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ABSTRACT

Cystic Fibrosis (CF) is a genetic disorder in which a defect in the cystic fibrosis conductance
regulator (CTFR) occurs. This disorder affects many organs, the airways being one of the most
affected. Patients with CF lung disease are very susceptible to chronic infections by various
pathogens, one of them being Pseudomonas aeruginosa. This pathogen has a high ability of
adaptation to the harsh environment found in CF lungs, characterized by inflammatory defences,
antibiotic treatments, oxygen restriction, and poor availability of nutrients, among others. It is well
established that once P. aeruginosa infection is installed in the lungs, it is almost impossible to
eradicate. P. aeruginosa adaptation is achieved by some sophisticated mechanisms, as resistance
to antibiotics, hypermutability, biofilm mode of growth, differential expression of virulence factors,
and according to the stage of infection in the lungs and other genotypic and phenotypic changes.
With the onset of chronic CF, P. aeruginosa diversifies into different morphotypes, with the
emergence of mucoid phenotype and small colony variants (SCV) that are known to persist after
continuous antibiotic treatment. P. aeruginosa adaptation under microaerophilic and anaerobic
conditions was assessed in terms of growth kinetics, colony morphology, mutants frequency,
pyocyanin production, antibiotic susceptibility, sub-population characterization and expression of
mexA and 16S genes. Results showed, in both microaerophilic (10% CO. and 5 % O-) and anaerobic
environment, similar growth profiles and pyocyanin production. The emergence of intermediate
susceptibility profiles by different strains for Ticarcilin/clavulanic acid, ciprofloxacin and imipenem
was observed, as well as hypermutability, with anaerobic conditions. Phenotypic diversification was
also observed, under all conditions, particularly in microaerophilic conditions with 5 % O., with the
appearance of morphotypes not identified before. Sub-populations characterization shown similar
characteristics between morphotypes, with one morphotype standing out in terms of biofilm
formation and antibiotic susceptibility. Results obtained with the regard of the effects of the
decrease in oxygen tension on gene expression showed high levels of contamination of the RNA
samples collected through the study to assess differential expression of mexA gene at different
oxygen concentration. Also, it was found that both pair of primers used (16S and mexA) were not
adequate for the tested strain, which translate in a lack of specificity and efficiency. Given the
results of characterization of growth and phenotypic characteristics, is possible to conclude that
oxygen depletion has no significant effect on P. aeruginosa growth, affecting, however, the

phenotypic characteristics and antibiotic susceptibility profiles. Oxygen depletion increases the



presence of intermediate resistant profiles, and strong mutator phenotypes, as observed in chronic
infections. Microaerophilic environment seems to be a turning point of the stage of infection, as
some distinctive characteristics were observed, as higher colony diversification, appearance of new
sub-populations and slight decrease in antibiotic resistance profiles. In future studies of expression
of mexAB-OprM efflux pumps, a more suited, or more than one, reference genes should be
selected, as well as specific design of mexA primers for the strains used will be required. It is also
recommended the treatment of RNA samples with acid phenol:chlorophorm to reduce possible

DNA contaminations.
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SUMARIO

A Fibrose Quistica (FQ) é uma doenca genética que ocorre quando existe um defeito no cystic
fibrosis conductance regulator gene (CFTR). Esta doenca afeta varios orgaos, sendo as vias
respiratorias as mais afetadas. Doentes com fibrose quistica sao muito suscetiveis a infecdes
provocadas por variados agentes patogénicos, tal como a Pseudomonas aeruginosa. Este agente
patogénico possui uma grande capacidade de se adaptar ao exigente ambiente presente em
pulmdes de doente com fibrose quistica, caracterizado pela presenca de agentes inflamatorios,
tratamentos com antibidticos, restricdo de oxigénio e baixa disponibilidade de nutrientes, entre
outros. E facto aceite que uma vez que a infecdo cronica pela P. aeruginosa se encontre
estabelecida, é praticamente impossivel a sua erradicacdo. O processo de adaptacdo da P.
aeruginosa ¢ conseguido através de sofisticados mecanismos de resisténcia a antibidticos,
hipermutabilidade, formacao de biofilmes, expressao diversificada de fatores de viruléncia, de
acordo com o estagio de infecdo, entre outras alteracdes fenotipicas e fenotipicas. Com o
estabelecimento de infecdo cronica, a P. aeruginosa sofre uma diversificacdo em varios tipos
morfologias (ou morfotipos), com o surgimento de um fenétipo mucoide e de small colony variants
(SCV), conhecidas por persistir mesmo depois de continuamente sujeitas a tratamentos com
antibioticos. Durante este trabalho, a adaptacao da P. aeruginosa a condicdes de microaerofilia e
anaerobiose, foi estudada relativamente a cinética de crescimento, morfologia de coldnias,
frequéncia de mutantes na populacdo, producao de piocianina, suscetibilidade a antibiéticos,
caracterizacao de subpopulacdes e expressao genética do gene mexA. Os resultados obtidos
demonstraram que, em ambos os ambientes de microaerofilia testados (com 10% CO. e 5 % O),
bem como em anaerobiose, houve um crescimento semelhante das estirpes de P. aeruginosa,
bem como uma constante producdo de piocianina. Foi verificado o aparecimento de perfis
intermédios de resisténcia, em diferentes estirpes, relativamente ao antibiético TTC (Ticarcilina/
acido clavulanico), CIP (ciprofloxacina) e IMI (imipenem), bem como o surgimento de
hipermutabilidade com a exposicao a condicdes anaerobicas. Diversificacao fenotipica foi também
observada em todas as condicdes testadas, mas particularmente em 5 % O, onde se verificou o
aparecimento de morfotipos nao observados anteriormente. Os diferentes morfotipos observados
neste estudo, apresentam caracteristicas semelhantes entre si, havendo no entanto um morfotipo
(MT25) que se destacou no que diz respeito a formacao de biofilme e suscetibilidade a antibiéticos.
Os resultados relativos ao efeito do decréscimo da concentracdo de oxigénio na expressao

genética, mostraram um nivel consideravel de contaminacdo das amostras de ARN recolhidas
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durante o estudo da expressao diferencial do gene mexAem diferentes concentracdes de oxigénio.
Para além disso, concluiu-se que os primers usados neste estudo (mexA e 16S) ndo eram
adequados pata a estirpe testada, o que se traduziu numa falta de especificidade e eficiéncia.
Relativamente aos dados obtidos, é possivel afirmar que a restricdo de oxigénio ndo provoca um
efeito significativo no crescimento da P. aeruginosa. Afetou, no entanto, as caracteristicas
fenotipicas e os perfis de suscetibilidade a antibioticos observados. A diminuicédo da disponibilidade
de oxigénio provocou o aumento de perfis intermeédios de resisténcia e o aparecimento de fendtipos
hipermutantes, tal como verificado em infecdes cronicas pela P. aeruginosa. A presenca de
condicoes de microaerofilia apresenta caracteristicas que podem ser interpretadas como um ponto
de evolucdo do estagio de infecdo, dado que foram verificadas caracteristicas distintas nesta
condicao, como uma maior diversificacdo de coldnias, o aparecimento de novos morfotipos e um
ligeiro decréscimo dos perfis de resisténcia a antibioticos observados.

Em estudos a ser realizados futuramente, relativamente a expressdo do operdo mexAB é
recomendado a selecdo de um ou mais genes de referéncia, mais adequados ao estudo, bem
como a o desenho dos primers para o gene mexA4, especificos para a estirpe em uso. E também
recomendado o tratamento das amostras de ARN obtidas com acido fenol:cloroférmio, de modo a

reduzir possiveis contaminacées com ADN.
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GENERAL QUTLINE

Cystic Fibrosis is considered one of the most common lethal genetic diseases in affecting
Caucasian populations is caused by a defect on the cystic fibrosis conductance regulator (CFTR)
gene. CFTR defective expression is characterized by abnormal salt and water transport across
epithelial surfaces, since CFTR functions mainly as a chloride channel in exocrine epithelia. For
this reason, CF affects many organs, with effects on the respiratory tract, gastrointestinal and
hepato-biliary systems, reproductive system and sweat glands being the most reported
manifestations [1].

In spite of the diverse manifestations, CF lung disease is the most common and the one with higher
associated morbidity and mortality. Over 80% of patients with CF lung disease succumb to the
multiple and persistent infections that characterize this disease, becoming, for that reason, the
most documented CF manifestation [2][3].

CF pulmonary disease is characterized by the production of dehydrated and hyperviscous mucus
in the lungs that obstruct the airways, impairs the mucociliary clearance and enhances the
infammatory response by neutrophil recruitment [4]-[6] . All these effects together translate in
bacterial infections that begin at a young age, intermittent at first, but developing into chronic
infection later in life. Staphylococcus aureus and Haemophilus influenzae are the most prevalence
in younger patients, although by adolescence Pseudomonas aeruginosa infections already affect
80% of CF patients [7][8]. Colonization by this pathogen in CF lung disease is associated with
increased morbidity and mortality, since after periods of intermittent acute infections, P. aeruginosa
has the ability to persist in CF airways [8][9] . It is widely known that after chronic P. aeruginosa
infections occurrence in CF lungs, eradication is almost impossible. For that reason urges the need
to understand the mechanisms underlying the process of P. aeruginosa persistence in CF lungs
and the pursuit of options of effective treatment and early eradication of this pathogen.
Pseudomonas aeruginosa, a Gram negative bacteria commonly found in soils, aqueous
environments, plants and animals, is one of the most prevalent pathogens responsible for
nosocomial infections [10] . Due to P. aeruginosa’s large genome and genetic flexibility, a rapid
adaptation to the CF airways environment occurs, assisted by the good ability to form biofilm within
the airways[11]. In order to respond to the selective pressure, imposed by persistent antibiotic
treatment and the harsh CF environment with oxygen limitation, P. aeruginosa can suffer a series
of genetic and phenotypic alterations, such as the development to mucoid phenotype and loss of

virulence factors, in order to survive. Therefore, the assessment of the development and



diversification of P. aeruginosa under oxygen limitation is essential for understand the influence of
CF environment in P. aeruginosa adaptive process.

One of the main goals of this study is the characterization of P. aeruginosa development under a
simulated environment of CF airways. Therefore, growth kinetics, antibiotic susceptibility,
pyocyanin production, mutation frequency, genetic expression of genes described as responsible
for persistence, colony morphology diversification and phenotypic switching, under several steep
oxygen-limitation conditions, will be assessed.

Finally, the importance and understanding of the adaptive P. aeruginosa characteristics observed
from acute to chronic infection in CF airways will be discussed.

This dissertation is structured into four chapters. In Chapter 1 the basis of CF disease and the
principal P. aeruginosa characteristics are reviewed and the most important aspects of
P. aeruginosa development from acute to chronic infection in CF airways are described. Chapter 2
describes the microorganisms, materials and methodology used in the experimental work. The
third Chapter includes the results obtained during this study, as well as the discussion of these
results. In Chapter 4, the overall conclusion of this work and future research suggestions are

presented.



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

1. CysTic FIBROSIS DISEASE AND RELEVANCE OF PSEUDOMONAS AERUGINOSA INFECTION
DEVELOPMENT AND DIVERSIFICATION

In this chapter the basic mechanisms and consequences of cystic fibrosis disease focusing on lung
disease. The importance of Pseudomonas aeruginosa infections in CF lung disease is also
addressed, focusing on the development of chronic infection and consequent P. aeruginosa
diversification.
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1.1 Cystic Fibrosis: a genetic disease

Cystic Fibrosis (CF) is a genetic disorder on chromosome 7, in which a defect in the cystic fibrosis
conductance regulator (CFTR) occurs [12]. It is one of the most frequent autosomal recessive
disease, inherited and lethal, among the Caucasian population and affects many organs, such as
pancreas, small intestine, liver, reproductive system, and most commonly the airways and sweat
glands [12][13]. Currently, more than one thousand mutations in CFTR gene that codify this
disease have been identified [13]. However, the AF508del mutation the most common, being
present in 70% of the reported cases of CF around the world [2][6][14][15].

The respiratory complications associated with CF are the most characterized in the literature due
to the high rate of morbidity and mortality that they represent, thanks to various episodes of
extreme and uncontrolled inflammation of the airways, assisted by chronic infection by several
microorganisms (such as Pseudomonas aeruginosa, Staphylococcus aureus, among others)
present in CF patients [2]. Some of the most significant symptoms of this disease are the presence
of viscid mucus in the airways and recurrent/chronic respiratory infections, and increased
electrolyte concentration in sweat. The primary test for CF diagnosis is based on the measurement
of the electrolyte concentration in the patient sweat [3][13].

The CFTR is a cAMP-regulated chloride channel protein, present in many types of cells as epithelial
cells and PMNs, comprising two membrane-spanning regions and a cytoplasmic regulatory R
domain and is important as a Cl- channel, regulation of ion transport (Na* and HCO:), pH regulation
and innate immunity [2][6]. Of all organs that can be affected by CFTR deficiency, as stated before,
the most commonly affected are the respiratory, the gastrointestinal and reproductive tracts.
Respiratory complications account for a 90% cause of dead in CF patients [3][16].

It has been suggested that CFTR regulates the level of hydration of the surface fluid in the airways
by regulation of Na- and CI transport [15]. Therefore, a mutation occurring in CFTR causes a
malfunction in this chloride channel and ion transport, resulting in lower volume of the paraciliary
fluid in the lungs and, consequently, in poor mucociliary clearance of inhaled microbes [6].
Altogether, results in abnormal electrolyte composition, as mentioned before, that translates into
augmented viscose and dehydrated mucus that causes entrapment of bacteria in airway secretions
and, consequently, the establishment of chronic infections [6][17].

Some studies also suggest that proteases secreted by inflammatory cells can intensify the defect

in ion transport in CF [5].
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The airways epithelium is known to be water permeable and so, the hydration of the ASL is
determined by the quantity of salt present on the airway surface. Deficiencies in Cl- secretion and
Na+ absorption, by ENaC, were associated with dehydrated ASL [18].

Several studies aimed at understanding how CF ion transport defect and consequent lung disease
are related demonstrate that ASL is composed by two layers: the mucus layer, that entraps
pathogens and other inhaled particles; and a periciliary layer, responsible for lubrication of airway
surface to promote mucus clearance [19][20]. In non-CF airways, epithelia are capable of
regulating ASL volume by responding to signals that adjust Na- adsorption and CI secretion,
adjusting ASL height to the length of the cilia (Figure 1.1). In CF airways, this regulation fails due
to deficient CI secretion, causing a reduced volume of ASL. This lower volume of ASL affect the

periciliary layer, collapsing the cilia onto airway surface and reducing the mucus transport rate.
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Figure 1.1- The dysfunction of CFTR results in hyperabsorption of sodium from the ASL that is not observed with
functional CFTR. This hyperabsorption leads to a higher absorption of water and, consequently, to depletion of ASL.
The clear mucociliary clearance, observed in normal CFTR function, is impaired in CF airways and mucus retention
occurs [12].

Studies with BENaC-Tg mice showed that the entrapment and accumulation of particles and
pathogens due to mucociliary malfunction in CF airways activates the release of pro inflammatory
chemokines from inflammatory and epithelial cells, causing airway inflammation [13][21].

CFTR also mediates epithelial HCOs secretion and pH regulation of mucosal surfaces. Therefore,
a dysfunction in CFTR causes a reduced secretion of HCO3- and, consequently lower pH in ASL,
which can be related to the reduced CL- dependent fluid secretion and to the formation of viscous

and dehydrated mucus that contribute to mucociliary impairment and mucus plugging [22][23].
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pH also plays an important role in the airways. Lower pH in CF airways may contribute to reduced
antimicrobial activity of ASL and reduced bacterial elimination in CF airways [5][18][22].

All of the CFTR mutation consequences create a prosperous environment in CF airways for infection
establishment. For that reason, in addition to being a genetic condition, CF also is characterized
as an infection disease [3]. CF patients are often colonized by various organisms since infancy
which results in damage of epithelial surfaces since young age[3]. The bacterial species most
frequently associated with CF airways infections include both common human pathogens, as
Staphylococcus aureus, and opportunistic pathogens, as Pseudomonas aeruginosa [8]. Indeed of
all bacteria that can cause infection in CF lungs, P. aeruginosaand S. aureus are the most prevalent
[25]. For many years, P. aeruginosa has been reported as the overall dominant pathogen
responsible for infection in CF airways, but latest reports state that S. aureus as the most prevalent
pathogen [23][24]. Despite this data, P. aeruginosa continues to be the most prevalent pathogen
in adult CF patients, while S. aureus and Haemophilus influenzae affect mostly younger patients
[9]. Despite P. aeruginosa’s decrease of prevalence due to the adoption of eradication strategies
in initial stages acquisition, this pathogen continues to be the principal cause of chronic infection

and worse prognosis in CF patients [25]-[27].

1.2 Pseudomonas aeruginosa. an opportunistic pathogen

Pseudomonas aeruginosa is a pathogenic and opportunistic bacterium, Gram-negative, known for
its ability to thrive and adapt to various environments and cause severe infections in susceptible
individuals, as pneumonia, bacteraemia, chronic airway infections, among other [26][27]. This
bacterium is responsible for about 10 % of all nosocomial infections, and is in this environment
that the majority of CF patients acquire this pathogen, causing in 80-100% of the cases, chronic
infections, almost impossible to eradicate after installed in CF lungs [28][31].

P. aeruginosa strains can be found in multiple environments, from environmental habitats, as in
soil, seawater and fresh water, and animal or human hosts [10]. It is known for its large genome,
which encodes for several quorum sensing molecules, virulence factors, metabolic diversity,
intrinsic antibiotic resistance and great capability to form biofilms, contributing for a good
adaptability to the environment. [32][33]. These features have a significant importance in
P. aeruginosa capability to avoid eradication by the immune system and persist and evade from

phagocytic clearance, when an infection is established [4].
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All of these mechanisms are known to be present in patients with CF lung disease. It is described
in the literature that £. aeruginosa colonizes the lungs, intermittently, in earlier stages of infection
and, after a short period of time, establishes chronic infections due to the capacity to adapt to the
CF airways [36]. In order to better adapt and to establish chronic infection in CF airways,
P. aeruginosa suffers a wide range of phenotypic and genotypic changes, becoming less

infammatory and less cytotoxic and more suitable to persist in that environment [37].

1.3 P aeruginosa infection development in CF airways

Acute infection of the CF airways by P. aeruginosa take place at early ages of patients and the
acquisition of this bacterium can be from the environment or from healthcare settings (nosocomial
infection) [37]. At this stage, P. aeruginosa still presents wild-type characteristics, being non
mucoid and susceptible to antibiotic treatments, and having almost all virulence factors expressed,
such as pyocyanin, type Ill secretion system, several proteases, lipases, phospholipases and
rhamnolipids [38]. These characteristics, together with the lower severity of lung disease when
compared to cases in the adult age, make this stage the best for P. aeruginosa eradication. Studies
show that aggressive treatment at this point of infection have good results in slowing down the
progression of chronic infection [39]-[41].

However, this eradication is only temporary and recolonization by P. aeruginosa occurs either
from the same source of the initial colonization or from reservoirs within the patient (paranasal
sinuses), which contributes to posterior chronic infection [7][37][40].

The process of infection covers, essentially, 5 stages, which are 1) colonization and bacterial
adherence of the epithelium mediated by type IV pili, 2) local invasion and 3) systemic
dissemination.

Along all this stages, P. aeruginosa suffers a series of changes related to the development of
infection over colonization to acute and chronic infection. In order to understand all the changes in
P. aeruginosa, it is import to understand how the infection process occurs in CF airways. [43]

It all begins with a simple breath of air, containing multiple particulates and microorganisms from
the environment. In a healthy lung, the epithelium of the airways (first line of defence) acts against
infectious agents and are able to remove efficiently the threat, by the action of immune cells , such
as dendritic cells, T cells, macrophages and neutrophils. The epithelium is composed

predominantly of ciliated cells which rhythmically beat their cilia in one direction to push particles
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and microorganisms out of the lungs. It is the ASL that forms a mucous layer in the epithelium,
which allows the transport of these particles to the throat, so that can be expelled (mucociliary
clearance) [44].

It has been suggested that in consequence of the CFTR mutation, CF lungs produce a high amount
of thickened ASL, due to the dehydration of the mucus layer that coats all the epithelial surface.
As a consequence, the mucociliary clearance, as well the immune response, is impaired and so,
particles and microorganisms are not efficiently cleared, which causes a hyperactive inflammatory
response, deterioration the lung function [37]. The viscid mucus creates a thigh mucin mesh that
restricts the motility of P. aeruginosa and other bacteria that lead to the accumulation of bacteria
in the mucus, and later to biofilm formation [19]. Beside this, the mesh also limits the ability of
neutrophils to penetrate the mucus and capture bacteria [19]. The sputum has, therefore, a unique
composition, with mucin, lipids, proteins, amino acids, ions and DNA in high concentrations, the
perfect composition for bacterial development [45]. Overall, the viscid CF lungs secretions are a
protective environment for bacteria, which enables them to escape antibiotic treatment and
immune cells, favouring colonization and persistence [19][43].

Some studies have suggested that the layer of mucus present in the CF airways lumen is anaerobic,
occurring, in that condition, the formation of well-structured and resistant P. aeruginosa
biofilms.[47] In CF lungs, P. aeruginosa develops under anaerobic conditions and builds a different
type biofilms. Instead of attachment of cells to a solid surface, in CF lungs cells adhere to each
other and to the sputum components, especially to mucin forming microcolonies. [45]

With the progression of the disease, strains rich in alginate overproduction (mucoid) thrive, forming
biofilms resistant to antibiotic treatment and phagocytosis. The best characterized mechanism of
pseudomonas conversion to mucoid, is the mutation in mucA gene. The lack of MucA leads the
extracytoplasmic o factor AlgT(U) to transcribe genes involved in alginate biosynthesis, that leads
to alginate overproduction [47].

