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Abstract
The high mortality rate amongst people with cystic fibrosis (CF) is associated with the
incidence of lung disease. Pseudomonas aeruginosa is the most common pathogen
isolated from the CF lung, and the environmental conditions drive adaptations leading
to a chronic, biofilm infection that is highly resistant to antibiotics. Research is limited
by the lack of a laboratory model that accurately recapitulates all aspects of human
infection. This thesis has focused on development of an ex vivo pig lung (EVPL) model to
further understand P. aeruginosa infection in the CF lung, using pig bronchiolar tissue
and synthetic cystic fibrosis sputum media (SCFM).

Virulence factor assays demonstrated that P. aeruginosa virulence was at low levels in
the EVPL model. Histological staining showed the P. aeruginosa biofilm on the surface of
the tissue had an architecture comparable to patient biopsies, not observed in in vitro

models. RNA-sequencing was then performed, and a distinction in P. aeruginosa gene
expression in SCFM compared with the EVPL model was found. P. aeruginosa expression
of quorum sensing genes was reduced in the EVPL biofilm, also observed in studies
comparing CF sputum with in vitro growth. These findings demonstrated that the EVPL
model facilitated a chronic-like P. aeruginosa infection. Investigation of the P. aeruginosa
transcriptome over time in the EVPL biofilm provided further insight into infection
dynamics and future optimisation for long term infection. Burkholderia cenocepacia and
Burkholderia multivorans were then introduced and it was shown that the EVPL model
is also suitable for their growth, and to explore interactions during mixed infection with
P. aeruginosa.

The EVPL model has been shown to capture key aspects of P. aeruginosa chronic biofilm
infection in the CF lung. It can now be used to better understand these infections, and as
a diagnostic and drug testing platform to improve treatment outcomes.
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Chapter 1
Introduction
1.1 Cystic Fibrosis
1.1.1 Overview
The autosomal recessive genetic condition cystic fibrosis (CF) has been extensively
studied since it was first described in 1938 as a disease of the pancreas. It was originally
characterised by mucus plugs found in the glandular ducts of young children during
post mortems (Davis, 2012). It is now known to affect ~70,000 people around the
world, predominantly amongst Caucasian people, although the known prevalence is
increasing in other populations as diagnostics and reporting improve (Elborn, 2016).
In 2017, there were more than 10,000 people in the UK alone registered with CF
(Charman et al., 2018). There are a number of clinical presentations now known to be
associated including cirrhosis, pancreatic exocrine dysfunction and diabetes, intestinal
obstructions, increased sweat chloride concentration, and arguably the most important:
infection and inflammation of the lungs and sinuses (Cutting, 2015). The associated
morbidities and mortalities are predominantly caused by CF lung disease due to the
progressive bronchiectasis, increased inflammation, and high incidence of chronic
bacterial infections (Stoltz et al., 2015). CF has the highest mortality rate of all human
genetic conditions (Aali et al., 2017), thus the associated lung disease is an important
research focus.

CF is caused by mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene that have been divided into six categories based on the type of mutation
(Table 1.1). There has been around 2,000 different CFTR variants reported, however not
all have been associated with the presentation of disease. The clinical and functional
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translation of CFTR project identified 127 variants as pathogenic, and showed that
the severity of disease depended on the variant (Sosnay et al., 2013). Hence, not all
CFTR mutations result in the same clinical presentation, and there are differences
between each mutation category. Briefly, the mutations cause a loss of the chloride and
bicarbonate transport mediated by CFTR. There have been other effects found, including
loss of inhibition of epithelial Na+ channel-mediated sodium absorption (Stoltz et al.,
2015).

Table 1.1: The six categories of cystic fibrosis (CF) mutations. The mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene that cause CF are divided into six different categories,
listed in the table. The defect caused by each CFTR mutation type is shown, as well as the effect of each
defect. Information was sourced from Elborn (2016) and Hine et al. (2020).
Category CFTR defect Effect
I Non-functional CFTR protein is no longer produced (caused by stop codons

in the gene).
II Trafficking Mutations affect CFTR processing in the endoplasmic

reticulum.
III Channel regulation The opening of the CTFR protein is impaired.
IV Channel function Reduction of chloride ions passing through the CFTR

protein channel.
V Synthesis A reduced production of CFTR protein.
VI Stability Poor stability of CFTR, so there is less of the protein at the

cell surface.

The ongoing research into the mutations that cause CF, and their effects, has led to
massive advancements in treatment options, improved quality of life, and an overall
better outlook for people with CF. When first reported in the 1930s, many individuals
with CF did not survive past 6 months (Davis, 2012). However, the median age of survival
amongst Caucasian populations is now between 44 to 52 (McBennett et al., 2021).
Although drastically increased, this is still much lower than the life expectancy for people
without CF; people in the UK are now expected to live to an average age of between 79
to 83 (Buxton, 2021). Therefore, there are still improvements to treatment options to be
made.

Typically treatments for CF and the associated symptoms have included genetic
screening, antibiotics for the chronic lung infections, and often lung transplants.
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However in recent years CFTR modulators have become a predominant focus of
research. They target the underlying cause of CF, the CFTR protein, and restore the loss
of chloride transport, which has dramatically improved patient outcomes (Hine et al.,
2020). There have been different modulators developed for the different categories
of CFTR mutation, such as tezacaftor, elexacaftor, lumacaftor, and ivacaftor (Laselva
et al., 2021). Most notable is the recently approved elexacaftor-tezacaftor-ivacaftor
combination therapy, known as Kaftrio. It is suitable for the mutations in ~90% of people
with CF and has been associated with improved lung function (Ridley and Condren,
2020). However, there are still ~10% of people with CF for which this treatment is not
effective, thus there is ongoing research into othermolecular targets (Laselva et al., 2021).

Despite the promising results, there are a number of concerns with these treatments;
they are expensive and there have been restrictions on access. In the UK, there was a
significant delay in gaining access to Kaftrio caused by extensive negotiations. The health
implications of taking these drugs long term has also not been fully elucidated as they
are so new (Hine et al., 2020). This also means that the effect of CFTR modulators on the
CF lung and the associated infections is not clear. Initial studies indicated that taking
ivacaftor, suitable for the G551D mutation (category III: see Table 1.1), improved lung
function and reduced denisty of the most prevalent CF lung pathogen: Pseudomonas

aeruginosa, in CF sputum. However, there is evidence to suggest that this may not be a
long term effect and may be reversed over time (Kidd, 2017). There are also some people
for which these treatments are not suitable (Laselva et al., 2021), or people with CF who
have extensive lung damage and chronic infection established prior to suitablemodulator
availability. Alongside this, the increasing life expectancy for people with CF brings with
it increased therapeutic challenges from the further complications that arise with ageing
(McBennett et al., 2021). Taking all of this into account, further understanding of the lung
infections of people with CF, and the development of new treatments, is still essential to
improve quality of life and overall outcomes.

1.1.2 Pathogenesis of the CF lung
The CF lung environment is affected by the CFTR mutations; they cause a reduction in
sodium chloride in the airway surface liquid (ASL). This results in dehydration of the
airway surface and defective mucociliary clearance, which leads to an accumulation
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of mucus (Clunes and Boucher, 2007). The mucus produced in the respiratory tract of
someone with CF is thick, sticky, and salty compared with a non-CF lung (Riordan et al.,
1986; Welsh et al., 2001; Stoltz et al., 2015; Bhagirath et al., 2016). There is increased
adhesion of this mucus to the surface of the airways, leading to the formation of
mucus ‘plugs’ (Boucher, 2007). These mucus plugs are ideal environments for microbial
infection, known to reduce quality of life and increase mortalities (Cutting, 2015; Aali
et al., 2017; Moore and Mastoridis, 2017). The mucus build up initiates pathogenesis
of the CF lung, and likely drives inflammation and the subsequent microbial infections
(Boucher, 2007).

There have been observations of inflammation in the lungs of infants with CF prior to
any established microbial infection, likely caused by the condition itself (Boucher, 2007;
Bragonzi et al., 2018). Chronic inflammation induces damage to the airway epithelium,
which increases the risk of respiratory infections (Henderson et al., 2014). Airway
epithelium damage is linked to remodelling of the airway, regulated by the airway
epitehlial cells following regeneration. Remodelling worsens the defective mucocillary
clearence, thus increasing mucus build up (Adam et al., 2015). The incidence of infection
further increases inflammation. Following establishment of chronic infection with P.

aeruginosa, there is an increase in pro-inflammatory cytokine production and reduced
production of interleukin-10 (IL-10), an anti-inflammatory cytokine. This leads to
heightened, persistant inflammation of the airways and thus accelerated lung function
decline (Heijerman, 2005). Therefore, whilst the decline in lung function supports
bacterial growth, it is also further caused by it.

One of the key distinctions between the CF lung and a non-CF lung is the density of
microbes in the lower respiratory tract. The innate immune response ensures the lower
respiratory tract of non-CF individuals remains relatively sterile (Bhagirath et al., 2016).
It has recently been shown that the lower respiratory tract of people with CF is colonised
by a number of pathogens and the lung microbiota, including species of the genera
Streptococcus, Prevotella, and Neisseria (Surette, 2014). Following pathogen infection,
often regarded as inevitable, progressive bronchiectasis occurs in the CF lung. This is the
widening of the bronchi, and it is a key symptom of CF (Stoltz et al., 2015). As shown
in Figure 1.1, widening of the bronchi is seen in young children and becomes established
over time. Once established, it is considered to be the endpoint of CF lung disease and
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increases the risk of periods of exacerbation, whereworsened symptoms are experienced
(Stick et al., 2013).

Cystic Fibrosis Lifetime

0 – 10 years

10 – 20 years

20 – 35 years

35 + years

• Early mucus 
plugging

• Bronchiectasis • Established 
bronchiectasis

• Established 
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pneumothorax
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Figure 1.1: The timeline of progression of Cystic Fibrosis (CF) lung disease and microbial infection.
The diagram outlines the airway symptoms observed at each stage of life for people with CF, and the
predominant infections at each of these stages. Other Gram negative infections from 20 years old include
the Burkholderia cepacia complex (Bcc). The figure was created using information from Elborn (2016).

There is also a change in the most common pathogens found in the CF lung over time
(Figure 1.1). Children with CF are most likely to experience stable Staphylococcus aureus
and Haemophilus influenzae infections, then become intermittently infected with P.

aeruginosa later in life (Elborn, 2016). Eventally P. aeruginosa becomes the dominant
pathogen in the lungs of more than 50% of people with CF, alongside infection with other
Gram negative pathogens such as the Burkholderia cepacia complex (Bcc) (O’Brien and
Fothergill, 2017). The cause of this change in microbial community composition, and its
association with the CF lung environment, is not fully understood.
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1.2 Pseudomonas aeruginosa and cystic fibrosis
1.2.1 Overview
P. aeruginosa is an opportunistic pathogen that predominantly affects individuals with
existing health concerns. It is amongst the most common causes of hospital-acquired
infections including wound and burn infections, urinary tract infections, sepsis, and
hospital-acquiried pneumonia (Berube et al., 2016). P. aeruginosa also poses a significant
risk to thosewho are immunocompromised, such as individuals with cancer, AIDS, people
with indwelling medical devices, and those with the genetic condition CF (Diggle and
Whiteley, 2020). The species are Gram negative, facultative aerobes that have been
isolated from a diverse range of environments. P. aeruginosa uses nitrate and arginine
to survive in anoxic conditions, and can use more than 100 organic molecules as sources
of energy, as well as being able to survive at temperatures as low as 4 °C and up to 42
°C (Diggle and Whiteley, 2020). This versatility means P. aeruginosa is able to survive in
different environmental conditions.

As mentioned, P. aeruginosa is the most prevalent pathogen of the CF lung. In fact,
three quarters of adults with CF will be infected with P. aeruginosa during their
lifetime, either transiently or as a chronic infection (Surette, 2014; Sanders and Fink,
2016). Chronic P. aeruginosa infections persist for years and are the stage of infection
associated with the rapid lung function decline observed, worsened disease outcomes,
and increased mortality rates (Nixon et al., 2001; Konstan et al., 2007; Lund-Palau
et al., 2016). The conditions in the CF lung are largely responsible for these outcomes
and drive P. aeruginosa evolutionary adaptations that make it almost impossible to
eradicate. These include biofilm formation, increased antimicrobial resistance, and high
intraspecies diversity (Winstanley et al., 2016). Hence, the infection environment is key
to understanding chronic P. aeruginosa infections of the CF lung.

Upon initial colonisation, P. aeruginosa infection of the CF lung is comparable to
acute infections; it is highly motile, and produces a range of virulence factors (Broder
et al., 2016). There is a transition to chronic infection over time; although the exact
mechanisms involved in this switch in lifestyle are not fully understood, there are a
number of pathways that have been associated (Figure 1.2). The global regulatory gene
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gacA regulates virulence factor production including lipases, pyocyanin, and cyanide,
and has been linked to the switch from acute to chronic infection and the reduction
in virulence factor production observed (Reimmann et al., 1997). The GacA-GacS
regulatory system is also associated the RsmA/RsmZ system; the small ribonucleic acid
(RNA)-binding protein RsmA is essential for the production of lipases, swarming motility,
and rhamnolipid biosynthesis during acute infection and thus loss of this protein results
in a loss of virulence (Heurlier et al., 2004). The gene retS is also an important regulator,
which represses expression of genes encoding biofilm exopolysaccharide production and
promotes virulence factors including the Type III secretion system, thus associated with
the initial acute infection (Goodman et al., 2004). The adaptations conferring loss of
virulence are likely due to the numerous environmental pressures including osmotic
stress, the host inflammatory response, and antibiotic treatments (Winstanley et al.,
2016). As shown in Figure 1.2, the conditions in the CF lung result in downregulation
of acute infection phenotypes and upregulation of chronic infection characteristics,
involving the two-component systems and regulators shown. The establishment of a
chronic P. aeruginosa infection, particularly the formation of a biofilm, mean many
antibiotics become ineffective (Mah and O’Toole, 2001).
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Figure 1.2: Pseudomonas aeruginosa switch from acute infection to chronic infection in the cystic fibrosis
(CF) lung. The conditions in the CF lung that drive the switch in P. aeruginosa infection lifestyle are shown
with the cause in brackets and bold font, as well as the genes known to cause this change listed in the
acute-chronic switch box. The virulence factors and phenotypes associated with each infection type are
shown; the characteristics of acute infection are downregulated in the CF lung and the characteristics of
chronic infection upregulated. The two virulence factors in the yellow bubble (pyocyanin and hydrogen
cyanide production) are likely to be produced during both stages of infection. The figure was created using
information fromWinstanley et al. (2016).

People with CF experience acute pulmonary exacerbations where symptoms are
worsened, including increased sputum production, reduced energy, and a decline in lung
function. There is also an increase in the concentration of P. aeruginosa in the CF lung
during exacerbation (Goss and Burns, 2007). The cause is not known, however acute
exacerbations result in increased mortality and morbidity, and P. aeruginosa exhibits
increased virulence reminiscent of acute infection (Langan et al., 2015). Interestingly,
it has been shown that there is no change in P. aeruginosa antibiotic susceptibility,
and there is no significant association with the acquisition of new P. aeruginosa strains
(Aaron et al., 2003). Thus, there is a change in P. aeruginosa virulence-associated gene
expression rather than increased virulence caused by newly colonising strains. There
has also been identification of sub-populations amongst chronic P. aeruginosa infection
communities that exhibit high virulence (O’Brien et al., 2017). Therefore, the expression
of virulence factors is complex in the CF lung and may not be downregulated across the
whole infection population. It has been suggested that rather than a complete drive to
reduced virulence, theremay be alterations in virulence strategies (Bragonzi et al., 2009).

24



As shown in Figure 1.2 P. aeruginosa possess multiple virulence strategies, a number of
which have been investigated in this thesis and will thus be further discussed.

1.2.2 Extracellular proteases
P. aeruginosa produces a number of exoproducts during early, acute infection of the CF
lung such as extracellular proteases. These include type VI protease, the P. aeruginosa

small protease, MucD, alkaline protease, large exoprotease A, and the elastases LasA
and LasB (Jurado-Martín et al., 2021). During acute infection, extracellular proteases
damage the host lung tissue and modulate the inflammatory response, hence protease
inhibitors have been developed to reduce lung inflammation (Sandri et al., 2018). The
LasB elastase is regarded as the principal extracellular virulence factor due to its ability
to disrupt host mechanisms of bacterial clearance, facilitate P. aeruginosamodifications
for immune evasion, and its involvement in biofilm formation (Jurado-Martín et al.,
2021). Many of these functions are important for initial infection of the CF lung, however
it has been shown that there is a loss of secreted proteases over time caused by the
accumulation of mutations during adaptation to the CF lung (Smith et al., 2006).

There is high diversity within a chronic P. aeruginosa biofilm population in the lungs of
people with CF, and this includes protease production. O’Brien et al. (2017) found that
although overall P. aeruginosa chronic isolates produced less protease, specifically LasA,
than the laboratory strain P. aeruginosa LESB58, loss of production was not ubiquitous
among P. aerugonisa isolates in an individual. LasA is a zinc metalloendopeptidase,
and is involved in disruption of the host epithelial barrier, which enhances colonisation
and promotes survival (Winstanley and Fothergill, 2009). It has been associated with
increased antibiotic resistance, and is also known as staphylolysin as it lyses S. aureus cells
(Jurado-Martín et al., 2021). The role of proteases inmultispecies interactionsmay also be
important for colonisation. As shown in Figure 1.1, P. aeruginosa infection typically follows
S. aureus infection. Therefore, lysis of S. aureus may further facilitate infection. Hence,
the production of extracellular proteases is a key infection characteristic of P. aeruginosa.

1.2.3 Siderophores
Iron uptake and the production of siderophores is another key factor of P. aeruginosa
infection in the CF lung. P. aeruginosa requires iron for growth, and iron-sequestering
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behaviour has been linked to its ability to survive in different ecological niches. There is
an abundance of extracellular iron in CF sputum, which is positively correlated with the
incidence of chronic P. aeruginosa infection (Reid et al., 2007). P. aeruginosa iron uptake
systems include production of the iron-chelating siderophores pyoverdine (PVD) and
pyochelin (PCH), TonB-dependent receptors that uptake ferrisiderophores, heme uptake,
and using siderophores produced by other bacterial species (xenosiderophores) (Cornelis
and Dingemans, 2013). The different iron uptake strategies have been associated with
each stage of P. aeruginosa infection in the CF lung. Konings et al. (2013) showed that
there is reduced expression of P. aeruginosa siderophore and heme uptake genes in
CF sputum compared with in vitro growth. More specifically, PVD and PCH -associated
gene expression was either not detectable or at very low levels in sputum samples.
It was concluded that P. aeruginosa changes its iron uptake mechanism depending
on iron availability over time in the CF lung, and whether it is present as ferric iron,
ferrous iron, or heme (Konings et al., 2013). Consistent with these findings, a lack of PVD
production has been suggested to be indicative of chronic infection, likely due to high
iron availability (Hogardt and Heesemann, 2010). The iron source has also been linked to
CF lung disease progression; ferritin-bound iron as a predominant iron source in the CF
lung has been linked to increased lung damage and bacterial growth (Stites et al., 1998).

Iron scavenging is not the only function of P. aeruginosa siderophores; PVD is also
involved in the regulation of prouction of other virulence factors and is the predominant
iron source required for biofilm formation (Kang and Kirienko, 2018). In a mouse model
for burn wounds, PVD-deficient P. aeruginosa mutants exhibited reduced virulence,
which was restored upon supplementation with PVD (Meyer et al., 1996). More recently,
a mouse model for pulmonary infection was used to demonstrate that defective PVD
production negatively impacts pathogenecity via both iron uptake activity and the
induction of other virulence factors, although PCH had less of an effect (Minandri et al.,
2016). PVD is able to regulate its own production, acting as a signallingmolecule, but also
production of the proteases exotoxin A and PrpL (Lamont et al., 2002). This is a result of
its role as a determinant for PvdS activity, which is an alternate sigma factor involved in
the regulation of gene expression for a number of secreted virulence factors (Kang and
Kirienko, 2018). Hence P. aeruginosa siderophores, particularly PVD, play an integral role
in the formation of a chronic, biofilm infection.
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1.2.4 Biofilm formation
A biofilm consists of aggregates of microbial cells surrounded by a self-produced matrix
that is composed of lipids, proteins, nucelic acids, and polysaccharides (Flemming and
Wingender, 2010). The establishment of a chronic P. aeruginosa infection in the CF
lung is predominantly characterised by the formation of a biofilm. The biofilm becomes
embedded in mucus plugs in the airways and persists for years, often for an individuals
entire lifetime (Bjarnsholt et al., 2009). P. aeruginosa biofilm formation is largely affected
by the ecological niche in which it exists, for example the presence of immune cells has
been indicated to play a pivotal role in P. aeruginosa entering a biofilm lifestyle in the
CF lung (Roberts et al., 2015). Thus many aspects of in vivo biofilms are not captured
by in vitro models, such as the biofilm architecture which will be explored later in the
introduction (section 1.3.1). In vitro models suggested that a P. aeruginosa biofilm is
homogenous (Kragh et al., 2019), however in vivo this is not the case (Bjarnsholt et al.,
2009). This is important for the development of novel treatments and determination of
antibiotic susceptibility profiles. The biofilm is involved in antibiotic resistance and there
has been different resistance phenotypes observed for in vitro biofilms compared with
human infection (Müsken et al., 2017). This has resulted in poor correlation between
the clinical outcomes following antibiotic treatment, and the results of in vitro antibiotic
susceptibility testing (Smith et al., 2003; Hurley et al., 2012).

