I62V Neutral 

 
  

SNV C → T P64L Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
 

  
SNV G → A E69T Neutral 

 
  

SNV A → C E69T Neutral 
 

  
SNV A → C E69T Neutral 

 
  

SNV T → G F73V Neutral 
 

  
SNV C → G F73V Neutral 

 
  

SNV A → G N79G Neutral 
 

  
SNV A → G N79G Neutral 

pvdF b PA15_0330860 Pyoverdine synthetase F SNV C → G A64P Neutral 
 

  
SNV C → G G71Q Neutral 

 
  

SNV C → T G71Q Neutral 
 

  
SNV T → C G71Q Neutral 

 
  

SNV T → C K74E Neutral 
 

  
SNV G → T D91E Neutral 

 
  

SNV G → C Q93E Neutral 
 

  
SNV T → G K97R Neutral 

 
  

SNV T → C K97R Neutral 
 

  
SNV T → G T98R Neutral 

 
  

SNV G → C T98R Neutral 
 

  
SNV G → T L99M Neutral 

 
  

SNV C → T S105N Neutral 
 

  
SNV A → G Y113H Neutral 

 
  

SNV G → C T117S Neutral 
 

  
SNV T → G S125R Neutral 

 
  

SNV G → A H132Y Neutral 
 

  
SNV A → G H132Y Neutral 

 
  

SNV G → C D133E Neutral 
 

  
SNV C → G G139R Neutral 

 
  

SNV A → C D141E Neutral 
 

  
SNV T → G E176A Neutral 

 
  

SNV C → G E176A Neutral 
 

  
SNV T → C Y186W Neutral 

 
  

SNV A → C Y186W Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
 

  
SNV A → G Y193H Neutral 

 
  

SNV C → T V200I Neutral 
 

  
SNV C → G V200I Neutral 

 
  

SNV T → C K208S Neutral 
 

  
SNV C → G K208S Neutral 

 
  

SNV C → G A210P Neutral 
 

  
SNV A → G W216L Neutral 

 
  

SNV C → A W216L Neutral 
 

  
SNV C → T E241K Neutral 

         

Lipases and peptidases        

tle1 PA15_0304995 Type VI lipase effectors 1 SNV T → C V254A Neutral 
 

  
SNV A → G D256G Neutral 

 
  

SNV A → G D302G Neutral 
tle5 PA15_0306010 Phospholipase D, Tle5 SNV C → T P1082S Neutral 
phpA PA15_0307700 Leucine aminopeptidase, PepA homologue SNV G → C V219L Deleterious          

Quorum-Sensing systems        

Global regulators  
    

 

 

vqsM PA15_0330040 AraC-type transcriptional regulator VqsM SNV A → T E31D Neutral 

 

 

 SNV G → A R86K Neutral 

 

 

 SNV G → A G100D Neutral 

 

 

 SNV C → T P119L Neutral 

 

 

 SNV A → G P119L Neutral 

 

 

 SNV A → G N179S Neutral 

 

 

 SNV C → A T207N Neutral 

 

 

 SNV T → G D233E Neutral 

 

 

 SNV C → T R250C Neutral 

Secretion systems        

P. aeruginosa T3SS 
 

    
  

pscP PA15_0327065 Translocation protein in type III secretion PscP SNV T → C I310V Neutral 

pcr3 PA15_0327095 Pcr3 SNV A → G Q77R Neutral 

pscD PA15_0327175 Type III export protein PscD SNV A → C S101R Neutral 
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Related genes Locus_Tag Protein product Type Mutation 
Protein 
change 

Putative functional 

impact a 
P. aeruginosa T6SS 

 
    

  

hsiF2 PA15_0326875 Hcp secretion island-2 encoded type VI secretion system HsiF2 SNV A → C K133T Neutral 

hsiG2 PA15_0326885 Hcp secretion island-2 encoded type VI secretion system HsiG2 SNV C → T A139V Neutral 

hsiJ2 PA15_0326920 Hcp secretion island-2 encoded type VI secretion system HsiJ2 SNV G → A A415T Neutral 

hsiA3 PA15_0330670 Hcp secretion island-3 encoded type VI secretion system HsiA3 SNV G → A G22R Neutral 
 

  
SNV G → C A24P Neutral 

Two-partner Secretion System (TPSS)     
  

pdtA PA15_0314050 Phosphate depletion regulated TPS partner A, PdtA SNV A → G M2635V Neutral 
 

  
SNV T → C S2653P Neutral 

 
  

SNV C → A T2859N Neutral 

Toxin         

toxA PA15_0311340 Exotoxin A precursor SNV G → A D606N Neutral 
 

 

 SNV C → G D608E Neutral 
 

 

 SNV A → C K615Q Neutral 

exoT PA15_0319595 Exoenzyme T SNV G → T R163L Neutral 
                  

a Effect on protein function predicted by SIFT. 

b Gene associated with replacement islands. 
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Table A11. Proteins identified on the LB-grown supernatant of Pseudomonas aeruginosa isolates HB13 and HB15, by MALDI-TOF mass 

spectrometry. Correspondence of the protein ID and the gel coordinates from Figure 5.3 is shown. 