In CF airways, P. aeruginosa persist due to accumulation of point mutations, beneficial for the
adaptation to the environment. Those mutations occur in the regulators of alginate biosynthesis
and virulence genes involved in the LPS modification, motility, in quorum sensing regulation, in
multidrug-efflux pumps, among others [40].

CF airways are known to be a very complex environment, in which bacteria needs to adapt in order

to establish infection. Oxygen distribution, nutrient availability, the interactions between various
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microorganisms, immune system and antibiotic treatments are some of many factors that enhance
the CF airways complexity [48].

One of the most important factor recognized is oxygen distribution in the airways. Various studies,
in which oxygen tension in CF airways has been measured, indicated that oxygen is depleted in
this environment, suggesting that £. aeruginosa grow anaerobically within the CF airways mucus.
However, has also been reported that P. aeruginosa prefers microaerophilic growth as major mode
of growth in CF airways [46][47].

As previously described, in CF airways there is an accumulation of viscid and dehydrated mucus.
When air is supplied to the airways, the oxygen dissolves in the mucus layer, creating a gradient
along the depth of the layer. Thereby, at the surface of the mucus layer, oxygen is abundant and
aerobic growth can be archived. Below the surface of the mucus, oxygen concentration begins to
lower and microaerophilic growth is possible. The oxygen concentration continues to diminish and,
at higher depths, is almost none, and anaerobic growth begins [47][48].

Contrary of what initially was expected, P. aeruginosa does not infect the epithelial cells, it infects
only the mucus layer, never reaching the cells. Initially, when P. aeruginosareaches the CF airways,
it adheres to the mucus layer, and penetrates the mucus, since P. aeruginosa is still motile. Here,
as described before, oxygen concentration is lower, and microaerophilic growth occurs, leading ~.
aeruginosa to suffer some changes in order to better adapt to these conditions [48][52]

One of the changes that occur in P. aeruginosa affects the alginate production. In response to
hypoxia stress (lower oxygen concentration), P. aeruginosa starts to overproduce alginate,
switching from a non-mucoid to a mucoid phenotype. This change is significant to the formation of
biofilm like aggregates that characterize proliferation of P. aeruginosa in CF airways [48][50].
With the onset of chronic infection, P. aeruginosa suffers a series of phenotypic and genotypic
alteration in the context of CF lung disease. These alterations all occur in order to make P.
aeruginosa more persistent and adapted to the CF airways, reason why P. aeruginosa infections

are almost impossible to eradicate.

1.3.1 Small colony variants: a persistent form of colony

Small colony variants differ from wild-type phenotype in multiples ways, as small colony size,
reduced growth rate, pigmentation and haemolysis, altered expression of virulence factors,

autotrophy, antibiotic resistance, among other characteristics [54].
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Studies focused on small colony variants (SCV) have shown that these colonies have increased
antibiotic resistance and enhanced biofilm formation, morphotypes with reversion to wild-type,
impaired motility, slow growth and auto-aggregative behaviour. SCV are also known to be
associated with chronic infections and poorer lung function, since they persist in the airways and
become almost impossible of eradicate [31][39].

In P. aeruginosa, as in other Gram-negative bacteria, cyclic-di-GMP is known to be associated with
the promotion of biofilm lifestyle and SCV presence, by positively regulate the production of
secreted polysaccharides, as Pel and Psl, and downregulating motility [52][53].

As reported before, SCV are associated with the establishment of chronic infection, and that is
partly due to SCV capacity to escape phagocytosis by macrophages. Evidence has been found
suggesting that the exopolysaccharide overproduction protects each cell from phagocytosis, helped
by SCV cell aggregation characteristics. This feature is also important to establishment of chronic
infection since P. aeruginosa SCVs are exceedingly adherent, hindering their removal from the CF
airways [57]. Increased antibiotic resistance is also associated with small colony variants. Many
studies reported that antibiotic resistance of P. aeruginosa SCVs to aminoglycosides, quinolones,
colistin and [-lactams is higher when compared with wild-type phenotype, which enhances even

more the establishment of chronic infections [58].

1.3.2 Contribution of pyocyanin production to CF lung infections

Pyocyanin, or b-methyl-1-hydroxyphenazine, is a nitrogen-containing heterocyclic compound,
known as phenazine, and is synthesized by several Pseudomonas species and other bacteria. This
compound has a blue colour and is a redox-active phenazine produced by P. aeruginosa [40][56].
Pyocyanin has been detected in the mucus of CF patients infected with £. aeruginosa, sometimes
visually by the coloration of patients sputum samples, and has been proven that, in some infection
models, has important role on the success of establishment of acute or chronic infections in lungs
[57][58]. It plays a secondary role as a metabolite which is involved in several important biological
activities, with toxic effects relevant to CF. Pyocyanin can, among other activities, easily interact
with and penetrate cytoplasmic membranes, raising the concentrations of cytosolic calcium in
airway epithelial cells and redirects electrons, leading to the generation of ROS which damage the
cells, interfering with cellular respiration [40][59]. The generation of ROS decreased the
concentration of intracellular cAMP, affecting the immune response by increasing neutrophil

apoptosis [63]. Pyocyanin also subverts the lysosomal pathways and the macrophage capacity of
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collecting apoptotic cells. Ciliary clearance of inhaled particles, stuck in the viscid mucus, is also
affected by pyocyanin and its degradation products, by slowing the movement of the cilia and, in
some cases, paralysing them. This specific effect is thought to be beneficial for P. aeruginosa in
the initial stages of infection. Pyocyanin has also a role in the establishment of chronic infection. It
prevents an effective T cell response against £. aeruginosa and can also prevent the activation of
monocytes and macrophages [64]. Pyocyanin also contributes to the adaptability of P. aeruginosa
to the CF environment. It acts as an alternative electron acceptor, maintaining the redox balance

in low oxygen environments, as present in CF airways [61][40][53].

1.3.3 Motility impairment in chronic infections

Motility has been recognised as one of the most important features of P. aeruginosa contributing
to its pathogenicity [65]. The presence of this characteristic has many beneficial aspects: allows
P. aeruginosa to move across different surfaces to access perfect niches for colonization and to
search for increased nutrient availability, to escape to toxic substances and host immune defences,
among other aspects [62][63]. Swimming, swarming and twitching are the three types of motility
observed in P. aeruginosa, among other bacterial species. Swimming and swarming are mediated
by flagellum, and while the first allows bacteria to move through aqueous surfaces, swarming
allows the movement of bacteria on semi-solid surfaces. On the other hand, twitching is mediated
by type IV pilli and is responsible for movement on solid surfaces [63][64].

Bacterial motility of flagellum is achieved by rotational torque of a helical filament of several flagellin
subunits that act as propellers. This process is possible due to a motor complex which acts as a
molecular switch and regulates the way of rotation [68]. With the onset of chronic infection by ~.
aeruginosa in CF airways, this bacteria suffers a series of phenotypic and genotypic alterations,
loss of motility being one of these. It has been proposed that the expression of flagellum is essential
to success of nonopsonic phagocytosis. Studies shown that for macrophages to be able internalize
bacteria by phagocytosis, a ligand was necessary to trigger that response, the flagellum being that
trigger [69]. Given that, through the development of infection is believed that P. aeruginosa suffers
a series of genetic alterations in the genes that codify the motor complex that impairs the bacteria
swimming capability [65][66]. This loss of motility modifies the immune response since there is
no trigger to phagocytosis, and bacteria effectively evade the immune system. Thereby, P.
aeruginosa acquires a phenotypic advantage that improves the development of chronic infection.

With P. aeruginosa growth in biofilm microcolonies, in CF lungs, motility cease to be an essential

10
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mechanism for bacterial survival [70]. Despite motility being a decisive factor for biofilm formation
and bacterial survival during acute infection, later on infection development, when microcolonies
are already the lead form of P. aeruginosa growth, bacteria show slower growth and metabolic

activity, and this characteristic is no longer essential [71][72].

1.3.4 Hypermutability as adaptive mechanism

P. aeruginosa has a genome composed by a conserved set of genes and many accessory genes
that impair and allow the fast adaptation to the host, reason why hypermutability has been
considered one of the hallmarks of chronic airway infections by P. aeruginosa [4][67].
Hypermutable bacteria have an increased random and spontaneous mutation rate due to defects
in genes involved in DNA-repair or error-avoidance system [74]. One example is the defect of the
mismatch-repair system (MMR), as in muiS or mutl genes that increase the rate of mutation up
to a 1000 fold, being these the most frequent mutations [69][70]. Defects on this system promote
the rise of mutation rates, genetic diversification and the change in expression of regulator of
numerous virulence factors [4]. A MMR system also increase the rate of homologous
recombination, enhancing the horizontal gene transfer of exogenous DNA [75]. P. aeruginosais an
example of bacterial population with high incidence of hypermutable strains in patients with CF.
Studies have reported an increase of hypermutable isolates since the early colonization to chronic
colonization of P. aeruginosa (from 0% to 65 % of hypermutable isolates). This mechanisms is
thought to be important in the establishment of chronic infection since it provides a selective
advantage for bacteria to thrive in challenging and changing environment, as in CF airways.
Hypermutation has been proved to be beneficial to £P. aeruginosa development, since it's linked to
the selection of beneficial characteristics to chronic infection, as verified for antimicrobial
resistance, reduced virulence and metabolic adaptation to growth under microaerophilic or
anaerobic conditions [69][70].

Some example of these mutations, that occur quite frequently, are inactivation mutations of lasR
transcriptional quorum-sensing regulator, mutation leading to alginate hyperproduction (in mucA
and algU), virulence genes as motility (rpoN), multidrug-efflux pump (mexA), mutator phenotypes

(mutS) [69][71].
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1.3.5 Mechanisms of antibiotic susceptibility

One major characteristic associated with 2. aeruginosa chronic infection in CF patients is the ability
to resist to antibiotic treatment. Some studies have demonstrated that early chronic antibiotic
therapy, at initial colonization by P. aeruginosa, can delay, or even eradicate the establishment of
chronic infection. However, after several years of intermittent P. aeruginosa infection, in most
cases, chronic infection sets in and from that point, it's almost impossible to eradicate [78].

The P. aeruginosa resistance to antibiotics has been vastly reviewed by many authors, and has
been demonstrated that are many factors contributing to ~. aeruginosa resistance.[43][76][80] In
most cases, this resistance is a result of not only one factor, but the join action of several of these
factors, selected by the environment in which the infection is developing. One of the most important
factors is the prolonged and frequent antibiotic treatments that CF patients are subjected [41].
This continued exposure to antibiotic drives a selection of antibiotic-resistant P. aeruginosa strains
within the CF airways [41]. It has also been shown that ~. aeruginosa can penetrate into the thick
mucus within CF airways, being exposed to steep gradients of oxygen, decreasing from top to
bottom of the mucus layer. [48] Therefore, P. aeruginosa grows under both microaerophilic and
anaerobic, reducing the efficacy of most antibiotics used. In addition to the environment and the
prolonged antibiotic exposure, P. aeruginosa is also possess several genetic mechanisms of drug
resistance and biofilm-specific resistance mechanisms [80][72].

There is a great variety of antibiotics used to treat P. aeruginosa infections in several clinical
settings, including CF patients, belonging to several antibiotic classes. The class of B-lactams is
frequently used to treat P. aeruginosa infections, including cephalosporins as ceftazidime,
carbapenems as imipenem and monobactams as aztreonam. Other major classes of antibiotics
also frequent in the treatment of P. aeruginosa infections are aminoglycosides as gentamicin and
amikacin, quinolones as ciprofloxacin, and polymixins as colistin [79][81][82].

There are several P. aeruginosa strains identified as multi-resistant to antibiotics, due to
P. aeruginosa ability to rapidly adapt to the environment and acquire a variability of mutations and
mechanisms that led to resistance. P. aeruginosa, being a Gram negative bacteria, possess
intrinsic mechanisms involving the semi permeable outer membrane that restrain the rate of
antibiotics that enter the cell [43]. The outer membrane, composed of polyanionic
lipopolysaccharide (LPS) acts as a barrier to the penetration of antibiotics through the water-filled
porin channels present in the membrane. So, hydrophilic antibiotics as -lactams and quinolones

pass slowly through the membrane, which makes P. aeruginosa more resistant [43]. Other factor
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contributing to intrinsic resistance are the efflux-pumps, as multi-drug efflux systems as
MexAB- OprM, MexCD-OprJ, MexEF-OprN and MExXY-OprM systems, that given the slow uptake of
antibiotics though the membrane, pump efficiently the molecules out of the cell.[79][83][84]
MexAB-OprM is reported as the better exporter of carbapenems (with exception of imipenem), and
was been linked to resistance to penicillins and aztreonam, fluoroquinolones such as ciprofloxacin
[83][84]. Also the presence of periplasmatic -lactamses as AmpC in P. aeruginosa take advantage
of the impaired influx of antibiotics, by degrading them as they pass through, and increasing
P. aeruginosa resistance [79][80].

Acquired resistance by antibiotic exposure can also occur with P. aeruginosa. This resistance can
be achieved by selection of chromosomal gene mutations and acquisition of resistance genes
through plasmids, transposons and integrons, and can also enhance intrinsic F. aeruginosa
resistance mechanisms [79][85]. One example is the resistance to most (-lactams, specifically
carbapenems by the acquisition of plasmid —encoded carbapenemases by P. aeruginosa. Another
route known to let to carbapenems resistance is through mutations ta lead to reduced production
of the OprD specific outer membrane porin channel, or even its loss [86][87].

It has been shown that the conditions in which bacteria, including P. aeruginosa, develop can have
an effect on the resistance to antibiotics. The growth conditions, environmental stimuli and physical
or chemical stresses can trigger a series of regulatory events in bacteria that led to adaptive
resistance. Some conditions known to affect this type of resistance include antibiotics, pH,
anaerobiosis, polyamines, nutrient deficiencies, biofilm formation, swarming motility, among many
others [80].

In the context of CF disease, antibiotic resistance within £. aeruginosa biofilms is important to
assess. All types of resistance (intrinsic, acquired and adaptive) are thought to be involved in 7.
aeruginosa resistance in biofilms [35]. The intrinsic characteristics of biofilms are known to
contribute to antibiotic resistance, as the metabolic heterogeneity of sub-populations within the
biofilms, the low oxygen availability in robust biofilms, the extracellular matrix and the variant
expression of multiple gene networks [88][71]. Acquired resistance of biofilms can be due to
horizontal gene transfer between the different populations within biofilms and due to high
concentrations of B-lactamases in highly structured biofilms[79]. However, adaptive resistance is
known to be very important in P, aeruginosa antibiotic resistance in biofilms. Several factors of the
biofilm mode of growth play an important role to this type of resistance, including the low metabolic

state of the cells deep in the biofilm, the high amount of extracellular enzymes responsible for
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antibiotic degradation in the biofilm matrix and adaptive genetic changes associated with the biofilm
mode of growth[72][71]. It has been described that the accumulation of these adaptive genetic
changes can be responsible for the emergence of acquired resistance. The low availability of oxygen
influences directly the antibiotic activity within biofilms. In the anaerobic or microaerophilic
environment the energy dependant uptake of antibiotics is decreased and, also, the changes in

gene expression are triggered [79][43].
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2. MATERIALS AND METHODS

In the present chapter, techniques and methods used throughout this study are described.
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2.1 Bacterial Strains

In the present study three strains of P. aeruginosa were used, PAO1, ATCC 39324 and U147016-
1. Two of the strains, ATCC 39324 and PAOQ1 are from collection, being the first isolated from the
sputum of a cystic fibrosis patient and PAO1 from a wound infection. U147016-1-1 is a clinical
isolate from a urinary infection isolated in hospital settings. Bacteria were preserved in criovials at
- 80 °C, and before each experiment, were grown on Trypic Soy Agar (TSA) plates for 24h at 37
°C. All three strains were cultured for the assays on Trypic Soy Broth (TSB; 30 g/L, Liofilchem),
Trypic Soy Agar (TSA; TSB, 30 g/L, Liofilchem, agar, 15 g/L, Liofilchem) or Artificial Sputum
Medium (ASM) and incubated at 37 °C. Bacteria were preserved in criovials at — 80 °C, and before

each experiment, were grown on TSA plates for 24h at 37 °C.

2.2  Study design

Three different essays were performed in order to understand the contribution of oxygen depletion
in the phenotype of the three strains of P. aeruginosa in study during infection simulation. The
infection simulation was performed for 10 days, performing checkpoint analysis at day 3, day 5,
day 7 and day 10 of CF infection simulation, in order characterize the P. aeruginosa population.
All environments tested were design to introduce to P. aeruginosa strains a steep oxygen gradient,
as can be observed in CF lungs in the development of chronic infection. The design of the infection

in that three environments is represented in Figures 2.1, 2.2 and 2.3.

AEROBIOSIS MICROAEROHILIC ENVIRONMENT - 10%CO2
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Figure 2.1 - Design of the microaerophilic environment with 10 % CO.

In this environment, conditions observed in acute CF infection were mimicked. Therefore, initially
all P. aeruginosa strains were grown under aerobic conditions and, after 24h of growth, oxygen
concentration was slightly decreased. This oxygen depletion was achieved through the increase of
carbon dioxide (CO-) up to 10 %, and persisted until the end of the simulation CF infection period

at day 10.
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AEROBIOSIS 109 CO2 MICROAEROHILIC ENVIRONMENT - 5% 02
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Figure 2.2 - Design of the microaerophilic environment with 5 % O.

In order to study more advanced stages of CF infection, a new microaerophilic environment was
studied. In this environment, the first two day were similar to the previous conditions (Figure 2.1),
in which P. aeruginosa growth were initially performed on aerobic conditions for 24h, followed by
a decrease in oxygen availability with 10 % CO2, for another 24h. An additional steep of oxygen
depletion was inserted, from day 2 until the end of the simulation of CF infection, with 5 % Q.. This

percentage was achieved by direct decrease in oxygen in a Heracell 150 O. Incubator (Heraeus).

AEROBIOSIS 10 %CO2 505 02 ANAERORIOSIS —1 %02
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Figure 2.3- Design of the anaerobic environment with 1% O...

Late stages of CF lungs infection (chronic infection) are characterized by low presence of oxygen,
typical anaerobic conditions. Therefore, to better understand this P. aeruginosa chronic infection
development, a new environment was studied in which oxygen availability was gradually decreased
to anaerobic conditions. As can be seen in Figure 2.3, the three first days of CF infection simulation
were similar to the previous microaerophilic environment (5 % O.). Initially, aerobic conditions were
present, for 24h, followed by microaerophilic conditions with 10 % CO: (from day 1 to day 2) and
5 % 0. (from day 2 to day 3). From that point, oxygen concentration was directly decreased to

anaerobiosis (1 % O.) with anaerobiosis bags (AnaeroGen™ 2.5L; Thermo Scientific).

2.3 Artificial Sputum Medium

To better mimic the conditions present in CF lungs, all . aeruginosa strains were grown on Artificial
Sputum Medium (ASM). The ASM medium used in this study was composed by 5 g/L of mucin
from porcine stomach (Sigma-Aldrich), 4 g/L of deoxyribonucleic acid (DNA; low molecular weight
from salmon sperm, Sigma-Aldrich), 5.9 mg/L of diethylenetriaminepentaacetic acid (DTPA,
Sigma-Aldrich), 5 g/L of Sodium Chloride (J.T.Baker), 2.2 g/L of Potassium Chloride (Fisher
Chemicals), 1.81 g/L of Tris-Base (AppliChem), 5 g/L of Casamino acids (AMRESCO), 5 ml/L of
Egg yolk emulsion (Fluka Analitical), and with pH adjusted to 7.0 [45]. All the components were
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added under constant stirring to achieve complete dissolution of all the components. pH was
adjusted after the addition of casamino acids, with Tris-Base. Before the addition of the Egg yolk
emulsion, the medium was sterilized at 121°C for 15 minutes. When the medium was at room
temperature, Egg yolk emulsion was added without compromising the sterile conditions of the

medium, and was stored at 4°C up to one month.

2.4 Growth Conditions

Before each assay, P. aeruginosa strains were grown overnight on TSB at 37 °C with agitation (120
rpm; Shaker & Incubator NB-205Q, N-BIOTEK). Each cell suspension of P. aeruginosa strain was
washed twice with sterile water, and then diluted in order to obtain a final concentration of 4x10°
CFU/ml. This concentration is used in order to obtain a final concentration of 1x10¢ in the CF
infection simulation plate, in which 5 ul of cell suspension are added to 2 ml of ASM.

To finish, 24-well microtitre plates (Orange Scientific) were filled with 2ml of ASM and inoculated

with 5 pl of the adjusted cell suspension, in a schematic similar to Fig.1.

O 2 ml ASM + 5 pl adjust cell suspension

O 2 ml ASM (Control)

QOO0
OOO0O
QOO0
OOOO

OO
OO
QO
OO0

Figure 2.4 - Scheme of the microtitre plate used to simulate CF infection.

The plates described in figure 2, were then incubated, in each one of the three environments
described in the previous topic, in figure 1, at 37 °C. A minimum of 3 biologically different assays
were performed for each strain, under all conditions tested, using in each assay 3 technical

replicates.

2.5 Phenotypic characterization of P. aeruginosa population

To fully characterize the total £. aeruginosa population present in the CF infection simulation plates,
several tests were performed. Given that, growth kinetics of all 2. aeruginosa was assessed in every

checkpoint day, was well was pyocyanin production, mutation frequency, antibiotic susceptibility
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profiles and colony morphology. With base on colony morphology assessment of PAOI,
U147016- 1 and ATCC 39324 for all environments tested, subpopulations observed within this
study that were not identified in previous studies, were further characterized in terms of biofilm
formation, motility, antibiotic susceptibility, TSA reversion, haemolysin production and growth on

minimal medium.