The main structural components of the P. aeruginosa biofilm are extracellular
deoxyribonucleic acid (DNA), and the three exopolysaccharides: alginate, Psl, and
Pel. Production of alginate results in a mucoid phenotype; it is typically overproduced
by P. aeruginosa CF isolates and contributes to increased antibiotic tolerance (Ghafoor
et al., 2011). It also acts to protect P. aeruginosa cells from the conditions in the CF lung
(Wozniak et al., 2003), and has been implicated in increased airway inflammation by
inhibiting apoptotic cell clearance by macrophages in the alveoli (McCaslin et al., 2015).
Alginate overproduction has also been linked to the ability of P. aeruginosa and S. aureus
to co-exist in the CF lung. The mucoid phenotype causes a decline in rhamnolipid and
siderophore production, both involved in S. aureus killing (Limoli et al., 2017). However,
non-mucoid isolates are associated with initial colonisation of the CF lung, and in the
laboratory strains P. aeruginosa PAO1 and PA14 alginate is not required for biofilm
formation (Wozniak et al., 2003). Psl has a protective role against the host immune
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response, and has been associated with adherence to epithelial cells. It is also associated
with the mature architecture of a chronic P. aeruginosa biofilm (Mann and Wozniak,
2012). However the strain P. aeruginosa PA14 is deficient in Psl, thus biofilm formation is
dependent on Pel production (Colvin et al., 2011; Xu et al., 2016). As P. aeruginosa PA14
was themain strain studied in this thesis, Pel was the exopolysaccharide of most interest.

The exopolysaccharide Pel cross-links the extracellular DNA in the biofilm, and its positive
charge gives it a distinct ability to interact with components of the biofilm matrix
(Jennings et al., 2015). Hence, it is an integral component of the biofilm structure. Pel
biosynthesis is encoded by an operon made up of seven genes (pelA-F) (Friedman and
Kolter, 2004). As well as being involved in the structure of a P. aeruginosa biofilm, Pel
has been implicated in the protective functions of the biofilm. It has been shown to be
involved in the maintenance of cell-to-cell interactions, to provide the biofilm structural
scaffold, and enhance resistance to aminoglycoside antibiotics (Colvin et al., 2011).

1.2.5 Quorum sensing
Quorum sensing (QS) regulates ~10% of P. aeruginosa genes and is involved in the
regulation of many of the infection traits discussed so far (Diggle and Whiteley, 2020).
QS systems use signalling molecules to regulate gene expression and for cell-to-cell
communication in a cell density-dependent manner, affected by the growth environment
conditions (Chugani et al., 2012). Extracellular signal molecules are produced and either
repress or activate target genes once a threshold of production is reached. This is a
positive feedback loop, with high cell densities causing increased signalling molecule
production and thus increased target gene expression (Williams and Cámara, 2009). P.
aeruginosa uses multiple QS systems and signals to regulate the production of virulence
factors, swarming motility, the expression of efflux pumps, and maturation of the
biofilm (Williams and Cámara, 2009). There are three well described P. aeruginosa

QS sytems. Two of these systems are regulated by acyl homoserine lactones (AHLs):
the LasI-LasR system and RhlI-RhlR (Figure 1.3), and the third is regulated by the
Pseudomonas quinolone signal (PQS) (2-heptyl-3-hydroxy-4-quinolone) and its precursor
2-heptyl-4-quinolone (HHQ) (Kostylev et al., 2019). Each P. aeruginosa QS system, and
how they interact, is further detailed in Figure 1.3.
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Figure 1.3: The three Pseudomonas aeruginosa quorum sensing (QS) systems. Each system is represented
by a different colour; the response regulators are shown by the full size, filled shapes and the QS signalling
molecule synthases shown by the full size, unfilled shapes. For the Pseudomonas quinolone signal
(PQS) system, the gene clusters shown are involved in synthesis. The dashed arrows represent where
the synthase catalyses each signalling molecule, the solid arrows show gene expression activation, and
the blocked lines represent inhibition. Each signalling molecule binds to the corresponding response
regulator as shown. The LasI-LasR and RhlI-RhlR systems use acyl-homoserine lactone signallingmolecules:
3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-L-homoserine lactone (C4-HSL)
respectively. The PQS system involves the signal 2-heptyl-3-hydroxy-4-quinolone (PQS) and its biosynthetic
precursor 2-heptyl-4-quinolone (HHQ). An adaptation of Figure 3 by Lee and Zhang (2015), incorporating
information from Kostylev et al. (2019).

Although QS facilitates growth in diverse environments, it has a metabolic cost. It has
been indicated that some P. aeruginosa strains in the CF lung chronic infection population
may behave as QS cheats, which are signal-blind so cannot respond to the QS signalling
molecules. These cheats do not incur the metabolic cost of producing the signals or
producing exoproducts in response to signals (Diggle et al., 2007). QS is most important
during the initial stages of infection where virulence factor production is high, however
its role in infection is thought to be reduced over time (Winstanley and Fothergill, 2009).
There is an overall loss of QS in P. aeruginosa biofilms in the CF lung as chronic infection
establishes, caused by mutations and associated with the loss of virulence (Hogardt
and Heesemann, 2011). More specifically, there is an accumulation of mutations in
the LasR gene which lead to reduced or no production of the las signalling molecule
3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL), and the associated virulence
factors (Jiricny et al., 2014). QS has been identified as a target for anti-virulence drugs
(Diggle andWhiteley, 2020), as interruption of these systems is likely to reduce virulence
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during early infection andmay prevent chronic infection. However asQS is affected by the
environmental conditions in the CF lung (Chugani et al., 2012), development of effective
drugs requires a model that accurately captures this and the resultant gene expression.

1.2.6 Antimicrobial resistance
One of the main challenges of P. aeruginosa infection is the high incidence of
antimicrobial resistance. P. aeruginosa is one of the World Health Organisation’s ESKAPE
pathogens: Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and Enterobacter species, which are priority pathogens
for which new antimicrobial treatments are urgently required. They have acquired
resistance to most antibiotics in use, including those considered to be last resort options
such as carbapenems and polymyxins, through mutations and acquisition of mobile
genetic elements (De Oliveira et al., 2020). P. aeruginosa possesses a diverse range
of resistance mechanisms that are either adaptive, innate, or acquired, which make
it resistant to most conventional antibiotics (Pang et al., 2019). This also means P.

aeruginosa often becomes resistant to novel antibiotics, so alternative treatments are
being developed. These include phage therapy and QS inhibitors, however they are
rarely brought to market due to the associated cost, safety concerns, and the high
incidence of side effects (Pang et al., 2019).

The evolutionary adaptations undergone by P. aeruginosa to form a chronic infection
in the CF lung, driven by the environment, result in increased antibiotic resistance
(Winstanley et al., 2016). The formation of a biofilm is arguably the primary mechanism.
Although it has been shown that the biofilm is unable to completely block antibiotics,
the biofilm matrix can interact with antimicrobial compounds and reduce, or slow,
penetration of the biofilm (Mah and O’Toole, 2001). The proteins, exopolysaccharides,
and extracellular DNA that form the matrix are able to limit diffusion and in some cases
sequester antibiotics, which significantly reduces the dosage that P. aeruginosa cells
are exposed to (Varadarajan et al., 2020). This can result in exposure to sub-inihibitory
concentrations of antibiotics, which leads to positive selection for resistance mutations.
Overall, the rate of mutation in P. aeruginosa cells is at least 100 times higher
during growth as a biofilm compared with planktonic growth anyway, and many of
these mutations are associated with increased antibiotic tolerance (Conibear et al.,
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2009). Therefore, the mutations conferring resistance that are caused by the CF
lung environment and formation of a biofilm may be further driven by ineffective
antibiotic treatments, rather than the antibiotics combating infection. This highlights
the importance of accurate prescribing.

The conditions within the biofilm also have an effect on resistance. A P. aeruginosa

biofilm is typically anoxic within the deeper cell layers, and there is oxygen limitation
in the region of the CF lung where chronic infection forms. There are antibiotics that
target aerobic metabolism and require reactive oxygen species generation for action,
hence these are not effective against all P. aeruginosa cells in the CF lung biofilm
(Varadarajan et al., 2020). There are also phenotypic variants within the population,
including persistor cells, which exhibit different resistance profiles. Persistor cells are
able to tolerate multidrug treatments, and are associated with the recurrent infections
observed in people with CF (Pang et al., 2019). These cells are largely expressed under
nutritent-limiting conditions caused by co-colonising microbes and conditions in the CF
lung (Varadarajan et al., 2020). The general stress response causes these physiological
changes to protect the P. aeruginosa cells from pH changes, temperature shock, and
exposure to chemical agents, regulated by the σ factor RpoS. This is induced when
cell density is high, such as in biofilms (Mah and O’Toole, 2001). Often referred to
as dormant, persistor cells are distinct from metabolically active cells, and those in
stationary phase, as they are alive but inactive. This means that persistor cells are
tolerant to antibiotics rather than resistant; they survive high antibiotic doses due to
many of the drug targets not being expressed in these cells (Mulcahy et al., 2010).

Metabolically active P. aeruginosa cells possess intrinsic resistance mechanisms,
including reduced outer membrane permeability to limit antibiotic penetration, the
production of enzymes that inactivate antibiotics, and efflux pumps which remove
antibiotics from the cell (Pang et al., 2019). In particular, resistance-nodulation-division
(RND) efflux pumps have been shown to be responsible for P. aeruginosa multidrug
resistance, and have been extensively researched (Poole, 2009). There are 12 RND efflux
pump systems in P. aeruginosa that have been described, including the MexAB-OprM
pump which increases β-lactam resistance, and the MexXY-OprM pump which confers
aminoglycoside resistance (Poole, 2009). Investigation of P. aeruginosa clinical isolates
has shown that there is a significant positive relationship between resistance to
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the majority of anti-pseudomonal antibiotics and expression of RND efflux pumps
(Zahedi bialvaei et al., 2021). This indicated that these pumps play an integral role in the
antibiotic resistance exhibited by P. aeruginosa in vivo.

The majority of P. aeruginosa antibiotic resistance mechanisms are regulated by
two-component regulatory systems such as the PhoP-PhoQ system. PhoQ detects
when there is a low extracellular Mg2+ concentration, which then leads to the
response regulator PhoP upregulating expression of the arn locus (Gooderham and
Hancock, 2009). The arn locus encodes a lipid A modification which reduces the
charge of lipopolysaccharides, and thus negatively effects membrane interactions with
polycationic antimicrobials such as polymyxin B, reducing their effect (Gooderham and
Hancock, 2009). This evidences the role of environmental conditions on the antibiotic
resistance mechanisms of P. aeruginosa.

The other bacterial species present in the CF lung, both pathogens and the microbiota,
the host immune response, and nutrient availability affect P. aeruginosa antibiotic
resistance. The review by Van den Bossche et al. (2021) detailed how the different factors
of the CF lung microenvironment affect the activity of antibiotics against P. aeruginosa,
summarised in Figure 1.4. For example, components of the CF mucus reduce activity of
Tobramycin, β-lactams, and aminoglycosides. They induce expression of antimicrobial
resistance genes, increase biofilm formation, and cause changes in hydrophobicity and
cell surface charge. Conversely, the CF lung environment can also increase antibiotic
activity. The low P. aeruginosametabolic activity that is driven by the anoxic conditions,
associated with the incidence of persistor cells, can cause increased activity of colistin
through inactivation of P. aeruginosa adaptive mechanisms of resistance (Kolpen et al.,
2016). This is mediated by expression of the pmr operon and MexAB-OprM efflux pump.
When metabolically active, P. aeruginosa induces an adaptive resistance mechanism
involving pmr modification of lipopolysaccharides and the MexAB-OprM pump, which
makes cells tolerant to colistin treatment (Pamp et al., 2008). This action is not observed
in non-metabolically active cells. All of this evidences the influence of the CF lung
environment on the success of antibiotic treatments for P. aeruginosa chronic biofilm
infection. Thus for rapid development of novel drugs, a laboratory model that captures
the key characteristics of the CF lung that influence P. aeruginosa antibiotic tolerance and
resistance is required.
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Figure 1.4: Host factors in the cystic fibrosis (CF) lung that affect Pseudomonas aeruginosa susceptibilty
to antibiotics. Each host factor is shown on the diagrams and the corresponding boxes describe how each
factor affects P. aeruginosa interaction/response to antibiotic treatment. The central diagram shows lung
epithelial cells with cilia (dark pink), the CF sputum (yellow) and a P. aeruginosa biofilmwith individual cells
(green). (A) How host factors can increase P. aeruginosa resistance to antibiotics. (B) How host factors can
reduce P. aeruginosa antibiotic resistance. The diagram is an adaptation of Figure 1 from Van den Bossche
et al. (2021), incorporating information from Table 1 (Van den Bossche et al., 2021).
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1.3 Infection models for the cystic fibrosis lung
There have been a number of different laboratory models developed to recapitulate P.

aeruginosa biofilm infection in the CF lung. These include media to mimic CF sputum,
continuous flow models, bead models, ex vivo models using animal and human tissue,
human cell models, and live animal models. Although each of these capture aspects of
infection in the CF lung, there are limitations associated with each. This has led to a
focus on the development of an optimal model for the CF lung to address key research
questions: how to target and solve the growing incidence of antimicrobial resistance, and
what is the effect of polymicrobial interactions on pathogenesis (O’Toole et al., 2021)?

1.3.1 Current models
One of the main challenges for laboratory models of P. aeruginosa chronic infection
in the CF lung is the formation of a mature, structured biofilm reminiscent of patient
biopsies. There have been clear qualitative differences observed in biofilm structure
when P. aeruginosa is grown in different in vitro systems. In flow cell models, a
P. aeruginosa biofilm typically has a ‘mushroom’-like structure with open channels
(Roberts et al., 2015). Whereas microtitre plate models for biofilm infection lead to a
homogenous mass of P. aeruginosa cells, which are densely packed (Kragh et al., 2019).
Both are a contrast with the in vivo P. aeruginosa biofilm structure seen in the lungs
of people with CF. Biopsies taken from the CF lung show P. aeruginosa biofilms that
have a ‘sponge’-like structure, composed of aggregates of P. aeruginosa cells with gaps
potentially filled with lung fluid, mucus, or alginate (Baltimore et al., 1989; Bjarnsholt
et al., 2009; Henderson et al., 2014). This means it is unlikely that in vitro models are
capturing all biofilm-associated phenotypes, such as increased antibiotic resistance.

There is a distinction in P. aeruginosa antibiotic resistance phenotypes from biofilm cells
grown in vitro compared with in vivo (Müsken et al., 2017). To improve in vitro antibiotic
susceptibility testing accuracy, Calgary biofilm devices have been usedwhere biofilms are
grown on pegs in microplates. However, it has been shown that this does not improve
the accuracy of results from planktonic growth, and there is still increased resistance
observed in vivo in comparison (Smith et al., 2020; Harrington et al., 2021b). This is a
key driver for the development of clinically relevant P. aeruginosa biofilm models for the
CF lung, to accurately prescribe treatment plans and identify novel, effective drug targets.
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Artificial sputum media have been developed to replicate the composition of CF
sputum. In CF, the sputum induces key P. aeruginosa physiological adaptations that
drive its pathogenesis and the development of chronic infection, involving QS regulation
(Palmer et al., 2005). There have been nine different recipes for artificial sputum media
widely used in the literature, either derived from the initial Ghani and Soothill (1997)
protocol which uses egg yolk emulsion, DNA, mucin, potassium, sodium, chloride,
and amino acids, or a synthetic cystic fibrosis sputum media (SCFM) that has been
chemically derived (Palmer et al., 2007). The different formulations cause differences
in P. aeruginosa growth and virulence. Distinct secondary metabolite production has
been observed, driven by iron availability, presence of mucin, and the aromatic amino
acid concentrations (Neve et al., 2021). It has been shown that aromatic amino acids are
essential for P. aeruginosa QS signalling (Palmer et al., 2007).

The SCFM recipe has been used for the work in this thesis. The original recipe (see
Table 2.3) was defined in 2007 and was shown to cue P. aeruginosa gene expression,
QS, and resultant phenotypes comparable to growth in CF sputum (Palmer et al., 2007).
However, a study by Turner et al. (2015) that used transposon sequencing to investigate
the P. aeruginosa essential genome in CF identified a number of adaptations required to
improve the clinical relevance of SCFM. This led to the refinement of the original SCFM
to produce SCFM2, which incorporated mucin, DNA, dioleoylphosphatidylcholine, and
N-acetylglucosamine. These additions resulted in only 0.7% of P. aeruginosa PA14 and
PAO1 genes being differentially essential compared with CF sputum (Turner et al., 2015).
This medium has since been used in a number of studies of CF lung infection, including
investigation of co-infection with S. aureus (Barraza and Whiteley, 2021). Despite this, a
key aspect of CF lung infection is missing from sputum media: the presence of a tissue
structure.

Animal models for CF lung infection exist, which better replicate the spatial structure
of the CF lung. A number of different animals have a CFTR ortholog with amino acid
identity above 50% similar to humans: pigs (93%), ferrets (92%), sheep (91%), mice
(78%), rats (75.5%), and zebrafish (55%) (Semaniakou et al., 2018). However, none are
able to fully replicate chronic P. aeruginosa infections in the CF lung. Pigs and ferrets
have the most similarity to human infection and show the most promise, but they are
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yet to be fully developed as model organisms. There are limitations on the reagents
available for use with these model organisms, specifically for studying the immunology
(Bayes et al., 2016). Mice are frequently used to study these infections, and do exhibit
pulmonary symptoms. However, they are unable to fully replicate the P. aeruginosa

infections observed in people (Davidson and Rolfe, 2001). Adaptations have been made
to address this, including an agar bead murine model where P. aeruginosa beads are
inserted into the mice surgically. However, this did not fully capture in vivo pathogenesis
(Bayes et al., 2016). Mice with CFTR mutations are also used to replicate CF, however
the airway secretions are distinct from those in people with CF (Benahmed et al., 2014).
This may contribute to the differences observed; there are significant differences in P.

aeruginosa gene expression when grown in CFTR mice compared with humans with CF
(Cornforth et al., 2018). It is also known that in murine models with CFTR mutations, P.
aeruginosa is unable to develop a chronic infection (Bayes et al., 2016). Hence, animal
models have not solved the disparity between laboratory research and in vivo infection.
It also raises the ethical debate of using live animal models if they do not truly replicate
in vivo infection. Therefore, there is still a gap in research for an accurate model for P.
aeruginosa CF lung infection.

1.3.2 Model evaluations
To determine the validity of different infection models, P. aeruginosa RNA sequencing
(RNA-seq) data has been studied. Cornforth et al. (2018) evaluated RNA-seq data from
a diverse range of laboratory growth conditions, including SCFM2 and Luria-Bertani
(LB) media, and compared it with P. aeruginosa gene expression in CF patient sputum
samples. The transcriptome from in vitro growth and mouse model infections were
compared with soft-tissue wound infections and CF exporated sputum. It was shown
that P. aeruginosa gene expression was distinct in each environment, and the P.

aeruginosa transcriptome from CF sputum was distinct from all other human infection
contexts studied (Cornforth et al., 2018). This supports the hypothesis that the CF lung
environment facilitates a unique P. aeruginosa infection compared with other human
infection contexts. Overall, it was shown that a number of metabolic pathways and the
QS regulon were downregulated in human infection, and pathways such as phenazine
biosynthesis and antibiotic resistance-associated genes were upregulated, in comparison
with in vitro growth. This led to the development of a support vector machine model to
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classify whether P. aeruginosa transcriptomes from different environments classified as
human infection, mainly based on the expression of nutrient acquisition andmetabolism
genes (Cornforth et al., 2018).

Building on this work, Cornforth et al. (2020) have developed a quantitative framework
to evaluate and provide a score for models of P. aeruginosa infection in the CF context.
It is based on CF sputum samples and in vitro grown P. aeruginosa transcriptomes from
SCFM2, morpholinepropanesulfonic acid-succinate (MOPS-succinate), LB, and an in vitro
CFTR mutant epithelial cell model, as well as a mouse model for lung infection. This
framework calculated an accuracy score for each model to show the percentage of genes
expressed within a defined number of standard deviations from CF sputum expression. It
was found that none of the models tested were able to score 100%, however all models
scored a minimum of 80% indicating they were valid models for use (Cornforth et al.,
2020). The epithelial cell model and SCFM2 were shown to be optimal, although both
still missed aspects of P. aeruginosa gene expression in vivo. SCFM2 was shown to cue
overexpression of polyamine spermidine biosynthesis genes compared with CF, and the
epithelial cell model growth caused inaccurate expression of protein synthesis genes
(Cornforth et al., 2020). This work has provided a method to validate models, as well
as showing that there are still aspects of chronic CF infection that are not replicated by
the best models available. It has highlighted areas for improvement needed to replicate
in vivo chronic P. aeruginosa infection.