Locus_Tag Protein product Predicted domains and superfamilies a SP b Localization c Score d 
Peptide 
matches 

Coverage Gel 

4h of growth         

PA13_1021130 Hypothetical protein Peptidase M60; DUF3712 + OM 107* 14(38) 19% a1 

PA13_1000075 Type 4 fimbrial biogenesis protein PilZ - - U 56* 4(15) 42% a2 

PA13_1028635 Metallo-β-lactamase VIM-2 subclass B1 - + U 57* 6(15) 21% a2 

PA15_0310815 Alkaline metalloproteinase precursor AprA - + E 62* 5(25) 15% b1 

PA15_0315610 Putative peptidase Peptidase M16, N-terminal 

Peptidase M16 inactive domain, C-terminal 
+ U 52* 5(11) 13% b2 

PA15_0319230 Putative copper-binding protein Cytochrome C oxidase assembly protein SenC + U 59* 4(11) 23% b2 

8h of growth         

PA13_1021130 Hypothetical protein Peptidase M60; DUF3712 + OM 86* 12(36) 16% a3 

PA13_1004255 Elastase LasB - + E 140* 24(68) 30% a4 

PA13_1011385 Chitin-binding protein CbpD - + E 50* 7(68) 16% a4 

PA13_1005055 Protein tyrosine phosphatase TpbA - + P 50* 4(15) 17% a5 

PA15_0314610 Hypothetical protein Peptidase M60; DUF3712 + OM 151* 21(62) 24% b3 

PA15_0314315 Phage tail length tape measure protein - - OM 931* 6(42) 11% b4 

PA15_0314340 Bacteriophage protein Phage tail-collar fibre protein + E 95* 13(58) 24% b5 

PA15_0318430 Catalase - + P 62* 8(62) 18% b6 

PA15_0303145 Aminopeptidase - + E 165* 23(69) 37% b7 

PA15_0309995 Diguanylate cyclase/phosphodiesterase - + CM 54* 8(52) 14% b8 

PA15_0314335 Bacteriophage tail protein Phage tail sheath protein subtilisin-like domain - U 92* 14(58) 39% b9 

PA15_0313240 Chitin-binding protein CbpD - + E 164* 17(41) 33% b10 

PA15_0327485 Putative porin OprF membrane domain + OM 78* 9(56) 22% b11 

PA15_0307120 Elastase LasB - + E 98* 22(63) 27% b12 

PA15_0309435 Protease IV - + E 86* 12(51) 36% b13 

PA15_0305120 Phosphonate ABC transporter - + P 83* 12(68) 32% b14 

PA15_0311615 Flagellar capping protein FliD - + E; F 63* 12(56) 39% b15 
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Locus_Tag Protein product Predicted domains and superfamilies a SP b Localization c Score d 
Peptide 
matches 

Coverage Gel 

12h of growth 
      

PA13_1010205 Flagellar hook-associated protein FlgK - - E; F 82* 9(31) 18% a6 

PA13_1011705 Aminopeptidase - + E 138* 19(56) 32% a7 

PA13_1004255 Elastase LasB - + E 134* 15(42) 27% a8 

PA13_1011385 Chitin-binding protein CbpD - + E 53* 7(42) 24% a8 

PA13_1000075 Type 4 fimbrial biogenesis protein PilZ - - U 54* 4(36) 42% a9 

PA13_1028635 Metallo-β-lactamase VIM-2 subclass B1 - + U 90* 7(36) 21% a9 

PA15_0314610 Hypothetical protein Peptidase M60; DUF3712 + OM 225* 28(82) 39% b16 

PA15_0314340 Bacteriophage protein - + E 68* 10(43) 17% b17 

PA15_0307120 Elastase LasB - + E 82* 17(88) 24% b18 

PA15_0303145 Aminopeptidase - + E 145* 21(66) 34% b19 

PA15_0311625 Flagellin type B - - E; F 171* 15(54) 40% b20 

PA15_0313240 Chitin-binding protein CbpD - + E 152* 20(79) 40% b21 

PA15_0314335 Bacteriophage tail protein - - U 77* 15(79) 20% b21 

PA15_0309435 Protease IV - + E 132* 13(84) 49% b22 

20h of growth 
      

PA13_1021130 Hypothetical protein Peptidase M60; DUF3712 + OM 258* 33(59) 39% a10 

PA13_1009415 Putative membrane protein HlyD-like secretion proteins 

RND eflux pump family, MFP 

+ CM 51* 8(40) 29% a11 

PA13_1001245 Sugar ABC transporter - + P 57* 6(31) 19% a12 

PA13_1004255 Elastase LasB - + E 75* 11(39) 16% a13 

PA13_1011385 Chitin-binding protein CbpD - + E 84* 9(39) 31% a13 

PA13_1000075 Type 4 fimbrial biogenesis protein PilZ - - U 65* 5(23) 47% a14 

PA15_0309125 ATPase - + CM 60* 12(50) 11% b23 

PA15_0318010 Hypothetical protein P-loop with nucleoside triphosphate hydrolases - U 8046+ 13(66) 15% b23 

PA15_0314610 Hypothetical protein Peptidase M60; DUF3712 + OM 96* 15(41) 18% b24 

PA15_0307120 Elastase LasB - + E 107* 15(67) 27% b25 

PA15_0318430 Catalase - + P 137* 18(50) 34% b26 

PA15_0303145 Aminopeptidase - + E 89* 14(41) 22% b27 

PA15_0311625 Flagellin type B - - E; F 127* 14(54) 28% b28 
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Locus_Tag Protein product Predicted domains and superfamilies a SP b Localization c Score d 
Peptide 
matches 