2.5.1 Growth kinetics

The growth kinetics of PAO1, U147016-1 and ATCC 39324 was assessed at day 3, 5, 7 and 10.
In order to do so, the CFU (colony forming units) method was used. The samples taken at each
checkpoint were serially diluted in the proportion1:10 in each individual dilution, until 10s. After
that, 10 ul of the dilutions (-4), (-5) and (-6) were spread in TSA plates. After 24h, CFU were counted

and corrected after 48h of growth.

2.5.2 Pyocianin Quantification

The production of pyocyanin was determined using an adjusted method previously described in
the literature. Briefly, P. aeruginosa cultures were centrifuged at 15,000 rpm for 10 minutes, in
order to obtain cell-free supernatants that contains pyocyanin. To 700 pl of the cell-free supernatant
equal volume of chloroform was added, slightly vortexed and centrifuged again for 1 minute. After
this step, the inorganic phase obtained was removed and, to the organic phase 700 pl of 0,2M
HCL was added. Afterwards, samples were vortexed and centrifuged (ScanSpeed 1730R,
LABOGENE) for 1 minute at 15000 rpm. Finally, the pink layer obtained was collected and its

optical density at 520 nm measured. Triplicates of each condition and each strain were performed.

2.5.3 Mutation Detection

To determine the mutation rate of the stains being studied, Tripyc Soy Agar (TSA; TSB, 30 g/L,
Liofilchem, agar, 15 g/L, Liofilchem) and TSA supplemented with 300 ug/ml of rifampicin (Sigma-
Aldrich) plates were used. The samples were vortexed in order to obtain homogeneous cell
suspensions. Afterwards, using a CFU method, 3 drops of cell suspension were added and drained
thought the solid media plates, with and without rifampicin. The plates were then incubated at 37
°C for 48h and the number of colonies in the plates were counted after 24 and 48h of bacterial

growth. The mutation rate was determined using the following equation:

median of number of mutant cells]

_
[1] Frequency(mUtantS per cell) - [median of total number of cells]
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2.5.4 Susceptibility Testing

P. aeruginosa susceptibility was determined through the disc diffusion method [89], for ten
different antibiotics (Antibiotic Disc, Liofilchem) : Amikacin (AK), Aztreonam (ATM), Cefepime (FEP),
Ceftazidime (CAZ), Ciprofloxacin (CIP), Gentamicin (CN), Imipenem (IMI), Piperacillin (PRL),
Ticarcillin/Clavulanic acid (TTC) and Tobramycin (TOB). To assess the susceptibility profile of all
three strains of P. aeruginosa, Mueller Hinton Agar (MHA; MHB, 21 g/L, Liofilchem; agar, 15g/L,
Liofilchem) plates were used. Before the execution of the procedure, the antibiotic discs were taken
from the freezer in order to prevent condensation on the discs that could affect long-term stability.
Afterwards, the samples were centrifuged at 15,000g for 10 minutes, in order to obtain the pellet
containing all the biomass. The pellet were then ressuspended in 1 ml of sterile water, and vortexed
until the suspension was homogeneous. Then, the cell suspension concentration was adjusted to
1x10¢ CFU/m L by OD measurement, and all the surface of the MHA plates was inoculated with
the cell suspension. Finally, each antibiotic disc was place in one plate and, when the discs were
adhered to the agar, they were incubated at 37 °C for 18-21h. After incubation, the diameter of
inhibition halo was measured and classified according to the Performance Standards for
Antimicrobial Susceptibility Testing [89]. Three replicates of each measure were performed (for
each strain and condition). The susceptibility profiles observed for, at least 2 of 3 measurements,

was considered as the profile present for the strain in question, under the condition tested.

2.5.5 Colony morphology assessment

To assess the morphologic diversity existent among the cultures of all strains during the different
assays, cell suspensions were diluted and inoculated on TSA plates by CFU method and incubated
at 37°C for 48h. After that, colonies were observed to identify some parameters such as form,
margin, surface, texture sheath, opacity, elevation, size, colour and diameter. To fully identify all
the colony morphologies present for each sample, the plates containing the colonies were directly
observed under a magnifying glass (Olympus SZ-CTV) and photographed with a CCD camera (AVC,
D5CE; Sony, Tokio, Japan) to identify more morphologic parameters. The colony classification
system used for this characterization can be found in Appendix Il. Colonies with similar
characteristics as classified with a morphotype code and represented in the schemes bellow. To
classify a morphotype as present at each checkpoint, it had to be observed in two of three
replicates, or three in five replicates. Is important to note that the morphotype code is only a

representation, in order to better group colonies with the same characteristics.
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2.6  Sub-populations phenotypic characterization

New subpopulations, or morphotypes, identified in colony morphology assays were characterized
in order to better understand the morphological differences in each new morphotypes when
compared with P. aeruginosa entire population. As “new” were classified the morphotypes not

previously identified in a similar study with aerobic conditions (data unpublished).

2.6.1 Motility assays

Colonies identified as a new morphotype were harvest and suspended in sterile water and the
suspension concentration was adjusted to 1x10: CFU /ml (optical density measured at 640 nm).
Swimming, swarming and twitching motility assays were performed in TSA plates with different
agar concentrations: 0.3 % (w/v) for swimming, 0.5 % (w/v) for swarming and 1.5 % (w/v) twitching
. Plates were inoculated with 1 ul of cellular suspension and incubated at 37 °C for 24h. The turbid
zone formed by the migration of bacterial cells away from the inoculation point for each plate and

agar concentration was directly observed and measured with a ruler, in millimetres.

2.6.2 Susceptibility Testing

To determine the susceptibility profile of each new morphotype, colonies of the morphotype in
study were harvest, suspended and optical density was measured at 640 nm to adjust
concentration to 1x10¢ CFU/ml. After that, the protocol described previously in section 2.5 was

performed.

2.6.3 Biofilm formation and quantification

Cell suspension of the colonies in study were obtained by harvesting them and resuspending them
in TSB, adjusting the concentration to 1x10: CFU /ml. Afterwards, 96-well microtiters (Orange
Scientific) were inoculated with 200 ul of cell suspension and incubated aerobically and under
agitation (120 rpm), at 37 °C for 24h. The quantification of biofilm formation was performed by
crystal violet (CV) method.

After incubation, the content of the wells was discarded and washed twice with sterile water to
remove poorly attached cells and 200 ul of methanol were added to each well in order to fix the
biofilm. After 15 minutes, the methanol was discarded and plates were left to air dry, at room
temperature, for 5 minutes. To stain the biofilms, 200 pul of pure CV (PRO-LAB Diagnostics) were

added to each of the plates and incubated for 5 minutes at room temperature. After incubation,
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the plates were rinsed repeatedly with tap water to remove all of the CV excess in the walls. To
quantify the biofilm formed, 200 pl of acetic acid (Fisher Chemical) (33% v/v) were added to the
plates and optical density was measured at 570 nm using a microtiter plate reader (Synergy HT I,

Biotek).

2.6.4 Haemolysin Production

Hemolytic activity was assessed using Columbia Agar (CA; Columbia Broth, 43 g/L, Liofilchem;
agar, 15g/L, Liofilchem) with sheep blood (50 ml/L; PROBIOLOGICA) plates. Cell suspension
concentration was adjusted to 1X10: CFU/ml, by measurement of optical density at 640 nm. Plates

were inoculated with 1l of cell suspension and incubated at 37 °C for 24h.

2.6.5 Growth in Minimal Medium

The assessment of auxotrophic capacity of the morphotypes was evaluated using M9 Agar (M9;
M9 Broth, 10.5 g/L, AMRESCO; agar, 15g/L, Liofilchem), with or without the addition of casamino
acids (Casamino acids, 2.0 g/L, AMRESCO). Initially, the concentration of cell suspension was
adjusted to 1X10s CFU /ml. After that, 10 ml of cell suspension were added to a M9 plate with
amino acids and to another plate of M9 without amino acids. The plate of M9 with the addition of
amino acids was used as positive control. The cellular growth on each plate was observed after
48h of incubation at 37 °C and auxotrophy was assessed. Morphotypes that grew on plates without

the addition of amino acids were considered auxotrophic, when compared to the control.

2.6.6  TSA reversion

The colonies related to the morphotype in study, were ressuspended in sterile water and
concentration was adjusted 1x10¢ CFU /ml. After that, the cell suspension was serial diluted and
plated on TSA for 48h at 37 °C. The colonies were observed directly on the petri plate, by placing
it under a magnifying glass (Olympus SZ-CTV) and photographed with a CCD camera (AVC, D5CE;
Sony, Tokyo, Japan). After observation of the colonies, the reversion to wild-type of the morphotype

in study was assessed and documented.

2.7 Gene expression assays

Several studies have shown an increased expression of the efflux pumps MexXY and MexAB-oprM
in small colony variants, which is linked to resistance to several antibiotics by this type o colonies

[90]. Given that, in order to study the expression of these antibiotic resistance mechanisms,
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especially of MexAB-OprM efflux-pump, genetic expression assays were performed on SCV colonies

from P. aeruginosa U147016-1.

2.7.1 RNA extraction

The total amount of RNA from P. aeruginosa SCV colonies was obtained (from at least 7 colonies),
using GRS Total Kit (Grisp, Portugal). The protocol for the extraction and the reagents were provided
in the Kit. Briefly, a minimum of 7 colonies were transferred to a 1.5 ml RNAse-Free eppendorff
tube with ultra-pure water and by centrifuged at 15,000 g for 1 minute. The supernatant was
completely removed and 200 ul of Buffer BL and Lysozyme mixture (10 mg/ml; previously
prepared) was added and incubated for 10 minutes at room temperature. After another tube
inversion, 200 ul of Buffer B1 and 3 pl of -mercaptoethanol were added to the lysate, incubated
for a further 5 minutes followed by centrifugation for 2 minutes at 15,000 g. The supernatant was
then transferred to a new 1.5 ml RNAse-Free eppendorf tube, 700 ul of 70 % ethanol was added
and the lysate was mixed by vigorous shaking. To a RNA mini spin column 500 pl of the sample
mixture was added, centrifuged for 1 minute at 15,000 g and the flow-through discarded. This
procedure was repeated for the rest of sample. After this step, the RNA mini spin column was
placed in a new collection tube and a DNAse | treatment was performed by addition of 100 pl of
DNAse | mixture (200U/ul) to the centre of the spin column, followed by incubation for 10 minutes
at room temperature. Then, 400 ul of Wash Buffer 1 was added to the spin column, centrifuged
for a minute at 15,000 g, followed by the addition of 600 ul of Wash Buffer 2 and another
centrifugation at 15,000 g for 1 minute. The follow-through was discarded and one more
centrifugation was performed for 3 minutes at 15,000 g, to dry the matrix of the column. To finalize
the process, the spin column was transferred to a new 1.5 ml RNAse-Free micro centrifuge tube,
50 pl of RNAse-Free water were added to the centre of the column and incubated at room
temperature for 2 minutes, followed by centrifugation at 15,000 g for 1 minute to elute the purified

RNA . The RNA obtained was stored at -20 °C for further use.

2.7.2 RNA gquantification

Prior to cDNA synthesis, RNA obtained previously in section 2.7.2 was quantified. To accomplish
that, Thermo Scientific Nanodrop™ 1000 Spectrophotometer was used. Before the measurement
of RNA concentration, one blank sample was analysed in order to place the initial concentration to
0 ng/ul. After that, 1 pl of the sample on the Nanodrop plate to quantify, selecting the right
wavelength to RNA measurement.

24



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

2.7.3 cDNA synthesis

For the synthesis of cDNA from the RNA obtained by the previous step, the GRS RT-PCR Kit from
Grisp was used. The protocol followed was provided in the kit. Before starting the protocol for cDNA
synthesis, was performed a quantification of RNA obtained in the previous step (Thermo Scientific
NanoDrop™ 1000 Spectrophotometer), For each reaction, two 1.5 ul microtubes were marked and
chilled on ice for 5 minutes, one for the sample and other for RT-minus control. After that, the
volume corresponding to 2.5 ug of RNA sample was used, with 1 pl of random hexamer primer
and a volume of up to 13.4 ul water up were added to the microtubes. Then, the microtubes were
briefly centrifuged and incubated at 70 °C in a thermo cycler (BioRad) for 5 minutes. After
incubation, the microtubes were placed on ice for 1 minute, followed by a brief centrifugation, and
placed again on the ice. To each microtube the following components were added: 4 ul of First-
stand Buffer(5x), 1 pul of dNTP Mix, 0.6 ul of RNAse Inhibitor and 1 pl of M-MLV RT. To the
RT- minus control RNAse-Free water was added instead of M-MLV RT. The mixture was inverted
several times for mixture and incubated at 37 °C for 60 minutes in the thermo cycler (MJ Mini,
Personal Thermal Cycler, BioRad). To finish the reaction, the microtubes were incubated at 70 °C

for 5 minutes. The cDNA was after stored at -20 °C for further use.

2.7.4 DNAse | treatment

Additional DNAse | treatment was performed to the RNA samples in order to diminish possible
contamination [91]. For this purpose, to 45 ul of RNA obtained in the extraction, 0.5 ul of DNAse |
(2000U/mg; Grisp) and 5 ul of Reaction buffer (10x; Grisp) were added. The mixture was
thoroughly mixed by pipetting up and down and posteriorly incubated at 37 °C for 30 minutes.
After incubation, 5 ul of 25 mM EDTA (50 mM; Thermo Scientific) added, and mixed again by
pipetting, followed by incubation at 65 °C for 10 minutes, to inactivate the enzyme. After that, RNA
quantification was performed, as described in Section 2.7.2, followed by cDNA synthesis

(Section 2.7.3).

2.7.5 Acid Phenol:Choroform genomic DNA removal

Initially, RNA sample volume was adjusted to 200 ul with nuclease-free water. After that step,
200 ul of the lower phase of acid phenol:chloroform solution was added to the initial sample tube,
and mixed by inverting the tube 5 times and incubated at room temperature for 3 minutes. After

that, the tubes were centrifuged for 5 minutes at 16,000 g at 4 °C, and the upper phase of the
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centrifuged mixture was transferred to a new 1.5 ml RNAse-free eppendorf. The next step was the
addition of 0.1 volume of sodium acetate (3M) followed by the addition of 3 volumes of ice-cold
100% ethanol, the solution was mixed by inversion of the tubes and incubation at -80 °C for one
hour. To recover the RNA, the samples were centrifuged at 16,000g and 4 °C, for 30 minutes and
the supernatant was removed. Two washing steps were implemented, by the addition of 800 pl of
ice-cold 70% ethanol, and a spin to the tube was performed to remove residual ethanol. After that
step the pellet was let to air-dry. The dried pellet was then resuspended in 50 ml nuclease-free
water and left to sit for 2 minutes. The RNA samples were immediately placed on ice and RNA

quantification (Section 2.7.2) and cDNA synthesis (Section 2.7.3) were performed afterwards.

2.7.6 qPCR

In order to perform quantitative Polymerase Chain Reaction (JPCR) KAPA SYBRe FAST gPCR Kit
Master Mix (2x) Universal (KAPABIOSYSTEMS) was used. Prior to each reaction, a gPCR master
mix for each primers set (16S and mexA) was made, with 5 pl of 2X KAPA SYBRe® FAST gPCR
Master Mix, 0.4 ul primers mix (Table 2.1), 0.2 pl 5X ROX high/low buffer and 3.9 ul PCR-grade
water, to a total volume of 10 ul per reaction. A primer mix was used in order to avoid error by
several pipetting, being the mix composed by same quantities of forward and reverse primers in a

concentration of 10 pM.

Table 2.1 - Primers used for gPCR method, in this study

Gene Sequence (5' t03') Reference
Forward CAG GCC GTG AGC AAG CAG
MexA [92]
Reverse CCT TCG TGT AGC GCA GGT
Forward CTC AGA CAC AGG TGC TGC
16S
Reverse CAC CGG CAG TCT CCT TAG

On the first gPCR run the quality of the samples was determined by testing the NRT (no reverse
transcriptase; a RNA sample is used to evaluate DNA contamination of the extracted RNA) controls
and unknown DNA samples for the housekeeping gene 16S. the protocol used was the following:
1 cycle of enzyme activation for 3 minutes at 95 °C followed by 39 cycles of denaturation also at
95 °C for 10 seconds, annealing at 60 °C for 30 seconds and extension at 72 °C for 30 seconds.
A second gPCR run was performed to test the primers efficiency for serial dilution and to choose

the temperature with best Cq from both primers, already with the knowledge that the best efficiency
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of 16S was obtained at 60 °C. Therefore several cDNA dilutions were tested being the ratios used
1:10, 1:20, 1:50, 1:100, 1:1000 and 1:10000. The efficiency of all dilutions tested was performed
to three different temperature: 58 °C, 60 °C and 62 °C.

In order to ensure the specificity of primer annealing in every qPCR, a melt curve was performed

from 72°C to 95 °C, 1 °C at a time and 5 seconds per °C in all gPCR protocols.

2.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism, version 6.01. Statistical significance
values of the means of growth kinetics, pyocyanin quantification, motility and biofilm formation,
were assessed by one-way ANOVA test. Further analysis was performed by Tukey's multiple
comparisons test.

All tests were performed with a 95% confidence level.
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3. RESULTS AND DISCUSSION

In this chapter the impact of oxygen depletion in P. aeruginosa clonal diversification was evaluated
using three distinct strains, PAO1, U147016 and ATCC 39324. As so, P. aeruginosa strains
experience two microaerophilic environments (10 % CO. and 5 % O:) and an anaerobic environment
(I % O:) when grown in ASM for 10 days. After that, the overall P. aeruginosa populations were
phenotypically characterized, as well as their sub-populations. Sub-populations were identified by
the detection of colony morphology variation. Phenotypic characterization of the whole population

included growth kinetics, mutation rate, pyocyanin production and antibiotic susceptibility.

29



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

30



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

3.1 Growth Kinetics

The growth profiles of P. aeruginosa strains grown in ASM with microaerophilic environments (10

% CO. and 5 % O.) and an anaerobic environment (1 % O.) are shown in Figure 3.1.
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Figure 3.1- Growth kinetics of PAO1, U14 7016-1 and ATCC 39324 under the different conditions tested. a)

Microaerophilic environment with 10 % CO:; b) Microaerophilic environment with 5 % O.; and ¢) anaerobic environment
with approximately 1 % O..

It can be observed that P. aeruginosa strains appear to have similar growth profiles in three
different conditions tested, however some statistically significant variations (p<0.05) occurred
during P. aeruginosa strains on all tested environments. In Appendix |, schemes with the
statistically significant differences of growth observed for each strains in all environments, can be
observed. Under both microaerophilic environments, with 10 % CO. and 5 % O., ATCC 39234 show
a stable behaviour throughout the infection period (p>0.05). PAO1 and U147016-1 shown,
however similar behaviour with significant differences of growth in all days, when compared with
day 10 of infection period (p<0.05), as can be observed in Appendix I. PAO1 growth in
microaerophilic conditions with 5 % O:present significant variations (p<0.05) in the intermediate
days of infection, after day 5 of CF infection simulation. At the first and last days of infection,
however, the PAO1 growth profile is stable (p>0.05). The variations observed in the intermediate

days of infection can be explained as the period of adaptation of PAO1 population to the oxygen
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availability conditions, being perfectly adjusted by the end of the infection period. Observing the
growth profile of U147016-1 with 5 % O., statistical significant variations can be observed
throughout the CF infection simulation period (p<0.05). It can be assumed that U147016-1 growth
did not stabilize in this condition, as observed for PAO1. Regarding anaerobic growth of P.
aeruginosa populations, PAO1, U147016-1 and ATCC 39324, all show similar behaviours during
the infection period. All strains show significant variations during growth in anaerobic conditions
(p<0.05), stabilizing growth in the end of the CF infection simulation period (p>0.05).

Even with these differences, by direct analysis of all growth profiles, we can conclude that tested
P. aeruginosa strains show similar growth values despite the decreasing oxygen concentration to
which all strains have been exposed. The variation in growth observed throughout the tested
environments can be due to the process of adaptation by the strains to the oxygen concentration
present. Given that, it can be hypothesized that P. aeruginosa is possesses the physiological tools
needed to grow under limited oxygen availability.

Worlitzsch et al. were the first to describe the ‘steep hypoxic gradients’ within CF airway mucus,
with several posterior studies supporting this information. [50], [51], [71] It has been demonstrated
that, with chronic infection development, oxygen tension within the airways is highly reduced and
the airway mucus can represent a microaerophilic or even an anaerobic environment. For that
reason, different conditions with decreasing oxygen availability were studied. The results obtained
were in accordance with other studies previously performed [50]. P. aeruginosa has been
described to prefer aerobic respiration as “highest-energy-yielding process” for growth [93].
However, other researchers have also shown a preference of P. aeruginosa to grow under
microaerophilic conditions, specially strains colonizing CF lungs [50][53]. In fact, it has been
proven that P aeruginosa has the capacity to secret compounds that actively generate
microaerophilic environments. P aeruginosais also capable of growing under anaerobic conditions,
using in that case nitrate or nitrite respiration [50][46][49]. Therefore, the observed growth
behaviour of P. aeruginosa under the conditions tested, aerobic, microaerophilic and anaerobic

environments, is in accordance with the results found in the literature.
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3.2 P aeruginosa population diversity: colony morphology variation

Phenotypic switching is a common mechanism used by bacteria to increase population diversity
to better adapt to a specific niche, to better face environmental fluctuations and/or stressful
conditions. Through phenotypic switching, bacteria are able to reversibly change their virulence
factors expression pattern and antimicrobial resistance profiles [94]. This commutable behaviour
represents an enormous advantage to survive in harsh environments as CF lungs.