1.3.3 The ex vivo pig lung model
As discussed, pigs are more similar to humans than mice, and have been shown
to be comparable in their overall anatomy, physiology, immunology, and metabolic
composition to humans (Meurens et al., 2012; Benahmed et al., 2014). Piglets have
been previously used as models for P. aeruginosa lung infection contexts such as
ventilator-associated pneumonia. They were used to investigate the host response to
infection and for development of treatments (Luna et al., 2009; Meurens et al., 2012).
Prior to starting the work in this thesis, preliminary data of an ex vivo pig lung (EVPL)
model for P. aeruginosa lung infections in the CF context had been published (Harrison
et al., 2014; Harrison and Diggle, 2016).
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The EVPL model uses pig lungs sourced from a local butcher, considered a waste product
from the meat industry. Therefore, there are no ethical considerations associated and
the model works towards addressing the 3R’s: Replacement, Refinement, and Reduction
of the use of live animals in scientific research (Burden et al., 2015). The lung tissue
is dissected into small squares, infected with P. aeruginosa, and surrounded by SCFM
(Palmer et al., 2007). This original SCFM recipe has been shown to be suitable for the
EVPL model, with no percieved benefit of using the further adapted SCFM2 (Harrington
et al., 2020). Alveolar tissue was first used in the model to explore the growth of P.
aeruginosa lasRmutants, and adaptation to the CF lung, which evidenced the validity of
the model (Harrison et al., 2014). However alveolar tissue was subsequently replaced
with bronchiolar tissue in the EVPL model, and has been used throughout this thesis,
as it is known to be the main location of P. aeruginosa chronic infection in CF (Harrison
et al., 2014; Harrison and Diggle, 2016). The initial work with bronchiolar tissue showed
that a P. aeruginosa biofilm could be consistently replicated in the EVPL model and it had
potential for capturing the clinical phenotype (Harrison and Diggle, 2016). Following this,
the model has been used to investigate siderophore cheating by P. aeruginosa (Harrison
et al., 2017), and to study the the antimicrobial activity of Manuka honey against P.
aeruginosa isolates (Roberts et al., 2019).

The work in this thesis has led to further publications evidencing the validity of the EVPL
as a clinically representative model for P. aeruginosa biofilms with a mature architecture
(Harrington et al., 2020), and gene expression with key characteristics associated with
human infection (Harrington et al., 2021a). Alongside this, use of the model for more
accurate antibiotic susceptibility testing has been published (Harrington et al., 2021b),
and studies of antibiotic activity have been performed (Hassan et al., 2020; Sweeney
et al., 2020b). Optimisations have also begun for the study of other microorganisms in
the model, including S. aureus (Sweeney et al., 2020a).

1.4 Multispecies interactions
1.4.1 Complexity of the CF lung
For a long time it was thought that the CF lung was predominantly infected with known
pathogens such as P. aeruginosa and S. aureus, and there was little diversity. Rogers et al.
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(2004) were one of the first studies to provide evidence for the complexity of the CF
lung microbial community. Using 16S ribosomal ribonucleic acid (rRNA) sequencing and
terminal restriction fragment length polymorphism profiling, they identified 19 different
bacterial species in the lungs of people with CF, and 15 of these had not previously been
associated with CF. Amongst these were Prevotella species, Staphylococcus hominis, and
Rothia mucilaginosa (Rogers et al., 2004). The findings also highlighted the importance
of species considered to be part of the lung flora, as well as pathogens. R. mucilaginosa

is part of the flora in different locations of the human body, including the upper
respiratory tract (Lim et al., 2013). It has now been shown to contribute to P. aeruginosa
pathogenesis through production of metabolites used by P. aeruginosa (Gao et al., 2018).
Hence both co-infecting pathogens and the interactions between pathogens and the
lung microbiota are involved in pathogenesis. Therefore, further understanding of these
interactions is important for developing new treatments.

It is considered unlikely that the microbial communities in the CF lung are consistent
across all people with the condition. It has been proposed that there is a collective of
communities that represent most CF airway infections (Jean-Pierre et al., 2021). Further
profiling of the bacteria, fungi, and viruses involved may facilitate the development
of better in vitro models to investigate the virulence, persistance, and antimicrobial
resistance of infections influenced by interspecies interactions (Jean-Pierre et al., 2021).
P. aeruginosa has been shown to be affected by its interactions with other microbial
species in the CF lung. It modulates motility in response to S. aureus secreted products,
driven by the type IV pili (Limoli et al., 2019), and the ability of P. aeruginosa to form a
biofilm has been shown to be reducedwhen the two species co-infect (Hotterbeekx et al.,
2017). Co-infection of P. aeruginosa with the species Stenotrophomonas maltophilia has
also been shown to alter infection characteristics. It was demonstrated that co-infection
causes increased resistance of P. aeruginosa to imipenem (Bottery et al., 2021). These
examples demonstrate how P. aeruginosa interactionswith other bacterial species affects
its virulence, biofilm formation, and antibiotic resistance. P. aeruginosa also has an
effect on the incidence of further infection, in the CF lung it has been shown to increase
susceptibility to secondary infections including with the Bcc (Sajjan et al., 2001; O’Brien
and Fothergill, 2017).
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1.4.2 The Burkholderia cepacia complex
The Bcc are Gram negative bacteria, isolated from a range of locations including
healthcare settings and environmental sources. They can be animal, plant, and human
pathogens; in humans they affect immunocompromised individuals such as those with
chronic granulomatous disease and CF (Sousa et al., 2010). The complex is made up of
22 Burkholderia species, and is associated with rapid lung function decline in people
with CF (Scoffone et al., 2017).

There are three species most commonly isolated from the CF lung: B. cenocepacia, B.
multivorans, and B. dolosa. They can cause a necrotizing pneumonia and sepsis, often
referred to as cepacia syndrome, which has a high fatality rate (Sousa et al., 2010).
B. cenocepacia used to be the predominant Bcc species that affected people with CF,
however B. multivorans has now become the most prevalent Bcc species associated
with CF (Kenna et al., 2017). There are low rates of B. multivorans adaptation within
the CF lung and the diversity between people with CF is most likely driven by diverse
environmental sources rather than cross-infection (Lood et al., 2021). This may also be
associated with the low incidence of Bcc infection in people with CF, they are responsible
for only approximately 5% of CF lung infections (Leitão et al., 2017; Shropshire et al.,
2021). This may be such a small prevalance compared with P. aeruginosa because of
infrequent cross infection. The high incidence of intrinsic antibiotic resistance, high
transmissibility, and the severity of disease has led to extensive segregation measures
in CF clinics to prevent cross patient infection (Kenna et al., 2017; Leitão et al., 2017). The
Bcc share many similarities with P. aeruginosa; they also form biofilms during infection
that exhibit high levels of antibiotic resistance and persistence (Scoffone et al., 2017). In
fact, the Burkholderia genus was only confirmed to be independent of Pseudomonas in
1992 (Yabuuchi et al., 1992). Therefore, this was the next genera introduced into the EVPL
model following establishment of the similar pathogen P. aeruginosa.

1.5 Aims and Objectives
The work in this thesis addressed the lack of a clinically relevant, laboratory model for P.
aeruginosa chronic infections in the CF lung. The conditions in this context, as discussed
throughout the introduction, cue P. aeruginosa adaptations that lead to the formation of
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a chronic biofilm infection with specific characteristics. The determination of treatment
plans that are effective in vivo is negatively affected by the lack of a clinically relevant
model for the CF lung, which reduces quality of life. This also hinders development of
new treatments and the identification of novel drug targets. Therefore, the primary
aim was to investigate the cost effective, high-throughput EVPL model for P. aeruginosa
infection and determine whether it could solve some of the issues with other CF lung
infectionmodels. Four key research questions were addressed, focusing on P. aeruginosa
PA14, and are explored in depth in the subsequent chapters:

1. What are the P. aeruginosa virulence phenotypes exhibited in the EVPL model?
Using assays for P. aeruginosa virulence factor production and transposon insertion
mutants for key genes, it was shown that the production of virulence factors in the EVPL
was at low levels. Visualisation of the P. aeruginosa biofilm formed on the surface of
the EVPL tissue revealed a clinically representative, mature structure dependent on the
production of Pel and the Gac regulatory system. The biofilm also exhibited high levels
of meropenem resistance.

2. How does P. aeruginosa gene expression in the EVPL model compare with SCFM,
and in context with human infection?
RNA-seq analysis demonstrated that there was a distinction in gene expression between
P. aeruginosa grown in the EVPL model, both as a biofilm associated with the lung
tissue and in the surrounding SCFM, and SCFM in vitro. There was significant differential
expression of antibiotic resistance-associated genes, and downregulation of QS genes in
a similar pattern to CF sputum compared with SCFM.

3. How does P. aeruginosa gene expression change over time in the biofilm associated
with the EVPL tissue?
RNA-seq was performed on P. aeruginosa samples from the EVPL biofilm at 24 h, 48 h,
and 7 d. This revealed a number of changes including in nitrogen and sulfur metabolism.

4. Can P. aeruginosa and the Bcc co-exist in the EVPL model, and how are key
phenotypes affected?
B. cenocepacia and B. multivorans were introduced to the EVPL model and were able to
grow alongside P. aeruginosa. QS signalling and P. aeruginosa siderophore production
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appeared to play a role in the interspecies interactions.

Overall this work has shown that the EVPL model can be used to study chronic-like
P. aeruginosa biofilm infection in the CF lung, and appears to capture infection
characteristics not observed in the current laboratory models. It can now be used to
further understand P. aeruginosa infections to develop new treatments and prevention
methods. It has also shown potential as a diagnostic platform to more accurately
determine whether treatments will be effective. This will hopefully improve treatment
outcomes and overall quality of life for people with CF.
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Chapter 2
Materials and Methods
2.1 Bacterial strains and growth conditions
The bacterial strains used for this work are listed in Table 2.1, including where each
isolate was obtained from. Each strain was grown on an agar plate at 37 °C prior to
all experiments, and the agar and incubation length used for each strain are detailed in
Table 2.1. The presence of the transposon in the correct locus for each P. aeruginosa PA14
transposon insertion mutant strain (Table 2.2) was confirmed by arbitrary Polymerase
Chain Reaction (PCR) as per the PA14 Non-Redundant Transpson Mutant Set library
instructions (Liberati et al., 2006a,b) and gel electrophoresis (0.7% agarose (Fisher
BioReagents, US) with 1X SYBR® safe DNA gel stain (Invitrogen, Canada); 120 v for 30
min) (F Harrison, pers. Comm.).
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Table 2.1: All bacterial strains used for this work. Each species and strain is listed and the media used for
initial growth before each experiment. All strains were grown on Luria-Bertani (LB) agar (LB broth: Melford
Laboratories, UK, agar: Formedium, UK) with selective antibiotics where appropriate. Clinical isolates used
were all from cystic fibrosis (CF) and both Escherichia coli isolates were biosensors for acyl homoserine
lactones (AHLs). The source details where each strain was acquired from and the original source where
relevant are shown.

Species Strain Culture conditions Source
Pseudomonas

aeruginosa

PA14 LB agar overnight at 37 °C Prof. Leo Eberl, University of Zürich
(originally University of Washington
(Liberati et al., 2006a,b))

Pseudomonas

aeruginosa

PA14
transposon
mutants
(Table 2.2)

LB agar + 15 µg
ml-1 gentamicin
(Sigma-Aldrich, USA)
overnight at 37 °C

PA14 Non-Redundant Tranposon
Insertion Mutant Set (Liberati et al.,
2006a,b)

Pseudomonas

aeruginosa

LESB58 (CF
isolate)

LB agar overnight at 37 °C Dr Steve Diggle, Georgia Insitute of
Technology

Pseudomonas

aeruginosa

SED20 (CF
isolate)

LB agar for 48 h at 37 °C Dr Sophie Darch, Univeristy of South
Florida (Darch et al., 2015)

Pseudomonas

aeruginosa

SED43 (CF
isolate)

LB agar for 48 h at 37 °C Dr Sophie Darch, Univeristy of South
Florida (Darch et al., 2015)

Burkholderia

cenocepacia

K56-2 LB agar + 50 µg
ml-1 polymyxin B
(Sigma-Aldrich, USA)
for 48 h at 37 °C

Dr Yin Chen, University of Warwick

Burkholderia

multivorans

C5393 (CF
isolate)

LB agar + 50 µg ml-1
polymyxin B for 48 h
at 37 °C

Prof. Leo Eberl, University of Zürich
(originally Burkholderia cepacia
complex experimental strain panel
(Mahenthiralingam et al., 2000))

Escherichia coli pSB1075
with a
fusion of
lasRI’::
luxCDABE

LB agar + 10 µg ml-1
tetracycline (ABCR,
Germany) overnight at
37 °C

Dr Roman Popat and Prof. Paul
Williams, University of Nottingham
(Winson et al., 1998)

Continued on next page
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Table 2.1 – continued from previous page
Species Strain Culture conditions Source
Escherichia coli pSB536 with

the ahyR of
Aeromonas

hydrophyla

and the
cognate
ahyI gene
promoter
fused to
luxCDABE

LB agar + 50 µg ml-1
ampicillin (Merck KGaA,
Germany) overnight at 37
°C

Dr Roman Popat and Prof. Paul
Williams, University of Nottingham
(Swift et al., 1997)

Table 2.2: Pseudomonas aeruginosa PA14 transposon insertion mutants used for this work. Each strain
was obtained from the PA14 Non-Redundant Transposon InsertionMutant set (Liberati et al., 2006a,b) and
the insertion was confirmed using arbitrary polymerase chain reaction (PCR) following library instructions.
The mutant and gene IDs are shown as well as the gene name and product.

Mutant ID Gene ID Gene name Gene product
54630 GID3719 gacA Response regulator gacA
52692 GID3659 vfr Cyclic AMP recpetor-like protein
46879 GID1598 sadR Probable two-component response

regulator
47015 GID2130 pqsR Transcriptional regulator MvfR
26187 GID86 pelA Deacetylase required for Pel

polysaccharide synthesis

2.2 Synthetic cystic fibrosis sputum medium
Synthetic cystic fibrosis sputum media (SCFM) was prepared based on the protocol
published by Palmer et al. (2007) (see Table 2.3). Glucose was substituted with distilled
water (dH2O) as preliminary work found that, in the presence of lung tissue, glucose did
not affect P. aeruginosa growth but did facilitate the growth of endogenous lung bacterial
species (Harrison and Diggle, 2016). The same recipe was used for in vitro SCFM growth

45



for direct comparison. Each component was added in the order listed in Table 2.3 and
each stock solution was prepared to the concentration shown in 40ml sterile dH2O, with
the exception of those indicated in the table and footnotes. The media was prepared in
500 ml volumes then filter sterilised using a Nalgene™ Rapid-Flow™ sterile disposable
filter unit (PES membrane: 75 mm x 0.1 µmx 500ml) and stored at 4 °C for up to 1 month.
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Table 2.3: The protocol used to prepare 500 ml batches of synthetic cystic fibrosis sputum medium
(SCFM) based on Palmer et al. (2007). Each component is listed in the order theywere added to themedia.
With the exception of components where the stock solution column shows ‘-’, a 40 ml stock solution was
prepared and an aliquot of each stock was added to the SCFM (volume added shown in amount added
column). Each stock solution was prepared in dH2O, except those described in the footnotes for which
alternative stock preparation methods were used.
Component Stock solution (40 ml) Amount added Manufacturer
NaCl - 3.03 g Fisher Scientific, UK
KCl - 1.114 g Fisher Scientific, UK
Sterile dH2O - 320 ml -
Na2HPO4 0.125 M 5 ml Acros Organics, Spain
NaH2PO4 0.13 M 5 ml Acros Organics, India
NH4Cl 0.228 M 5 ml Fisher Scientific, UK
KNO3 0.0348 M 5 ml VWR Chemicals, Belgium
K2SO4 0.0271 M 5 ml Acros Organics, Spain
MOPS 1 M 5 ml Acros Organics, Taiwan
Aspartamea 82.7 mM 5 ml Scientific Laboratory Supplies, UK
Threonine 107.2 mM 5 ml Alfa Aesar, UK
Serine 144.6 mM 5 ml Alfa Aesar, UK
Glutamic acidb 154.9 mM 5 ml Sigma-Aldrich, China
Proline 166 mM 5 ml Alfa Aesar, UK
Glycine 120.3 mM 5 ml Sigma-Aldrich, USA
Alanine 178 mM 5 ml Alfa Aesar, UK
Cysteine 16 mM 5 ml Merck kGaA, Switzerland
Valine 111.7 mM 5 ml Alfa Aesar, UK
Methionine 63.3 mM 5 ml Sigma-Aldrich, Japan
Isoleucinec 112.1 mM 5 ml Alfa Aesar, UK
Leucinec 160.9 mM 5 ml Sigma-Aldrich, Germany
Tyrosined 80.2 mM 5 ml Alfa Aesar, USA
Phenylalanine 53 mM 5 ml Alfa Aesar, UK
Ornithine-HCl 67.6 mM 5 ml Park Scientific Limited, UK
Lysine 212.8 mM 5 ml Sigma-Aldrich, China
Histidine 51.9 mM 5 ml Alfa Aesar, UK
Tryptophane 1.3 mM 5 ml Alfa Aesar, UK
Arginine 30.6 mM 5 ml Sigma-Aldrich, Japan
HCl 1 M Adjust to pH

6.8
Fisher Scientific, UK

Sterile dH2O - To final
volume 480
ml

-

Continued on next page
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Table 2.3 – continued from previous page
Component Stock solution (40 ml) Amount added Manufacturer
CaCl2 0.175 M 5 ml Alfa Aesar, UK
MgCl2 0.0606 M 5 ml Fisher BioReagents, India
L-Lactic acidf 0.93 M 5 ml Alfa Aesar, UK
Fe(III)SO4.7H2O 0.00036 M 5 ml Acros Organics, Spain

a Dissolved in 40 ml 0.5 M NaOH (Fisher Scientific, UK).
b Dissolved in 40 ml 1 M HCl.
c Dissolved in 40 ml dH2O then heated to 50 °C for 30 min.
d Dissolved in 40 ml 1 M NaOH.
e Dissolved in 40 ml 0.2 M NaOH.
f Stock made with solution with density gradient of 1.209 gml-1 : 2.77 ml solution was added to 30
ml dH2O then adjusted to pH 7 with 5 M NaOH. The final stock volume of 40 ml was made using
dH2O.

2.3 Dissection of ex vivo pig lung tissue
The ex vivo pig lung (EVPL) bronchiolar tissue was dissected and subsequently infected
following the published method (Harrington et al., 2021b), originally described by
Harrison et al. (2014). Two to three independent lungs were used as repeats per
experiment. Lungs used were provided by Steve Quigley and Sons Butchers Ltd.
(Cubbington, UK) and Taylors Butchers (Coventry, UK), and were obtained on the day of
arrival from the abattoir and transported to theUniversity ofWarwick in a sterile coolbox.
All subsequent work was carried out under sterile conditions, around a bunsen burner.
The pleura of the ventral surface was seared with a hot pallet knife for ~1 s to kill any
potential lung surface contaminants that may have been introduced following slaughter.
A sterile razor blade was used to cut the lung tissue to expose the bronchus cartilage,
then make a transverse cut where the bronchus meets the trachea on each side as
shown in Figure 2.1. The bronchi were cut where branching started (~6 cm in length) and
removed from the surrounding tissue using flame sterilised forceps and the blade, any
excess alveolar tissue that was attached was removed. The bronchiolar tissue was placed
in a 50 ml falcon tube containing a 40 ml wash of 1:1 Roswell Park Memorial Institute
(RPMI) 1640 medium and Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich,
UK), supplemented with 50 µg ml-1 ampicillin for ~10 min. Seperate wash sets were used
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for independent lungs. The bronchi were removed from the wash using sterile forceps
and any remaining excess alveolar and connective tissue removed with flame sterilised
dissection scissors. The bronchioles were cut into~5 mm wide longitudinal strips using
sterile dissection scissors (Figure 2.1), then briefly placed in a fresh 40 ml 1:1 RPMI 1640
and DMEM (+ ampicillin) wash. The tissue strips were removed from the wash then
further cut into 5 mm x 5 mm squares and placed in a petri dish. A final 40 ml 1:1 RPMI
1640 and DMEM (+ ampicillin) wash was added to the petri dish then removed (Figure
2.1). Finally, ~20 ml SCFM was added to the petri dish with the bronchiolar tissue square
sections then ultraviolet (UV) sterilised for 5 min.

1
Transverse cuts made where bronchi meet 
trachea and where branching starts (red 
lines) with sterile razor blade. Bronchi 
removed from lung using sterile forceps.

2
Excess tissue on the surface of extracted 
bronchi removed using sterile dissection 
scissors.

3
Bronchi placed in 40 ml 1:1 RPMI 1640 
medium and DMEM + 50 μg ml-1 ampicillin 
for ~ 10 min then removed with sterile 
forceps.

4
Any external tissue remaining removed 
with sterile dissection scissors, and tissue 
sections cut into ~5 mm wide strips. Tissue 
placed in 40 ml 1:1 RPMI 1640 medium 
and DMEM + 50 μg ml-1 ampicillin wash 
using sterile forceps.

5
Tissue strips removed from the wash with 
sterile forceps and cut into ~5 mm x 5 mm 
squares using sterile dissection scissors.

6
Tissue squares placed in a petri dish with 
sterile forceps & 1:1 RPMI 1640 and 
DMEM + 50 μg ml-1 ampicillin added then 
removed (wash step). SCFM was added 
(~20 ml).