Coverage Gel 

PA15_0314335 Bacteriophage tail protein - - U 119* 15(60) 41% b29 

PA15_0313240 Chitin-binding protein CbpD - + E 58* 10(72) 21% b30 

PA15_0330390 Chitinase - + E 110* 16(58) 29% b31 

PA15_0309435 Protease IV - + E 72* 9(54) 40% b32 

a Prediction of the protein domains according to the tools InterPro, HMMER and CDD, for the hits with unknown or putative function. 

b Prediction of the signal peptide (SP) cleavage sites presence according to the tools SignalP 4.1, TargetP 1.1 and TatP 1.0: -, absence; +, presence. 

c Prediction of the cellular localization according to the tools PSORTb, Gneg-mPLoc, SOSUIGramN and CELLO2GO: 

E, extracellular; OM, outer membrane; P, periplasmic; CM, cytoplasmic membrane; F, flagellar; U, unknown. 

d Score of PMFs search engines, MASCOT score (*) and ProteinProspector MOWSE score (+). 
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Figure A12. Comparison of the effective response on the viability of the A549 cells, when 

incubated with different fractions of the Pseudomonas aeruginosa isolates grown for 24 h, in 

constant exposure to full-spectrum light (L; Light) and in total absence of light (D; Dark). Three 

P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. 

Four freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), 

the whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). Results of the 

MTT assay are depicted as the cell viability percentage of the A549 cells exposed to a serial range of three 

concentrations (from a dilution of 64 times the IC50 to the IC50) of each fraction. A horizontal line highlights 

a cellular viability of 50%. Three MTT endpoints were assayed (24, 48 and 72 h of contact) and standard 

deviation bars are represented for three independent experiments. Results are organized to highlight the 

differences between the fractions of the two growth conditions. In Figure A13, organization highlights. the 

differences for each fraction between the P. aeruginosa isolates. 
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Figure A13. Comparison of the effective response on the viability of the A549 cells, when 

incubated with different fractions of the Pseudomonas aeruginosa isolates grown for 24 h, in 

constant exposure to full-spectrum light (L; Light) and in total absence of light (D; Dark). Three 

P. aeruginosa were assayed, namely the reference strain PAO1 and the clinical isolates HB13 and HB15. 

Four freshly collected fractions from each isolate were screened, corresponding to the cytosolic fraction (F1), 

the whole supernatant (F2), the further fractioned supernatant (F3) and the OMVs fraction (F4). Results of the 

MTT assay are depicted as the cell viability percentage of the A549 cells exposed to a serial range of three 

concentrations (from a dilution of 64 times the IC50 to the IC50) of each fraction. A horizontal line highlights 

a cellular viability of 50%. Three MTT endpoints were assayed (24, 48 and 72 h of contact) and standard 

deviation bars are represented for three independent experiments. Results are organized to highlight the 

differences for each fraction between the P. aeruginosa isolates of the two growth conditions. In Figure A12, 

organization highlights. the differences between the fractions. 
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Table A14. Spot identification data for the proteome reference map of Pseudomonas aeruginosa strain PAO1. Correspondence of the proposed 

protein identification and spot number from the 7 and the 18 cm proteome map (Figure 6.6) is shown. Protein identification and data was retrieved from the 

identified references. 

Spot no. Proposed protein identification Organism Accession no. Locus_Tag MW (kDa) pI Ref. 

1 DNA-directed RNA polymerase beta chain RpoB P. aeruginosa AAG07658 PA4270 150.8 5.61 [1,2] 

2 Outer membrane protein assembly complex YaeT P. protegens AAY90471 PFL_1184 87.0 4.67 [3] 

3 Catalytic component of class Ia ribonucleotide reductase NrdA P. aeruginosa AAG04545 PA1156 107.1 5.69 [2] 

4 Glycine cleavage system protein P2 GcvP2 P. aeruginosa AAG05833 PA2445 103.9 5.97 [2] 

5 Proline dehydrogenase PutA P. aeruginosa AAG04171 PA0782 115.6  5.83 [2] 

6 Translation initiation factor IF-2 P. aeruginosa AAG08130 PA4744 90.9 5.83 [2] 

7 Transcription elongation factor NusA P. aeruginosa AAG08131 PA4745 54.6 4.55 [2] 

8 Hypothetical protein P. aeruginosa AAG08826 PA5441 80.0 4.90 [2] 

9 Outer membrane protein Opr86 P. aeruginosa AAG07036 PA3648 88.3 5.05 [4] 

10 Aconitate hydratase 2 AcnB P. syringae AAO57221 PSPTO_3752 81.5 5.27 [3] 

11 Ferripyoverdine receptor FpvA P. aeruginosa AAG05786 PA2398 91.2 5.40 [5] 

12 Phosphoenolpyruvate synthase P. fluorescens ABA73513 Pfl01_1770 76.8 5.01 [3] 

13 Dihydrolipoamide acetyltransferase AceF P. aeruginosa AAG08401 PA5016 77.0 5.40 [3] 

14 Chaperone protein ClpB P. aeruginosa AAG07930 PA4542 95.0 5.13 [1] 

15 Isocitrate dehydrogenase P. aeruginosa AAG06012 PA2624 81.6 5.81 [2] 

16 AlgO P. aeruginosa AAG06645 PA3257 78.2 6.22 [2] 

17 Probable TonB-dependent receptor P. aeruginosa AAG06299 PA2911 80.3 6.24 [2] 

18 Hypothetical protein P. aeruginosa AAG03961 PA0572 100.1 6.52 [6] 

19 Malate synthase G GlcB P. aeruginosa AAG03871 PA0482 78.7 5.45 [1] 

20 2-isopropylmalate synthase P. fluorescens ABA76331 Pfl01_4594 64.0 5.49 [3] 

21 Glycine betaine transmethylase P. aeruginosa AAG06470 PA3082 71.4 4.74 [2] 
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Spot no. Proposed protein identification Organism Accession no. Locus_Tag MW (kDa) pI Ref. 