Colony morphology variation is the most observable characteristic associated with phenotypic
switching and it was clearly observed in CF lung through isolation of mucoid morphotypes and SCV
[45]. Moreover, distinct colony morphologies have been isolated from acute and chronic infections,
for instance in chronic infections SCV and mucoid morphotypes are frequently isolated in contrast
to acute infections. Therefore, it was hypothesized whether the monitoring of colony morphology
variation within different environments with limited oxygen concentration could be useful to better
understand the changes in P. aeruginosa infection in CF lungs.

As so, colony morphology of PAO1, U147016 and ATCC 39324 populations grown in ASM and
exposure to different microaerophilic and anaerobic environments was assessed throughout the
infection simulation period. In Figure 3.2 is presented the colony morphology evolution of the three
stains exposure to microaerophilic conditions established increasing CO. concentration to 10 %.
Colony morphology was assessed at day 3, 5, 7 and 10, accordingly to the observed
characteristics, represented in appendix Il. All morphotypes observed in this study and
correspondent characteristics can be observed in appendix Il and IV.

Colony morphology was not assessed to day 1 of infection simulation since a previous study already
performed this characterization for aerobiosis (unpublished data), condition present at day 1 of all

tested environments.
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Figure 3.2 - Colony morphology diversification during 10 days of infection simulation, under microaerophilic
environment established increasing CO. concentration to 10 %. For each P. aeruginosa strain, population diversity
assay were initiated with colonization of ASM (day 0) with the respective wild morphotype bacteria. Each bifurcation
represents the appearance of a new colony morphotype and the day in which that variation was observed. Full lines
indicate that one morphotype was observed continuously during the infection period. Dashed lines are present when
one morphotype was not observed. Colony diversification of MTO1, MT14 and MTO1 represent, respectively, the PAO1,
U147016-1 and ATCC 39324 colony morphology variations.

Analysing the colony morphology evolution of the three P. aeruginosa strains, it can be observed
that the wild—morphotypes used for initial colonization of ASM, MTO2 for PAO1, MT14 for U147016
and MTO1 for ATCC 39324, persisted during all infection period. PAO1 strain was the only one that
did not diversify in contrast to U14 and ATCC strains. Two different morphotypes were observed in
U14 population at day 3, being two of them SCV (MT05 and MTO07). In ATCC 39324 population,
only one new morphotype, MT12, was observed also at day 3.

Interestingly, the variation in colony morphology of U147016-1 and ATCC 39324 was observed
after the alteration in oxygen availability from aerobiose to the microaerophilic environment.
Therefore, the emergence of new colony morphotypes could be an indication of an oxygen-induced
adaptations. To evaluate this hypothesis, these new morphotypes were phenotypically
characterized (see in section 3.6), in order to verify whether in effect P. aeruginosa undergone

adaptation.
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Figure 3.3 - Colony morphology diversification during 10 days of infection simulation, under microaerophilic
environment established by direct decrease in O. concentration to 5 %. For each P. aeruginosa strain, population
diversity assay were initiated with colonization of ASM (day 0) with the respective wild morphotype bacteria. Each
bifurcation represents the appearance of a new colony morphotype and the day in which that variation was observed.
Full lines indicate that one morphotype was observed continuously during the infection period. Dashed lines are present
when one morphotype was not observed. Colony diversification of MTO1, MT14 and MTO1 represent, respectively, the
PAO1, U147016-1 and ATCC 39324 colony morphology variations.

Under microaerophilic conditions with 5 % O., variations in colony morphology were observed for
all strains used, as can be observed in Figure 3.3. PAO1 only initiated in colony diversification, after
day b5 of infection simulation, 3 days after being exposed to the new microaerophilic environment.
The initial morphotype, MT02, was present during the entire assay and, at this point, two new
morphotypes were observed, MT24 and MT25, only at day 5. This was the first observation of

these two morphotypes, in comparison with previous studies (unpublished data), which were the
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target of more extensively characterization during this study, in terms of motility, biofilm formation
ability, TSA reversion, growth in minimal medium, haemolysin production and antibiotic
susceptibility. The results obtained for the morphotype characterization, by the colony morphology
classification system (Appendix ), can be found in Appendix II.

U147016-1 showed, under these conditions (5 % O), similar development as observed under
microaerophilic environment with 10 % CO.. The only difference was the transient “disappearance”
of the small colony MTO7 at checkpoint of day 5 only. Regarding ATCC 39324, a great
diversification was observed, since day 3 of infection. The wild-morphotype, MTO1, and MT12 were
present continuously during the infection simulation, as verified in the previous microaerophilic
environment studied. In addition to MTO1 and MT12, two new morphotypes were observed, MT22
and MT23. These two morphotypes were further characterized as previously described. However,
in the process of classification of MT23, a problem in the classification system was found.
Apparently, by visualization of the colonies under magnifying glass, MT23 seemed not to have been
identified before. However, by the colony morphology classification system, this “new morphotype”

corresponded to a morphotype identified in previous studies, as can be observed in Table 3.1.

Table 3.1 — Comparison of the morphological criteria of colony morphology classification system, between the
previously identified morphotype, MT03, and the new morphotype found

New morphotype MT 03

Form Circular Form Circular
Margin Undulate Margin Undulate
Surface Homogeneous | Surface Homogeneous
Texture Rough Texture Rough

Sheath Present Sheath Present
Opacity Opaque Opacity Opaque
Elevation Flat Elevation Flat
Consistency Dry Consistency Dry

Size Large Size Large

Colour Yellow Colour Yellow
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Analysing the images of both colonies, a clear difference can be noted, and becomes impossible
to identify these two colonies under the same morphotype code. Given that, an alteration in the
classification system is needed, in order to resolve this problem. The solution found was the
addition of a new criteria that can efficiently distinguish both colonies, as the presence or absence
of surface elements. It can be observed that MTO3 possess surface elements, whereas the new
morphotype does not. So, with the addition of this new characteristic, the two colonies become
different and the new code, MT23, can be attributed to the new morphotype. As a consequence of
this, the colony morphology classification system now includes a new criteria, surface elements,
having a total 11 different characteristics used for the classification of different colony
morphologies. MT22 and MT 23, as a new morphotypes observed, were further characterized, as
described before, being the results at Section 3.6.

The colony diversification of all 2. aeruginosa population was more extensive in this environmnent
(5 % 0.) when compared with microaephilic conditions with 10 % CO.. At this point, the conclusion
that oxygen depletion is a driving force for P. aeruginosa in CF simulated infection can be made.
The observation of morphotypes not observed in previous CF infection simulation studies in
aerobiosis (data unpublished) reinforces this conclusion and show a good ability of P. aeruginosa
population to adapt to adverse conditions.

Since a greater diversity was found for 5 % O. it can be expected that this adaptive mechanism can
be observed for other characteristics discussed later on this study, essentially for the

characterization of the new morphologies found.
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Figure 3.4 - Colony morphology diversification during 10 days of infection simulation, under microaerophilic
environment established by direct decrease in O. concentration to 1 %. For each P. aeruginosa strain, population
diversity assay were initiated with colonization of ASM (day 0) with the respective wild morphotype bacteria. Each
bifurcation represents the appearance of a new colony morphotype and the day in which that variation was observed.
Full lines indicate that one morphotype was observed continuously during the infection period. Dashed lines are
present when one morphotype was not observed. Colony diversification of MT02, MT14 and MTO1 represent,
respectively, the PAO1, U147016-1 and ATCC 39324 colony morphology variations.

The last studied condition was an anaerobic environment, with approximately 1 % O.. The oxygen
depletion was gradually achieved, intercalating all preciously studied environments, beginning with
an aerobic environment, followed by microaerophilic environment with 10 % CO. and a
microaerophilic environment with 5 % O., reaching, at day 4, the anaerobic conditions. This gradual
reduction of oxygen availability has the purpose of better simulate the reported oxygen gradient
present in CF lungs, leading to a better simulation of the real conditions associated in CF lung
disease.

Under this environment, PAO1 presents a different evolution profile when compared with the
previous environment. As can be observed in figure 3.4, MTO2, that persists until the end of CF
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infection simulation period suffer only one diversification at checkpoint on day 5, with the
observation of MT17. It is important to note that this evolution occurred after day three, the same
day when oxygen availability was reduced to an anaerobic condition.

P. aeruginosa U147016-1 population shown a similar behaviour as observed for microaerophilic
conditions with 5 % 0., as MT14 and MFO5 (diversification observed at day 5) persisted throughout
the CF infection simulation period. MTO7, observed after day 5, disappear from the population at
checkpoint on day 10.

At this checkpoint, 3 different morphotypes were observed, which had been previously observed
on the other conditions, indicating that the oxygen depletion to anaerobic had little or no significant
effect on the colony morphology variation for U147016-1.

For ATCC 39324, the colony morphology profile described in previous microaerophilic environment
persisted, with the continuous observation of MTO1, MT12 and MT23. MT22, detected under
microaerophilic environment with 5 % O, persisted on anaerobic conditions only until checkpoint
at day 5. ltis possible that until day 5 of infection, the harsh oxygen limitation was not an effective
selective pressure for this morphotype, since that condition was only enforced at day 3 of infection.
It is possible that the anaerobic environment was still not stable and a higher oxygen concentration
was still present, reason why MT22 would still be present in the population, since it was identified
under 5 % 0. growth conditions.

All strains tested presented distinctive behaviours regarding the adaptation to oxygen depletion.
PAO1, under 10 % CO:. showed no colony diversification during the infection period simulation,
persisting only the initial wild-type morphotype. With the decrease in oxygen availability, a unique
diversification was observed, not being observed again, including in anaerobic conditions, in which
a morphotype previously observed and characterized (see Appendix Il and IV) emerged in the
population. It is possible to conclude that some selective pressure was present under 5 % O. that
caused the morphologic diversification under this environment. Studies suggest P. aeruginosa
prefers microaerophilic conditions of grow to aerobic condition [95][96]. In this environments
P. aeruginosa is still capable to accomplish aerobic respiration with oxygen as terminal electron
acceptor [48]. However, this oxygen concentration is in the threshold of oxygen concentration,
between the classification as microaerophilic and anaerobic environments [95][96]. Therefore, is
possible that also anaerobic respiration with nitrite as final electron acceptor may occur, as an
initial adaptation to anaerobic conditions [48]. This turning point between modes of growth could

enhance biological diversity as a mode of P. aeruginosa be adapted to both environments.
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In all conditions tested, U1479016-1 exhibited the most regular evolution of the three strains.
Under both microaerophilic environments and anaerobiosis, this strains showed the same three
different morphotypes, MT14, the initial colony morphology, MTO5 and MTO7, both small colony
variants. A conclusion that can be reached from these results is that oxygen depletion has no
significant interference in diversification of colony morphology of U147016-1. To support this
conclusion, results from previous studies with aerobic growth of this strain (unpublished data)
showed similar colony variants as observed in this study, proving that oxygen reduction is not
trigger of morphologic diversification to this strain.

The third strain used, ATCC 39324, displayed a mucoid phenotype through all CF infection period
simulation (MTO1), under all conditions tested, as well as a dry and transparent morphotype, MT
12, observed and characterized in previous studies. In addition to that, two new morphotypes were
found, MT22 and MT23, that had not been previously observed or characterized, emerged in
microaerophilic environment with 5 % O. and were also observed in anaerobic conditions. The first
observation of these new colony morphologies, MT22 and MT23, was under 5 % O. and they were
also observed under anaerobic conditions. Despite MT22 being identified in the anaerobic
environment, it disappear after two days of exposure to this condition. It can concluded that MF22
didn’t adapt to the new environment imposed, and was eliminated from the population.

CF lungs have been documented for the high heterogeneity present for various characteristics, as
nutrient availability, oxygen distribution, interactions with other organisms, biofilm mode of growth,
antibiotic treatment, among others [48]. Therefore, colony heterogeneity results in sub-populations
due to different niches in the environment. The heterogeneity observed during this study reinforce
the idea that oxygen depletion is a driving force of diversification for P. aeruginosa, being this
bacteria perfectly capable of adapt and thrive in harsh environments. The greater diversity observed
in microaerophilic environment with 5 % O. can be interpreted as an indication of switch to chronic

infection.
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3.3 Mutators frequency

In harsh environments such as chronic CF lung infections, it has been described that
hypermutability is a beneficial characteristic for the selection of adapted niche specialists and
survival of pathogens [97]. From acute to chronic infection in CF lungs, the emergence of
hypermutators have been widely reported in literature [73][78]. In this study, mutation frequency
was assessed through the infection simulation period, in order to understand the impact of oxygen
depletion in P. aeruginosa strains. At each checkpoint, strains were classified based on mutation
frequency, £ calculated as described in section 2.5.3. Strains were considered hypomutable when
7<7x10°; normomutable when 7x10°<f<2 x 107; weak mutators when 2x107 <&1x10¢ and strong
mutators when F=1x10¢.

The results obtained concerning the exposure of P. aeruginosa strains to microaerophilic
conditions, established increasing CO. concentration to 10 %, revealed that the presence of

mutators seemed to be not the driven force for P. aeruginosa population diversity (Table 3.2).

Table 3.2 - Mutation frequency of £. aeruginosa strains tested during microaerophilic environment with 10 % CO.

Mutation frequency (mutants per cell)

PAO1 U147016-1 ATCC 39324
Day 1 <5x10" HM | <5410 HM | <5x10" HM
Day 3 875x10° NM | 62095100 NM | 78100 WM
Day 5 <5x10° HM | <5410 HM | gs575x100 WM
Day 7 566x10° NM | a48x10° NM | 417x100 WM
Day10 | 556x10° NM | <5x10" HM | <5410" HM

*HM - hypomutable; NM- normomutable; WM - weak mutator; SM - strong mutator

Indeed, some variations in mutation frequency for the three strains were observed. Mutation
frequency of PAO1 fluctuates from hypomutable (at days 1 and 3) to normomutable on the
remaining days of infection period. U147016 showed a similar behaviour to PAO1, the only
difference being at day 10, where it presents a hypomutable phenotype. Higher mutation
frequencies were observed for ATCC 39324, in comparison to the other two strains. On the first
and last day of infection simulation, hypomutable phenotype was observed. However, at days 3, 5
and 7, ATCC 39324 presented weak mutator phenotype. Despite all the referred fluctuations in
mutation frequencies, the three P. aeruginosa did not achieve frequency rates higher enough for
hypermutability to be consider a driven force of the observed P. aeruginosa diversification in this

microaerophilic environment.
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Interestingly, slightly differences were observed in mutation rates of P. aeruginosa population

exposure to microaerophilic environment with 5% O. (Table 3.3)

Table 3.3 -Mutation frequency of P. aeruginosa strains tested during microaerophilic environment with 5 % O.

Mutation frequency (mutants per cell)

PAOL U147016-1 ATCC 39324
Day 1 <5x10" HM <5x10" HM <5x10" HM
Day 3 803x10° WM | o90x10° SM 154x10°  NM
Day 5 567x100 WM | 741x10° NM 364x100 WM
Day 7 1,23x 10’ NM 7,12 x 10° NM 1,69 x10° NM
Day 10 370x100 WM <5x10" HM <5x10" HM

*HM - hypomutable; NM- normomutable; WM — weak mutator; SM - strong mutator

PAO1 showed an evolution from hypomutable phenotype at day 1 of infection to weak mutator at
days 3, 5 and 10. At day 7, normomutable phenotype was recovered. A strong mutator phenotype
was observed for U147016 at day 3, not being observed on the remaining days. At day 1 and day
10, U147016 was hypomutable and, at days 5 and 7, a normomutable phenotype was observed.
Regarding ATCC 39324, a hypomutable phenotype at day 1 evolved to normomutable at day 3
and to weak mutator at day 5. From that day, a decrease in mutation frequency occurred, with a
normomutable phenotype observed at day 7 and, that change to hypomutable ate day 10.

As observed for 10% CO:., overall fluctuations in mutation frequency for incubation with 5 % O. did
not achieved rates high enough to induce significant diversification in P. aeruginosa population.
However, as one strong mutation phenotype was observed for U147016-1, even if transient, it can
be sufficient to raise a possibility of an alteration in P. aeruginosa population at day 3 of this
microaerophilic environment.

In anaerobic conditions, however, U147016-1 show a significant increase in mutation frequency

when compared with the previous microaerophilic environments, as can be seen in Table 3.4.
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Table 3.4 - Mutation frequency of P. aeruginosa strains tested during microaerophilic environment with 1 % O.

Mutation frequency (mutants per cell)

PAO1 U147016-1 ATCC 39324
Day 1 <5x10" HM <5x10" HM <5x10" HM
Day 3 803x100 WM ] 290x10° SM 1,54x10°  NM
Day 5 694x10° NM | g37x10° SM 355x10 WM
Day 7 889x10° NM | g82x10° SM 673x100 WM
Day 10 476x10°  NM | gg9x10° SM 1,40x10°  NM

*HM - hypomutable; NM- normomutable; WM — weak mutator; SM - strong mutator

With an anaerobic environment, mutation frequency of PAO1 changed from hypomutable to weak
mutator, from day 1 to day 3, as can be observed in Table 3.4. From day 5 until the end of the
assay, a normomutable phenotype was observed. U147016-1 shown a high mutation frequency
under this conditions, with strong mutator phenotype through the infection period, with the
exception on day 1, were it was hypomutable. Mutation frequency of ATCC 39324 increased since
day 1, from hypomutable to normomutable at day 3, and weak mutator at day 5 and 7. At day 10,
mutation frequency decreased again to normomutable phenotype. In this condition, we can expect
that hypermutability to be a driven force of diversification in U147016-1 population, since a strong
mutator phenotype persisted during all infection simulation period. Despite that, the other two
tested P. aeruginosa strains show a similar behaviour as observed for 10 % CO. and 5 % O., in
which mutation frequency rate.

Analysis of the overall results of mutation frequency during these experiments of all strains tested,
shows an increase of mutation frequencies with the decrease of oxygen availability. This general
behaviour is consistent with results obtained in other studies which have reported an increase in
mutator strains with the development of chronic infection and growth under
microaerophilic/anaerobic environments [74]. Indeed, results show the appearance of strong
mutation phenotype for U147016-1 under anaerobic conditions, confirming the influence of oxygen
availability in the emergence of mutator phenotypes [98]. However some discrepancies can be
observed, since there is no linear evolution of mutator phenotypes through each condition tested.
It was expected that, under the same oxygen conditions, mutation frequencies of the same strain
would show a pattern. However, this behaviour is not observed for all conditions. In the first
condition tested, microaerophilic environment with 10 % CO., both PAO1 and U147016-1 mutation
frequencies fluctuated between hypomutable and normomutable through all checkpoints. The

same was observed for ATCC 39324, which after three checkpoints with weak mutator phenotype,
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shown a loss of mutation frequency on the last day of infection simulation (hypomutable). This
alteration was not expected since, the same conditions were present since day 1 until day 10 (see
figure 1). However it is possible that at the end of the infection period in that oxygen concentration,
ATCC 39324 did not need the mutator phenotype to be perfectly adapted to the environment, since
it was isolated from the sputum of a CF patient. Therefore, it was better adapted to the conditions
tested in this study than PAO1 and U14701-1, strains isolated from very distinctive environments.
Under the second condition tested (Table 3.3), none of the three strains maintained the same
mutation phenotype under the same oxygen concentration. Only at the anaerobic environment
tested, a stable mutation frequency was observed, with PAO1 as normomutable, U147016-1 as
strong mutator. ATCC shown the same behaviour as in the previous conditions and at the last day
of infection period, mutation frequency evolved from weak mutator to normomutable.

This variation of mutation frequency can be caused by the oxygen fluctuations applied to the plates
of infection simulation in each checkpoint day. In order to collect samples necessary to the testes
effectuated during this study, the plates were exposed to normal concentrations of oxygen, for a
short period of time, which can be sufficient to induce variations on the mutation frequencies. As
checkpoints were performed almost every couple of days, oxygen concentrations were difficult to
maintain stable.

Some studies hypothesize that in CF airways hypermutation might be “shortlived” in certain
niches, with the imposition of strong selective pressures over the infection development, which
avoids hypermutability domination [31]. Besides this, hypermutability itself can be only temporary,
in accordance with the DNA repair capacity of . aeruginosa. The selection pressure, imposed by
nutrient availability, oxygen depletion, reactive oxygen species, among other, can saturate the
capacity of DNA repair, leading to the rise of temporary mutator phenotype, partially explaining the

heterogeneity of mutation frequencies observed during this study [25][29].

3.4 Pyocyanin production

The capacity P. aeruginosa to produce a blue-green pigment named pyocyanin is widely known.
This pigment is frequently detected in mucus samples from CF lungs and it has been associated
with the succeeded establishment of acute and chronic infections in the lungs.[60], [61] Some
studies have demonstrated that pyocyanin has an effect on microbial community development and

control redox homeostasis in P. aeruginosa, revealing its contribution to survival of cells during
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oxidant limitation. [99] Therefore, the determination of pyocyanin production was included in this
study as it has an important role in £. aeruginosa infection development in CF lungs.

Throughout this study, pyocyanin production was measured by a chemical assay, quantifying its
amount present in the ASM. The results obtained for the quantification of pyocyanin production by

PAO1, U147016 and ATCC 39324 for the three environments tested are presented in Figure 3.6.
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Figure 3.5 - The pyocyanin produced (ODsxx) by P. aeruginosa strains, in all conditions tested: a) Microaerophilic
environment with 10 % CO: ; b) Microaerophilic environment with 5 % O:; c) Anaerobic environment with approximately
1 % 0.. Bars represent the average of three independent repeats + SD (* - p<0.05; ** - p<0,01; ***- p<0,001;
****.<0,0001).