Figure 2.1: Diagram showing the steps of the ex vivo pig lung model dissection protocol. Drawings are
representations of each step and are not to scale or biologically accurate. The forceps and dissection
scissors were flame sterilised and the razor blades used were sterilised using an autoclave. The method
was repeated for independent lungs used for this work, with fresh Roswell Park Memorial Institute (RPMI)
1640 medium and Dulbecco’s modified Eagle medium (DMEM) washes with 50 µg ml-1 ampicillin used per
step and per lung.

2.4 Ex vivo pig lung tissue infection
Following dissection, 0.8% agarose (w/v) was prepared in SCFM and 400 µl was added
to each well of a tissue culture treated, flat bottom, individually wrapped 24 well plate
(Corning Costar, USA) per tissue piece dissected. Each plate was sterilised with UV for
10 min. The UV sterilised bronchiolar tissue sections were then transferred using sterile

49



forceps to individual wells of the SCFM-agarose containing 24 well plates. The bacterial
strains to be studied in the model were cultured on suitable Luria-Bertani (LB) (Melford
Laboratories, UK) agar (Formedium, UK) plates as decribed in Table 2.1. A sterile 29G
hypodermic needle (BD, France) was used to touch a colony from the LB plate and
‘prick’ the surface of the tissue piece then discarded; a sterile needle was used as a
negative control. For lung pieces that were infectedwithmultiple bacterial strains (mixed
infection), a second needle was used in the same way to subsequently infect the tissue
with the second strain. Three to five replicate tissue pieces per lung were infected per
infection condition for each experiment. To recapitulate the lung environment, 500 µl
liquid SCFM was added to each well. A Breathe-Easier® sealing membrane (Diversified
Biotech, US) per plate was UV sterilised for 10 min, and was used to cover each plate.
The 24 well plates were then incubated in plastic drawers at 37 °C, stationary, for the
desired length of time.

2.5 Bacterial recovery from ex vivo pig lung tissue
Following incubation, infected tissue sectionswerewashed in 500 µl phosphate-buffered
saline (PBS) and transferred into individual, sterile tubes containing 1 g of 2.38 mm
metal beads (Fisher Scientific, UK) and 1 ml PBS. To recover bacterial cells from the
tissue-associated biofilm, the tissue-containing bead tubes were placed in a FastPrep-24
(MP Biomedicals, UK) and bead beaten for 40 s at 4m s-1. Homogenate that was not used
to determine number of bacterial cells was filter sterilised using a 33 mm 0.2 µm syringe
filter (Fisher Scientific, China)with a 2ml syringe (BectonDickinson, Spain) into individual,
sterile 1.5 ml Eppendorf tubes (Germany) and stored at -20 °C. The homogenate samples
were defrosted on ice for subsequent experiments.

2.6 In vitro SCFM growth
Each bacterial strain to be usedwas cultured on the relevant agar at 37 °C for the required
time length (see Table 2.1). For RNA extractions to ensure for adequate amounts of RNA,
colonies were taken from the plate using a plastic 10 µl loop and suspended in SCFM to
an OD600nm of 0.05. Aliquots of 1 ml were then added to individual wells of a 24 well
plate. For all other in vitro SCFM cultures, 1 ml sterile SCFMwas added to individual wells
of a 24 well plate. A sterile 29G hypodermic needle was used to touch a colony from the
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agar plate then transferred to the 1 ml SCFM aliquot to mimic the lung tissue infection for
comparison. For mixed infection cultures, a second needle was used to add the second
bacterial strain to the SCFM. The plates, following both infection methods, were covered
with a UV sterilised (10 min) Breathe-Easier®membrane and incubated at 37 °C in plastic
drawers, stationary, for the desired length of time.

2.7 Determination of colony forming units
The samples for which colony forming units (CFU) were determined: either lung
homogenate containing released bacteria or in vitro cultures, were serially diluted in PBS
in sterile, polystyrene 96 well plates (Greiner Bio-One, Germany). This was performed
on the same day as sampling. Initially, 200 µl of each undiluted sample was added to
each well in the top row of the plate (100) then 180 µl PBS was added to the rest of the
wells. A 20 µl aliquot was taken from the 100 well and added to the PBS in the well below
and thoroughly mixed (10-1). A 20 µl aliquot was then taken from the 10-1 well and added
to the PBS in the well below and mixed (10-2). This process was repeated sequentially
to a 10-7 dilution in the final row, to produce a 10-fold series dilution and 10 µl of each
dilution was plated on the relevant agar (see Table 2.1), in triplicate on two agar plates
(Figure 2.2) per media. For mixed infections, samples were plated on duplicate agar
plates for each relevant selection media per strain (Table 2.1). The plates were incubated
at 37 °C for the required time (Table 2.1) then the number of colonies of each sample
were counted for the two highest dilutions that were countable (~2 - 200 colonies) and
the average determined from six repeats (3 repeats x 2 agar plates). The average dilution
factor for the experiment was determined from the dilution factor calculated for each
sample, excluding any values outside of 1-20: AverageNumberOfColonies(dilution1)

AverageNumberOfColonies(dilution2)
. CFU ml-1

was determined using the following calculation for in vitro samples:
AverageNumberOfColonies(dilution1)xAverageDilutionFactorDilutionNumberx1000

10

and CFU lung-1 was calculated with the following calculation, with 25 added to account
for the extra volume introduced by the lung tissue:
AverageNumberOfColonies(dilution1)xAverageDilutionFactorDilutionNumberx1025

10
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Figure 2.2: Diagram of the layout of an agar plate used to determine the bacterial colony forming units
(CFU) in a sample. Each yellow circle represents 10 µl of sample and the three dots per row are aliquots
from the same sample. Each row is a dilution as shown in the diagram, prepared in phosphate-buffered
saline (PBS).

2.8 Enzyme-linked immunosorbent assay (ELISA)
An enzyme-linked immunosorbent assay (ELISA) for porcine interleukin-8 (IL-8)
(Invitrogen, Austria) was performed on the filter sterilised homogenate from EVPL tissue
infection and bacterial recovery at different time points post infection. The homogenate
was diluted 1 in 5 using PBS in a 1.5 ml Eppendorf tube: ~600 µl homogenate and
2400 µl PBS. The assay was performed following the Invitrogen IL-8 porcine ELISA kit
protocol and all reagents used were provided in the kit. Reagents were prepared as
follows; the Wash Buffer Concentrate (25X) was allowed to reach room temperature
then gently mixed and diluted to 1x using dH2O to create the Working Wash Buffer,
excess Working Wash buffer was stored at 4 °C. Swine IL-8 was used as a standard, and
was initially reconstituted to 10,0000 pg ml-1 with Standard Diluent Buffer and left for
10 min. Following incubation, 120 µl of 10,0000 pg ml-1 swine IL-8 was added to 480 µl
Standard Diluent Buffer in a 5 ml universal tube, and mixed to make standard one at a
concentration of 2000 pgml-1. A two-fold dilution series in 5 ml universal tubes was then
performed and 300 µl of the previous dilution was added to 300 µl Standard Diluent
Buffer to create the following standards: 1000 pg ml-1, 500 pg ml-1, 250 pg ml-1, 125 pg
ml-1, 62.5 pg ml-1, 31.2 pg ml-1 and a blank (0 pg ml-1). A 1X Streptavidin-HRP solution
was also prepared, 10 µl of Streptavidin-HRP (100X) was added to 1 ml Streptavidin-HRP
Diluent for every 8 well strip to be used (one well per sample) in a 10 ml universal tube.
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The solution was mixed thoroughly.

The 8-well strips provided were placed in the frame, with one well per sample, standard
and chromogen blank. The assay was repeated in triplicate for each sample, standard
and chromagen blank. The sterile lung homogenate samples were further diluted 1 in
2: 50 µl PBS was added to each assay well then 50 µl sample, and the two were mixed.
Following the dilution, 100 µl of each standard was added to individual non-sample
wells, and three wells were left empty as chromogen blanks. Subsequently, 50 µl
Incubation Buffer was added to each well except chromagen blanks and the side of
the plate was tapped to mix the samples. The plate was covered with a provided plate
cover and incubated at room temperature for 2 h. A wash step was then performed
where the solution was thoroughly removed from each well, and the wells were washed
with the provided 1X Wash Buffer four times. Each wash was performed by pipetting
dH2O into each well then removing it. The plate was tapped dry to ensure there was
no remaining wash buffer then 100 µl Swine IL-8 Biotin Conjugate solution was added
to each well (not chromgen blanks). The plate was covered and incubated at room
temperature for 1 h and the wash steps were repeated. Once the wells were dry, 100
µl of prepared 1X Streptavidin-HRP solution was added to each well, excluding the
chromagen blanks, and the plate was covered and incubated at room temperature for
30 min. The wash steps were repeated then 100 µl Stabilized Chromogen was added
to each well, including the chromagen blanks. The plate was then placed in the dark at
room temperature and incubated for 30 min. Following this, 100 µl Stop Solution was
added to eachwell andmixed by tapping the plate; the solutionwent fromblue to yellow.

The absorbance was then read at 450 nm using a Tecan Spark 10M multimode plate
reader. A four parameter algorithmwas used to fit a standard curve to the assay standards
values (Figure 2.3), and determine the IL-8 concentration in the homogenate samples,
using GraphPad Prism version 9.1.0 for Mac OS X (GraphPad, 2021). Each concentration
was then multiplied by 2 to determine the concentration before the 1 in 2 assay dilution.
This was further multiplied by 5 to account for the initial 1 in 5 dilution, to calculate the
IL-8 concentration in the original sample.
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Figure 2.3: Enzyme-linked immunosorbent assay (ELISA) porcine interleukin-8 (IL-8) standard curve. The
standard curvewas produced using theOD450nm value from three assay repeats of each swine IL-8 standard:
0 pg ml-1, 31.2 pg ml-1, 62.5 pg ml-1, 125 pg ml-1, 250 pg ml-1, 500 pg ml-1, 1000 pg ml-1 and 2000 pg ml-1.
A four parameter algorithm was used, produced in GraphPad Prism version 9.1.0 for Mac OS X (GraphPad,
2021).

2.9 Azocasein protease assay
The amount of protease produced in the EVPL tissue-associated P. aeruginosa biofilm
was determined using azocasein as a substrate to measure proteolytic activity (Harrison
et al., 2014). The assay was also performed on homogenate from uninfected tissue
to determine whether there was any residual protease activity from the pig tissue.
Following bacterial recovery and filter sterilisation, the lung homogenate was diluted 1
in 5 using PBS : ~600 µl homogenate and 2400 µl PBS, in a sterile 1.5 ml Eppendorf tube.
The assay was performed on triplicate repeats of each sample; 100 µl sterile homogenate
was added to each of three 1.5 ml Eppendorf tubes per sample. Proteinase K (Fisher
BioReagents, Germany) was used as the known concentration of protease to produce a
standard curve. A 5 ml master stock of proteinase K was made to a concentration of 1 mg
ml-1 in dH2O and from this stock 500 µl known standards of the following concentrations
were prepared using dH2O in 1.5 ml Eppendorf tubes: 500 µg ml-1, 100 µg ml-1, 75 µg
ml-1, 25 µg ml-1, 10 µg ml-1, 5 µg ml-1, 1 µg ml-1 and a 0 µg ml-1 assay blank. Then, 100 µl
of every standard concentration was added to each of three 1.5 ml Eppendorf tubes per
standard. The azocasein buffer was prepared in a glass 500 ml Duran bottle, 1 ml was
made for every tube (samples and standards): 100 mM Tris (Sigma-Aldrich, USA), 1 mM
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CaCl2 (Alfa Aesar, UK), pH 7.5, and 5 mg azocasein (Sigma-Aldrich, UK) was dissolved in
the buffer for every tube to be assayed.

Following preparation, 900 µl of azocasein solubilised in the buffer was added to each
assay tube. All tubes were incubated at 37 °C for 15 min with 170 rpm shaking. To stop the
reaction, 100 µl stop solution was added (10% (v/v) trichloroacetic acid (TCA); PanReac
AppliChem, ITW Reagents, Germany). The samples were centrifuged for 1 min at 13,000
rpm. A 200 µl aliquot was taken from the supernatant in each tube and transferred to
individual wells of a 96 well plate (Corning, USA) and the abosrbance read at 400 nm
using a Tecan Spark 10M multimode plate reader. A proteinase K standard curve was
produced (Figure 2.4) and the total protease in each sample was calculated using the
equation: 1.3935e(5.7822∗OD400nm) then the dilution was cancelled by multiplying by 5 and
the total in each sample determined by finally multiplying by 1.025 (the extra 0.025 to
account for the entire volume in the lung homogenate sample).

y	=	1.3935*e(5.7822*x)
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Figure 2.4: Proteinase k (µg ml-1) standard curve for azocasein protease assay. The standard curve was
produced using OD400nm values for triplicate repeats of known proteinase K concentrations: 500 µg ml-1,
100 µgml-1, 75 µgml-1, 25 µgml-1, 10 µgml-1, 5 µgml-1, 1 µgml-1 and 0 µgml-1. The data points represent the
mean values for each concentration and the equation for the standard curve determined from all values is
shown.

2.10 Pyoverdine and pyochelin assays
The production of the siderophores PVD and PCH by P. aeruginosa from EVPL
tissue-associated biofilmswasmeasured using fluorescence (Dumas et al., 2013; Harrison
et al., 2014). The sterile lung homogenate from bead beating following lung dissection,
infection and incubation at required time points, was diluted 1 in 5 in PBS as decribed in
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Method 2.9. The assay was also performed on homogenate from uninfected tissue as a
negative control. Duplicate aliquots of 200 µl each from every sample were transferred
to individual wells of a 96well flat, clear bottom, black tissue culture treated plate, with a
lid (Corning, USA). PVD was measured by exciting the samples with light at 400 nm then
measuring the fluorescence at 460 nm. PCH was measured by exciting the samples at
350 nm and measuring the fluorescence at 430 nm. Both were measured using a Tecan
Spark 10M multimode plate reader.

2.11 Crystal violet biofilm assay
After EVPL dissection, infection and incubation at 37 °C for the desired length of time,
tissue pieces were placed in individual wells of a 24 well plate, each containing 500 µl
PBS. The lid was put on the plate and the plate was lightly shaken to remove non-biofilm
associated P. aeruginosa cells. Crystal violet (Pro-Lab Diagnostics, UK) was prepared to
0.1% (v/v) in PBS in a 50 ml falcon tube, then 500 µl was added to individual wells of a
new 24 well plate. The tissue sections were transferred to each crystal violet well and
incubated at room temperature for 15 min, with 170 rpm shaking and the plate lid on.
Each tissue piece was transferred to another 24 well plate, with 500 µl PBS in each well.
The lid was put on the plate and it was lightly shaken to remove any unbound crystal
violet. The tissue pieces were transferred to each well of a further, empty 24 well plate
and left to dry in a laminar flow hood for 30 min, without the lid on. Following drying,
500 µl 95% ethanol (v/v) was added to each well and the plate was incubated with the
lid on at room temperature, for 15 min with 170 rpm shaking. The tissue pieces were
removed from each well using flame sterilised forceps and discarded. Finally, 200 µl of
the ethanol solution from each well was transferred to individual wells of a 96 well plate.
The absorbance was read at 590 nm using a Tecan Spark 10M multimode plate reader.

2.12 EVPL histology sample preparation
Following dissection, infection and the desired incubation time, ex vivo pig lung (EVPL)
tissue sections were each placed in a tissue processing/embedding cassette (Simport
Scientific, Canada) and placed in 10% neutral buffered formalin (VWR Chemicals, UK)
overnight for fixation. Samples were then transfered to 70% ethanol (v/v) (VWR
International, France), diluted to 70% using dH2O, and stored at 4 °C for a maximum
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of 7 d until all samples were ready. The sections were then prepared for histopathology;
paraffin-embedded, sectioned and mounted on glass microscopy slides by an external
service at the University ofManchester’s histology core facility (UK). Following this, tissue
sections were initially de-parraffinized in 2 changes of xylene (Avantor, Poland) for 10min
per change. The sections were then re-hydrated in 2 changes of 100% ethanol for 5 min
per change, followed by 2 min in 95% ethanol then 2 min in 70% ethanol. All ethanol
dilutions were prepared in dH2O. Slides were then washed in dH2O for 2-3 min prior to
staining.

2.13 Gram staining
P. aeruginosa infected EVPL tissue pieces prepared for histological staining were also
Gram stained, alongside in vitro SCFM P. aeruginosa cultures. The initial preparation
steps prior to staining were different for each sample type. After the EVPL tissue samples
were de-paraffinised in xylene (Method 2.12), the re-hydration process was altered
from above. Re-hydration steps were performed using a combination of ethanol and
isopropanol. The samples were re-hydrated in 100% ethanol for two changes, each 5
min. The slides were then placed in 95% isopropanol (Fisher Scientific, UK) (v/v; diluted
in dH2O) for 2 min, then 70% isopropanol (v/v; diluted in dH2O) for 2 min. Residual
alcohol was removed by washing the slides in dH2O for 2-3 min. For in vitro SCFM
cultures, ~20 µl of culture was added to a glass microscope slide (Fisher, UK) and heat
fixed. Briefly, the slide was passed through a flame ~6 times then left to dry by the flame.

Gram staining was then performed on EVPL and in vitro SCFM samples following the
same method. Crystal violet was briefly applied to the samples (~30 s) and rinsed with
water. Iodine (Pro-Lab Diagnostics, UK) was applied for ~1 min then briefly rinsed using
water, and acetone added for 10 - 15 s for decolourisation. Water was used to rinse
off the acetone and 1% neutral red (v/v) (Pro-Lab Diagnostics, UK) applied for 1 min to
counterstain. The slides were rinsed with water and blotted dry with filter paper.

The EVPL samples were finally dehydrated in 100% isopropanol (v/v) for ~5 s, then placed
in two fresh changes of 100% xylene (v/v) for 5 min each. All samples were mounted
using DPX mountant fluid and a 22 x 50 mm Hydrolytic Class 1 glass cover slip. Images
were taken using a Zeiss Axio Scope. A1 light microscope with the Zeiss Axiocam Erc 5s
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and Zeiss Zen 2.3 pro software.

2.14 Alcian blue staining of EVPL tissue
After re-hydration, the P. aeruginosa infected lung samples and uninfected tissue
samples, as a negative control for biofilm, were stained with Alcian blue to identify the
biofilm matrix. The slides were stained with 1% Alcian blue solution in 3% acetic acid (pH
2.5) (Sigma-Aldrich, USA) for 45 min, then rinsed well with dH2O for 2 min. Slides were
transferred to nuclear fast red solution (Alfa Aesar, UK) for 2 min to counterstain the
samples then briefly washed in dH2O. The samples were then dehydrated, first ‘dipped’
in 95% ethanol (v/v; diluted in dH2O) 10 times then placed in fresh 95% ethanol (v/v) for
2 min. Slides were transferred to two changes of 100% ethanol for 2 min each and finally
added to two changes of xylene for 5 min each. The samples were finally mounted using
DPX mountant fluid (Sigma-Aldrich, UK) and a 22 x 50 mm Hydrolytic Class 1 glass cover
slip (VWR Collection, UK). The samples were imaged using a Zeiss Axio Scope. A1 light
microscope with the Zeiss Axiocam Erc 5s and Zeiss Zen 2.3 pro software.

2.15 Hematoxylin and eosin staining of EVPL tissue
The formation of P. aeruginosa biofilm on the surface of EVPL tissue sections was
investigated using Hematoxylin and Eosin (H & E) staining, which stained both the lung
tissue and bacterial biofilm (Figure 2.5). Uninfected tissue was also stained at each time
point as a negative control for P. aeruginosa biofilm. Following histology preparation and
re-hydration, the samples for staining were transferred to Mayer’s hemalum solution
(Merck Millipore, UK) for 10 min. Slides were washed in running ‘tap water’ (~1 L tap
water with 2 teaspoons Na2CO3 (Prolabo, France)) for 5 min then transferred to the
counterstain, eosin Y solution (Merck Millipore, Germany), for 1 min 30 s. The tissue
samples were then dehydrated: first ‘dipped’ in 95% ethanol (v/v; diluted in dH2O) 10
times, then transferred to 2 changes of 100% ethanol for 2 min per change. The slides
were then transferred to 2 changes of xylene for 5 min each, and mounted using DPX
mountant fluid and a 22 x 50 mm Hydrolytic Class 1 glass cover slip. Slides were imaged
using a Zeiss Axio Scope. A1 light microscope with the Zeiss Axiocam Erc 5s and Zeiss Zen
2.3 pro software.
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Figure 2.5: Diagram of Hematoxylin & Eosin (H & E) stained ex vivo pig lung (EVPL) bronchiolar tissue
sections infected with Pseudomonas aeruginosa. The tissue structures that were visible from this staining
are labelled, stained pink (with eosin Y solution). The bacterial biofilm is stained purple (with Mayer’s
hemalum solution) as shown and the rod-shaped bacteria within the biofilm, indicative of P. aeruginosa,
were visible.

The depth of the stained biofilm on the surface of the tissuewasmeasured using the Zeiss
Zen 2.3 pro software. A line was drawn from the edge of the tissue (stained pink) where
the biofilm started, to the outward edge of the biofilm (Figure 2.5) . The length (µm) was
determined using the software, andmeasurementswere taken at 7 points along each H&
E stained biofilm image. Themeanwas calculated to determine the average P. aeruginosa
biofilm depth on the surface of the EVPL tissue.