21 Esterase EstA P. aeruginosa AAG08497 PA5112 69.6 4.68 [2] 

22 Chaperone protein DnaK P. aeruginosa AAG08147 PA4761 68.4 4.79 [7–9] 

23 Type IV fimbrial biogenesis outer membrane protein PilQ precursor P. aeruginosa AAG08425 PA5040 77.4 5.48 [4] 

24 Glytaminyl-tRNA synthetase P. entomophila CAK14915 PSEEN_2086 66.6 5.92 [3] 

25 Periplasmic glucan biosynthesis protein MdoG P. protegens AAY95822 PFL_0413 70.7 6.07 [3] 

26 2-oxoglutarate dehydrogenase (E1 subunit) SucA P. aeruginosa AAG04974 PA1585 105.9 6.54 [1] 

27 30S ribosomal protein S1 RpsA P. aeruginosa AAG06550 PA3162 61.7 4.83 [2,4,7] 

28 Elongation factor G FusA1 P. aeruginosa AAG07654 PA4266 77.8 4.80 [1] 

29 Heat shock protein HtpG P. aeruginosa AAG04985 PA1596 71.7 5.10 [1,5] 

30 Fe(III)-pyochelin outer membrane receptor precursor FptA P. aeruginosa AAG07609 PA4221 80.0 6.11 [6] 

31 Probable transcarboxylase subunit OadA P. aeruginosa AAG08820 PA5435 66.1 5.67 [1] 

32 Beta-ketoacyl-ACP synthase I FabB P. aeruginosa AAG04998 PA1609 42.8 5.28 [1] 

33 Chitinase chiC P. aeruginosa AAG05688 PA2300 53.0 5.80 [10] 

34 2-isopropylmalate synthase LeuA P. aeruginosa AAG07179 PA3792 65.8 5.50 [1] 

35 Dihydroxy-acid dehydratase IlvD P. aeruginosa AAG03742 PA0353 65.2 5.98 [1] 

36 Succinate dehydrogenase (A subunit) SdhA P. aeruginosa AAG04972 PA1583 63.5 6.47 [1] 

37 Conserved hypothetical protein P. aeruginosa AAG08586 PA5201  85.0 6.29 [1] 

38 Hypothetical protein P. aeruginosa AAG07550 PA4163 60.5 4.93  [2] 

39 Hypothetical protein P. aeruginosa AAG08054 PA4667 66.3 5.07 [2] 

40 Hypothetical protein P. aeruginosa AAG04772 PA1383 63.1 5.18 [2] 

41 Phosphoglycerate mutase P. aeruginosa AAG08516 PA5131 55.6 5.07 [2] 

42 Chaperonin GroEL protein P. aeruginosa AAG07773 PA4385 57.1 5.04 [2,3,8] 

43 Chaperonin GroEL protein P. protegens AAY94068 PFL_4838 60.5 5.03 [3] 

44 Glutamine synthetase GlnA2 P. protegens AAY95795 PFL_0386 61.2 5.25 [3] 

45 Hypothetical protein P. protegens AAY92807 PFL_3540 60.9 5.31 [3] 



  

 

Appendix 
|

 
P

age 250
 

Spot no. Proposed protein identification Organism Accession no. Locus_Tag MW (kDa) pI Ref. 