From the results obtained, represented in Figure 3.5, it was possible to verify for all oxygen
concentrations tested that U147016 had the higher production of pyocyanin, followed by
ATCC 39324 strain and PAO1 presented a residual pyocyanin production. Pyocyanin production
(by all strains) under microaerophilic conditions (with 10 % CO.), was stable throughout the entire
CF infection simulation period (p>0.05). The same was observed for microaerophilic conditions
with 5 % O. for ATCC 39324, with no significant variation on pyocyanin production between all
checkpoint days. At this condition, variations on pyocyanin production of U147016-1 were found,
as can be observed on Figure 3.5, variations that persisted and become more pronounced in

anaerobic conditions, essentially at day 7 of CF infection simulation. Under the anaerobic

45



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

conditions tested, significant differences (p<0.05) of pyocyanin production by ATCC 39324 were
observed at day 10. It can be concluded that some stimuli has occured during microaerophilic
conditions with 5 % 0. and anaerobiosis, that caused the significant variation in pyocyanin
production through the CF infection period. A possible explanation for this variation is the exposure
of the P. aeruginosa population to oxygen at the checkpoint days. Despite this exposure had been
reduce to the minimal possible, it is possible that had an interference in the values obtained. For
that reason, the variations observed may not translate into significant biological variations in the
simulation performed in this study.

The general consensus regarding CF chronic infection by P. aeruginosa is that with the
development of infection from the acute to chronic stages, these bacteria lose some of its virulence
factors, in order to establish a long-term presence in CF airways [10]. Under aerobic conditions,
pyocyanin production and other virulence factors are regulated in a cell density-dependant manner
(quorum sensing) [77]. There are several mechanism responsible for impairment of the quorum
sensing mechanisms, such as oxygen restriction, reason why under the anaerobic conditions
observed in chronic infected patients, P. aeruginosa become avirulent [79][80]. With this
knowledge, is was expected that under diminished oxygen availability conditions, pyocyanin
production by P. aeruginosa was impaired [79][80]. This behaviour was not observed in this study,
as variations in pyocyanin production under microaerophilic and anaerobic environments, were not
significant (Figure 3.5) in the three conditions tested.

Despite the unexpected values for P. aeruginosa development under hypoxia, this can be explained
by the P. aeruginosa load during the infection periods tested. Studies by Hunter et a/ [100]
demonstrated that /7 vivo, levels of pyocyanin production are not determined by the bacterium
ability to produce this toxin, but instead by the total load of bacteria within the sputum. Comparing
both results of growth kinetics and pyocyanin production, both have similar behaviour, which can

be in accordance with previous studies.

3.5 Antibiotic susceptibility of the population

The antibiotic susceptibility of the whole £. aeruginosa populations grown in ASM were tested using
the disc diffusion method, in accordance with the Performance Standards for Antimicrobial
Susceptibility Testing.[89] Ten different antibiotics were tested, belonging to different classes of
antibiotics: penicillin  (PRL), B-lactams (TTC), cephems (CAZ, FEP), monobactams (ATM),

carbapenems (IMI), aminoglycosydes (CN, TOB, AK) and fluoroquinolones (CIP). The antibiotic
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susceptibility was assessed for all conditions, the two microaerophilic environments (established
by increasing CO:concentration to 10% and decreasing O. concentration to 5%) and anaerobic
environment (1% O concentration) and assayed over the /n7 vifro infection model used. The results
obtained for each conditions, with 10 % CO., 5% 0.and 1 % O., are represented in Tables 3.5, 3.6
and 3.7, respectively.

Table 3.5 - Antibiotic susceptibility of PAO1, U14 7016-1 and ATCC 39324 under microaerophilic environment under
10 % CO:., through infection period

AK ATM CN CAZ TOB FEP IMI TTIC CIP PRL

Dy3 ] S S S S S S S S s 8
Day5 |1 S S S S S S | S S S

PAOL Day7l S S S S S S S S s 8
Daylo] S S S S S S | S S S

Day3] S s s s s s | | S S

Dy5] S S s s s s s 8 | S

ul47016-1 Day7 | S S S S S S S S [ S
Daylo] S S S S S s s | | S

Dy3 ] S S S S S S S sS s 8

ATCC Dy5] S S S S S S S S s 8
39324 Day7l S S S S S S S §S s 8
Daylof s S s S s s S s S s

Table 3.6 - Antibiotic susceptibility of PAO1, U14 7016-1 and ATCC 39324 under microaerophilic environment under
5 % O., through infection period

AK ATM CN CAZ TOB FEP IMI TIC CIP PRL

w
w
w
w
w

Day 3
Day 5
Day 7
Day 10
Day 3
Day 6
Day 7
Day 10
Day 3
ATCC Day 5
39324 Day 7
Day 10
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(PRI NP RN (2RIPRIPNIPN [T2RIsRIVoNIp)
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(PRI NP RIPN (2RI NN (2RI N[7p)
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Table 3.7 - Antibiotic susceptibility of PAO1, U14 7016-1 m and ATCC 39324 under anaerobic environment under 1
% 0, through infection period

AK ATM CN CAZ TOB FEP IMI TTC CIP PRL

Dy3 ] s s s s s s S S s s
Day5] S S s s s s | S S S

PAOL DayZ7 ] S S s s s s | S S S
Daylo] S S S S s s | S S S

Day3 | S S S S S S S | | S

Day5] S S S S S S S | R S

U147016-1 Day7 | S S S S S S S | [ S
DayloJ S S S S S S S | | S

Dy3 ] s s s s s s S S s s

ATCC Dy5] s s s s s s S S s s
39324 Day7 ] S s s s s s S S s s
Daylo] s S S S S s S S § 8§

Observing susceptibility profiles of ATCC under all different conditions tested, it can be concluded
that this strain suffered no alteration on antibiotic susceptibility profile with the alteration of oxygen
availability. In both microaerophilic and anaerobic environments, ATCC 29324 was susceptible to
all antibiotics tested. The same behaviour was not observed for PAO1 and U147016-1. Though all
infection simulation period and under the decreasing oxygen availability in the simulated
environments, U147016-1 was susceptible to seven of ten tested antibiotics and has changed its
sensitive to TTC to intermediate resistant, at day 3 under microaerophilic environment with 10 %
CO.. This change in susceptibility for this antibiotic was not found on any of the other environments.
Regarding the -lactam tested (TTC), under microaerophilic environment with 10 % CO,,
intermediate susceptibility was observed at day 3 and day 10 of infection simulation period. Under
5 % O, the same intermediate susceptibility profile was only verified at day 3. However, examining
table 3.7, with the results of antibiotic susceptibility under anaerobiosis, intermediate susceptibility
profile to this antibiotic was found on all checkpoint days. Results, concerning the susceptibility
profiles of U147016-1 to ciprofloxacin (fluoroquinolone, CIP), show a variation on susceptibility
profile when compared with the other strains. Under microaerophilic conditions, with 10 % CO,,
U147016-1 has an intermediate susceptibility to CIP though all checkpoint days, with the exception
of day 3. Similar behaviour is observed for the microaerophilic environment with 5 % 0. and for the
anaerobic environment. In the first conditions intermediate susceptibility was also found on day 3
of the infection period, and persisted until the end. Under anaerobic conditions, resistance of
U147016-1 to ciprofloxacin was observed at day 5 of the infection period, being intermediate
susceptible to this antibiotic though the remaining days of the simulation. It is important to note
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that all replicates of U147016-1, at day 5, were resistant to CIP. This strain was isolated from an
urinary infection in an hospital setting and an antibiogram was performed to this strain for seven
antibiotics: imipenem, ciprofloxacin, ceftazidime, gentamicin, amikacin, tazobactam and
tobramycin (unpublished data). The results shown a resistance profile of this strain only to
ciprofloxacin (unpublished data), reason why it can be concluded that the resistant profile observed
in this study for ciprofloxacin is not due to the conditions and CF infection simulation, but to the
intrinsic resistance of the strain.

Analysing the results of PAO1, it can be observed that this strain is susceptible to 9 of 10 antibiotics
used, under all conditions tested during this study. The exception was IMI (carbapenem). In the
first condition studied, microaerophilic environment with 10 % CO., intermediate susceptibility was
found on checkpoint at day 5 and 10, being susceptible on the remaining days. At 5 % O, no
alterations were found, being PAO1 susceptible to IMI though the infection period. However, under
anaerobiosis, intermediate susceptibility was stable and emerged again, on checkpoints at day 5,
7 and 10.

Overall, under both microaerophilic and anaerobic environments, alterations in the susceptibility
profiles were found for three of the 10 antibiotics tested: TTC, CIP and IMI.

Several resistance mechanisms have been described for P aeruginosa, mainly in the
heterogeneous environment present in cystic fibrosis lungs. Oxygen depletion, biofilm mode of
growth, elevated expression of efflux-pumps and hypermutation are some of the mechanisms
observed in this context, which can be responsible to the emergence of resistance in £. aeruginosa.
[79], [80]

Anaerobic conditions, as observed in CF airways, are known to diminish the efficacy of most
antimicrobials used to manage P. aeruginosa infections. In oxygen-limited environments, ~.
aeruginosa grow in biofilms and, therefore, have reduced metabolic activity and slower growth.
[79] Since many antimicrobials target active cells, it is expected that under low oxygen availability,
as used in this study, some alterations in susceptible profiles can be observed. The results obtained
in this study show, indeed, a more stable presence of intermediate resistance to some antibiotics
in anaerobiosis. However some intermediate resistance profiles were already observed in both
microaerophilic conditions tested, those profiles were intermittent throughout the infection period.
The variation observed in the microaerophilic environment (mainly at 10 % CQO.) can be due to
variations in O: availability that can be present in the checkpoints days (due to the removal of the

plates form the incubator).
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Moreover, in the anaerobic environment, one resistant profile was observed, for U147016-1, only
in one day of the infection period. Despite this can be considered a not normal result, it can be
explained by the mutation frequency assessed for this strain, since U14716-1 presented a strong
mutator phenotype under anaerobic conditions. Hypermutability, a common characteristic in CF
lung infections, has an important impact in antimicrobial resistance. It has been shown that
mutator strains have higher rates of antibiotic resistance than non-mutator strains. [74] Therefore,
it is possible that at day 5, under the anaerobic conditions, mutants resistant to CIP were selected
as better adapted to the conditions. However, with the maintenance of the anaerobic environment,
those mutants were no long the fittest to survive in that conditions, and were eliminated from the

population.

3.6 Phenotypic characterisation of new colony morphotypes-associated bacteria

Four new colony morphotypes were identified during this study: MT24 and MT25 from PAQ1 strain
and MT22 and MT23 from ATCC strain. These morphotypes are referred as “new” since were not
observed in any previous study of P. aeruginosa diversification in aerobic conditions (unpublished
data). Biofilm formation, motility, antibiotic susceptibility, haemolysin production, colony reversion

and growth on minimal medium were assessed for each new morphotype.

3.6.1 Biofilm formation

Biofilm formation is considered one of the most important adaptation mechanism of P. aeruginosa
in CF infections, allowing evasion of the inflammatory defences and antibiotic therapy [49].
Therefore, the biofilm formation ability of the morphotypes was performed and represented in

Figure 3.6, to understand the impact of this virulence factor in P. aeruginosa adaptive process.

50



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

*k k%

% %k %k %k

*kkk

g . . ' | ! - MT22
e 4 — I MT23
9 - MT24
w 37 MT25
®
§ 21
2
S 1-
2
D e e==e BTN
Vv Y ] )
¥ ¥ o} o
& & ¢ &
\ Y ] \ Y )
ATCC 39324 PAO1

Figure 3.6 - Biofilm formation ability of all four new morphotypes, MT22, MT23, MT24 and MT25. Bars represent the
average of three independent assays + SD (* - p<0.05; ** - p<0.01; ***- p<0.001; ****- <0.0001).

Analysing Figure 3.6., it can be observed that MT 25 is the morphotype most able to form biofilm.
MT22, MT23 and MT24 present low biofilm formation, and can be classified as poor biofilm
producers. As can be seen in Figure 3.6, differences in biofilm formation are significant when we
compare the results of ATCC 39324 morphotypes with PAO1 morphotypes (p<0.05). The same is
observed for comparison of both PAO1 morphotypes. Overall, morphotypes of the same strain have
similar abilities of biofilm formation, even displaying different colony morphology phenotypes.
Regarding the general characteristics of colony morphologies of both PAO1 morphotypes, in
appendix Il and Ill, it can be observed that MT24 can be classified as a small colony variant (size
< 3mm). [90] Although MT25 has superior size than MT25, is on the limit of classification as small
colony. SCV have been reported has good biofilm producers, which can explain the results obtained
for MT24 and MT25, when compared with other colony morphologies [102]. Since biofilm
formation is seen as an adaptive mechanism to the CF lung environment, conclusions can be made
regarding MT25, since this morphotype show much higher biofilm formation than the other
morphotypes analysed. Microcolonies formation by P. aeruginosa in CF airways is been identified
as the predominant mode of growth in chronic infection, conferring to P. aeruginosa protection
against oxidative stress, antibiotic treatment and phagocytic activity [45][46]. Therefore, biofilm
formation is an adaptive characteristic responsible for P. aeruginosa persistence in chronic
infections. So, it can be assumed that better biofilm producers such as MT25 provide to ~.

aeruginosa population an advantage to persist under oxygen depletion and possibly to establish
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chronic infection. Although this morphotype appears to be an adaptation to the microaerophilic
conditions, it does not represent a relevant feature to chronic infection. In conditions typically found
in the context of chronic infection (anaerobic conditions), this morphotype is no longer identified.

This morphotype cease to give an advantage to population, and is eliminated.

3.6.2 Motility tests

P. aeruginosa is known to exhibit different types of motility, in accordance with the environment in
which is inserted. [103] Swarming, swimming and twitching are the most well characterized types
of motility of this bacteria, allowing movement in aqueous environments (swimming), in semisolid

medium (swarming) and on solid surfaces (twitching) [103].
Swimming

Swimming allows bacteria to move across liquid surfaces and is mediated by flagellum, and is one
of the most important mechanisms of attachment of P. aeruginosa cells to surfaces in biofilm mode

of growth. [104] Results of the swimming motility characterization of the four morphotypes are

shown in Figure 3.7.
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Figure 3.7 - Diameter of the swimming migration zone formed by P. aeruginosa PAO1 and ATCC morphotypes found
during this study. Symbols represent the average of three independent assays + SD

Observing Figure 3.7, it can be said that ATCC 39324 new morphotypes are the ones with larger
motility ring diameters, when compared with MT24 and MT25, PAO1 morphotypes. This can be
due to the fact of ATCC 39324 be a CF isolate and could be already adapted to the growth medium
(ASM). However, differences are only significant between both ATCC 39324 morphotypes and
MT24 (p<0.05). As said before, swimming motility is important in biofilm mode of growth.
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Therefore, is expected that bacteria with better ability to form biofilm also present higher swimming
migration zones. However, results show an opposite behaviour. MT25, the morphotype with higher
biofilm forming ability, shows, as well lower swimming migration zones than MT22 and MT23,
poorer biofilm producers. Nevertheless, SCV colonies have also been reported as possessing
impaired swimming motilities, in association with the higher biofilm production described in Section
3.6.1. Due to the auto aggregative nature of these type of colonies, which allow bacteria to attach
to each other and form biofilm microcolonies, they are described as one of the most important
virulence factors associated with CF lungs. Swimming motility is necessary only to the initial
attachment of cells to the surface, in this case, the mucus layer within CF lungs [57]. After this
initial step, swimming motility cease to be the principal mechanism responsible to biofilm

formation, which explain the fact that better biofilm producers do not show better swimming ability.

Swarming

Swarming motility, also flagellum-mediated motility, is responsible for multicellular movement
across semi-solid surfaces [105]. This type of motility can be assessed in vitro in TSA plates with

0.5 % of agar. The results obtained during this study are shown in Figure 3.8.
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Figure 3.8 Diameter of the swarming migration zone formed by P. aeruginosa PAO1 and ATCC morphotypes. Symbols
represent the average of three independent assays + SD

Regarding the four new morphotypes in study, MT22 and MT23 present higher swarming rings
than MT24 and MT25 (p<0.05). Therefore, ATCC morphotypes (MT22 and MT23) show higher
swarming ability than PAO1 morphotypes (MT24 and MT25). One conclusion for these observations

53



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

is that morphotypes of the same strain, show similar swarming migration zones (p<0.05),
behaviour also observed for biofilm formation and swimming motility.

Swarming motility and antibiotic resistance have been associated in some studies, and this
behaviour can be applicable to P. aeruginosa [88][90]. Despite no correlation between antibiotic
resistance profiles and swarming motility were performed, it could be expected that strains or
morphotypes with larger swarming migration zones showed an increased resistance to the
antibiotics tested in this characterization. However, this behaviour was not observed in this study.
First, the morphotypes with higher migration zones, MT22 and MT23 are susceptible to all
antibiotics tested. Second, the only difference in susceptibility was observed MT25 for imipenem,
as analysed in section3.6.3. This morphotype, as well as MT24 show lower swarming ability.

This type of resistance is known to be transient, which means that can be unstable and easily lost

[105] which can explain the results obtained.

Twitching

Twitching motility is mediated by type 4 pili and play an important role in biofilm development and
structure, with an important role in microcolonies formation, allowing as well the movement of
bacteria under solid surfaces [70]. In figure 3.9, results obtained for twitching motility ability for all

morphotypes, are presented.

1.4+

— -—

N w

L L
—e—1

Diameter (cm)
o %

o
©
1
>

f

o
o

v U > v
R TR R
1 1

ATCC 39324 PAO1

Figure 3.9 - Diameter of the twitching migration zone formed by P. aeruginosa PAO1 and ATCC morphotypes. Symbols
represent the average of three independent assays + SD.

According to Figure 3.9, MT22 showed the larger twitching migration zone, followed by MT23
(p<0.05). MT24 and MT25 exhibit similar twitching migration zones (p>0.05), with values
significantly lower that MT22 and MT23 (p<0.05). Twitching motility did not follow the previous
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behaviour observed for both swimming and swarming motility, in which morphotypes from the
same trains showed similar motility values. ATCC morphotypes vary significantly in values twitching
motility ability, although PAO1 morphotypes show similar twitching motilities.

As said before, twitching is mediated by type IV pili which, in turn are associated with interaction
stabilization of cell-to-cell interactions, necessary to microcolonies formation, as observed in CF
lungs [70]. Once more, an association can be made, between biofilm formation and twitching
motility. Ideally, higher biofilm producers should have higher twitching migration zones, which is
not observed in this study (see Figures 3.6 and 3.9). It can be assumed that, in this study, this
mechanism was not responsible for the high ability of MT25 to form biofilm and that some
additional yet unidentified mechanisms were present, being responsible for the observed
behaviour. It can also be concluded that morphotypes of ATCC 39324 have better adapted motility

in the medium used in this study due to the fact of this strain be a CF isolate.

3.6.3 Antibiotic Susceptibility

Antibiotic susceptibility of MT22, MT23, MT24 and MT25 for all antibiotic previously tested, can
be observed in table 3.8.

Table 3.8 - Antibiotic susceptibility of all new morphotypes

MT22 MT23 MT24 MT25
AK S S S S
ATM S S S S
CN S S S S
CAZ S S S S
TOB S S S S
FEP S S S S
M S S S I
T7C S S S S
CIP S S S S
PRL S S S S

According to table 3.8, all morphotypes characterized presented a susceptible profile for all tested
antibiotics, with exception to MT25. This morphotype exhibit intermediate resistance against
imipenem. Since these morphotypes and were only identified in microaerophilic conditions with
5 % O., we can compare the results for antibiotic susceptibility of the population, shown in Section
3.5 (Table 3.7) with the new isolated morphotypes (Table 3.8). Analysing the results for ATCC
morphotypes, MT22 and MT23, we can conclude that these morphotypes follow the susceptibility
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profiles of the general population (also susceptible for the ten antibiotics tested). The same
behaviour is observed for MT24, PAO1 morphotype, since in this environment was susceptible to
all antibiotics as well. On the other hand, MT25 presented intermediate susceptibility profile for
imipenem, which was not observed for PAO1. We can assume that, although this morphotype
displays a different susceptibility pattern for imipenem, this profile is not dominant in the
population. This difference can be analysed, however, as a prediction of an emergent resistance
of PAO1 to imipenem caused by the lower oxygen availability in the environment. Supporting this
conclusion is the intermediate resistance profile observed for PAO1 in the anaerobic environment,
as can be observed in Table 3.7. This new morphotype was, possibly, a partial adaptation of PAO1

to the microaerophilic environment that fully develop under anaerobic conditions.

3.6.4 Colony morphology reversion

Colony morphology reversion is the ability of colonies to maintain their morphological traits in
several and consecutive spreading in solid media. Reversion is important to infer whether colony
alterations are reversible adaptations or irreversible mutations occurred [58][106]. To evaluate this
characteristic, colonies of each morphotype were plated in TSA and observed after 48 h of growth,

being the results shown in Table 3.9.

Table 3.9 - Colony morphology reversion on TSA plates of all morphotypes characterized

TSA Reversion

MT22 Positive
MT23 Positive
MT24 Negative
MT25 Negative

As can be seen in Table 3.9, both ATCC 39324 morphotypes tested, MT22 and MT23, were
positive for reversion, meaning that reverted to wild-morphotype after sub-culturing. MT24 and
MT25 (PAO1 morphotypes) exhibited the same morphotype as when were identified. Therefore, it
can assumed that ATCC 39324 morphotypes represent reversible adaptations to the
microaerophilic environment, while PAO1 morphotypes are a product of irreversible mutations
being with increased stability in the population. With this in mind, it could be possible that
irreversible morphotypes result from a stronger adaptation to the conditions and, therefore are
more susceptible to disappear in case of alterations in the environment, whereas reversible

morphotypes have a stronger ability to overcome environmental changes and survive in the
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population. This hypothesis seems to be true according to the results obtained. Analysing the
colony morphology variants observed for PAO1 and ATCC 39324 in anaerobic conditions, it can be
seen that both PAO1 morphotypes (irreversible) disappear from the population, while ATCC 39324
(reversible morphotypes) persisted. A conclusion of this observations is that reversion can be a

measure of adaptive ability of the morphotypes to new conditions.