2.16 Minimum inhibitory concentration assay
All minimum inhibitory concentration (MIC) assays were performed following the broth
microdilution method described by Wiegand et al. (2008). The MIC of different bacterial
strains was tested for all antibiotics listed in Table 2.4. Assays were carried out using
bacteria grownonEVPL tissue andusing standard in vitro inoculum. For EVPLmodelMICs,
the lung homogenate following bacterial recovery was diluted 1 in 100 in SCFM (~200 µl
homogenate and 19.8ml SCFM) in a 50ml falcon tube, to prepare the bacterial inoculum.
The in vitro inoculum were prepared as a MacFarland standard in a 25 ml, glass universal
tube. P. aeruginosa PA14 was grown on an LB agar plate overnight and colonies were
suspended in the required media for the assay: either SCFM or cation-adjusted Mueller
Hinton broth (CAMHB) (Sigma-Aldrich, India), to an OD600nm of 0.08 – 0.1, then diluted 1
in 100 in the media used to the required volume dependent on how many assays were
performed per inoculum (~5 ml per antibiotic tested with the inoculum). Three replicate
bacterial inoculums were prepared for each antibiotic MIC assay, both EVPL and in vitro.
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Table 2.4: The antibiotics for which the minimum inhibitory concentration (MIC) was determined for
different bacterial strains. Each antibiotic was prepared as a master stock as shown and stored at - 20
°C until required. Meropenem and polymyxin B master stocks were stored in 2 ml Eppendorf tubes and
master stocks of colistin were stored in 2 ml clear, glass vials (Merck KGaA, Germany). The master stocks
were then diluted to 256 µg ml-1 working concentrations to perform MIC assays as described.

Antibiotic Master stock Assay preparation Manufacturer
Meropenem 5 mg ml-1: 10 mg

meropenem trihydrate
+ 1752 µl dH2O

Diluted in SCFM
to working
concentrations

Sigma-Aldrich, USA

Colistin 10 mg ml-1: 5 mg colistin
sulfate salt + 500 µl
dH2O

Diluted in SCFM
to working
concentrations

Acros Organics, China

Polymyxin B 50 mg -1: 50 mg
polymyxin B sulfate salt +
1 ml dH2O

Diluted in SCFM
to working
concentrations

Sigma-Aldrich, USA

The antibiotic to be tested was prepared to a concentration of 256 µg ml-1 in a 5 ml
universal tube from the master stock in the same media used for the bacterial inoculum
for that assay (Table 2.4). Subsequently, 200 µl of the antibiotic (256 µg ml-1) was added
to each well in the first column of a tissue culture treated, flat bottom, clear 96 well
plate with a lid (Corning, USA). One row was prepared per assay performed for that
antibiotic, then 100 µl media for the assay was added to the rest of the wells in each row
(excluding the first antibiotic-containing well). The antibiotic was then serially diluted
two-fold ten times (see Figure 2.6). Following dilutions, 100 µl of the bacterial inoculum
were added to each antibiotic well, resulting in the final assay antibiotic concentrations,
and the positive control wells (Figure 2.6). The negative control wells were then filled
with 200 µl sterile media, as used for the rest of the assay. The plate was sealed with
parafilm and incubated for 18 h at 37 °C, stationary without any plate stacking. Following
incubation, the antibiotic concentration with no growth, visible as either turbidity or
biofilm formation, was recorded as the MIC value.
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Figure 2.6: Layout of a 96 well plate prepared for a minimum inhibitory concentration (MIC) assay for
different bacteria of multiple anitbiotics. MICs were performed in tissue culture treated, flat bottom,
clear 96 well plates with a lid (Corning, USA), shown by the table above. Each square represents a well.
The top diagram illustrates the two-fold dilution series performed in each antibiotic row to result in the final
required antibiotic concentrations once the bacterial inoculumwas added. The bottom diagram shows the
whole plate layout for a 96 well plate where two sets of MICs were performed, three replicates per assay,
and the final antibiotic concentrations.

2.17 Antibiotic susceptibility testing in the EVPL model
Lungs were dissected and infected as described, with three replicate lung pieces per lung
and test condition. Antibiotics tested were prepared as a master stock and stored as
described in Table 2.4 prior to use. The master stock was then used to make the required
antibiotic concentrations for each experiment, diluted in SCFM in 15 ml falcon tubes.

Following the desired incubation time, tissue pieces were removed from the 24well plate
with flame sterilised forceps and washed in 500 µl PBS in individual wells of a tissue
culture treated, flat bottom, individually wrapped 48 well plate (Corning Costar, USA) to
remove non-biofilm associated bacterial cells. The tissue pieces were then transferred
into 500 µl of the required antibiotic at the desired concentration in individual wells
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of a 48 well plate. A replicate control, non-antibiotic treated set of tissue pieces were
transferred into 500 µl PBS in individual wells of a 48 well plate. The plates were covered
with a UV sterilised Breathe-Easier® sealing membrane and incubated in plastic drawers
for 24 h at 37 °C. Tissue pieces were then removed andwashed in PBS in a 48well plate as
above, and placed in individual tubes with 1 g 2.38mmmetal beads (Fisher Scientific, UK)
and 1 ml PBS. The bacterial cells were recovered and CFU was determined as described
above (Method 2.5, 2.7).

2.18 Microbial cell viability from EVPL tissue
To determine the cell viability of the P. aeruginosa biofilm grown on the EVPL tissue, a
BacTiter-Glo™ microbial cell viability assay (Promega, USA) was performed to measure
the amount of ATP (nM) present in samples to infer number of viable microbial cells.
Uninfected tissue was used as a negative control condition for P. aeruginosa infection.
After lung dissection, infection and incubation, the bacteria were recovered at 1 d, 2
d and 7 d; it was also done immediately after infection as a 0 d time point. The lung
homogenate following bacterial recovery was equilibrated to room temperature and
100 µl of each homogenate was added to individual wells of a 96 well flat, clear bottom,
black tissue culture treated plate, with a lid. Known concentrations of ATP were also
prepared to produce a standard curve. In a polystyrene 96 well plate, three replicate
dilution rows were prepared. In the first column 200 µl of 1 µM ATP solution (Jena
Bioscience, Germany) was added to each well and in all subsequent wells in the row, 180
µl SCFMwas added. A ten-fold series dilution was then performed, 20 µl was taken from
the first well that contained 1 µMATP and added to the adjacent well in each dilution row
to produce a 0.1 µM concentration. This process was repeated sequentially four more
times to produce the following concentrations: 0.01 µM, 0.001 µM, 0.0001 µM and
0.00001 µM. Following this, 100 µl of each ATP standard (3 replicates per concentration)
was transferred to individual wells of the 96 well flat, clear bottom, black tissue culture
treated plate, as was done for the homogenate samples, to perform the assay for known
ATP concentrations.

The assay was then performed following the Promega BacTiter-Glo™ microbial cell
viability assay kit instructions using the reagents provided. The BacTiter-Glo™ Buffer and
lyophilised BacTiter-Glo™ Substrate were first equilibriated to room temperature then
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the Buffer (10 ml) was transferred to the substrate and mixed using a vortex, to make the
assay reagent. Once mixed, 100 µl of the reagent was added to each well of the 96 well
plate containing a homogenate sample or ATP standard. The plate contents were mixed
on an orbital shaker at 170 rpm, at room temperature for 1 min. The luminescence (RLU)
was then read using a Tecan Spark 10M multimode plate reader. An ATP standard curve
was produced (Figure 2.7) and the ATP concentration in each sample was calculated using
the equation: RLU−21.33
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Figure 2.7: ATP (nM) standard curve for BacTiter-Glo™microbial cell viability assays (Promega, USA). The
standard curve was produced using the luminescence values (RLU) from three assay repeats of each ATP
standard concentration: 0.01 nM, 0.1 nM, 1 nM, 10 nM, 100 nM and 1000 nM, after performing the assay
following kit instructions. The different shape points represent each repeat. The standard curve is shown
and the equation, which was used to determine the ATP concentration in ex vivo pig lung homogenate
samples: uninfected negative controls and Pseudomonas aeruginosa infected, is shown.

2.19 Pseudomonas aeruginosa RNA extraction
All areas and equipment used for RNA experiments were cleaned using RNaseZap™
(Sigma-Aldrich, Lithuania) before the work started. P. aeruginosa PA14 ribonucleic
acid (RNA) was extracted from the two environments of the EVPL model: the lung
tissue-associated biofilm and surrounding SCFMmedia (see Figure 2.8) at 24 h, 48 h and
7 d post infection. The extractions were performed on double the amount of samples
intended to be sequenced to account for any RNA loss during extraction, hence six
replicate samples from each of two lungs were used at each time point. PA14 RNA was
also extracted from in vitro SCFM cultures at 24 h and 48 h, similarly from double the
number of samples to be sequenced - so six replicates per time point. At the required
time, each culture was transferred to individual, sterile 2 ml DNA LoBind microcentrifuge
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tubes (Eppendorf, Germany): 1 ml lung homogenate per tube, 500 µl surrounding SCFM
per tube or 1 ml in vitro SCFM culture per tube. A 0.5 volume of sterile killing buffer
(20 mM Tris-HCl pH 7.5, 5 mM MgCl2, 20 mM NaN3) was then added to each tube. The
sampleswere centrifuged for 1min at 13,000 rpm then snap frozen in dry ice and ethanol,
and stored at -80 °C for a minimum of 1 h.

Figure 2.8: The two environments of the ex vivo pig lung (EVPL) model from which Pseudomonas
aeruginosa PA14 RNA was extracted. The photos show the EVPL model following 7 d incubation at 37
°C as an example.

The samples were then defrosted on ice and the supernatant was carefully discarded so
that the pellet was not disturbed. The pellet was re-suspended in 600 µl sterile LETs
buffer (0.1 M LiCl, 0.01 M Na2EDTA, 0.01 M Tris-HCl pH 7.5, 0.2% SDS) then transferred to
2 ml lysing matrix B tubes (MP Biomedicals, USA). Once transferred, the samples were
bead beat in a FastPrep-24 5G for three cycles: 6 m s-1 for 40 s and 5 min incubation on
ice, then further incubated to reach room temperature. The tubes were centrifuged at
13,000 rpm for 10 min, then 600 µl 125:24:1 Phenol Chloroform Isoamyl alcohol (PCI) pH
4.5 (Invitrogen, UK)was added. The sampleswere vortexed at ~14,000 rpm for 5min then
centrifuged for 5 min at 15,000 rpm, at 4 °C. The top layer of solution that had formed
in each sample was transferred to sterile 2 ml RNase-free tubes (Sarstedt Ltd, Germany)
and mixed with 1 volume 125:24:1 PCI (pH 4.5). The vortex, centrifugation and top layer
transfer steps were repeated as decribed, then 1 volume 24:1 Chloroform Isoamyl alcohol
(Sigma-Aldrich, UK) was added and samples were centrifuged for 5 min at 15,000 rpm, at
room temperature. The top layer was transferred to another 2 ml RNase-free tube and
0.1 volume 3M NaCH3COO pH 5.2 and 1 volume 100% isoproponal (v/v) were added. The
samples were mixed by inverting each tube ~six times then stored at -20 °C overnight.
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2.20 RNA precipitation
The extracted RNA samples that had been stored at -20 °C overnight were defrosted on
ice, then centrifuged for 15 min at 15,000 rpm. The supernatant was removed and the
pellets were resuspended in 1 volume (~560 µl) 70% ethanol (v/v), then centrifuged at
4 °C for 15 min at 15,000 rpm. The supernatant was then removed and the pellets were
dried by a flame for ~15 min. The dried pellets were resuspended in 50 µl RNase-free
water (Invitrogen, UK) and incubated for 3 h on ice, then left to equilibriate to room
temperature for 30 min. The concentration of precipitated RNA was determined as
described in Method 2.21, then snap frozen and stored at -80 °C.

2.21 Determining RNA concentration
The concentration of RNA in each sample was determined using the Qubit™ RNA broad
range (BR) Assay kit (Invitrogen, Netherlands) and Qubit® 2.0 Fluorometer. All reagents
used were provided in the kit. The Qubit® RNA BR Reagent was diluted 1 in 200 in Qubit®
RNA BR Buffer in a 15 ml falcon tube to produce the Qubit® working solution, to a total
volume to ensure there was 200 µl per sample and standard (i.e. 200 µl x number of
assay tubes). Subsequently, 190 µl Qubit® working solution was added to two individual
Qubit® assay tubes (Invitrogen, USA) for standard 1 and standard 2, and then 10 µl of
each Qubit® standard was added to the relevant tube and vortexed for ~2-3 s. Qubit®
assay tubes were then prepared for each RNA sample, 199 µl Qubit® working solution
was added then 1 µl of RNA sample. The samples were mixed by vortexing for ~2-3 s.
All tubes (samples and standards) were incubated at room temperature for 2 min. The
standards and samples were then read using a Qubit® 2.0 Fluorometer, to determine the
RNA concentration of each RNA sample.

2.22 DNA removal from RNA samples
The precipitated, frozen RNA samples were defrosted on ice for deoxyribonucleic acid
(DNA) removal. Samples that had a concentration above 200 µg ml-1 were diluted to
less than 200 µg ml-1 using RNase-free water, to improve DNA removal success. Each
sample was then transferred to sterile PCR tubes in volumes ≤ 50 µl, higher volumes
were divided between multiple tubes. DNase I buffer (10X) (Invitrogen, Lithuania) was
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added to each sample tube in a 9:1 ratio respectively (i.e. 46 µl sample and 9 µl buffer),
then 2 µl DNase I (Invitrogen, Lithuania) was added. The tubes were incubated for 30
min at 37 °C then a further 2 µl DNase I was added and the incubation repeated. Another
2 µl DNase I was added and then the samples were incubated a third time for 30 min,
at 37 °C. An equal volume of 100% ethanol (v/v) (~50 µl) was added and mixed to stop
the reaction then samples were transferred to Zymo-Spin™ ICC columns (Direct-zol™
RNA MiniPrep Plus kit, Zymo Research, USA), with any separate high concentration
samples combined in a single spin column. The samples were then centrifuged for 30 s
at 13,000 rpm and the flow-through was discarded. The Direct-zol™ RNA MiniPrep Plus
kit was used to clean up each RNA sample: 400 µl Direct-Zol RNA Prewash was added
to each column and then the tubes were centrifuged for 30 s at 13,000 rpm and the
flow-through discarded. This step was repeated then 700 µl RNAWash Buffer was added
and the samples centrifuged for 2 min at 13,000 rpm. The column was transferred to a
sterile, RNase-free tube and 50 µl RNase-free water was added directly to the column
matrix. Samples were incubated at 55 °C for 5 min then centrifuged for 30 s at 13,000
rpm to elute the RNA.

A 16s PCR (3 min at 95 °C; 25 x 1 min at 95 °C, 30 s at 50 °C, 1 min at 72 °C; 2 min at 72
°C) was performed to determine if any DNA was still present. Each reaction was made up
of 1 µl sample, 1 µl forward primer, 1 µl reverse primer, 12.5 µl GoTaq® G2 green master
mix (Promega, USA) and 9.5 µl nuclease-free water (Promega, USA), using the following
primers (Merck, UK):

Forward: 5’-GGCTGGATCACCTCCTT
Reverse: 5’-TGCCAAGGCATCCACCG

Gel electrophoresis (0.7% agarose, 4 µl 1X SYBR® safe DNA gel stain) was run for 30min at
120 v, using a 1 kb ladder (New England Biolabs, UK). For any samples that had detectable
DNA, the entire DNA removal protocol was repeated. The final RNA concentration in each
sample was confirmed using the Qubit™ RNA BR Assay kit (Method 2.21) and the samples
were then snap frozen and stored at -80 °C until required.

2.23 RNA quality check and sequencing
The quality of the optimal RNA samples for sequencing was confirmed using the
RNA 6000 Pico kit (Agilent Technologies, USA) and Agilent 2100 Bioanalyzer system.
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Everything described was provided in the kit unless specified. The gel stock was prepared
first; 550 µl RNA 6000 Pico gel matrix was added to a spin column and centrifuged
at 4,000 rpm for 10 min. The spin column was discarded, and the gel filtered into
the collection tube was divided into 65 µl aliquots (~8), each in 0.5 ml RNase-free
microcentrifuge tubes. Any excess gel was stored at - 4 °C for 1 month. The RNA 6000
Pico dye concentrate was vortexed for 10 s then centrifuged for 30 s at 13,000 rpm,
and 1 µl was added to a gel aliquot per RNA 6000 Pico chip used. The gel-dye mix was
vortexed, left to reach room temperature whilst covered from light, then centrifuged at
14,000 rpm for 10 min.

Following preparation, the Bioanalyzer was cleaned using an electrode cleaner chip.
The chip was slowly filled with 350 µl RNase-free water through one well, placed in the
Agilent 2100 Bioanalyzer, and left for 5 min. The chip was removed and the lid was left
open for ~30 s. The RNA 6000 Pico chip was placed in the chip priming station and 9 µl
gel-dye mix was added into the bottom of the black well marked ‘G’. The chip priming
station was closed and the syringe pushed down from 1 ml and held for 30 s, then
released. Once the syringe reached 0.3 ml, after ~5 s the syringe was pulled back to 1 ml
and the chip removed from the chip priming station. Subsequently, 9 µl gel-dye mix was
added to each of the two white wells marked ‘G’, then 9 µl RNA 6000 Pico conditioning
solution was added to the well marked ‘CS’. Finally, 5 µl RNA 6000 Pico marker was
added to the well marked with a ladder and each of the sample wells, and 1 µl RNA
ladder (Agilent RNA 6000 Pico Ladder; Agilent Technologies, Lithuania) was also added
to the ladder well. RNA aliquots for testing (~5 µl) were denatured at 70 °C for 2 min
then 1 µl was added to individual sample wells. For any sample wells where denatured
RNA was not added, 1 µl RNase-free water was added. The chip was vortexed for 60 s
at 2,400 rpm using an IKA vortex mixer then loaded into the Agilent 2100 Biolanalyzer.
The ‘Eukaryotic Total RNA Pico’ assay using 2100 expert software was used to analyse
the RNA samples. Once finished, the chip was removed and the electrode was cleaned
again as described above, using the electrode cleaner chip.

Samples for RNA sequencingwere then sent toGenewiz, where bacterial andmammalian
rRNA depletion and Illumina library preparation for strand-specific RNA sequencing was
performed. Genewiz then performed the sequencing on an Illumina NovaSeq. 150 bp
paired-end run. Raw FASTQ files were then returned.
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2.24 RNA sequencing data preparation
RNA sequencing reads in FASTQ format were quality checked using FastQC v0.11.8
(Andrews, 2018) before analysis and after each step of initial data preparation. All data
preparation steps were performed using the cloud infrastructure for big data microbial
bioinformatics (CLIMB) server. Trimmomatic v0.38 (Bolger et al., 2014) was used to
trim reads, the minimum threshold for read length was set at 25 bp (Cornforth et al.,
2018), then any residual bacterial rRNA and eukaryotic rRNA transcripts were filtered
out using SortmeRNA v2.1b (Kopylova et al., 2012). Reads from EVPL model samples
(lung-associated biofilm and surrounding SCFM) were aligned to the pig genome (Sus
scrofa: NCBI, GCF−000003025.6) using HISAT2 v2.10 (Kim et al., 2019). Any reads that
were mapped were removed using Seqtk v1.3-r106 (Li, 2015) and remaining reads and in
vitro SCFM sample reads were then aligned to the P. aeruginosa UCBPP-PA14 genome
(NCBI, GCF−000014625.1) using Burrows-Wheeler aligner (BWA) v0.7.17-r1188 with the
maximal exact match (MEM) algorithm (Li, 2013).

Following read alignment all further analysis was performed in RStudio (Mac OS X
10.14.6 version 1.2.5042; R version 4.1.1) (Rstudio, www.rstudio.com). Reads that were
mapped to coding sequences determined from the P. aeruginosaUCBPP-PA14 annotation
sourced from Pseudomonas.com (Winsor et al., 2016) were counted using the function
‘featureCounts’ from the Rsubread v2.0.1 package (Liao et al., 2019). The count data
was then normalised with the rlog Transformation function, part of the DESeq2 v1.26.0
package (Love et al., 2014). Principal component analysis (PCA) was performed on
all genes in the analysis (5829) using the ‘plotPCA’ function from DESeq2 (Love et al.,
2014) and 95% confidence ellipses were calculated and added to the plot using ggpubr
v0.4.0 (Kassambara, 2020). A 3D PCA plot was produced using the plotly v4.9.4.1
package (Sievert, 2020) and ggplot2 v3.3.5 package (Wickham, 2016). Hierarchical
clustering analysis was also performed and a heatmap produced, which visualised the
pairwise correlation values from Pearson’s correlation coefficient analysis for all sample
comparisons using the ‘HeatmapAnnotation’ function from the ComplexHeatmap v2.2.0
package (Gu et al., 2016).
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2.25 Differential expression analysis
All differential expression analysis was performed in RStudio (Mac OS X 10.14.6 version
1.2.5042; R version 4.1.1) (Rstudio, www.rstudio.com) and graphs were produced using
the ggplot2 v3.3.5 package (Wickham, 2016) unless specified. Analysis of significant
differentially expressed genes (DEGs) between different time points and growth
environments in the RNA sequencing experiments was performed using DESeq2 v1.26.0
(Love et al., 2014). A gene was considered significant if the adjusted P value < 0.05
(Benjamini-Hochberg procedure to control false discovery rate) and the log2 fold change
(log2FC) ≥ |1.5|. MA plots were produced to show the mean of the normalized counts
against the log2FC value for each contrast using ‘plotMA’ from the DESeq2 v1.26.0
package (Love et al., 2014). Venn diagrams were also produced to show the number
of DEGs shared and unique between contrasts using the VennDiagram v1.7.0 package
(Chen, 2021).