46 Glutamine synthetase GlnA2 P. protegens AAY95795 PFL_0386 58.5 5.34 [3] 

47 Extracellular solute-binding protein P. fluorescens ABA75368 Pfl01_3630 59.4 5.51 [3] 

48 CTP synthetase PyrG P. aeruginosa AAG07025 PA3637 59.6 5.38 [1] 

49 Malate:quinone oxidoreductase P. entomophila CAK16752 PSEEN_4056 57.4 5.88 [3] 

50 Bifunctional purine biosynthesis protein PurH P. fluorescens ABA72357 Pfl01_0613 59.6 5.93 [3] 

51 UDP-N-acetylmuramate--L-alanine ligase MurC P. fluorescens ABA76409 Pfl01_4672 61.0 6.00 [3] 

52 Bifunctional protein HldE P. savastanoi AAZ35956 PSPPH_0528 57.0 6.00 [3] 

53 Urocanase HutU P. aeruginosa AAG08485 PA5100 61.2 5.95 [8] 

54 Tetrahydrodipicolinate succinylase DapD P. aeruginosa AAG07054 PA3666 60.5 6.07 [3] 

55 NADH-quinone oxidoreductase subunit C/D NuoC P. putida AAN69704 PP_4121 67.6 6.10 [11] 

56 Carbamoyltransferase NodU family P. putida AAN70511 PP_4944 65.6 6.80 [11] 

57 Catalase isozyme A P. aeruginosa AAG07624 PA4236 50.0 6.40 [7] 

58 Pyruvate kinase PykA P. fluorescens ABA76185 Pfl01_4448 62.8 6.51 [1,3] 

59 Inosine-5'-monophosphate dehydrogenase P. fluorescens ABA76325 Pfl01_4588 59.4 6.66 [3] 

60 Nitrite reductase precursor NirS P. aeruginosa AAG03908 PA0519 62.7 7.75 [8] 

61 Trigger factor Tig P. aeruginosa AAG05189 PA1800 48.6 4.83 [2,4–6] 

62 Putative GTP-binding protein ObgE P. fluorescens ABA76595 Pfl01_4858 47.9 4.92 [3] 

63 Glu-tRNA(Gln) amidotransferase subunit B P. aeruginosa AAG07872 PA4484 53.1 5.28 [2] 

64 ATP synthase alpha chain AtpA P. aeruginosa AAG08941 PA5556 55.4 5.08 [2,4,8] 

65 Flagellin type B FliC P. aeruginosa AAG04481 PA1092 49.2 5.40 [2,6] 

66 Putative fumarase FumA P. aeruginosa AAG07721 PA4333 54.8 5.16 [1] 

67 Phosphoenolpyruvate carboxykinase PckA P. aeruginosa AAG08577 PA5192 55.7 5.27 [1,3,4] 

68 Hypothetical protein P. aeruginosa AAG03760 PA0371 53.1 6.16 [2] 

69 Seryl-tRNA synthetase SerS P. aeruginosa AAG06000 PA2612 47.2 5.39 [2] 

70 Probable outer membrane protein precursor OpmH P. aeruginosa AAG08359 PA4974 53.4 5.80 [2] 
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Spot no. Proposed protein identification Organism Accession no. Locus_Tag MW (kDa) pI Ref. 

71 Argininosuccinate synthase ArgG P. aeruginosa AAG06913 PA3525 45.3 5.40 [2] 

72 Isocitrate lyase AceA P. aeruginosa AAG06022 PA2634 58.9 5.91 [1] 

73 Glutaric semialdehyde dehydrogenase DavD P. aeruginosa AAG03654 PA0265 51.6 5.60 [2] 

74 Carbohydrate-selective porin OprB P. putida AAN66644 PP_1019 49.6 6.00 [11] 

75 Acetyl-CoA carboxylase biotin carboxylase subunit AccC2 P. protegens AAY96078 PFL_0671 56.8 6.54 [3] 

76 Dihydrolipoamide dehydrogenase Lpd P. aeruginosa AAG04976 PA1587 50.2 6.96 [1,8] 

77 Anaerobically-induced outer membrane porin OprE precursor P. aeruginosa AAG03680 PA0291 49.6 8.70 [5] 

78 Biotin carboxylase subunit of acetyl-CoA carboxylase P. fluorescens ABA75397 Pfl01_3659 53.2 6.71 [3] 

79 ATP synthase beta chain AtPD P. aeruginosa AAG08939 PA5554 49.5 4.73 [1,3] 

80 Histidinol dehydrogenase HisD P. aeruginosa AAG07836 PA4448 47.2 5.07 [2] 

81 Delta-aminolevulinic acid dehydratase HemB P. entomophila CAK17954 PSEEN5337 42.1 5.08 [3] 

82 Probable zinc protease P. aeruginosa AAG03761 PA0372 52.0 6.16 [2] 

83 Glu-tRNA (Gln) amidotransferase subunit A P. aeruginosa AAG07871 PA4483 51.9 5.52 [2] 

84 Arginine deiminase ArcA P. aeruginosa AAG08556 PA5171 46.4 5.52 [1,2] 

85 GDP-mannose 6-dehydrogenase AlgD P. aeruginosa AAG06928 PA3540 47.6 5.35 [12] 

86 Adenylosuccinate synthetase PurA P. stutzeri AAC46134 PST_3663 43.9 5.49 [1] 

87 3-isopropylmalate dehydratase large subunit LeuC P. aeruginosa AAG06509 PA3121 51.0 6.25 [1] 

88 Dihydrolipoamide dehydrogenase LpdA P. protegens AAY91015 PFL_1720 58.4 6.22 [3] 

89 Serine protease MucD precursor P. aeruginosa AAG04155 PA0766 50.3 7.77 [1] 

90 Oxygen-independent coproporphyrinogen III oxidase family protein HemN P. putida AAN69375 PP_3781 53.1 6.50 [11] 

91 Basic amino acid, basic peptide and imipenem OM porin OprD precursor P. aeruginosa AAG04347 PA0958 48.4 4.96 [1,2] 

92 Cobalamin synthesis protein P47K P. fluorescens ABA74837 Pfl01_3099 45.9 4.77 [3] 

93 Malic enzyme P. aeruginosa AAG08431 PA5046 45.4 5.05 [2] 

94 Isocitrate dehydrogenase IcdA P. aeruginosa AAG06011 PA2623 45.6 5.10 [2,4] 

95 Cell division protein FtsZ P. aeruginosa AAG07795 PA4407 41.2 4.66 [1,3] 
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96 Enolase P. aeruginosa AAG07023 PA3635 45.2 5.05 [1,3,4] 