3.6.5 Characterization of haemolysin production and growth on minimal medium

In order to better characterize the new morphotypes found in this study, the presence of other
virulence factors was evaluated. As such, hemolytic ability and growth on minimal medium was
assessed for all morphotypes.

Auxotrophs are colony variants that are dependent on the addition of specific amino acids to the
growth medium in order to sustain growth, while variants capable of growth on minimal medium
are designated as prototroph [107]. The results obtained in this study showed that none of the four
characterized morphotypes were auxotrophic, which can be said that these morphotypes were
prototrophic. Auxotrophic variants are known to emerge with the development of chronic infection,
coexisting with their prototrophic precursors [10]. With the decrease of oxygen availability, that
characterizes chronic infection, some auxotrophic variants should appear among the P. aeruginosa
population. Therefore, as the new morphotypes represent an adaptation of P. aeruginosa to the
microaerophilic environment, it could be expected that auxotrophy characterized these
morphotypes. That behaviour was not observed, which means that perhaps auxotrophy does not
represent an advantage for P. aeruginosa’s survival under microaerophilic conditions.

Hemolysins are accepted as major contributor to virulence ability of several bacteria, including
P. aeruginosa. For this reason, haemolytic activity of the new morphotypes observed, was
assessed.

P. aeruginosa produce two different kinds of phospolipases C: an haemolytic one (PLcRH) an one
without haemolytic activity (PLcN), with PLcHR being recognised as one of the most important
virulence factor of this bacteria in normal aerobic conditions [108][109] .The determination of
haemolytic activity of each morphotype was performed by the visualization of the colonies on
Columbia blood agar plates. If the medium surrounding the colonies was translucent (lysis of blood
cells), the morphotype was considered hemolytic (positive). Otherwise, colonies were considered
non hemolytic (negative). The results obtained showed that all morphotypes characterized in this

studied have no hemolytic activity. It is possible that, due to adaptation to oxygen limitation, these
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strains loss some virulence ability and were unable to produce PLcHR. The same way that ~.
aeruginosa can acquire characteristics that helps adaptation to stressful environments, this

bacteria can lose that same characteristics when the environment changes.

3.7 Genetic expression of MexAB-OprM efflux pump

Multidrug efflux-pumps have been recognized as one of the most common mechanisms
responsible for antibiotic resistance to most antibiotics in bacteria [110]. Several types of multidrug-
efflux pumps have been described in literature for P. aeruginosa, such as MexXY-OprM, MexCD-
OprJ, MexEF-OprN, among others [79].

In gram negative bacteria, as P. aeruginosa MexAB-OprM efflux pump is the one with higher levels
of expression, being responsible for the discharge of most lipophilic and ambiphilic antibiotics out
of bacteria [110].

The understanding of the expression of these efflux-pumps in context of acute and chronic
infections has acquired a great importance, as it helps to understand to what extent the conditions
present in chronic infections enhance the expression of these pumps with the onset of chronic
infection by P. aeruginosa. With that goal, we aimed to analyse genetic expression of mexA gene
in typical acute infection environments, such as the microaerophilic environment with 10 % CO.,
and in chronic infection conditions, usually hypoxic environments (1 % O:). The overall aim was the
comparison of mexA expression in microaerophilic and anaerobic conditions, with that of
aerobiosis, in order to better understand the evolution this mechanism with the development of
infection. Initially, to test this hypothesis, SCV colonies from strain U147016-1 were recovered, as
these types of colonies have been described to possess an important role in the persistence of
chronic P. aeruginosainfections in CF lungs. In order to do this, RNA was extracted at the beginning
of CF infection simulation (day 0) and at the end (day 10), for aerobic (control), microaerophilic
(10 % CO.) and anaerobic (1 % O:) conditions. The results obtained for initial RNA extraction are

represented in Table 3.10.
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Table 3.10 - RNA quantification values obtained after different DNA removal treatments. (* - samples dilution 1:10)

RNA Yield (ng/uL)
Sample X ; .
RNA extraction (first Posterior DNAse | DNA removal by Acid
DNAse | treatment) treatment Phenol:Cloroform
Day 0 768,8 805,6 4,3
10% CO, 651,5 620,2 10,8
Day 10 81,1* 176,1 0
250,9 392,7 185,6
Day 0 651,2 720,3 283,6
1%0: 743,2 839,3 128,4
422,4 453,8 68,1
Day 10 48,5* 1034,8 27,4
Day 0 412,0 366,9 20,3
21% 0, 205,9 224,3 6,8
Day 10 71,1* 745,7 289,5
71,1* 748,6 41,6

Initially, DNAse | treatment was performed during the RNA extraction protocol, in the extraction

column, as indicated in the extraction kit protocol. The following step was the assessment of the

quality of samples, to understand if contamination with DNA was present in RNA samples. At this

step, all samples obtained were tested, and comparison between NRT (no-reverse transcriptase

control) and unknown cDNA samples was performed to better analyse the level of contamination

of samples, a schematic of the gPCR plate design can be seen in Figure 3.10.
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Figure 3.10 - Schematic respresentation of the PCR plates used for gPCR analysis of quality of RNA samples. NRT- no
reverse transcriptase control; Unk- cDNA samples; NTC — no template control.
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The results obtained for the PCR run for all samples are represented at Figure 3.11.
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Figure 3.11 — Amplification curves obtained for NRT and cDNA samples, obtained after double treatment with DNAse .
Duplicates of each type of samples were obtained in all extraction procedures. Results obtained for the initial samples
are represented on the left image, being the results of duplicate samples represented in the image on the right.

Analysing the results obtained, a high amount of DNA contamination can be observed in all
samples. The expected behaviour was that NRT samples had amplification many cycles after cDNA
samples (or none at all), since only DNA is amplified. The results show that all samples have
amplification at similar cycles for the duplicate samples (both the NRT and the cDNA samples),
almost all samples showing amplifications at least after 20 cycles. Observing the results for the
first samples, a high variability is observed, with the majority of samples being amplified between
10 and 20 cycles. It can conclude that all samples show high levels of DNA contamination, reason
why posterior DNAse | treatments were performed. Comparing both groups of samples, it is visible
that despite all samples still being contaminated, the duplicate group showed better results than
the first samples — with a shift of the curves towards the right side, and higher Ct values - and for
that reason, posterior tests were performed using only the duplicate samples.

As the results obtained were far from being what was desired, and an additional DNAse | treatment
was performed, as well as a new RNA quantification (Figure 3.10, right hand side figure) and
verification of the quality of the samples after the treatment. To minimize possible influences in the
results obtained, new primer dilution were performed with RNAse free water, as well as new SYBR
Green Master mix. It was expected that the level of contamination of the samples was reduced with

this treatment, hypothesis not confirmed by the results (see Figure 3.12).
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Figure 3.12 — Amplification curve of NRT and cDNA samples performed after the second DNAse | treatment.

Analysing the results of the second RNA quantification, comparing with the first quantification
values, show a high variation between the two measurements, as can be seen in Table 3.10. While
some of the RNA values decreased with the second DNAse | treatment, other values increase,
leading to the conclusion that this treatment might not be very effective. It was expected a reduction
in nucleic acid concentration because the DNA contaminating the samples should be eliminated,
allowing more accurate and normally lower values of RNA concentration. With the new verification
of the samples quality, this was confirmed, since the results still showed a high concentration of
genomic DNA present in the samples. Despite the fact that the most discrepant results were
“eliminated” (samples with amplification before cycle 20), both NRT and cDNA samples have
amplifications after similar number of cycles, as observed before, in Figure 3.11.

To attempt a more thorough RNA purification, the samples were treated with an acid
phenol:chloroform purification protocol followed by new RNA quantification and quality verification
by gPCR. The RNA quantification of the samples after the DNA removal with phenol: chloroform
(Table 3.10) showed a marked decrease in the values of RNA concentration in the majority of
samples, which may be an indication that this treatment was more effective than the protocols
previously used. With a new NRT analysis, DNA contamination was still verified in all samples,
since both NRT and cDNA samples continue to be amplified after similar number of cycles, as can

be observed in Figure 3.13.
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Figure 3.13 — Amplification curves obtained for samples treated with acid phenol:chlorophorm.

Although DNA contamination is still present in RNA samples, the results after 3« RNA purification
show that all samples higher Ct values, which can be considered an indication that the last
treatment performed was more efficient than the previous treatments. Another problem that can
be associated with these results is the real concentration of cDNA used in the gPCR analysis might
not have been ideal. As the total concentration of RNA recovered from the last purification treatment
was greatly reduced in almost all samples, it is possible that cDNA synthesis was not as efficient
(although attempts were made to homogenize the quantities of RNA used for cDNA synthesis in
each reaction), which could interfere with the qPCR assays that followed.

It is necessary, as well, to take into account the possible contamination of PCR reagents with
genomic DNA. As in example, contamination of bacterium-derived polymerases is quite common,
which largely affects the high sensitivity of PCR procedure and results [91][111]. As can be
observed in Figure 3.10, NTC (no template control) samples were added to the gPCR run to discard
possible contamination of the reagents. The observation was that also PCR reagents were
contaminated, since there were no real distinction between NTC controls and the other samples
tested, and as fresh dilution of primers were prepared to attempt to eliminate this source of

contamination.
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Despite the less than positive results of RNA purification, the efficiency of the primers selected for

this study was determined to define their usefulness in future expression assays, testing six

dilutions, at three annealing temperatures (62 °C, 60 °C and 58 °C). The results are shown in
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Figure 3.14 - Primer efficiency of 16S and mexA for different tested dilution: 1:10, 1:20 and 1:50 in the right image
and 1:100; 1:1000 and 1:10000 on the left.

Figure 3.14.

The efficiency results obtained were proved not real. Analysing both images of Figure 3.14 it is
possible to observe opposite behaviours for the two sets of dilutions. A more detailed observation
of the slope values of both images, value necessary to calculate the efficiency of the primers, it
becomes impossible to assess the efficiency of the primers for the dilution 1:100, 1:1000 and
1:10000, and the remaining dilutions still resulted in efficiency values which were unrealistic
(400 %, for example).

The conclusion that can be made from the analysis of the results obtained is that the primers used
are not the appropriate for this study. Several reasons can be responsible for this result in primers
efficiency. The primers used in this study, 16S and mexA, were designed and specific for ~.
aeruginosa PAO1 (wound isolate) and CF isolated strains respectively. As the objective was the
study of mexA expression in SCV, U147016-1 as it was the strain that produced more SCV in the
environmental conditions studied. However, U147016-1 is a strain isolated from an urinary
infection, which can explained the lack of efficiency of both primers for this strain. It was hoped
the the 16S gene, being considered a house keeping gene whose expression remained constant,
could still be useful in this assay, despite the diverse background of the strain in which genome it
was design, the results obtained in this study proved the opposite.

CF environment has been described for its complexity and presence of several selective pressures
and continues stressful conditions [48]. All this characteristics induce several genotypic and
phenotypic changes in P. aeruginosa, has been described throughout this study. For that reason,

the use of primers designed to study bacteria in CF environments using strains isolated from
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different sources proved not to be effective. Specificity is a key characteristic to study genetic
expression of bacteria exposed to particularly with regards to the sources of strains tested.

The choice of housekeeping gene to be used in this study might, also proved to be a challenge.
The references in literature to the best housekeeping gene for P. aeruginosain CF infection context
are very divergent. There are many studies using 16S as P. aeruginosa housekeeping gene, since
a highly conserved bacterial gene throughout many bacterial species, reason why was used in this
study [111][112]. However, a simple change in the source of the isolate use as a target showed
that, although it could be efficient for PAO1 (the strain used to design the primers) it was not
specific for P. aeruginosa isolated from a different settings. Nonetheless, even if a CF isolate was
used in this study, there was no guarantee that the primers would work, since the conditions tested
could enhance the inherent hypermutability of £P. aeruginosa. The ideal would be the verification of
PCR products of the colonies exposed to the different oxygen concentrations tested.

With the great adaptation that P. aeruginosa suffers in CF environments, the use of this reference
gene in particular, or even the use of just one housekeeping gene might not be the most effective
approach. Indeed, there are some studies that already used different and more than one
housekeeping gene, indicating that this hypothesis is more appropriated [113][114]{115]. Studies
performed by analysis of sputum samples of CF patients found two reference genes, PA2875 and
PA3340, that shown a steady expression on both planktonic growth and biofilm formation [113].
rspl gene has also been used in many studies of MexAB-OprM efflux pump in P. aeruginosa
[114][115]. proC and rpoD genes have been demonstrated as a good pair of reference genes to

be used in comparative studies of P. aeruginosa resistance genes expression [116].
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4. CONCLUSIONS

In this final chapter the main conclusions of the present work are presented. Future studies
perspectives and recommendations are also addressed.
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CF lung disease is characterized by continuous airway infections since young age of patients that
develop to chronic infection later in life, principally by Pseudomonas aeruginosa [3]. The
colonization by this pathogen is associated with increased morbidity and mortality, since after
P. aeruginosa infection is established, is almost impossible to eradicate [8].

The understanding of the infection persistence mechanisms in CF lungs assumes great
importance, in order to allow the identification of P. aeruginosa diversification patterns and
identification of specific characteristics that allow early eradication of infection. To simulate and
test different stages of infection, environments with decreasing oxygen concentration were applied
to different P. aeruginosa strains, culminating with anaerobiosis as simulation of chronic infection.
During this study, the simulation of CF infection by P. aeruginosa strains shown a great variability
of the characteristics observed. However no major alteration was found in P. aeruginosa infection
development on the different conditions tested, as well as a direct relationship between differences
in distinct characteristics. Despite ASM be a complex medium that attempts to mimic the also
complex CF airway environment, P. aeruginosa strains were already exposed to demanding growth
conditions, since were isolated from different types of infection, reason why the results obtained
did not show as much variability as expected, as well as more similar development was it is
observed in CF sputum isolates.

As shown in Chapter 3, the three P. aeruginosa strains have similar and stable growth profiles
between each other and in the different decreasing oxygen environments, despite some variation
observed. Since P. aeruginosa populations were exposed to normal oxygen concentration in each
checkpoint, this variations could possibly be attributed to this. It has also been reported before the
ability of P. aeruginosa to grow in microaerophilic and anaerobic environments, which can be the
reason for the stable and similar growth profiles observed.

Phenotypic diversification is one of the most common mechanisms used by bacteria to increase
population diversity and persistence in different niches. This diversification is most readily traceable
in colony morphology variation, which allows us to understand the induced differences of various
conditions, as observed in acute and chronic infection. Assessment of colony morphology
diversification in all tested environments, showed an increase of diversification with lower oxygen
concentrations, however this behaviour is not linear. In microaerophilic conditions with 5 % 0. a
more significant diversification was detected, with the observation of four “new morphotypes” that
were not observed in previous environments. However, not all of this “new” morphotypes persisted

in anaerobic conditions, and diversification decreased. It could be that a sub-population well
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adapted to already stressful environments were not able to persist in extreme conditions. Therefore,
microaerophilic conditions seem to be a driving force of diversification, which can be an indication
of the transition to chronic infection.

Hypermutability has also been described as a beneficial characteristic for P. aeruginosa adaptation
to different niches, and the emergence of hypermutators in CF infection bacteria has been reported.
Hypermutability can be responsible for antibiotic resistance of P. aeruginosa sub-populations, has
well as for the appearance of diverse types of sub-populations, as mucoid colonies or SCV. Of all
conditions tested, mutation frequencies were only relevant for the anaerobic environment, with the
emergence of strong mutator phenotype in to U147016-1. Despite this strain has not be isolated
in a CF infection context, the emergence of a mutator phenotype is in accordance with the expected
behaviour in CF chronic infection simulation in this study. However these results do not show a
direct relation with phenotypic switching observed in colony morphology, as it was expected, could
be responsible for the intermediate resistance profile of this strain to TTC.

Pyocyanin is frequently detected in mucus samples from lungs of CF patients, and is associated
with the success of establishment of chronic infection in CF lungs. In order to establish long-term
presence in CF airways, P. aeruginosa adapt in order to loss some of its virulence factors, as
pyocyanin. However this behaviour was expect in this study, it was not observed. The cause of this
observation can be the high growth observed for P. aeruginosa strains in all conditions tested. The
levels of pyocyanin production detected are not only a measure of P. aeruginosa ability to produce
pyocyanin, but also due to total load of bacteria in the sputum [100]. Therefore, pyocyanin
production in this study cannot be associated with development of chronic infection. This
hypothesis could be tested using an inferior inoculum concentration in the infection simulation,
which may allow a better understanding of P. aeruginosa ability to produce pyocyanin in the
development of CF chronic disease.

The principal characteristic associated with chronic infection in CF lungs is the emergence of
antibiotic resistant sub-populations. In chronic stages of infection, biofilm mode of growth is
observed, as well as diminished oxygen availability, all reasons in favour of impaired efficacy of
antimicrobials. The expected behaviour was the observation of decreased susceptibilities with the
decrease of oxygen availability. In microaerophilic conditions with 5 % O this was not observed. As
well as observed in colony morphology assessment, in 5 % O: a distinctive behaviour was observed,

being in this case a slight decrease in antibiotic intermediate resistant profiles. This can also be an

68



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

indication that some turning point was reached, since in anaerobic conditions intermediate
resistant profiles arose and even a resistant profile was observed.

As referred before, during colony morphology assessment in microaerophilic environment with 5
% O, four “new” colony morphologies were observed. These morphotypes were characterized for
expression of common virulence factor as well as for antibiotic susceptibility profiles and motility.
Results shown that overall all morphotypes presented similar characteristics. One morphotype,
MT25, stand out from the rest, since shown much higher biofilm formation ability and an
intermediate resistant profile to imipenem. Despite this characteristics, associated with chronic
infection, this morphotype was not observed in anaerobiosis.

Overall, the subpopulations that persisted in anaerobic conditions showed wider characteristics,
being susceptible to all antibiotics tested and showing reversible behaviour. Therefore, we can
conclude that more adapted characteristics of sub-populations to a distinctive niche indicate a
decrease in the fitness to adapt to new conditions.

Analysing all the results obtained in this study, it is perceptible that microaerophilic conditions with
5 % O. presented some interesting behaviour that should not be ignored. In this environment were
found distinctive behaviour that can indicate a switch in the state of P. aeruginosa infection. In
order to confirm this hypothesis, further studies should be performed, with more extensive
characterization of P. aeruginosa diversification in this condition.

Efflux pump expression study performed showed that specificity is a key characteristic to study
genetic expression of bacteria exposed to similar conditions. | was found that specific primer design
is of paramount importance for a successful qPCR assay of gene expression in P. aeruginosa, as
primers design based on the genome information of a specific strain may not be suitable for other
strains isolated from different environments, as observed in this study.

To enhance the knowledge of P. aeruginosa development in the steep oxygen conditions tested in
this study, more CF infection isolated strains should have been used, to understand P. aeruginosa
adaptive mechanisms and to determine if more strains follow the patterns observed in this study.
As infection by other bacteria are emerging in context of CF lung disease, as Butkoderia cepacia
and Staphylococcus aureus, it becomes important to understand how those emerging develop in
this conditions, in association with P. aeruginosa. This type of study can be very useful, as a better
characterization of these mechanisms and interaction between different bacteria can help the
development of new therapeutic strategies and allow the early eradication of infections in CF lung

disease.
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Further studies should be performed on the molecular aspects of the expression of genes
associated with antibiotic resistance and bacterial persistence in /n vitro CF models such as the
one proposed in this study regarding mexAB-OprM expression in steep oxygen gradients. In order
to make the process more efficient, P. aeruginosa strains isolated from CF sputum samples should
be used, as well as primers specifically design for the stains in use. To overcome the problems
observed with RNA samples contamination, various extraction kits should be tested in order to
choose the one with most efficient extraction and with lower sample contamination with DNA. To
ensure that RNA samples used are good, genomic DNA removal by acid phenol:chlorophom is

recommended to be performed as it has been showed in this work to be more efficient.

70



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

REFERENCES

1] J. Zielenski, “Genotype and phenotype in cystic fibrosis.,” Respiration, vol. 67, pp. 117-133, 2000.

[2] R. Rowntree, “The Phenotypic Consequences of iCFTR i Mutations,” Ann. Hum. Genet., vol. 67, no. 5, pp.
471 - 485, 2003.

[3] J. B. Lyczak, C. L. Cannon, and G. B. Pier, “Lung Infections Associated with Cystic Fibrosis Lung Infections
Associated with Cystic Fibrosis,” Clin. Microbiol. Rev., vol. 15, no. 2, pp. 194-222, 2002.

4] T. S. Cohen, D. Parker, and A. Prince, “Pseudomonas aeruginosa Host Immune Evasion,” Springer Sci.,
2015.

[5] M. A. Mall and R. C. Boucher, “Pathophysiology of cystic fibrosis lung disease,” in £ERS Monograph - Cystic
Fibrosis, 2014, pp. 1-13.

(6] T. S. Cohen and A. Prince, “Cystic fibrosis: a mucosal immunodeficiency syndrome,” Nat. Med., vol. 18, no.
4, pp. 509-519, 2012.