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis was then
performed using ‘enrichKEGG’ from the clusterProfiler v3.14.3 (Yu et al., 2012) package
and the P. aeruginosa UCBPP-PA14 KEGG code ‘pau’. A KEGG pathway was considered
to be significantly enriched using an adjusted P value < 0.05 (Benjamini-Hochberg).
KEGG pathway maps were produced using ’pathview’ from the clusterProfiler v3.14.3
package (Yu et al., 2012). Following this, gene ontology (GO) term enrichment analysis
was carried out using the topGO v2.38.1 package (Alexa and Rahnenfuhrer, 2019) and a
Fisher’s exact test P value < 0.05. The significant differential expression of antimicrobial
resistance genes was investigated based on the comprehensive antibiotic resistance
database (CARD) predictions (Alcock et al., 2020) and sourced from Pseudomonas.com
(Winsor et al., 2016). The gene names and functions described throughout this thesis
were from Pseudomonas.com (Winsor et al., 2016). The genes associated with specific
pathways, including quorum sensing (QS) and biofilm formation, were sourced from the
KEGG database (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2021).
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2.26 Measurement of 3-oxo-C12-HSL and C4-HSL
Production

All samples that the QS, acyl homoserine lactones (AHLs) signalling molecules were
measured from (lung homogenate and in vitro cultures), were first filter sterilised using
a 0.2 µm pore syringe filter into 2 ml Eppendorf tubes as described above (Method 2.5).
Two E. coli bioreporter strains were used to measure 3-oxo-dodecanoyl homoserine
lactone (3-oxo-C12-HSL) and N-butanoyl-L-homoserine lactone (C4-HSL): pSB1075 and
pSB536 respectively (see Table 2.1). Each biosensor was grown in a sterile 50 ml falcon
tube with 10 ml LB broth (Merck kGaA, Germany) overnight (pSB1075: + 10 µg ml-1
tetracycline, pSB536: + 50 µg ml-1 ampicillin), at 37 °C with 170 rpm shaking. Each
overnight culture was diluted 1 in 100 in 15 ml LB broth (150 µl culture and 14.85 ml LB
broth) with the relevant antibiotic concentration in a 50 ml falcon tube, then incubated
for 3.5 h with 170 rpm shaking, at 37 °C.

Following incubation, the cultures were centrifuged for 2 min at 13,000 rpm then the
supernatant was discarded and the pellet resuspended in 15 ml PBS. This step was
repeated twice more and the final pellet was resuspended in 15 ml LB broth without
antibiotics. The OD600nm was read and adjusted to 0.1 with LB broth; 100 µl culture was
then added to each well of a 96 well flat, clear bottom, black tissue culture treated plate,
with a lid. The sterile samples to be assayed were then diluted 1 in 10 in PBS and 100 µl
was added to eachwell andmixedwith the E. coli culture. Known concentration, standard
wells were also set up, in triplicate repeat, using 3-oxo-C12-HSL (Sigma-Aldrich, India) and
C4-HSL (Sigma-Aldrich, India) in place of the samples. A ten-fold series dilution in PBSwas
performed (see Method 2.18) in polystyrene 96 well plates for each standard to produce
the following concentrations: 0.000001 nM, 0.00001 nM, 0.0001 nM, 0.001 nM, 0.01
nM, 0.1 nM and 1 nM. Three 0 nM (just PBS) controls were also set up; 100 µl of each
standard and control were added to individual wells of the assay, black 96 well plate and
mixed with the E. coli culture. The 96-well plate was incubated for 7.5 h at 37 °C in a
Tecan Spark 10Mmultimode plate reader and the luminescence (RLU) and OD600nm were
read every 15min. The RLU/OD600nm was calculated at each time point, and the inflection
time point was determined to create a standard curve (Figure 2.9). A standard curve was
performed every time the assays were carried out. The final AHL concentrations were
determined using the relevant standard curve equation from that experiment (see Figure
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Figure 2.9: Standard curves for 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL) and
N-butanoyl-L-homoserine lactone (C4-HSL) concentrations used to determine the concentrations
in lung homogenate and in vitro samples. The assay was performed using Escherichia coli bioreporter
strains The standard curve was produced using luminescence (RLU) divided by OD600nm at the inflection
point for the known concentrations: 0 nM, 0.000001 nM, 0.00001 nM, 0.0001 nM, 0.001 nM, 0.01 nM,
0.1 nM and 1 nM. The data points represent the mean values for each concentration from three repeats,
and the line shows the standard curve determined from all values. The equation of the line is shown,
used to determine sample concentrations. All axes are log10 scale. (A,B) The standard curves used for the
assays performed in chapter 4. (C,D) The standard curves used for the assays performed in chapter 6.

2.27 Cross streak inhibition assay
Cross streak inihibition assays were performed to determine whether a bacterial isolate
(referred to as the inhibitor strain) inhibited the growth of a second isolate (referred to
as the competitor strain). All LB agar plates used for these assays were made of 14 ml
agar per plate. The inhibitor strains were grown in the EVPL model or SCFM as described
above, for 48 h at 37 °C. The competitor strains were also grown in the EVPL model or
SCFM 24 h later, and incubated for 48 h at 37 °C, so that they were ready 24 h after the
inhibitor strains.
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Following 48 h incubation of the inhibitor strains, 20 µl of either lung homogenate or
in vitro SCFM culture for each strain was ‘drip plated’ vertically onto individual LB agar
plates as shown in Figure 2.10, with the number of repeats required for each experiment.
The plates were incubated at 37 °C overnight. Following this incubation the competitor
strains had been incubated for 48 h, so 20 µl of competitor strain lung homogenate or in
vitro SCFM culture was horizontally ‘drip plated’ 2 mm from the inhibitor strain on each
plate (Figure 2.10). The plates were then incubated at 37 °C overnight and any inhbition
of growth of the competitor strain was measured. The distance from the start of the
competitor strain streak to the start of growth was measured using a ruler (mm).

Figure 2.10: The layout of the Luria-Bertani (LB) agar plates for cross streak inhibition assays. The inhibitor
strain was the bacterial isolate that was grown in the ex vivo pig lung (EVPL) model or synthetic cystic
fibrosis sputummedia (SCFM) in vitro for 48 h at 37 °C, then drip plated as shown (20 µl) and grown on the
plate overnight at 37 °C. The competitor bacterial isolate was drip plated (20 µl) following the overnight
incubation as shown, and the plate was further incubated overnight at 37 °C to determine any inhibition
of competitor strain growth caused by the inhibitor strain. The competitor isolate was also grown in the
EVPL model or SCFM for 48 h at 37 °C prior to plating. Also shown in chapter 6: Figure 6.2.

2.28 Graphs and statistical analysis
All graphs except those showing differential expression analysis, which is described
in Method 2.25, were produced using DataGraph v4.7.1 on Mac OS Mojave v10.14.6
(Adalsteinsson and Schultz, 2020).

All statistical analyses were performed using RStudio (v1.2.1335 on Mac OS Mojave
v10.14.6) (RStudio, https://www.rstudio.com), with P < 0.05 considered significant.
Analysis of variance (ANOVA) tests were performed for comparisons of multiple groups
where the data met the test assumptions and was normally distributed. If data was
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not normally distributed, non-parametric Kruskal-Wallis tests were performed. Post-hoc
comparisons, either a Tukey HSD test or Dunnett’s test for ANOVAswhere appropriate, or
Dunn’s test for Kruskal-Wallis tests, were performed using the multcomp v1.4.17 package
(Hothorn et al., 2008). For comparisons with only two groups,Welch’s two sample t-tests
were performed. The statistical test performed for each analysis is specified where the
data is presented.

2.29 Ethical statement
The pig lungs used as part of this work were sourced from local butchers and were
obtained from animals slaughtered for human consumption, thus ethical approval was
not required.
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Chapter 3
Phenotypic characteristics of
Pseudomonas aeruginosa biofilm
infection in the ex vivo pig lung model
3.1 Introduction
P. aeruginosa adapts to form chronic biofilm infections that worsen disease outcomes
in the lungs of people with CF, driven by the numerous environmental pressures that
make these infections distinct from other infection contexts (Winstanley et al., 2016).
These include, but are not limited to, nitrosative and oxidative stress, the inflammatory
immune response, and the common occurence of infection with other microorganisms
(Hogardt and Heesemann, 2011; Winstanley et al., 2016). Mutations in regulatory
pathways have been shown to be positively selected for in the CF lung, including
those involved in quorum sensing, motility, membrane modifications, biofilm, and
antibiotic resistance (Dettman and Kassen, 2021). Hypermutable P. aeruginosa variants
are frequently isolated from biofilm populations, which persist and display reduced
virulence, proven to be key to survival (Cullen andMcClean, 2015). However, during early
acute infection P. aeruginosa produces a broad range of virulence factors and a biofilm
is not yet established. This stage of infection is easier to treat but once the adaptation to
chronic infection occurs, P. aeruginosa becomes almost impossible to eradicate (Cullen
and McClean, 2015; Broder et al., 2016).

The virulence factors produced by P. aeruginosa in the CF lung include secreted
proteases and the major siderophores PVD and PCH; each play a different role in

74



establishment and infection. Extracellular proteases are pivotal to invasion during
initial infection, and P. aeruginosa produces a wide range including MucD, type IV
protease, aminopeptidase, alkaline protease (AprA), P. aeruginosa small protease,
large exoprotease A and the elastases LasA and LasB (Jurado-Martín et al., 2021). The
quorum sensing transcriptional regulator LasR is involved in the regulation of acute
infection associated virulence factor production. More specifically, LasR regulates
production of AprA and LasB involved in immune evasion, host tissue damage, and
P. aeruginosa cell proliferation; mutations in lasR are frequently seen during chronic
infection. (Hennemann and Nguyen, 2021). This indicates that protease production is
not positively selected for once a chronic biofilm infection is formed. The lasR mutants
have also been shown to have a growth advantage using certain nitrogen and carbon
sources, such as amino acids like phenylalanine (D’Argenio et al., 2007). Thus, loss of
protease production may also be a result of selection for lasRmutants driven by nutrient
availability. Alongside this, there is an overall loss of QS gene expression associated
with the transition from acute to chronic infection lifestyle (Hogardt and Heesemann,
2011), which is linked to the reduction in virulence factor production, including proteases.

Similarly, there is increasing research to suggest that PVD and PCH are not essential
during chronic infection. The formation of a chronic P. aeruginosa infection is associated
with increased iron availability in the CF lung, as lung damage increases (Reid et al.,
2007). A study using ex vivo airway mucus secretions found transposon mutants that
could not produce PVD or PCH were able to survive. A novel iron uptake system was
shown to be essential for P. aeruginosa growth in the airway mucus (Gi et al., 2015).
It has also been proven that there is a significant decrease in production of PVD and
PCH following the initial acute stages of CF infection. There is an accumulation of PVD
mutants and it has been indicated that heme becomes the predominant iron source,
thus heme uptake systems are utilised (Nguyen et al., 2014). Therefore PVD and PCH
are likely only important for iron acquisition during acute infection, and P. aeruginosa

uses other systems once a biofilm infection is established and there is increased iron
availability.

Virulence is a key phenotype that characterises the different stages of P. aeruginosa
infection in the CF lung, thus it was investigated in the EVPL model. Transposon insertion
mutants for the following genes were grown in the model and the impact of loss of
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gene function on virulence factor production was investigated: gacA, vfr, sadR, and
pqsR. Each of these genes is implicated in virulence factor production or associated
with the switch to chronic biofilm infection. Vfr is a cyclic adenosine monophosphate
(cAMP)-dependent transcription factor that is involved in protease production and type
3 secretion. Disruption of vfr expression, such as common CFmutations in the anti-sigma
factor mucA gene, blocks the production of invasive virulence factors such as proteases
(Jones et al., 2010). The transcriptional regulator PqsR also plays a role in virulence
factor gene expression, often known as MvfR: Multiple virulence factor regulator. The
Pseudomonas quinolone signal (PQS) quorum sensing system activates pqsR, leading
to the expression of multiple virulence factor genes including production of pyocyanin
(Allegretta et al., 2017). PqsR has been shown to bind additional loci to play a pivotal role
in quorum sensing regulation of infection and antibiotic tolerance (Maura et al., 2016).

P. aeruginosa also has more than 60 two component regulatory systems that control
virulence and the switch in lifestyles from acute to chronic infection (Jimenez et al., 2012).
SadR is the response regulator in one of these systems: SadARS, which is involved in
biofilm maturation. The SadARS system is linked to repression of type 3 secretion, which
is active during acute infection, and promotion of biofilm formation; mutants for sadR
have been shown to cause a defect in the P. aeruginosa biofilm architecture (Gooderham
and Hancock, 2009). However, the global activator of antibiotic and cyanide synthesis
(GAC) system is arguably the most well studied of the P. aeruginosa two component
systems. It is the predominant cause of the switch from acute to chronic infection in
the CF lung, and is involved in interactions with the host tissue that often result in lung
failure and increased mortality (Jimenez et al., 2012). GacA activity has also been linked
to the regulation of biofilmmaturation (Parkins et al., 2001), thus as well as investigating
virulence factor production of gacA- in the EVPL model, the biofilm formed was also
studied. Figure 3.1 shows the signalling pathways involving theGAC system that switch the
lifestyle of P. aeruginosa from acute to chronic biofilm infection in the CF lung (Jimenez
et al., 2012; Bouillet et al., 2019).
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Figure 3.1: Overview of the global activator of antibiotic and cyanide synthesis (GAC) system pathway
known to drive the switch of Pseudomonas aeruginosa acute infection to chronic in the CF lung. The steps
of the GAC system pathway are outlined to the right of the diagram, however the secondary messenger
cyclic diguanylate (c-di-GMP) is also able to upregulate RsmY. The figure was created based on information
from Jimenez et al. (2012) and Bouillet et al. (2019).

The biofilm is made up of P. aeruginosa cells and a self-produced matrix of lipids,
proteins, nucleic acids and polysaccharides (Flemming and Wingender, 2010). This
stage of infection is so difficult to treat because this matrix provides protection from
the immune response and causes increased antibiotic resistance (Høiby et al., 2010).
Traditionally this stage of infection has been difficult to replicate in vitro so, research
of P. aeruginosa persistence, virulence, and response to treatments during chronic
infection is limited. The resistance phenotypes observed in in vivo biofilms differ from
that seen in vitro (Müsken et al., 2017). Similarly, the structure of the biofilms grown
in the lab is distinct from the biofilms seen in people with CF. Many aspects of chronic
infection are dependent on the biofilm structure, particularly the pockets of dormant
cells that affect quorum sensing and the nutrient gradients created (Høiby et al.,
2010). As biofilm formation and structure is vital to the characteristics of P. aeruginosa
chronic infection in the CF lung, it was investigated in the EVPL model and the impact
on antibiotic resistance. As well as the impact of loss of gacA function, the biofilm

77



formed by a transposon mutant for pelA was also investigated. PelA is a periplasmic
deacetylase and hydrolase enzyme involved in the production of the structural biofilm
matrix polysaccharide Pel (Marmont et al., 2017). Pel is one of three exopolysaccharides
produced by P. aeruginosa to form the biofilm matrix: Pel, Psl and alginate (Bjarnsholt
et al., 2009). Pel has been shown to not only play a structural role in the biofilm but is
also required for intercellular interaction and enhanced resistance to aminoglycosides
(Colvin et al., 2011).

As detailed, the different stages of P. aeruginosa infection in the lungs of people with
CF are characterised by changes in virulence factor production and the formation of a
mature biofilm. Investigation of this in the EVPL model at two different time points
(2 d and 7 d) was performed for P. aeruginosa PA14 and transposon insertion mutants
for each of the genes discussed. Taking into account the role of each gene in the
phenotypes observed in CF, the predictions in Table 3.1 were made for how each strain
would behave in the EVPL model. It was shown that by 2 d, there were low levels of
virulence factor production in the EVPL model that was maintained over 7 d, with little
distinction between the mutants and wild type (WT). However, there were differences in
the biofilm formed by the different mutants tested, and a mature biofilm established by
the WT at 7 d. Thus indicating that the EVPL is a good model for the CF lung that drives
P. aeruginosa into a chronic-like state of biofilm infection.
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Table 3.1: Predicted phenotypes for virulence factor production and biofilm formation of Pseudomonas
aeruginosa PA14 transposon insertion mutants (Liberati et al., 2006a,b) compared with the wild type
(WT) in the ex vivo pig lung model. Based on the literature, as dicussed in the chapter introduction, in
cystic fibrosis (CF) infection it is likely that loss of gene function will have the predicted phenotypes listed.
The impact on biofilm was likely to affect antibiotic susceptibility so this was also tested for the mutants in
th EVPL model. Those listed as not tested were not investigated for that phenotype as they were either not
associated with changes compared to the WT (biofilm: vfr-, pqsR-; virulence: pelA-) or had similar effects
to other genes so were not studied due to budget restrictions (biofilm: sadR- likely similar to gacA-).

Transposon Mutant Virulence compared with WT Biofilm compared with WT
vfr- Reduced production Not tested

sadR- No difference Not tested

pqsR- Reduced production Not tested

gacA- Increased production Prevent biofilm
maturation and
increased antibiotic
susceptibility

pelA- Not tested Unable to form biofilm
and increased antibiotic
susceptibility

3.2 Results
3.2.1 Growth of P. aeruginosa PA14 in the EVPL model and tissue

immune response
To establish P. aeruginosa in the EVPLmodel and understand interactionwith the pig lung
bronchiolar tissue prior to addressing research hypotheses, P. aeruginosa PA14 growth
over 7 d and any residual immune cells in the tissue were studied. These experiments
were performed on three replicate tissue pieces per condition (i.e. time point, infection),
from each of two independent pig lungs.
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P. aeruginosa PA14 grew in the EVPL model and the bacterial load was maintained for
7 d.
Tissue pieces were infected with P. aeruginosa PA14 and incubated at 37 °C, then
homogenised each day to recover the bacteria and determine CFU lung-1 (Figure
3.2). Uninfected tissue pieces were sampled as negative controls for PA14 growth,
and confirmed that there was no P. aeruginosa contamination of the EVPL tissue or
surrounding SCFM. Endogenous species growth was observed, but they were not
detectable from P. aeruginosa PA14 infected tissue pieces.

The CFU ml-1 at infection was first calculated to determine the bacterial load at initial
infection (0 d: Figure 3.2). Overall, a significant difference in CFU between time points
was found (ANOVA: F7,37 = 11.54, P < 0.01), the effect of lung was not included in the
statistical analysis as this was not a factor for initial infection. Further post-hoc analysis
showed that this differencewas between infection (0 d) and every other timepoint (Tukey
HSD: all P < 0.01). There was an increase in CFU from the time of infection (0 d) to 1 d of
approximately 3 log10 (Figure 3.2). A CFU lung-1 between 108 and 109 was thenmaintained
from 1 d to 7 d (Figure 3.2) and no further significant differences were found. These
results demonstrated that P. aeruginosa PA14 grows in the model, associated with the
EVPL tissue, and the bacterial load of culturable P. aeruginosa is maintained for at least
7 d. The CFU numbers were also consistent with the P. aeruginosa CFU recovered from
chronic CF lung infection, which is typically 108 - 1010 ml-1 in CF sputum (Palmer et al.,
2005).
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Figure 3.2: Pseudomonas aeruginosa PA14 colony forming units (CFU) lung-1 in the ex vivo pig lung (EVPL)
model every day for 7 d. Destructive sampling was performed each day of three tissue pieces from each
of two independent lungs infected with P. aeruginosa PA14 and the CFU lung-1 determined. Uninfected
tissue pieces were sampled every day as a negative control and no PA14 growth was found. Each lung is
represented by different shaped data points and the mean at each time point, across both lungs, is shown
by the orange crosses and orange line (see key). Day 0 was the representative starting inoculum; a colony
was taken using a 29G hypodermic needle and ‘dipped’ in 1 ml synthetic cystic fibrosis sputum media and
the CFU ml-1 determined for three repeats. Asterisks represent a significant difference (‘***’ = P < 0.001)
between time points. The y axis is log10 scale.