97 Probable outer membrane protein precursor FadL P. aeruginosa AAG04677 PA1288 45.6 5.73 [2] 

98 Elongation factor Tu TufB P. aeruginosa AAG07665 PA4277 43.4 5.03 [1,2] 

99 Glutamate-1-semialdehyde 2,1-aminomutase HemL P. aeruginosa AAG07364 PA3977 45.4 5.47 [2] 

100 OprQ P. aeruginosa AAG06148 PA2760 46.8 5.54 [2,6] 

101 Binding protein component of ABC transporter AatJ P. aeruginosa AAG04731 PA1342  33.1 8.30 [13] 

102 NADP-glutamate dehydrogenase GdhA P. aeruginosa AAG07976 PA4588 48.9 6.00 [1] 

103 Serine hydroxymethyltransferase GlyA P. protegens AAY94556 PFLCHA0_c53190 44.9 6.02 [1] 

104 Citrate synthase GltA P. aeruginosa AAG04969 PA1580 47.7 6.96 [1] 

105 Conserved hypothetical protein P. aeruginosa AAG07187 PA3800 40.4 5.33 [2] 

106 S-adenosylmethionine synthetase MetK P. protegens AAY94978 PFL_5788 44.5 5.03 [3] 

107 Phosphoglycerate kinase P. fluorescens ABA77002 Pfl01_5265 38.9 4.78 [3] 

108 Phosphoribosylaminoimidazole synthetase PurM P. protegens AAY93691 PFL_4440 36.7 4.92 [3] 

109 OprF P. chlororaphis EJL08955 Pchl3084_1852 29.9 6.57 [14] 

110 Probable glycerophosphoryl diester phosphodiesterase P. aeruginosa AAG05740 PA2352 41.1 5.72 [2] 

111 Probable binding protein component of ABC transporter P. aeruginosa AAG07582 PA4195 29.5 7.87 [13] 

112 Chitin-binding protein CbpD precursor P. aeruginosa AF196565 PA0852 41.9 6.65 [6,7] 

113 Muconate cycloisomerase CatB P. putida AAN69312 PP_3715 40.2 6.25 [1] 

114 Elastase LasB P. aeruginosa AAG07111 PA3724 53.7 6.74 [6] 

115 Probable binding protein component of ABC transporter P. aeruginosa AAG05592 PA2204 29.3 9.65 [13] 

116 Fatty-acid oxidation complex beta-subunit FaoB P. aeruginosa AAG06401 PA3013 41.6 6.79 [1] 

117 Alcohol dehydrogenase AdhA P. aeruginosa AAG08812 PA5427 35.9 5.57 [1,8] 

118 Hypothetical protein P. aeruginosa AAG06638 PA3250 38.3 5.92 [2] 

119 Aspartate semialdehyde dehydrogenase P. aeruginosa AAG06505 PA3117 40.5 5.54 [2] 

120 Fructose-1,6-bisphosphate aldolase P. aeruginosa AAG03944 PA0555 38.6 5.26 [1] 
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121 Succinyl-CoA synthetase beta chain SucC P. aeruginosa AAG04977 PA1588 41.5 5.83 [1,8] 

122 Polyamine transport protein SpuD P. aeruginosa AAG03689 PA0300 40.6 7.59 [1] 

123 Beta-ketoadipyl CoA thiolase PcaF P. aeruginosa AAG03617 PA0228 42.1 5.52 [1] 

124 Protease IV P. aeruginosa AAG07562 PA4175 48.2 6.94 [6] 

125 N-acetyl-gamma-glutamyl-phosphate reductase ArgC P. aeruginosa AAG04051 PA0662 36.7 6.70 [1,15] 

126 Hypothetical protein P. aeruginosa AAG04400 PA1011 43.1 4.92 [2] 

127 Catechol 1,2-dioxygenase CatA P. aeruginosa AAG05895 PA2507 34.2 5.10 [1] 

128 Major porin and structural outer membrane porin OprF precursor P. aeruginosa AAG05166 PA1777 37.6 4.98 [2,8] 

129 Hypothetical protein P. aeruginosa AAG04335 PA0946 36.8 4.93 [2] 

130 Major porin and structural outer membrane porin OprF precursor P. aeruginosa AAG05166 PA1777 37.6 4.98 [2,8] 

131 Ferric iron-binding periplasmic protein HitA P. aeruginosa AAG08074 PA4687 36.1 5.54 [2] 

132 Polyamine transport protein SpuE P. aeruginosa AAG03690 PA0301 40.1 5.51 [2] 

133 Probable periplasmic polyamine binding protein P. aeruginosa AAG03684 PA0295 39.0 5.66 [2] 

134 Polyamine transport protein PotD P. aeruginosa AAG06998 PA3610 39.3 5.57 [2] 

135 Conserved hypothetical prteoin ErfK P. aeruginosa AAG06242 PA2854 34.8 5.49 [2] 

136 Electron transfer flavoprotein alpha-subunit EtfA P. aeruginosa AAG06339 PA2951 31.4 4.75 [1,2] 

137 Spermidine synthase SpeE P. aeruginosa AAG05076 PA1687 32.2 5.12 [2] 

138 Elongation factor Ts P. aeruginosa AAG07043 PA3655 30.7 4.95 [1–3] 

139 Catechol 1,2-dioxygenase PhcA Pseudomonas sp. M1 AAY88752 PM1_0212455 33.8 5.23 [1] 

140 2-methylisocitrate lyase PrpB X. campestris AAM40330 XCC1031 31.8 5.32 [1] 