[71 0. Ciofu, C. R. Hansen, and N. Haiby, “Respiratory bacterial infections in cystic fibrosis.,” Curr. Opin. Puim.
Med., vol. 19, no. 3, pp. 251-8, 2013.

[8] J. J. LiPuma, “The changing microbial epidemiology in cystic fibrosis,” Clin. Microbiol. Rev., vol. 23, no. 2,
pp. 299-323, 2010.

9] V. L. Campoddnico, M. Gadjeva, C. Paradis-Bleau, A. Uluer, and G. B. Pier, “Airway epithelial control of
Pseudomonas aeruginosa infection in cystic fibrosis,” 7rends Mol. Med., vol. 14, no. 3, pp. 120-133, 2008.

[10] X. Qin, D. M. Zerr, M. a. McNutt, J. E. Berry, J. L. Burns, and R. P. Kapur, “Pseudomonas aeruginosa
Syntrophy in Chronically Colonized Airways of Cystic Fibrosis Patients,” Antimicrob. Agents Chemother., vol.
56, no. 11, pp. 5971-5981, 2012.

[11] J. C. Davies, “Pseudomonas aeruginosa in cystic fibrosis: pathogenesis and persistence,” Paediatr. Respir.
Rev., vol. 3, pp. 128-134, 2002.

[12] J. L. Kreindler, “Cystic fibrosis: Exploiting its genetic basis in the hunt for new therapies,” Pharmacol. Ther.,
vol. 125, no. 2, pp. 219-229, 2010.

[13] B. P. O'Sullivan and S. D. Freedman, “Cystic fibrosis,” Lancet, vol. 373, no. 9678, pp. 1891-1904, 2009.

[14] B. Lubamba, B. Dhooghe, S. Noel, and T. Leal, “Cystic fibrosis: Insight into CFTR pathophysiology and
pharmacotherapy,” Clin. Biochem., vol. 45, no. 15, pp. 1132-1144, 2012.

[15] R. C. Boucher, “Evidence for airway surface dehydration as the initiating event in CF airway disease,” J.
Intern. Med., vol. 261, no. 1, pp. 5-16, 2007.

[16] T. F. Leung, G. W. K. Wong, K. L. E. Hon, and T. F. Fok, “Severe acute respiratory syndrome (SARS) in
children: epidemiology, presentation and management.,” Paediatr. Respir. Rev., vol. 4, no. 4, pp. 334-339,
2003.

[17] J. J. Wine, “The genesis of cystic fibrosis lung disease.,” J. Clin. Invest., vol. 103, no. 3, pp. 309-312, 1999.

[18] A. Livraghi-Butrico, E. J. Kelly, K. J. Wilkinson, T. D. Rogers, R. C. Gilmore, J. R. Harkema, S. H. Randell, R.

71



(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

C. Boucher, W. K. O'Neal, and B. R. Grubb, “Loss of Cftr function exacerbates the phenotype of Na(+)
hyperabsorption in murine airways.,” Am. J. Physiol. Lung Cell. Mol. Physiol., vol. 304, no. 7, pp. L469-80,
2013.

R. C. Boucher, “Cystic fibrosis: a disease of vulnerability to airway surface dehydration,” 7rends Mol. Med.,
vol. 13, no. 6, pp. 231-240, 2007.

R. Soferman, “Immunopathophysiologic mechanisms of cystic fibrosis lung disease.,” /sr. Med. Assoc. J., vol.
8, no. 1, pp. 44-48, 2006.

M. a. Mall, S. Y. Graeber, M. Stahl, and Z. Zhou-Suckow, “Early cystic fibrosis lung disease: Role of airway
surface dehydration and lessons from preventive rehydration therapies in mice,” /nt. J. Biochem. Cell Biol.,
vol. 52, pp. 174-179, 2014.

A. A. Pezzulo, X. X. Tang, M. J. Hoegger, M. H. A. Alaiwa, S. Ramachandran, T. O. Moninger, P. H. Karp, C.
L. Wohlford-Lenane, H. P. Haagsman, M. van Eijk, B. Banfi, A. R. Horswill, D. A. Stoltz, P. B. McCray, M. J.
Welsh, and J. Zabner, “Reduced airway surface pH impairs bacterial killing in the porcine cystic fibrosis lung.,”
Nature, vol. 487, no. 7405, pp. 109-13, 2012.

A. S. Verkman, Y. Song, and J. R. Thiagarajah, “Role of airway surface liquid and submucosal glands in cystic
fibrosis lung disease,” AJP Cell Physiol., vol. 284, no. 1, pp. C2-C15, 2003.

R. C. Boucher, “New concepts of the pathogenesis of cystic fibrosis lung disease,” Eur. Respir. J., vol. 23,
no. 1, pp. 146-158, 2004.

C. F. Foundation, “Cystic Fibrosis Patient Registry - 2013 Annual Data Report to the Center Directors,”
Bethesda, Maryland, 2014.

S. Moreau-Marquis, B. Stanton, and G. O'Toole, “ Pseudomonas aeruginosa biofilm formation in the cystic
fibrosis airway,” Pulm. Pharmacol. ..., vol. 21, no. 4, pp. 595-599, 2008.

M. Hogardt and J. Heesemann, “Adaptation of Pseudomonas aeruginosa during persistence in the cystic
fibrosis lung,” /nt. J. Med. Microbiol., vol. 300, no. 8, pp. 557-562, 2010.

S. a. Lee, L. a. Gallagher, M. Thongdee, B. J. Staudinger, S. Lippman, P. K. Singh, and C. Manoil, “General
and condition-specific essential functions of Pseudomonas aeruginosa,” Proc. Nafl. Acad. Sci., p.
201422186, 2015.

Z. Vasiljevic, B. Jovcic, I. Cirkovic, and S. Djukic, “An examination of potential differences in biofilm production
among different genotypes of Pseudomonas aeruginosa,” Arch. Biol. Sci., vol. 66, no. 1, pp. 117-121, 2014.

Q. Cao, Y. Wang, F. Chen, Y. Xia, J. Lou, X. Zhang, N. Yang, X. Sun, Q. Zhang, C. Zhuo, X. Huang, X. Deng,
C.-G. Yang, Y. Ye, J. Zhao, M. Wu, and L. Lan, “A Novel Signal Transduction Pathway that Modulates rhl
Quorum Sensing and Bacterial Virulence in Pseudomonas aeruginosa,” PLoS Pathog., vol. 10, no. 8, p.
€1004340, 2014.

D. J. Hassett, M. D. Sutton, M. J. Schurr, A. B. Herr, C. C. Caldwell, and J. O. Matu, “ Pseudomonas aeruginosa
hypoxic or anaerobic biofilm infections within cystic fibrosis airways,” 7rends Microbiol., vol. 17, no. 3, pp.

130-138, 2009.

N. Haiby, “Recent advances in the treatment of Psevdomonas aeruginosa infections in cystic fibrosis.,” BMC
Med., vol. 9, no. 1, p. 32, 2011.

A. H. John, J. I. a Campbell, P. Jen, D. E. Ohman, and M. Saren, “Virulence Activation in the Cystic Fibrosis
Lung,” no. 1 999, 1999.

72



(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

(44]

(48]

[46]

[47]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

D. Balasubramanian, L. Schneper, H. Kumari, and K. Mathee, “A dynamic and intricate regulatory network
determines Pseudomonas aeruginosa virulence,” Nucleic Acids Res., vol. 41, no. 1, pp. 1-20, 2013.

G. Sigurdsson, R. M. T. Fleming, A. Heinken, and |. Thiele, “A systems biology approach to drug targets in
Pseudomonas aeruginosa biofilm,” PLoS One, vol. 7, no. 4, pp. 1-9, 2012.

K. J. Littlewood, K. Higashi, J. P. Jansen, G. Capkun-Niggli, M. M. Balp, G. Doering, H. a W. M. Tiddens, and
G. Angyalosi, “A network meta-analysis of the efficacy of inhaled antibiotics for chronic Pseudomonas
infections in cystic fibrosis,” J. Cyst. Fibros., vol. 11, no. 5, pp. 419-426, 2012.

S. L. Gellatly and R. E. W. Hancock, “ Pseudomonas aeruginosa. New insights into pathogenesis and host
defenses,” Pathog. Dis., vol. 67, no. 3, pp. 159-173, 2013.

S. L. Hanna, N. E. Sherman, M. T. Kinter, and J. B. Goldberg, “Comparison of proteins expressed by
Pseudomonas aeruginosa strains representing initial and chronic isolates from a cystic fibrosis patient: an
analysis by 2-D gel electrophoresis and capillary column liquid chromatography-tandem mass spectrometry.,”
Microbiology, vol. 146 ( Pt 1, pp. 2495-508, 2000.

S. K. Hansen, M. H. Rau, H. K. Johansen, O. Ciofu, L. Jelsbak, L. Yang, A. Folkesson, H. @. Jarmer, K. Aanaes,
C. von Buchwald, N. Hgiby, and S. Molin, “Evolution and diversification of Pseudomonas aeruginosa in the
paranasal sinuses of cystic fibrosis children have implications for chronic lung infection,” /SME J., vol. 6, no.
1, pp. 31-45, 2012.

N. I. Lore, C. Cigana, |. De Fino, C. Riva, M. Juhas, S. Schwager, L. Eberl, and A. Bragonzi, “Cystic Fibrosis-
Niche Adaptation of Pseudomonas aeruginosa Reduces Virulence in Multiple Infection Hosts,” PLoS One, vol.
7, no. 4, p. e35648, 2012.

Q. Wei, S. Tarighi, A. Dotsch, S. Haussler, M. Misken, V. J. Wright, M. Camara, P. Williams, S. Haenen, B.
Boerjan, A. Bogaerts, E. Vierstraete, P. Verleyen, L. Schoofs, R. Willaert, V. N. de Groote, J. Michiels, K.
Vercammen, A. Crabbé, and P. Cornelis, “Phenotypic and genome-wide analysis of an antibiotic-resistant
small colony variant (SCV) of Pseudomonas aeruginosa,” PLoS One, vol. 6, no. 12, 2011.

C. Winstanley and J. L. Fothergill, “The role of quorum sensing in chronic cystic fibrosis Pseudomonas
aeruginosa infections,” FEMS Microbiol. Lett., vol. 290, no. 1, pp. 1-9, 2009.

P. K. Taylor, A. T. Y. Yeung, and R. E. W. Hancock, “Antibiotic resistance in Pseudomonas aeruginosa biofilms:
Towards the development of novel anti-biofilm therapies,” J. Biofechnol., vol. 191, pp. 121-130, 2014.

M. J. Hoegger, A. J. Fischer, J. D. Mcmenimen, L. S. Ostedgaard, A. J. Tucker, M. A. Awadalla, T. O. Moninger,
A. S. Michalski, A. Eric, J. Zabner, D. A. Stoltz, and M. J. Welsh, “Impaired Mucus Detachment Disrupts
Mucociliary Transport in a Piglet Model of Cystic Fibrosis,” vol. 345, no. 6198, pp. 818-822, 2015.

D. D. Sriramulu, H. Linsdorf, J. S. Lam, and U. Romling, “Microcolony formation: A novel biofilm model of
Pseudomonas aeruginosa for the cystic fibrosis lung,” J. Med. Microbiol., vol. 54, no. 7, pp. 667-676, 2005.

R. Baldan, C. Cigana, F. Testa, |. Bianconi, M. De Simone, D. Pellin, C. Di Serio, A. Bragonzi, and D. M. Cirillo,
“Adaptation of Pseudomonas aeruginosa in cystic fibrosis airways influences virulence of Staphylococcus
aureus in vitro and murine models of co-infection,” PLoS One, vol. 9, no. 3, 2014.

S. S. Yoon, R. Coakley, G. W. Lau, S. V Lymar, B. Gaston, A. C. Karabulut, R. F. Hennigan, S. Hwang, G.
Buettner, M. J. Schurr, J. E. Mortensen, J. L. Burns, D. Speert, R. C. Boucher, and D. J. Hassett, “Anaerobic
killing of mucoid Pseudomonas aeruginosa by acidified nitrite derivatives under cystic fibrosis airway
conditions,” J. Clin. Invest., vol. 116, no. 2, 2006.

73



(48]

[49]

(50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

(60]

(61]

(62]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

L. Yang, L. Jelsbak, and S. Molin, “Microbial ecology and adaptation in cystic fibrosis airways,” Environ.
Microbiol., vol. 13, no. 7, pp. 1682-1689, 2011.

N. Haiby, O. Ciofu, and T. Bjarnsholt, “ Pseudomonas aeruginosa biofilms in cystic fibrosis,” Future Microbiol.,
vol. 5, no. 11, pp. 1663-1674, 2010.

M. Schobert and D. Jahn, “Anaerobic physiology of Pseudomonas aeruginosa in the cystic fibrosis lung,” /nt.
J. Med. Microbiol., vol. 300, no. 8, pp. 549-556, 2010.

D. Worlitzsch, R. Tarran, M. Ulrich, U. Schwab, A. Cekici, K. C. Meyer, P. Birrer, G. Bellon, J. Berger, T. Weiss,
K. Botzenhart, J. R. Yankaskas, S. Randell, R. C. Boucher, and G. Déring, “Effects of reduced mucus oxygen
concentration in airway Pseudomonas infections of cystic fibrosis patients,” J. Clin. /nvest,, vol. 109, no. 3,
pp. 317-325, 2002.

T. Bjarnsholt, P. @. Jensen, M. J. Fiandaca, J. Pedersen, C. R. Hansen, C. B. Andersen, T. Pressler, M.
Givskov, and N. Heaiby, “ Pseudomonas aeruginosa biofilms in the respiratory tract of cystic fibrosis patients,”
Pediatr. Pulmonol., vol. 44, no. 6, pp. 547-558, 2009.

0. E. Petrova, J. R. Schurr, M. J. Schurr, and K. Sauer, “Microcolony formation by the opportunistic pathogen
Pseudomonas aeruginosa requires pyruvate andpyruvate fermentation,” Mol. Microbiol., vol. 86, no. 4, pp.
819-835, 2012.

R. Singh, P. Ray, A. Das, and M. Sharma, “Role of persisters and small-colony variants in antibiotic resistance
of planktonic and biofilm-associated Staphylococcus aureus. An in vitro study,” J. Med. Microbiol., vol. 58,
no. 8, pp. 1067-1073, 2009.

B. R. Borlee, A. D. Goldman, K. Murakami, R. Samudrala, D. J. Wozniak, and M. R. Parsek, “ Pseudomonas
aeruginosa uses a cyclic-di-GMP-regulated adhesin to reinforce the biofilm extracellular matrix,” Mol.
Microbiol., vol. 75, no. 4, pp. 827-842, 2010.

P. Nadal Jimenez, G. Koch, J. a. Thompson, K. B. Xavier, R. H. Cool, and W. J. Quax, “The Multiple Signaling
Systems Regulating Virulence in Pseudomonas aeruginosa,” Microbiol. Mol. Biol. Rev., vol. 76, no. 1, pp. 46—
65, 2012.

S. HauBler, |. Ziegler, A. Léttel, F. V. Gotz, M. Rohde, D. Wehmhohner, S. Saravanamuthu, B. Timmler, and
|. Steinmetz, “Highly adherent small-colony variants of Pseudomonas aeruginosa in cystic fibrosis lung
infection,” J. Med. Microbiol., vol. 52, no. 4, pp. 295-301, 2003.

S. HauBler, B. Tummler, H. WeiBbrodt, M. Rohde, and I. Steinmetz, “Small-Colony Variants of Pseudomonas
aeruginosa in Cystic Fibrosis,” Clin. Infect. Dis., 1999.

T. Vinckx, Q. Wei, S. Matthijs, and P. Cornelis, “The Pseudomonas aeruginosa oxidative stress regulator OxyR
influences production of pyocyanin and rhamnolipids: Protective role of pyocyanin,” Microbiology, vol. 156,
no. 3, pp. 678-686, 2010.

C. C. Caldwell, Y. Chen, H. S. Goetzmann, Y. Hao, M. T. Borchers, D. J. Hassett, L. R. Young, D. Mavrodi, L.
Thomashow, and G. W. Lau, “Pseudomonas aeruginosa exotoxin pyocyanin causes cystic fibrosis airway
pathogenesis.,” Am. J. Pathol., vol. 175, no. 6, pp. 2473-2488, 2009.

A. Price-Whelan, L. E. P. Dietrich, and D. K. Newman, “Rethinking ‘secondary’ metabolism: physiological
roles for phenazine antibiotics.,” Nat. Chem. Biol., vol. 2, no. 2, pp. 71-78, 2006.

T. Das and M. Manefield, “Pyocyanin Promotes Extracellular DNA Release in Pseudomonas aeruginosa,”
PLoS One, vol. 7, no. 10, 2012,

74



(63]

(64]

(65]

(66]

(671

(68]

(691

[70]

[71]

[72]

(73]

(74]

[75]

[76]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

L. Allen, D. H. Dockrell, T. Pattery, D. G. Lee, P. Cornelis, P. G. Hellewell, and M. K. B. Whyte, “Pyocyanin
production by Pseudomonas aeruginosa induces neutrophil apoptosis and impairs neutrophil-mediated host
defenses in vivo.,” J. /mmunol., vol. 174, no. 6, pp. 3643-3649, 2005.

S. M. Bianchi, L. R. Prince, K. McPhillips, L. Allen, H. M. Marriott, G. W. Taylor, P. G. Hellewell, |. Sabroe, D.
H. Dockrell, P. W. Henson, and M. K. B. Whyte, “Impairment of apoptotic cell engulfment by pyocyanin, a
toxic metabolite of Pseudomonas aeruginosa,” Am. J. Respir. Crit. Care Med., vol. 177, no. 1, pp. 35-43,
2008.

T. S. Murray, M. Ledizet, and B. I. Kazmierczak, “Swarming motility, secretion of type 3 effectors and biofilm
formation phenotypes exhibited within a large cohort of Pseudomonas aeruginosa clinical isolates,” J. Med.
Microbiol., vol. 59, no. 5, pp. 511-520, 2010.

M. H. Rashid and a Kornberg, “Inorganic polyphosphate is needed for swimming, swarming, and twitching
motilities of Pseudomonas aeruginosa.,” Proc. Natl. Acad. Sci. U. S. A., vol. 97, no. 9, pp. 4885-4890, 2000.

L. L. Burrows, “Twitching Motility: Type IV Pili in Action,” Annu. Rev. Microbiol., vol. 66, no. 1, pp. 493-520,
2012.

E. Amiel, R. R. Lovewell, G. a. O'Toole, D. a. Hogan, and B. Berwin, “Pseudomonas aeruginosa evasion of
phagocytosis is mediated by loss of swimming motility and is independent of flagellum expression,” /nfect.
Immun., vol. 78, no. 7, pp. 2937-2945, 2010.

E. Mahenthiralingam and D. P. Speert, “Nonopsonic phagocytosis of Pseudomonas aeruginosa by
macrophages and polymorphonuclear leukocytes requires the presence of the bacterial flagellum,” /nfect.
Immun., vol. 63, no. 11, pp. 4519-4523, 1995.

E. Deligianni, S. Pattison, D. Berrar, N. G. Ternan, R. W. Haylock, J. E. Moore, S. J. Elborn, and J. S. G.
Dooley, “Pseudomonas aeruginosa cystic fibrosis isolates of similar RAPD genotype exhibit diversity in biofilm
forming ability in vitro.,” BMC Microbiol., vol. 10, p. 38, 2010.

G. Borriello, E. Werner, F. Roe, A. M. Kim, G. D. Ehrlich, and P. S. Stewart, “Oxygen Limitation Contributes
to Antibiotic Tolerance of Pseudomonas aeruginosa in Biofilms Oxygen Limitation Contributes to Antibiotic
Tolerance of Pseudomonas aeruginosain Biofilms,” Antimicrob. Agents Chemother., vol. 48, no. 7, pp. 2659-
2664, 2004.

D. Hill, B. Rose, A. Pajkos, M. Robinson, P. Bye, S. Bell, M. Elkins, B. Thompson, C. MacLeod, S. Aaron, and
C. Harbour, “Antibiotic susceptibility of Pseudomonas aeruginosa isolates derived from patients with cystic
fibrosis under aerobic, anaerobic, and biofilm conditions,” J. Clin. Microbiol., vol. 43, no. 10, pp. 5085-5090,
2005.

C. Lopez-Causape, E. Rojo-Molinero, X. Mulet, G. Cabot, B. Moya, J. Figuerola, B. Togores, J. L. Pérez, and
A. Oliver, “Clonal Dissemination, Emergence of Mutator Lineages and Antibiotic Resistance Evolution in
Pseudomonas aeruginosa Cystic Fibrosis Chronic Lung Infection,” PLoS One, vol. 8, no. 8, pp. 1-8, 2013.

0. Ciofu, L. F. Mandsberg, T. Bjarnsholt, T. Wassermann, and N. Hgiby, “Genetic adaptation of Pseudomonas
aeruginosa during chronic lung infection of patients with cystic fibrosis: strong and weak mutators with
heterogeneous genetic backgrounds emerge in mucA and/or lasR mutants.,” Microbiology, vol. 156, no. 4,
pp. 1108-1119, 2010.

A. Oliver, “Mutators in cystic fibrosis chronic lung infection: Prevalence, mechanisms, and consequences for
antimicrobial therapy.,” /nt. J. Med. Microbiol., vol. 300, no. 8, pp. 563-572, 2010.

A. Mena, E. E. Smith, J. L. Burns, D. P. Speert, S. M. Moskowitz, J. L. Perez, and A. Oliver, “Genetic adaptation
of Pseudomonas aeruginosa to the airways of cystic fibrosis patients is catalyzed by hypermutation,” J.