Interleukin-8 production was not consistently found in the EVPL tissue and did not
increase with P. aeruginosa PA14 infection.
To provide preliminary insight into the potential residual immune repsonse in the EVPL
bronchiolar tissue used in the model, the concentration of interleukin-8 (IL-8) in samples
was measured using a porcine IL-8 ELISA. Uninfected EVPL tissue and P. aeruginosa

PA14 infected tissue pieces 6 h, 18 h, 24 h and 48 h post incubation at 37 °C, after
homogenisation and filter sterilisation, were tested. The aim was to identify if any
residual immune response from the pig lung tissue was detectable, if the amount
changed over time, and how this was affected by P. aeruginosa PA14 infection (Figure
3.3).
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Figure 3.3: Interleukin-8 (IL-8) production in ex vivo pig lung tissue infected with Pseudomonas
aeruginosa PA14 or uninfected over 48 h. Three pieces of tissue from each of two independent lungs per
infection (uninfected or P. aeruginosa PA14) were sampled at 6 h, 18 h, 24 h and 48 h following incubation at
37 °C. Samples from each lung are represented by different data point shapes (see key). (A) Colony forming
units (CFU) lung-1 for each sample. The uninfected CFU lung-1 was the endogenous species growth that was
not observed for PA14 infected samples. No P. aeruginosa growth was seen in uninfected samples. The
y-axes are a log10 scale and the horizontal lines represent the mean across both lungs at each time point.
(B) IL-8 concentration (pgml-1)measured using a porcine ELISA kit. Data points below the horizontal dashed
line did not have any detectable IL-8. The data points to the left of the red vertical line on the uninfected
graph (0 h) are the samples that were assayed following dissection. The tissue pieces were not infected
or incubated at 37 °C, and were tested to determine the IL-8 concentration from the pig bronchiolar tissue
before experiments.

As shown in Figure 3.3A, the CFU lung-1 from each sample was also determined. The
growth in uninfected tissue pieces was pig lung endogenous bacterial species that were
not P. aeruginosa and did not appear to grow on PA14 infected tissue pieces. The IL-8
concentration from the pig tissue pieces prior to any experiments was first determined
(Figure 3.3: Uninfected IL-8 concentration, 0 h). IL-8 was present in two EVPL samples
from lung 3 at the time of dissection (1167.73 pg ml-1 and 742.81 pg ml-1). One uninfected
sample from lung 3, at each of 18 h and 48 hwas also found to contain IL-8 (235.79 pgml-1
and 110.61 pg ml-1 respectively), showing the amount decreased over time. No IL-8 was
detected in any samples from lung 4. One sample from lung 3 infected with P. aeruginosa
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PA14 was found to have 33.61 pg ml-1 IL-8 at 6 h but no other infected tissue pieces did
(Figure 3.3). The presence of IL-8 was dependent on the lung and variable between
tissue pieces. When IL-8 was present it was only in low concentrations and infection
with P. aeruginosa PA14 reduced the amount. Following 6 h, no IL-8 was measured in
PA14 infected samples.

3.2.2 P. aeruginosa PA14 virulence in the EVPL model
Following preliminary experiments confirming P. aeruginosa PA14 growth in the EVPL
model, virulence and its regulation were investigated. Phenotypic assays for different
virulence factors were performed on the PA14 WT and a biobank of transposon mutants
for genes associated with virulence. Transposon mutants for the following genes were
used: gacA, vfr, sadR and pqsR, to determine the role of each gene in P. aeruginosa

virulence in the model. Experiments were performed at 2 d and 7 d post infection on
five tissue pieces from each of three independent lungs, per condition.
Bacterial load of virulence associated transposon mutants in the EVPL model was
comparable to the WT at 2 days and 7 days, but loss of gacA function caused visual
differences in infection at 7 days.
Images were taken of EVPL tissue pieces infected with WT P. aeruginosa PA14, the
virulence associated transposon mutants and uninfected tissue at 7 d (Figure 3.4). At 2 d
there was no visible difference between PA14 strains in the model. The gacA transposon
mutant appeared to produce an orange/yellow pigment at 7 d in all three lungs. This
was distinct from the tissue infected with the WT and other strains, which appeared to
produce a blue/green pigment (Figure 3.4). The P. aeruginosa blue pigment is known to
be caused by production of the exotoxin pyocyanin, whereas orange/yellow pigment is
associated with siderophore production (DeBritto et al., 2020). Initial visual observations
thus indicated that loss of gacA function had an effect on virulence factor production
compared with the WT.
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Figure 3.4: Photographs of ex vivopig lung tissue pieces infectedwithPseudomonas aeruginosaPA14wild
type (WT) and virulence associated transposonmutants (Liberati et al., 2006a,b) following incubation at
37 °C for 7 d. Tissue pieces are surrounded by 500 µl synthetic cystic fibrosis sputummedia. The uninfected
tissuewas used as a negative control and showed no signs of P. aeruginosa growth. There are five replicates
shown from one lung for each infection. The images were taken prior to homogenisation.

CFU lung-1 was then determined (Figure 3.5), to investigate any differences in bacterial
load between the WT and transposon mutants. At 2 d (Figure 3.5A), a significant
difference in CFU lung-1 was found between strains (ANOVA: strain F4,60 = 7.22, P < 0.01,
lung F2,60 = 1.10, P = 0.34, interaction F8,60 = 1.68, P = 0.12). There was no significant
difference in lungs or the interaction between lung and strain, thus differences in CFU
were not dependent on the lung tested. A post-hoc Dunnett’s test showed the CFU lung-1
of vfr- (P < 0.01), sadR- (P = 0.01) and pqsR- (P = 0.03) was significantly less than the WT.
At 7 d there was an increase in CFU lung-1 compared with 2 d for each strain (Figure 3.5B).
There was also a significant difference in CFU lung-1 between strains (ANOVA: strain F4,60
= 10.30, P < 0.01, lung F2,60 = 3.43, P = 0.04, interaction F8,60 = 2.30, P = 0.03). A post-hoc
Dunnett’s test showed that there was significantly more CFU lung-1 of gacA- than the WT
(P < 0.01) however the interaction between strains and lung was significant suggesting
that this may have been a result of lung variation rather than the mutation. Figure 3.5
shows that all CFU lung-1 values for the transposon mutants, at both time points, were
within a 1 log10 range of theWT. This indicates that although statistically significant, these
differenceswere not likely of biological importance as all strainswerewithin the expected
range of P. aeruginosa bacterial load variability in CF (108 - 1010 ml-1).
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Figure 3.5: Colony forming units (CFU) lung-1 of Pseudomonas aeruginosa PA14 wild type (WT) and
virulence associated transposon mutants (Liberati et al., 2006a,b). The CFU lung-1 was calculated from
five pieces of tissue from each of three independent pig lungs per infection strain, shown by individual
data points. Each lung is represented by different data point shapes and colours (see key) and the asterisks
represent a significant difference (‘***’ = P < 0.001, ‘**’ = P < 0.01, ‘*’ = P < 0.05). The horiztonal lines show
the mean and the y axes are log10 scale. (A) CFU lung-1 after 2 d incubation at 37 °C. (B) CFU lung-1 after 7
d incubation at 37 °C.

The gacA transposon mutant infected EVPL tissue pieces did not have significant
amounts of protease, unlike the WT and other mutants, compared with uninfected
tissue.
The lung homogenate samples from which CFU lung-1 was determined (Figure 3.5) were
filter sterilised and the total protease was measured. The aim was to investigate the
amount of extracellular proteases produced by P. aeruginosa PA14 and the transposon
mutants in the EVPL model. Total protease in each sample was calculated equivalent to
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known proteinase K concentrations, using an azocasein assay. Figure 3.6 shows that all
lung samples had less than 20 µg protease, which was much lower than previous work
using the EVPL model (50 - 300 µg) (Harrison et al., 2014). However the previous work
used alveolar tissue in contrast with the bronchiolar tissue used in this work, which may
account for the difference.
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Figure 3.6: Total protease (µg) euivalent to proteinase K activity in uninfected ex vivo pig lung (EVPL)
tissue samples, and ex vivo pig lung tissue infected with Pseudomonas aeruginosa PA14 wild type (WT)
and virulence associated transposonmutants (Liberati et al., 2006a,b). The total protease was measured
in five tissue pieces from each of three independent lungs per infection strain/uninfected tissue, shown by
individual data points. The lungs are represented by different data point shapes and colours (see key) and
the asterisks represent significant differences (‘***’ = P < 0.001, ‘**’ = P < 0.01). The horiztonal, block lines
how the mean and the dashed horizontal line is the mean total protease value for the uninfected tissue
at that time point. (A) Total protease (µg) after 2 d incubation at 37 °C. (B) Total protease (µg) after 7 d
incubation at 37 °C. Lung 5 was removed from this time point as it was an outlier.

As shown in Figure 3.6, at both 2 d and 7 d there were proteases in the uninfected
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samples (mean: 2.76 µg and 2.59 µg respectively), which indicated that the EVPL
bronchiolar tissue produced proteases. The mean amount of protease in uninfected
tissue samples was calculated at each time point to determine an estimate for the
amount of protease that may have been from the lung tissue rather than P. aeruginosa

(Figure 3.6). ANOVA analysis showed a significant difference in total protease between
strains at 2 d (strain F5,72 = 6.68, P < 0.01, lung F2,72 = 6.27, P < 0.01, interaction F10,72 =
0.85, P = 0.58). Post-hoc Tukey HSD analysis showed there was no significant difference
between P. aeruginosa PA14 WT and any of the transposon mutants at 2 d, however
there were significant differences compared with the uninfected tissue (Figure 3.6A).
There was significantly more protease than the uninfected tissue in the WT (P < 0.01),
vfr- (P = 0.01), sadR- (P < 0.01) and pqsR- (P < 0.01) samples. There was no significant
difference between uninfected tissue and gacA- (P = 0.27). Figure 3.6A shows that the
mean total protease produced by gacA- was lower than the WT (8.99 µg and 10.77 µg
respectively).

At 7 d lung 5 was considered an outlier as no protease was detected, so the data was
removed from the analysis (Figure 3.6B). This was considered an experimental error as
the EVPL tissue was found to have residual proteases without infection, so samples with
no proteolytic activity were unlikely. As found at 2 d, there was a significant difference
in total protease between infection conditions at 7 d (strain F5,48 = 5.98, P < 0.01, lung
F1,48 = 2.77, P = 0.10, interaction F5,48 = 4.20, P < 0.01). There were similarly no significant
differences in total protease between the WT and any of the transposon mutants, and
all mutants except gacA- appeared to produce significantly more protease than the
tissue alone (WT P < 0.01, vfr- P < 0.01, sadR- P = 0.01, pqsR- P < 0.01 and gacA- P = 0.29).
However the interaction between strains and lung was significant at this time, indicating
that these differences may have been a result of lung to lung variation. The data shows
that there was more total protease in the WT samples from lung 7 than the uninfected
tissue and gacA-, but this was not seen in lung 6 (Figure 3.6B). Therefore, it could not
be concluded whether there were any differences in total protease between any of the
transposon mutants and the WT, or infected samples compared with uninfected at 7 d.
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There was no difference in PVD or PCH production between P. aeruginosa PA14WT and
the virulence associated transposon mutants.
The production of two siderophores was also investigated, measured by fluorescence,
at 2 d and 7 d. PVD is known to emit fluorescence at 460 nm when excited at 400 nm.
Uninfected tissue samples were measured to determine whether fluorescence caused
by P. aeruginosa PVD could be detected. A mean increase of 15,851.1 RFU at 2 d and
10,556.5 RFU at 7 d was observed in the WT samples compared with uninfected tissue
samples (Figure 3.7). Both were found to be significant differences (T-test 2 d t14.01 =
4.29, P < 0.01; 7 d t16.92 = 3.52, P < 0.01). This confirmed that the assay measured PVD
associated fluorescence, and not just fluorescence caused by any lung tissue or media
that may have been present in the homogenate.

Comparisons were then made between the fluorescence in the PVD associated
wavelength of WT samples and the virulence associated transposon mutants. Figure 3.7
shows that there was variability between repeats for each strain, at both time points, and
some samples were above or below the detection threshold. At 2 d, therewas no obvious
difference between any of the strains (Figure 3.7A). Although a significant difference was
found between the strains overall (ANOVA strain F4,56 = 8.46, P < 0.01, lung F2,56 = 24.79,
P < 0.01, interaction F8,56 = 2.02, P = 0.06), a post-hoc Dunnett’s test showed there was
no significant differences between the WT and any of the mutants (gacA- P = 0.15, vfr- P
= 0.97, sadR- P = 1.00, pqsR- P = 0.49). There was also no obvious differences between
the strains at 7 d and this was confirmed with ANOVA finding no significant difference in
fluoresence (strain F4,58 = 1.49, P = 0.22, lung F2,58 = 7.37, P < 0.01, interaction F8,58 = 0.76,
P = 0.64). These results suggest that the loss of function of any of these genes did not
have an effect on P. aeruginosa PA14 PVD production in the EVPL model at 2 d or 7 d.
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Figure 3.7: Pyoverdine (PVD) measured as fluorescence (excitation 400 nm, emission 460 nm) from ex
vivo pig lung (EVPL) sterile homogenate, from tissue pieces infected with Pseudomonas aeruginosa PA14
wild type (WT) and virulence associated transposon mutants (Liberati et al., 2006a,b). The fluorescence
in the PVDwavelength wasmeasured from sterile lung homogenate samples, diluted 1 in 5 in PBS, from five
tissue pieces from each of three independent lungs per infection strain. Uninfected tissue samples were
also measured and there was significantly less fluorescence emitted compared withWT samples (T-test 2 d
t14.01 = 4.29, P < 0.01; 7 d t16.92 = 3.52, P < 0.01) (‘***’ = P < 0.001, ‘**’ = P < 0.01). The lungs are represented
by different data point shapes and colours (see key). The horizontal lines show the mean and the red,
horizontal block at the top of each graph shows samples that were above the detection threshold. Data
points below the y axis break were below the detection threshold. The y axes are a log10 scale. (A) PVD
fluorescence (RFU) after 2 d incubation at 37 °C. A post-hoc Dunnett’s test found no significant differences
between any of themutants andWT. (B) PVD fluorescence (RFU) after 7 d incubation at 37 °C. ANOVA found
no significant difference between strains.

PCH was then measured, known to emit fluorescence at 430 nm when excited at 350
nm. The same patterns were observed as for PVD (Figure 3.8). Initially the fluoresecence
of uninfected tissue samples was compared with P. aeruginosa PA14 samples. There was
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a mean increase of 17,946.43 RFU in the WT samples at 2 d compared with uninfected
tissue, and 9,986.11 RFU increase at 7 d (Figure 3.8). Both of these differences were
found to be significant (T-test 2 d t17.29 = 4.40, P < 0.01; 7 d t23.61 = 2.52, P = 0.02), hence
the assay was valid to detect difference in P. aeruginosa PCH associated fluorescence
between the WT and transposon mutants in the EVPL model samples.

There were no obvious differences in PCH fluorescence between WT samples and each
of the virulence associated transposon mutants at both time points (Figure 3.8). ANOVA
did find a significant difference in the fluorescence between the strains at 2 d (strain
F4,54 = 7.93, P < 0.01, lung F2,54 = 36.71, P < 0.01, interaction F8,54 = 1.68, P = 0.12) but
post-hoc analysis showed no significant differences between the WT and any of the
mutants (Dunnett’s test gacA- P = 0.21, vfr- P = 1.00, sadR- P = 0.99, pqsR- P =0.85). At 7 d,
no significant difference in fluorescence between strains was found (ANOVA strain F4,55
= 1.07, P = 0.38, lung F2,55 = 39.47, P < 0.01, interaction F8,55 = 0.49, P = 0.86). Therefore
the loss of function of each gene also did not have an effect on P. aeruginosa PA14 PCH
production at either time point.
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Figure 3.8: Pyochelin (PCH) measured as fluorescence (excitation 350 nm, emission 430 nm) from ex
vivo pig lung (EVPL) sterile homogenate, from tissue pieces infected with Pseudomonas aeruginosa PA14
wild type (WT) and virulence associated transposon mutants (Liberati et al., 2006a,b). The fluorescence
in the PCHwavelength wasmeasured from sterile lung homogenate samples, diluted 1 in 5 in PBS, from five
tissue pieces from each of three independent lungs per infection strain. Uninfected tissue samples were
also measured and there was significantly less fluorescence emitted compared with WT samples (T-test 2
d t17.29 = 4.40, P < 0.01; 7 d t23.61 = 2.52, P = 0.02) (‘*’ = P < 0.05). The lungs are represented by different
data point shapes and colours (see key). The horizontal lines show the mean and the red, horizontal block
at the top of each graph shows samples that were above the detection threshold. Data points below the
y axis break were below the detection threshold. The y axes are a log10 scale. (A) PCH fluorescence (RFU)
after 2 d incubation at 37 °C. A post-hoc Dunnett’s test found no significant differences between any of
the mutants and WT. (B) PCH fluorescence (RFU) after 7 d incubation at 37 °C. ANOVA found no significant
difference between strains.
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3.2.3 P. aeruginosa PA14 biofilm formation in the EVPL model
P. aeruginosa PA14 biofilm formation on the EVPL tissue was then investigated. Similar to
the study of virulence, theWTand two transposon insertionmutants for genes associated
with biofilm infection - either directly (pelA) or via regulatory pathways (gacA) - were
grown in the EVPL model for 2 d and 7 d.
Bacterial load of biofilm associated P. aeruginosa PA14 transposonmutants in the EVPL
model was not distinctive from the WT but gacA- was visibly different at 7 days.
Five pig lung bronchiolar tissue pieces from each of three independent lungs were
infected with each strain for 2 d and 7 d. Five uninfected tissue pieces were also included
from each lung per time point, as negative controls for P. aeruginosa growth. There were
no visible differences observed between the strains at 2 d in the EVPL model. However
at 7 d, gacA- was lacking the blue pigment, associated with pyocyanin production, that
was seen for the WT and pelA- (Figure 3.9). This was consistent with observations of the
gacAmutant in the model whilst investigating virulence (Figure 3.4).

Uninfected

WT

gacA -

pelA -

Figure 3.9: Photographs of ex vivo pig lung (EVPL) tissue pieces infected with Pseudomonas aeruginosa
PA14 wild type (WT) and biofilm associated transposon mutants (Liberati et al., 2006a,b), following
incubation at 37 °C for 7 d. Uninfected tissue was used as a negative control and showed no P. aeruginosa
growth. There are five replicates shown from one lung per infection. Photos were taken prior to bacterial
recovery.

The bacteria were recovered from the EVPL tissue associated biofilm at 2 d and 7 d, to
calculate the CFU lung-1 (Figure 3.10). ANOVA found a significant difference between the
strains at 2 d (strain F2,36 = 13.08, P < 0.01, lung F2,36 = 11.89, P < 0.01, interaction F4,36 =
1.82, P = 0.15) and the interaction between lung and strain was not significant. A post hoc
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Dunnett’s test comparing the mutants with the WT found a significant difference in the
CFU lung-1 for gacA- (P < 0.01) and pelA- (P = 0.01) (Figure 3.10A). A significant difference
between strains was also observed at 7 d (ANOVA strain F2,36 = 9.28, P < 0.01 , lung F2,36 =
59.40, P < 0.01, interaction F4,36 = 1.76, P =0.16). However, the only difference from theWT
was gacA- (P = 0.04) (Figure 3.10B). Consistent with the virulence associated transposon
mutants’ growth (Figure 3.10), these differences were within 1 log10 at both time points.
It was more likely that these difference were comparable to patient to patient variation
seen clinically (Palmer et al., 2005), rather than growth differences caused by mutations.
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Figure 3.10: Colony forming units (CFU) lung-1 of Pseudomonas aeruginosa PA14 wild type (WT) and
biofilm associated transposon mutants (Liberati et al., 2006a,b). The CFU lung-1 was calculated from
five pieces of tissue from each of three independent pig lungs per infection strain, shown by individual
data points. Each lung is represented by different data point shapes and colours (see key) and the asterisks
represent a significant difference (‘**’ = P < 0.01, ‘*’ = P < 0.05). The horizontal lines show the mean and
the y axes are log10 scale. (A) CFU lung-1 after 2 d incubation at 37 °C. (B) CFU lung-1 after 7 d incubation at
37 °C.
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P. aeruginosa PA14 biofilm formation on EVPL tissue recapitulated the morphology of
in vivo CF biofilms, but was dependent on gacA and pelA function.
Two EVPL tissue pieces from each of two independent pig lungs were infected per
strain (WT, gacA-, pelA-) for 2 d and 7 d. Uninfected tissue pieces were also prepared as
negative controls for P. aeruginosa infection. The tissue pieces were then fixed, paraffin
embedded and sectioned into two 100 µm step sections per piece, one section per slide.

One section of each P. aeruginosa PA14 infected tissue piece was Gram stained to identify
bacterial growth. As shown in Figure 3.11, Gram negative rods were visible on the EVPL
tissue surface infected with the WT or transposon mutants. This was indicative of P.
aeruginosa infection. The growth on LB plates used to calculate CFU lung-1 (Figure 3.10)
was also morphologically characteristic of P. aeruginosa, thus it was confirmed that P.
aeruginosa was the dominant species infecting the lung tissue in the EVPL model. Gram
stain images in Figure 3.11 demonstrated the increase in bacterial cell density from 2 d to
7 d for all strains. The gacA transposonmutant appeared to form ‘clumps’ of cells distinct
from the structure of WT cells seen.
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Figure 3.11: Micrograph of Gram stained ex vivo pig lung bronchiolar tissue sections infected with
Pseduomonas aeruginosa PA14 wild type (WT) or biofilm associated transposon mutants (Liberati et al.,
2006a,b). All images are of tissue sections from the same pig lungs, fixed at either 2 d or 7 d after infection
and incubation at 37 °C. The images were taken at x100 magnification.