141 Putative universal stress protein  P. aeruginosa AAG07740 PA4352 31.0 6.16 [8,10] 

142 Dihydrodipicolinate synthase DapA P. aeruginosa AAG04399 PA1010 31.4 6.40 [1] 

143 3-oxoadipate CoA-transferase subunit A CatI P. knackmussii AAL02405 PKB_2952 31.0 6.35 [1] 

144 Hypothetical protein P. aeruginosa AAG03857 PA0468 33.6 5.05 [2] 

145 Hypothetical protein P. aeruginosa AAG04344 PA0955 35.8 5.16 [2] 
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146 Hypothetical protein P. aeruginosa AAG03555 PA0165 31.4 5.08 [2] 

147 3-Isopropylmalate dehydratase (small subunit) LeuD P. putida AAN67601 PP_1986 24.3 5.32 [1] 

148 Peroxiredoxin TsaA P. putida AAN66709 PP_1084 21.7 4.86 [15] 

149 Malonyl-CoA-[acyl-carrier-protein] transacylase FabD P. aeruginosa AAG06356 PA2968 32.4 5.05 [2] 

150 Hypothetical protein P. aeruginosa AAG08857 PA5472 29.1 5.45 [2] 

151 Electron transfer flavoprotein subunit alpha P. syringae AAY37216 Psyr_2173 31.3 4.95 [3] 

152 Hypothetical protein P. aeruginosa AAG07166 PA3779 37.7 5.42 [2] 

153 Succinyl-CoA synthetase alpha chain SucD P. aeruginosa AAG04978 PA1589 30.3 6.03 [1–3] 

154 Enoyl-CoA hydratase/isomerase DspI P. aeruginosa AAG04134 PA0745 29.9 6.02 [8] 

155 NAD(P)H-dependent carbonyl reductase P. aeruginosa AAG07466 PA4079 24.3 5.06 [6] 

156 Arginine/ornithine binding protein AotJ P. aeruginosa AAG04277 PA0888 28.0 6.77 [6,13] 

157 Ferredoxin NADP(+) reductase FprA P. aeruginosa AAG06785 PA3397 29.5 5.87 [6] 

158 Methionine ABC transporter substrate-binding protein MetQ P. putida AAN65746 PP_0112 27.7 7.80 [1] 

159 Translation elongation factor P Efp P. aeruginosa AAG06239 PA2851 21.0 4.54 [1] 

160 LPS-assembly lipoprotein LptE P. aeruginosa AAG07375 PA3988 22.9 4.96 [2] 

161 Peptidyl-prolyl cis-trans isomerase FklB P. protegens AAY94543 PFL_5333 19.2 4.36 [3] 

162 Fe/S biogenesis protein NfuA P. protegens AAY92926 PFL_3660 18.6 4.32 [3] 

163 Co-chaperone GrpE P. protegens AAY96226 PFL_0826 18.2 4.40 [3] 

164 Hypothetical protein P. aeruginosa AAG06391 PA3003 22.5 4.74 [2] 

165 Inorganic pyrophosphatase Ppa P. aeruginosa AAG07418 PA4031 19.4 4.86 [1] 

166 Outer membrane lipoprotein OmlA precursor P. aeruginosa AAG08151 PA4765 19.4 4.79 [2] 

167 VacJ P. aeruginosa AAG06188 PA2800 26.1 5.41 [2] 

168 Hypothetical protein P. aeruginosa AAG08524 PA5139 27.6 5.72 [2] 

169 Hypothetical protein P. aeruginosa AAG05719 PA2331 19.3 5.06 [10] 

170 ClpP2 P. aeruginosa AAG06714 PA3326 22.1 5.36 [10] 
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171 Hypothetical protein P. aeruginosa AAG07450 PA4063 21.2 6.37 [2] 

172 Thiol:disulfide interchange protein DsbA P. aeruginosa AAG08874 PA5489 23.4 5.98 [2] 

173 ClpP P. aeruginosa AAG05190 PA1801 23.5 6.39 [12] 

174 Xanthine phosphoribosyltransferase P. syringae AAO53666 PSPTO_0112 20.1 6.52 [3] 

175 Superoxide dismutase SodB P. aeruginosa AAG07754 PA4366 21.4 5.27 [2,3,7] 

176 Lipotoxin F P. aeruginosa AAG07080 PA3692 28.5 9.90 [10] 

177 PasP protease P. aeruginosa AAG03812 PA0423 20.8 6.09 [10] 

178 Ribosome recycling factor P. aeruginosa AAG07041 PA3653 20.5 5.85 [1,2] 

179 Lipoprotein localization protein LolB P. aeruginosa AAG08055 PA4668 23.0 6.92 [2] 

180 Alkyl hydroperoxide reductase subunit C AhpC P. aeruginosa AAG03529 PA0139 20.5 6.30 [1] 

181 Hypothetical protein P. aeruginosa AAG08808 PA5423 20.0 5.64 [2] 

182 Lipoprotein localization protein LolA P. aeruginosa AAG06002 PA2614 23.1 5.76 [2] 

183 Transcription elongation factor GreA  P. aeruginosa AAG08141 PA4755 17.2 4.94 [2] 

184 Lipid A 3-O-deacylase PagL P. aeruginosa AAG08048 PA4661 18.4 6.25 [10] 

185 Putative DNA-binding stress protein P. putida AAN66834 PP_1210 17.9 5.03 [15] 

186 Conserved hypothetical Protein UspK P. aeruginosa AAG06697 PA3309 16.5 5.35 [1,10] 

187 Iojap family protein P. protegens AAY94664 PFL_5454 15.7 5.24 [3] 

188 30S ribosomal protein S6 RpsF P. aeruginosa AAG08320 PA4935 16.2 4.87 [3,4,15] 