75



(771

(78]

[79]

(80]

(81

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

Bacteriol., vol. 190, no. 24, pp. 7910-7917, 2008.

|. Bianconi, A. Milani, C. Cigana, M. Paroni, R. C. Levesque, G. Bertoni, and A. Bragonzi, “Positive signature-
tagged mutagenesis in Pseudomonas aeruginosa. Tracking patho-adaptive mutations promoting airways
chronic infection,” PLoS Pathog., vol. 7, no. 2, 2011.

J. L. Fothergill, M. J. Ledson, M. J. Walshaw, P. S. McNamara, K. W. Southern, and C. Winstanley,
“Comparison of real time diagnostic chemistries to detect Pseudomonas aeruginosa in respiratory samples
from cystic fibrosis patients,” J. Cyst. Fibros., vol. 12, no. 6, pp. 675-681, 2013.

K. Poole, “Pseudomonas aeruginosa. Resistance to the Max,” Front. Microbiol., vol. 2, no. April, pp. 1-13,
2011.

N. Hoiby, T. Bjarnsholt, M. Givskov, S. Molin, and O. Ciofu, “Antibiotic resistance of bacterial biofilms.,” /nt.
J. Antimicrob. Agents, vol. 35, no. 4, pp. 322-332, 2010.

D. Hayes, D. J. Feola, B. S. Murphy, R. J. Kuhn, and G. a. Davis, “Eradication of Pseudomonas aeruginosa
in an adult patient with cystic fibrosis,” Am. J. Heal. Pharm., vol. 68, no. January 1999, pp. 319-322, 2011.

S. T. Micek, R. G. Wunderink, M. H. Kollef, C. Chen, J. Rello, J. Chastre, M. Antonelli, T. Welte, B. Clair, H.
Ostermann, E. Calbo, A. Torres, F. Menichetti, G. E. Schramm, and V. Menon, “An international multicenter
retrospective study of Pseudomonas aeruginosa nosocomial pneumonia: Impact of multidrug resistance.,”
Crit. Care, vol. 19, no. 1, p. 219, 2015.

0. Lomovskaya, M. S. Warren, A. Lee, R. Fronko, M. Lee, J. Blais, S. Chamberland, T. Renau, R. Leger, S.
Hecker, W. Watkins, K. Hoshino, H. Ishida, V. J. Lee, J. Galazzo, M. a Y. Lee, D. Cho, and T. O. M. Renau,
“Identification and Characterization of Inhibitors of Multidrug Resistance Efflux Pumps in Pseudomonas
aeruginosa: Novel Agents for Combination Therapy Identification and Characterization of Inhibitors of
Multidrug Resistance Efflux Pumps in Pseudomonas a,” Antimicrob. Agents Chemother., vol. 45, no. 1, pp.
105-116, 2001.

B. Henrichfreise, |. Wiegand, W. Pfister, and B. Wiedemann, “Resistance mechanisms of multiresistant
Pseudomonas aeruginosa strains from Germany and correlation with hypermutation,” Anfimicrob. Agents
Chemother., vol. 51, no. 11, pp. 4062-4070, 2007.

E. B. M. Breidenstein, C. de la Fuente-Nufiez, and R. E. W. Hancock, “Pseudomonas aeruginosa: all roads
lead to resistance,” Trends Microbiol., vol. 19, no. 8, pp. 419-426, 2011.

S. Umadevi, N. M. Joseph, K. Kumari, J. M. Easow, S. Kumar, S. Stephen, S. Srirangaraj, and S. Raj,
“Detection of extended spectrum beta lactamases, ampc beta lactamases and metallobetalactamases in
clinical isolates of ceftazidime resistant Pseudomonas aeruginosa.,” Braz. J. Microbiol., vol. 42, no. 4, pp.
1284-8, 2011.

D. M. Livermore, “Of Pseudomonas, porins, pumps and carbapenems,” J. Antimicrob. Chemother., vol. 47,
no. 3, pp. 247-250, 2001.

L. R. Mulcahy, V. M. Isabella, and K. Lewis, “Pseudomonas aeruginosa Biofilms in Disease,” Microb. Ecol.,
vol. 68, no. 1, pp. 1-12, 2013.

F. Cockerill, Performance Standards for Antimicrobial Susceptibility Testing: Twenty-second Informational
Supplement. vol. 32, no. 3. 2012.

T. J. Evans, “Small colony variants of Pseudomonas aeruginosa in chronic bacterial infection of the lung in
cystic fibrosis.,” Future Microbiol., vol. 10, no. 2, pp. 231-239, 2015.

76



[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

A. Henriques, A. |. Freitas, A. Franca, A. Machado, D. Rodrigues, J. C. Bento, K. K. Jefferson, K. M. Thompson,
L. D. R. Melo, M. Martins, N. F. Azevedo, N. Cerca, N. Guimaraes, S. Fontenete, and V. Carvalhais, Biofilm
transcriptomics handbook: Quantifying gene expression from pathogenic bacterial biofilms, 1st ed. Braga,
2011.

M. Aghazadeh, Z. Hojabri, R. Mahdian, M. R. Nahaei, M. Rahmati, T. Hojabri, T. Pirzadeh, and O. Pajand,
“Role of efflux pumps: MexAB-OprM and MexXY(-OprA), AmpC cephalosporinase and OprD porin in non-
metallo-B-lactamase producing Pseudomonas aeruginosa isolated from cystic fibrosis and burn patients,”
Infect. Genet. Evol., vol. 24, pp. 187-192, 2014.

H. Fang, M. Toyofuku, T. Kiyokawa, A. Ichihashi, K. Tateda, and N. Nomura, “The Impact of Anaerobiosis on
Strain-Dependent Phenotypic Variations in Pseudomonas aeruginosa,” Biosci. Biotechnol. Biochem., vol. 77,
no. 8, pp. 1747-1752, 2013.

S. HauBler, “Biofilm formation by the small colony variant phenotype of Pseudomonas aeruginosa,” Environ.
Microbiol., vol. 6, no. 6, pp. 546-551, 2004.

W. Sabra, E.-J. Kim, and A.-P. Zeng, “Physiological responses of Pseudomonas aeruginosa PAO1 to oxidative
stress in controlled microaerobic and aerobic cultures.,” Microbiology, vol. 148, no. Pt 10, pp. 3195-3202,
2002.

C. Alvarez-Ortega and C. S. Harwood, “Responses of Pseudomonas aeruginosa to low oxygen indicate that
growth in the cystic fibrosis lung is by aerobic respiration,” Mol. Microbiol., vol. 65, no. 1, pp. 153-165,
2007.

M. Hogart and J. Heesemann, “Microevolution of Pseudomonas aeruginosa to a Chronic Pathogen of the
Cystic Fibrosis Lung,” Curr. Top. Microbiol. Immunol., vol. 358, pp. 91-118, 2013.

A. Eichner, N. Giinther, M. Arnold, M. Schobert, J. Heesemann, and M. Hogardt, “Marker genes for the
metabolic adaptation of Pseudomonas aeruginosa to the hypoxic cystic fibrosis lung environment,” /nf. J.
Med. Microbiol., vol. 304, no. 8, pp. 1050-1061, 2014.

Y. Wang, S. E. Kern, and D. K. Newman, “Endogenous phenazine antibiotics promote anaerobic survival of
Pseudomonas aeruginosa via extracellular electron transfer,” J. Bacteriol., vol. 192, no. 1, pp. 365-369,
2010.

R. C. Hunter, V. Klepac-Ceraj, M. M. Lorenzi, H. Grotzinger, T. R. Martin, and D. K. Newman, “Phenazine
Content in the Cystic Fibrosis Respiratory Tract Negatively Correlates with Lung Function and Microbial
Complexity,” Am. J. Respir. Cell Mol. Biol., vol. 47, no. 6, pp. 738-745, 2012.

B. Rada and T. L. Leto, “Pyocyanin effects on respiratory epithelium: relevance in Pseudomonas aeruginosa
airway infections,” 7rends Microbiol., vol. 21, no. 2, pp. 73-81, 2013.

L. K. Nelson, M. M. Stanton, R. E. a. Elphinstone, J. Helwerda, R. J. Turner, and H. Ceri, “Phenotypic
diversification in vivo: Pseudomonas aeruginosa gacS- strains generate small colony variants in vivo that are
distinct from in vitro variants,” Microbiology, vol. 156, no. 12, pp. 3699-3709, 2010.

L. Fernandez, E. B. M. Breidenstein, D. Song, and R. E. W. Hancock, “Role of Intracellular Proteases in the
Antibiotic Resistance, Motility, and Biofilm Formation of Pseudomonas aeruginosa,” Antimicrob. Agents
Chemother., vol. 56, no. 2, pp. 1128-1132, 2012.

Y. Li, F. Bai, H. Xia, L. Zhuang, H. Xu, Y. Jin, X. Zhang, Y. Bai, and M. Qiao, “A novel regulator PA5022 (aefA)
is involved in swimming motility, biofilm formation and elastase activity of Pseudomonas aeruginosa,”
Microbiol. Res., vol. 176, pp. 14-20, 2015.

77



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

S. Lai, J. Tremblay, and E. Déziel, “Swarming motility: a multicellular behaviour conferring antimicrobial
resistance,” Environ. Microbiol., vol. 11, no. 1, pp. 126-136, 20009.

L. M. G. Bui, P. Hoffmann, J. D. Turnidge, P. S. Zilm, and S. P. Kidd, “Prolonged Growth of a Clinical
Staphylococcus aureus Strain Selects for a Stable Small-Colony-Variant Cell Type,” /nfect. Immun., vol. 83,
no. 2, pp. 470-481, 2015.

S. R. Thomas, a Ray, M. E. Hodson, and T. L. Pitt, “Increased sputum amino acid concentrations and
auxotrophy of Pseudomonas aeruginosa in severe cystic fibrosis lung disease.,” 7horax, vol. 55, no. 9, pp.
795-7, 2000.

M. J. Wargo, M. J. Gross, S. Rajamani, J. L. Allard, L. K. a. Lundblad, G. B. Allen, M. L. Vasil, L. W. Leclair,
and D. a. Hogan, “Hemolytic Phospholipase C Inhibition Protects Lung Function during Pseudomonas
aeruginosa Infection,” Am. J. Respir. Crit. Care Med., vol. 184, no. 3, pp. 345-354, 2011.

L. S. Terada, K. a Johansen, S. Nowbar, a |. Vasil, and M. L. Vasil, " Pseudomonas aeruginosa hemolytic
phospholipase C suppresses neutrophil respiratory burst activity.,” /nfect. Immun., vol. 67, no. 5, pp. 2371-
6, 1999.

M. R. Arabestani, M. Rjabpour, R. Y. Mashouf, M. Y. Alikhani, and S. M. Mousavi, “Expression of Efflux Pump
MexAB-OprM and OprD of Pseudomonas aeruginosa Strains Isolated from Clinical Samples using gRT-PCR,”
Arch. Iran. Med., vol. 18, no. 2, pp. 102-108, 2015.

S. Klaschik, L. E. Lehmann, A. Raadts, M. Book, A. Hoeft, and F. Stuber, “Real-time PCR for detection and
differentiation of gram-positive and gram-negative bacteria.,” J. Clin. Microbiol., vol. 40, no. 11, pp. 4304-7,
2002.

T. Spilker, T. Coenye, P. Vandamme, and J. J. LiPuma, “PCR-based assay for differentiation of Pseudomonas
aeruginosa from other Pseudomonas species recovered from cystic fibrosis patients.,” J. Clin. Microbiol., vol.
42, no. 5, pp. 2074-9, 2004.

P. Costaglioli, C. Barthe, M. Fayon, N. Christoflour, S. Bui, L. Derlich, P. Domblides, M. Crouzet, S. Vilain,
and B. Garbay, “Selection of Pseudomonas aeruginosa reference genes for RT-gPCR analysis from sputum
of cystic fibrosis patients.,” Mol. Cell. Probes, vol. 28, no. 1, pp. 10-2, 2014,

F.-Y. Gong, D.-Y. Zhang, J.-G. Zhang, L.-L. Wang, W.-L. Zhan, J.-Y. Qi, and J.-X. Song, “siRNA-mediated gene
silencing of MexB from the MexA-MexB-OprM efflux pump in Pseudomonas aeruginosa.,” BMB Rep., vol. 47,
no. 4, pp. 203-8, 2014.

S. Westbrock-wadman, D. R. Sherman, J. Mark, S. N. Coulter, Y. Q. Zhu, P. Warrener, Y. Lisa, R. M. Shawar,
K. R. Folger, C. Kendall, M. J. Hickey, Y. a Q. I. Zhu, L. Y. Nguyen, and K. I. M. R. Folger, “Characterization
of a Pseudomonas aeruginosa Efflux Pump Contributing to Aminoglycoside Impermeability ,” vol. 43, no. 12,
pp. 2975-2983, 1999.

H. Savli, A. Karadenizli, F. Kolayli, S. Gundes, U. Ozbek, and H. Vahaboglu, “Expression stability of six
housekeeping genes: A proposal for resistance gene quantification studies of Pseudomonas aeruginosa by
real-time quantitative RT-PCR,” J. Med. Microbiol., vol. 52, no. 5, pp. 403-408, 2003.

78



Pseudomonas aeruginosa diversification during infection development in cystic fibrosis lungs

APPENDIX | = GROWTH KINETICS STATISTICAL ANALYSIS
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Figure Al.2 - Schematic of the significance levels observed between the different checkpoint days, for PAO1, U147016-
1 and ATCC in microaerophilic environment with 5 % O.. Represented with full lines is PAO1 statistical significance
and, with dot-line is represented U147016-1 significance. (* - p<0.05; ** - p<0,01; ***- p<0,001; ****- <0,0001).

AFEROBIOSIS 10%CO2 5% O2 ANAEROBIOSIS —1 %02
] » >
I i i i i i i
Day O Day 1 Day 2 Day 3 Day 5 Day 7 Day 10
I * % %% I
I * %k % I
I *x k% I
............. k35 S
............................ ot O
.
S e H
........................................... e —————
L ]
I_ _______ EEA e e e - = - _I
I * Kk k% I

Figure Al.3 - Schematic of the significance levels observed between the different checkpoint days, for PAO1, U147016-
1 and ATCC in microaerophilic environment with 5 % O.. Represented with full lines is PAO1 statistical significance,
with dot-line U147016-1, and with dashed line, ATCC 39324 significance. (* - p<0.05; ** - p<0,01; ***- p<0,001;

****.<0,0001).
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APPENDIX Il = COLONY MORPHOLOGY CLASSIFICATION SYSTEM

Table All.1 - Morphological criteria of colony classification system

Class Sub-class Class Sub-class
Form Circular Sheath Absent
Elliptical Present
Erose
Filamentous Opacity Iridescent
Irregular Opaque
Rhizoid Translucent
Transparent
Margin Entire
Filamentous Elevation Convex
Irregular Crateriform
Lobate Flat
Undulate Pulvinate
Raised
Surface Heterogeneous Umbonate
Homogeneous
Consistency Brittle
Texture Concentric Dry
Rugose Moist
Smooth Mucoid
Striated Viscous
Wrinkled
Size Large
Opacity Iridescent
Opaque
Translucent Small
Transparent
Colour White
Elevation Convex Yellow
Crateriform Yellowish
Flat Green
Pulvinate Diameter
Raised
Umbonate
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Table All.2 - Morphological Concepts

Term Concept Synonymous
Moist Form feature inhering in a colony by virtue to present a | Round
configuration of a circumference or a circle due to any
point of the edge be equidistant from the center
Elliptical Form feature inhering in a colony by virtue to present a | Elliptic, ellipsoid,
oval configuration with two axes of symmetry, as | ellipse-shaped,
produced by a conical section oval, ovoid
Erose Form feature inhering in a colony by virtue of having an | Jagged, toothed,
irregularly toothed shape notched,
serrated,
dentated
Filamentous Form feature inhering in a colony by virtue of having
filamentous extensions at its edge
Irregular Morphological feature inhering in a colony by virtue of not
having any distinguishable configuration
Rhizoid Form feature inhering in a colony by virtue of having | rhizoidal
extensions radiating from its center
Entire Margin feature inhering in a colony by virtue of having a
straight well-defined line border without irregularities or
other projections
Lobate Margin feature inhering in a colony by virtue of having | Lobular
deeply undulating edges forming lobes
Undulate Margin feature inhering in a colony by virtue of having a | Rippled, sinuate,
sinuate and rippled margin undulated,
undulating,
waved, wavy
Heterogeneous | Surface feature inhering in a colony by virtue of having

more than one type of texture
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Term Concept Synonymous

Homogeneous | Surface feature inhering in a colony by virtue of having | Uniform
only one type of texture

Concentric Texture feature inhering in a colony by virtue of having | Concentrical
vertical irregularities in a configuration of a
circumference or a circle

Rugose Texture feature inhering in a colony by virtue of having | Rough, rugous
small vertical irregularities

Smooth Texture feature inhering in a colony by virtue of having a
surface free of roughness or vertical irregularities

Striated Texture feature inhering in a colony by virtue of having
vertical irregularities marked by narrow lines or grooves,
usually parallel

Wrinkled Texture feature inhering in a colony by virtue of having
large vertical irregularities

(sheath) Morphological quality inhering in a colony by virtue of not

absence having a sheath around the colony

(sheath) Morphological quality inhering in a colony by virtue of

presence having a sheath around the colony

Iridescent Optical quality inhering in a colony by virtue of changing
colour as the angle of view changes

Opaque Optical quality inhering in a colony by virtue of not

Translucent

Transparent

transmitting or reflecting light or radiant energy

Optical quality inhering in a colony by virtue of exhibiting
low opacity

Optical quality inhering in a colony by virtue of lacking
opacity
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Term Concept Synonymous
Convex Elevation feature inhering in a colony by virtue of the
surface curves or bulges outward, like the exterior of a
circle or sphere
Crateriform Elevation feature inhering in a colony by virtue of the
surface becoming plane with a crater or a hold or a cavity
Flat Elevation feature inhering in a colony by virtue of the | Flattened,
surface becoming more extended in a plane compressed
Pulvinate Elevation feature inhering in a colony by virtue of the
surface being shaped like a cushion or has a marked
convex cushion-like form
Raised Elevation feature inhering in a colony by virtue of the | rounded out,
surface becoming rounded out embossed, lifted
Umbonate Elevation feature inhering in a colony by virtue of the
surface having a rounded knob or knoblike protuberance
Brittle Consistency quality inhering in a colony by virtue of the
shattering easily
Dry Consistency quality inhering in a colony by virtue of not
being covered by a liquid
Wrinkled Texture feature inhering in a colony by virtue of having
large vertical irregularities
(sheath) Morphological quality inhering in a colony by virtue of not
absence having a sheath around the colony
(sheath) Morphological quality inhering in a colony by virtue of
presence having a sheath around the colony
Iridescent Optical quality inhering in a colony by virtue of changing

colour as the angle of view changes
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Term Concept Synonymous
Opaque Optical quality inhering in a colony by virtue of not
transmitting or reflecting light or radiant energy
Translucent Optical quality inhering in a colony by virtue of exhibiting
low opacity
Transparent Optical quality inhering in a colony by virtue of lacking
opacity
Convex Elevation feature inhering in a colony by virtue of the
surface curves or bulges outward, like the exterior of a
circle or sphere
Crateriform Elevation feature inhering in a colony by virtue of the
surface becoming plane with a crater or a hold or a cavity
Flat Elevation feature inhering in a colony by virtue of the | Flattened,
surface becoming more extended in a plane compressed
Pulvinate Elevation feature inhering in a colony by virtue of the
surface being shaped like a cushion or has a marked
convex cushion-like form
Raised Elevation feature inhering in a colony by virtue of the | rounded out,
surface becoming rounded out embossed, lifted
Umbonate Elevation feature inhering in a colony by virtue of the
surface having a rounded knob or knoblike protuberance
Brittle Consistency quality inhering in a colony by virtue of the
shattering easily
Dry Consistency quality inhering in a colony by virtue of not

being covered by a liquid
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APPENDIX |Il — COLONY MORPHOLOGICAL CHARACTERIZATION

Table Alll.1 -Colony morphological characterization of P. aeruginosa morphotypes observed in this study. Characterization was performed based on colony morphology classification system

Form Margin Surface Texture Sheath Opacity Elevation Consistency Size Colour Surface Elements

PAO1

MTO2 | Circular Undulate Homogeneous Rugose Present Opaque Flat Dry Large Yellow None

MT17 | Circular Undulate Homogeneous Rugose Present Opaque Flat Moist Large Yellow None

MT24 | Circular Undulate Homogeneous Smooth Present Opaque Flat Dry Small  Yellow None

MT25 | Circular Undulate Homogeneous Smooth Absent Opaque Flat Dry Small  Yellow None
U147016-1

MT14 | Circular Entire  Homogeneous Rough  Present Iridescent Flat Dry Large Green None

MTO5 | Irregular Undulate  Homogeneous Rough  Absent Opaque Flat Dry Small  Green None

MTO7 | Circular Entire  Homogeneous Rough  Absent Opaque Flat Dry Small  Green None
ATCC 39324

MTO1 | Circular Undulate Homogeneous Smooth Present Opaque Raised Mucoid Large Yellow None

MT12 | Irregular Undulate Homogeneous Rough  Present Transparent Flat Dry Large Brown Present

MT23 | Circular Undulate Homogeneous Rugose Present Opaque Flat Dry Large Yellow None

MT22 | Circular Undulate Homogeneous Smooth Present Opaque/Transparent Flat Dry/Mucoid Large Yellow None
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APPENDIX |V — COLONY MORPHOTYPES

Table AIV.1 - P. aeruginosa colony morphotypes observed during the present study

PAO1
MTO2 MT17 MT24 MT25
U147016-1
MT14 MTO5 MTO7
ATCC 39324
MTO1
MT12 MT22 MT23
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