189 Peptidoglycan associated lipoprotein OprL precursor  P. aeruginosa AAG04362 PA0973 17.9 5.95 [2] 

190 Probable ribosomal protein L25 RplY P. aeruginosa AAG08058 PA4671 22.0 6.17 [6] 

191 Peptidyl-prolyl cis-trans isomerase B PpiB P. syringae AAO57213 PSPTO_3744 18.3 6.24 [3] 

192 Peptidyl-prolyl cis-trans isomerase B PpiB P. aeruginosa AAG05182 PA1793 18.1 6.15 [2] 

193 Conserved hypothetical protein P. aeruginosa AAG07172 PA3785 17.0 6.28 [2,6] 

194 Outer membrane protein OprG precursor P. aeruginosa AAG07454 PA4067 25.2 4.85 [2] 

195 Anti-RNA polymerase sigma 70 factor P. fluorescens ABA77219 Pfl01_5482 18.4 4.54 [3] 
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196 50S Ribosomal protein L9 RplI P. aeruginosa AAG08317 PA4932 15.5 5.29 [1,4] 

197 Ferric uptake regulation protein P. aeruginosa AAG08150 PA4764 15.2 5.87 [3] 

198 Conserved hypothetical protein P. aeruginosa AAG08563 PA5178 15.5 5.50 [5] 

199 Peptide methionine sulfoxide reductase MsrB P. savastanoi AAZ35748 PSPPH_3630 14.7 5.61 [3] 

200 Nitrogen regulatory protein P-II 2 GlnK P. aeruginosa AAG08673 PA5288 12.3 5.41 [4,10] 

201 Ecotin precursor P. aeruginosa AAG06143 PA2755 17.2 6.17 [2] 

202 Azurin precursor Azu P. aeruginosa AAG08307 PA4922 16.0 6.39 [2,6,15] 

203 Pterin-4-alpha-carbinolamine dehydratase PhhB P. fluorescens ABA73241 Pfl01_1498 13.4 6.23 [3] 

204 Nucleoside diphosphate kinase P. savastanoi AAZ36735 PSPPH_1316 15.0 5.24 [3] 

205 Hypothetical protein P. aeruginosa AAG06999 PA3611 15.0 8.9 [13] 

206 50S ribosomal protein L7/L12 RplL P. protegens AAY94795 PFL_5590 12.5 4.42 [3] 

207 Hypothetical protein P. aeruginosa AAG07062 PA3674 14.4 6.83 [2] 

208 OpuC ABC transporter, permease protein OpuCD P. aeruginosa AAG07275 PA3888 25.1 9.26 [2] 

209 Co-chaperonin GroES P. aeruginosa AAG07774 PA4386 10.3 5.20 [1,2,4,5] 

210 Thioredoxin TrxA P. fluorescens ABA77194 Pfl01_5457 11.8 4.83 [3] 

211 Phospho-2-dehydro-3-deoxyheptonate aldolase AroG P. fluorescens CAY47952 PFLU_1704 39.8 5.80 [1] 

212 FKBP-type peptidylprolyl isomerase P. fluorescens ABA72625 Pfl01_0882 12.1 4.22 [3] 

213 Protein-export protein SecB P. fluorescens AAK38717 PFLU_0340 11.5 4.22 [3] 

214 3-oxaloacetate decarboxylase alpha chain P. fluorescens ABA77375 Pfl01_5639 63.4 5.63 [3] 

215 Dihydrolipoamide dehydrogenase chain A P. fluorescens CAY48069 PFLU_1822 50.0 6.47 [7] 

216 Succinate dehydrogenase flavoprotein subunit SdhA P. putida AAN69772 PP_4191 63.4 5.80 [11] 

217 Acetolactate synthase III large subunit IlvI P. aeruginosa AAG08082 PA4696 63.0 6.77 [1] 

218 Alkyl hydroperoxide reductase TsaA P. aeruginosa AAG06917 PA3529 21.8 5.37 [10] 

219 Putative amino-acid ABC transporter-binding protein YhdW P. protegens AAY90335 PFLCHA0_c10670 36.5 6.69 [1] 

220 Translation initiation factor IF-2 InfB P. syringae AAO57938 PSPTO_4490 90.5 7.06 [1] 
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Figure A15. 2-DE representative images of the cytosolic proteome of the Pseudomonas aeruginosa strain PAO1 grown in constant exposure to 

full-spectrum light. The representative 7 (a) and 18 cm (b) gel for the Light growth condition had, respectively, 346 (a) and 498 (b) spots detected.

(a)        (b) 
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Figure A16. 2-DE representative images of the cytosolic proteome of the Pseudomonas aeruginosa PAO1 grown in total absence of light. The 

representative 7 (a) and 18 cm (b) gel for the Dark growth condition had, respectively, 336 (a) and 492 (b) spots detected. 

(a)        (b) 
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