A standard crystal violet biofilm assay was initially trialled on uninfected and PA14 WT
infected EVPL tissue sections to determine its viability to identify biofilm biomass in
the EVPL model. However as shown in Figure 3.12, the lung tissue preferentially bound
crystal violet over the P. aeruginosa biofilm. Hence this was not suitable for identifying
differences in the biofilms formed on the lung tissue by transposon mutants and the WT.
This assay could not beperformedon lung homogenate as thebiofilmwould not be intact.
H & E staining was thus performed to visualise both the biofilm and tissue architecture,
and Alcian blue staining to identify the biofilm matrix.
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Figure 3.12: The absorbance (590 nm) following a crystal violet biofilm assay on ex vivo pig lung tissue
pieces infected with Pseudomonas aeruginosa PA14 wild type (WT) at 2 d after infection and incubation
at 37 °C. The assay was performed on three tissue pieces from each of two independent pig lungs shown
by data points of different shapes and colours (see key). Uninfected tissue was stained with crystal violet as
a negative control for P. aeruginosa infection. The horizontal lines represent the mean across both lungs.

H & E stained the biofilm matrix and basophilic bacteria purple (hematoxylin) and the
connective tissue of the pig lung bronchiolar tissue sections pink (eosin). Alcian blue
stained components of the biofilm matrix blue. Figure 3.13 shows stained tissue sections
from 2 d post infection in the EVPL model. A hematoxylin stained P. aeruginosa biofilm
was not clear on the x20 magnification images of gacA- or pelA-. Although, the bacterial
rodswere evident in the x100H&E images (Figure 3.13). TherewasAlcian blue staining on
the lung tissue surface of the pelA transposon mutant infected tissue piece (Figure 3.13).
The WT and gacA mutant infected pieces only had small regions of Alcian blue staining.
However, the biggest contrast was themass of hematoxylin staining on the surface of the
WT infected lung tissue seen in the x20 H & E image, which showed the formation of a
biofilm not seen for gacA- or pelA-. Although, some lung tissue damage was evident for
all strains (Figure 3.13).
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Figure 3.13: Micrograph of stained ex vivo pig lung tissue sections infected with P. aeruginosa PA14 wild
type (WT) or biofilm associated transposon mutants (Liberati et al., 2006a,b) for 2 d at 37 °C. Uninfected
tissue was also stained as a negative control for P. aeruginosa infection. Tissue sections from one lung were
stained with Alcian blue and counterstained with nuclear fast red solution to stain the biofilm matrix and
imaged at x20 magnification. Tissue sections from another lung (the same lung as Gram staining: Figure
3.11) were stained with Hematoxylin and Eosin (H & E) to identify both the pig lung tissue architecture and
biofilm. H & E staining was imaged at x20 and x100 magnifcation, the x100 images were take from regions
within the corresponding x20 image.

The staining was also performed on tissue sections from 7 d post infection (Figure 3.14).
Clearer qualitative differences were observed between each transposon mutant and the
WT compared with 2 d. There was no dense staining by Alcian blue on the uninfected
tissue nor was there a biofilm or dense bacterial cells evident from H & E staining (Figure
3.14). These differences were less distinct at 2 d (Figure 3.13). This further confirmed that
staining of infected tissue sections was P. aeruginosa infection and not an artefact of the
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lung tissue.

The x20 magnification H & E images of the WT at 7 d showed a thick structure stained on
the tissue surface. It wasmadeupof layers of bacteria (Figure 3.14: x100H&E) andmatrix
(Figure 3.14: x20 Alcian blue) that were punctuated with empty spaces. This structure
was reminiscent of the P. aeruginosa biofilms found in vivo in CF chronic lung infections
(Figure 3.15). The structured, dense biofilm was not observed on tissue pieces infected
with gacA- or pelA- for 7 d. As shown in Figure 3.14, H & E staining at x20 magnification
revealed a dense gacA- biofilm associated with the pig lung tissue surface, which was
homogenous without the spatial structure seen for theWT. There was only a thin layer of
bacterial cells H & E stained on tissue infected with the pelA transposon mutant, which
lacked both the structure and density of theWT biofilm (Figure 3.14). Alcian blue staining
did stain a region within the surface of tissue infected with pelA-, similar to 2 d. However
there was more Alcian blue staining of the WT and gacA- infected tissue at 7 d than 2 d.
This showed staining of a biofilm structure on the surface of the tissue infectedwith these
strains rather than within the tissue, as observed for pelA-, with structures comparable
to the H & E images (Figure 3.14).
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Figure 3.14: Micrograph of stained ex vivo pig lung tissue sections infected with P. aeruginosa PA14 wild
type (WT) or biofilm associated transposon mutants (Liberati et al., 2006a,b) for 7 d at 37 °C. Uninfected
tissue was also stained as a negative control for P. aeruginosa infection. Tissue sections from one lung were
stained with Alcian blue and counterstained with nuclear fast red solution to stain the biofilm matrix and
imaged at x20 magnification. Tissue sections from another lung (the same lung as Gram staining) were
stained with Hematoxylin and Eosin (H & E) to identify both the pig lung tissue architecture and biofilm. H
& E staining was imaged at x20 and x100 magnifcation, the x100 images were take from regions within the
corresponding x20 image.
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Figure 3.15: Images taken from Bjarnsholt et al. (2009) (Figure 4) of biopsies taken from in vivo
Pseudomonas aeruginosa chronic infection of a cystic fibrosis (CF) lung. All three images show bronchiola
samples. (A) A Gram stained biofilm from a person with CF and chronic P. aeruginosa infection for 28 y. (B,
C) Hematoxylin and eosin (H & E) stains of bronchiole filled with bacteria, showing ‘hollow zones and grid
like structures’.

As a quanititative measure of biofilm differences, biofilm depth measurements were
then taken from the tissue surface to the outward edge of the stained biofilm for each
strain from x20 magnification H & E images. The mean depth was calculated from one
tissue piece from each of two independent lungs. This was only performed for 7 d
samples, as the biofilms were not clearly defined by staining at 2 d. As shown in Figure
3.16, there was a significant difference in the biofilm depth between the strains (ANOVA
strain F2,36 = 464.71, P < 0.01, lung F1,36 = 73.31, P < 0.01, interaction F2,36 = 25.11, P <
0.01). Although the interaction between strain and lung was significant, indicating that
the differences observed may have been associated with lung variation. Post-hoc Tukey
HSD analysis revealed that the gacA- biofilm was significantly smaller than the WT in
both lungs (P < 0.01) and the pelA- biofilm was also significantly smaller than the WT (P
< 0.01). The pelA transposon mutant formed a biofilm that was also significantly smaller
than the gacA transposon mutant (P < 0.01). Hence both mutations reduced the depth
of the biofilm formed compared with the WT, but pelA- formed the smallest biofilm
(mean depth WT: 102.19 µm, gacA-: 55.02 µm, pelA-: 3.10 µm). These results supported
the qualitative differences observed.

The qualitative and quantitative data combined indicated that the pelA mutant was
unable to form a dense biofilm in the EVPL model. Loss of gacA function did not prevent
biofilm formation however the structured biofilm seen forWT infection in the EVPLmodel
was not observed.
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Figure 3.16: The depth (µm) of the biofilm formed on the surface of ev vivo pig lung bronchiolar tissue
by Pseudomonas aeruginosa PA14 wild type (WT) and biofilm associated transposon mutants (Liberati
et al., 2006a,b), after incubation at 37 °C for 7 d. The mean depth is shown for each strain from an
infected tissue section from each of two independent lungs, the error bars show the standard deviation.
Themeasurements were taken from x20magnification, H & E stain images; sevenmeasurements along the
biofilm were taken, from the tissue surface to the outward edge of the biofilm, to determine the biofilm
depth from each tissue section. The asterisks represent a significant difference (‘***’ = P < 0.001).

3.2.4 P. aeruginosa PA14 meropenem tolerance in the EVPL model
The gacA and pelA transposon mutants were found to produce distinct biofilms from the
P. aeruginosa PA14 WT in the EVPL model; pelA- appeared not to produce a biofilm at
all (Figure 3.14). Therefore, the effect of differences in biofilm formation on antibiotic
tolerance was investigated. The clinically relevant antibiotic meropenem was tested,
which had an MIC value of 1 µg ml-1 for P. aeruginosa PA14 in CAMHB. This was below
the clinical breakpoint for non-meningitis P. aeruginosa (2), thus PA14 is susceptible to
meropenem (The European Committee on Antimicrobial Susceptibility Testing, 2021). A
starting concentration of 64 µg ml-1 meropenemwas used in the EVPL model (Harrington
et al., 2021b). All antibiotic tolerance experiments were performed on three replicate
tissue pieces per condition, from each of two independent pig lungs.
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Meropenem treatment higher than theMIC value reduced P. aeruginosa PA14 bacterial
load in the EVPL model during early infection but not by 24 hours, for both theWT and
biofilm associated transposon mutants.
Tissue pieces were infected with P. aeruginosa PA14 WT, gacA- and pelA- strains then
transferred to 64 µgml-1 meropenem at 2 h, 4 h, 6 h, 8 h and 24 h post infection. Replicate
antibiotic untreated tissue pieces were transferred to PBS at the same time points.
Following treatment for 24 h, the P. aeruginosa CFU lung-1 was calculated. Uninfected
tissue was used as a negative control for P. aeruginosa infection. Figure 3.17 shows that
meropenem treatment significantly reduced P. aeruginosa CFU lung-1 of all three strains
at 2 h (Table 3.2). There was also a significant difference at the other time points for the
WT, at 6 h and 8 h for pelA-, and 4 h and 8 h for gacA- (Figure 3.17). However, this was not
reflective of how effective the meropenem treatment was.
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Figure 3.17: Colony forming units (CFU) lung-1 of Pseudomonas aeruginosa PA14 wild type (WT) and
biofilm associated transposon mutants (Liberati et al., 2006a,b) in the ex vivo pig lung model treated
with 64 µg ml-1 meropenem over 24 h. Six replicate tissue pieces from each of two independent pig lungs
were infected with each strain per time point; three pieces were treated with 64 µg ml-1 for 24 h at each
time point and three pieces were transferred to phosphate-buffered saline (PBS) for 24 h (untreated). The
treatment is represented by different shaped data points and each lung is a different colour (see key). The
horizontal bars represent the mean across lungs and the asterisks represent statistical significance (‘*’ = P
< 0.05, ‘**’ = P < 0.01). The blue region at the bottom of the graph indicates samples below the detection
threshold. The y axes are log10 scale. (A) CFU lung-1 for the PA14 WT. (B) CFU lung-1 for the pelA transposon
mutant. (C) CFU lung-1 for the gacA transposon mutant.
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Table 3.2: Results fromWelch’s two sample t-tests of the effect of meropenem treatment (64 µg ml-1) on
Pseudomonas aeruginosa PA14 wild type (WT) and biofilm associated mutants (Liberati et al., 2006a,b)
over 24 h. The table shows the degrees of freedom, t-value and P value at each time point for each strain,
comparing untreated samples withmeropenem treated. The underlined P values are significant reductions
in CFU lung-1 caused by 64 µg ml-1 meropenem. The 0.05 P values were significant as they have been
rounded up to two decimal places so the true value is < 0.05

Transposon mutant Time (h) Degrees of freedom T-value P-value
WT 2 5.00 3.26 0.02
WT 4 5.00 4.51 0.01
WT 6 5.57 3.89 0.01
WT 8 5.19 4.25 0.01
WT 24 5.44 2.74 0.04
pelA- 2 5.00 3.31 0.02
pelA- 4 5.00 2.42 0.06
pelA- 6 5.01 3.32 0.02
pelA- 8 5.18 2.58 0.05
pelA- 24 10.00 0.28 0.78
gacA- 2 5.00 3.72 0.01
gacA- 4 5.03 2.76 0.04
gacA- 6 5.00 1.23 0.27
gacA- 8 5.30 2.57 0.05
gacA- 24 6.54 1.54 0.17

The difference in CFU lung-1 between untreated and treated tissue pieces infected with
both transposon mutants was greater than 3 log10 CFU lung-1 at 2 h (Figure 3.18), and
some samples were below detection (Figure 3.17). This threshold is often considered the
minimum bactericidal concentration (Sweeney et al., 2020b). Hence at 2 h, 64 µg ml-1
was likely bactericidal to pelA- and gacA-, but not theWT, in the EVPLmodel (Figure 3.18).
After this time point, any reduction in CFU lung-1 of each strain was less than 3 log10 so
not considered bactericidal. As shown in Figure 3.17, there was a steep decrease in the
CFU lung-1 log10 reduction from 2 h to 6 h for each strain, which levelled out from 6 h to
24 h. There was a small increase in the mean log10 reduction of gacA- from 4 h to 6 h,
however there was no clear difference when all data points were visualised (Figure 3.17).
At 24 h, meropenem did not appear to have a biological effect on the growth of any of
the strains (Figure 3.18). Therefore, 64 µgml-1 meropenem appeared to bemost effective
at 2 h when pelA or gacA were not functional.
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Figure 3.18: Log10 reduction in colony forming units (CFU) lung-1 of Pseudomonas aeruginosa PA14 wild
type (WT) and biofilm associated transposon mutants (Liberati et al., 2006a,b) in the ex vivo pig lung
model caused by 64 µg ml-1 meropenem, over 24 h. The mean log10 reduction in CFU lung-1 caused
by 64 µg ml-1 meropenem was calculated from three replicate pieces from each of two independent pig
lungs per strain, between untreated and antibiotic treated EVPL tissue pieces (Figure 3.17). Different line
types represent each strain (WT = black, solid line; pelA- = green, dot & dashed line; gacA- = blue, dashed
line). The horizontal, thick red line shows 3 log10 reduction, often considered the minimum bactericidal
concentration threshold (Sweeney et al., 2020b).

Increasing concentrations of meropenem did not affect the bacterial load of P.
aeruginosa PA14 WT or the biofilm associated transpsoson mutants in the EVPL model
at 48 hours.
As meropenem at a concentration of 64 µg ml-1 did not appear to have an effect on
the bacterial load of P. aeruginosa PA14 WT or the transposon mutants after 2 h in
the EVPL model, higher concentrations were tested. The strains were grown in the
model for 48 h, then treated with double the concentration (128 µg ml-1) and ten times
(640 µg ml-1) (Figure 3.19). There did not appear to be a difference in the CFU lung-1
between meropenem concentrations, including untreated (0 µg ml-1), for any of the
strains. ANOVA did find a significant difference for the WT (concentration F3,16 = 10.52,
P < 0.01, lung F1,16 = 7.87, P = 0.01, interaction F3,16 = 5.21, P = 0.01) and Tukey HSD post hoc
analysis showed there was a significant difference between the 0 µgml-1 treated samples
and each meropenem treatment (all P <0.01). However the interaction term between
concentration and lungwas significant indicating these differencesmay be related to lung
variation. This, alongside a lack of clear CFU lung-1 reduction (Figure 3.19A), suggested
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that meropenem treatment of all concentrations did not have a biologically significant
impact on WT bacterial load. ANOVA did not find a significant difference in CFU lung-1
between meropenem treatments for either pelA- (concentration F3,16 = 1.18, P = 0.35,
lung F1,16 = 7.77, P = 0.01, interaction F3,16 = 0.87, P = 0.48) or gacA- (concentration F3,16
= 0.53, P = 0.67, lung F1,16 = 0.06, P = 0.81, interaction F3,16 = 0.65, P = 0.60). These
results indicate, once established in the EVPL model, P. aeruginosa PA14 was able to
survive high concentrations of meropenem even with the loss of pelA or gacA function.
Therefore, growth in the model likely cued changes in P. aeruginosa physiology that
increased antibiotic tolerance.
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Figure 3.19: Colony forming units (CFU) lung-1 of Pseudomonas aeruginosa PA14 wild type (WT) and
biofilm associated transposon mutants (Liberati et al., 2006a,b) in the ex vivo pig lung model treated
with different concentrations of meropenem (µg ml-1) at 48 h. Six replicate tissue pieces from two
independent pig lungs were infected with each strain per concentration. The samples were transferred
to meropenem and the untreated samples (0 µg ml-1) were transferred to phosphate-buffered saline (PBS)
for 24 h following 48 h incubation at 37 °C. Each lung is shown by different shaped data points (see key) and
the horizontal bars show the mean. The y axes are log10 scale. (A) CFU lung-1 for the PA14 WT. Significant
differences are shown (‘***’ = P < 0.001, ‘**’ = P < 0.01). (B) CFU lung-1 for the pelA transposon mutant.
No significant differences were found. (C) CFU lung-1 for the gacA transposon mutant. No significant
differences were found.

107



3.2.5 Summary of phenotypic analyses of P. aeruginosa PA14
tranposon mutants in the EVPL model

Table 3.3: Summary of results from virulence factor, biofilm and antibiotic tolerance experiments on
Pseudomonas aeruginosa PA14wild type (WT) and selected transposonmutants (Liberati et al., 2006a,b)
grown in the ex vivo pig lung model at 2 d and 7 d. Virulence factor production was measured for the WT
and virulence associated mutants (gacA-, vfr-, sadR- and pqsR-). Biofilms were visualised andmeasured for
the WT and biofilm associated mutants (gacA- and pelA-), and meropenem tolerance. Overall differences
are summaries of the results, considering biological and statistical differences.

Phenotype Time (d) Overall difference compared with the WT
Virulence associated mutants

CFU lung-1 2 None
7 None

Total Protease 2 gacA- may produce less
7 None

Pyoverdine 2 None
7 None

Pyochelin 2 None
7 None

Biofilm associated mutants

CFU lung-1 2 None
7 None

Biofilm Depth 7 gacA- biofilm lacked WT structure & pelA-

appeared to be a small layer of cells
Meropenem tolerance - None

3.3 Discussion
P. aeruginosa PA14 phenotypic analyses indicated that the EVPL model may be a
good laboratory model for P. aeruginosa chronic-like biofilm infection in the CF lung.
The dominant pathogen was able to grow and survive associated with the pig lung
bronchiolar tissue for 7 d. Low levels of P. aeruginosa virulence factors and high
meropenem tolerance were observed, regardless of any loss of gene function in
different transposon mutant strains. These findings were consistent with the current
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knowledge of how P. aeruginosa adapts to cause chronic infections of the CF lung; there
is a reduction in virulence factor production and switch to a biofilm lifestyle typically
associated with increased antibiotic resistance (Winstanley et al., 2016). The formation
of a structured, dense P. aeruginosaWT biofilm comparable to in vivo infection was also
observed on the surface of the tissue. These results suggest that P. aeruginosa PA14 was
driven into a chronic-like infection state in the EVPL model. However, a lack of consistent
recovery of IL-8 cells from EVPL tissue indicated that the model may not provide any
immune response, which would better replicate host-pathogen interactions.

IL-8 concentration was measured to provide an insight into the immune response in the
EVPL tissue. IL-8 is secreted by epithelial cells lining the bronchial lumen in both pigs and
humans, and increased production is associated with the CF lung (Rimessi et al., 2018).
The major role of IL-8 in causing progressive lung damage in CF, and its production at
all stages of CF (Bonfield et al., 1995; Rimessi et al., 2018), meant it was of interest to
establish the EVPL bronchiolar tissue as a model to mimic the CF lung environment.
However, the tissue used in the EVPL model is from pigs post slaughter, transportation,
and dissection. Hence, any IL-8 measured would have been present in the tissue section
at the time of slaughter. An immune response to P. aeruginosa infection could not occur
as it was unlikley the pig tissue was metabolically active, which may explain why IL-8 was
not consistently found in the EVPL samples.

Other ex vivo porcine lung models are being developed with a particular focus on
recapitulating the immune response, such as the perfusion model described by DeBritto
et al. (2020). This work adapted the normothermic ex vivo lung perfusion method,
increasingly used to maximise the time human lungs can be functionally assessed
and still be viable for transplantation, for use with porcine lungs (Cypel et al., 2011;
DeBritto et al., 2020). Following infection of the lung tissue with Klebsiella pneumoniae,
inflammatory responses were detected and there was an increase of interleukin-10 cells
(DeBritto et al., 2020). This method involves multiple steps at slaughter, lung extraction,
and when whole lungs are processed in the lab to maintain this response. These steps
may be incorporated in the EVPL model in the future to maintain immune response
and provide better insight into the host-pathogen interactions. Conversely, It must be
considered that the EVPL model is designed as a quick, cheap, high-throughput method
to mimic the CF lung environment that could be used as a diagnostic platform in a clinical
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setting. The addition of more complex preparation steps may reduce this functionality.
Following establishment of the basic parameters for the EVPL model however, it may be
adapted to address more specific research questions.

P. aeruginosa virulence in the EVPL model was then investigated. Virulence factor
production is associated with the initial acute stage of infection, and mutations in
virulence pathways are positively selected for in the CF lung (Smith et al., 2006). EVPL
tissue was infected with P. aeruginosa PA14 WT or virulence associated transposon
mutants for the following genes: gacA, vfr, sadR and pqsR. There was no difference
in bacterial load between any of the strains at 2 d or 7 d, indicating that regardless of
each mutation all strains were able to establish in the model. Interestingly, there were
no significant differences in the total proteases produced by each transposon mutant
compared with the WT either. Proteases were however measured from uninfected pig
lung tissue. In both human and porcine lungs, neutrophils release neutrophil serine
proteases. A study by Chevaleyre et al. (2016) infected pigs with P. aeruginosa and
identified a neutropholic response that was comparable to human infection, important
for studying CF as the lung inflammation observed is neutrophil-dependent. The
presence of proteases in the EVPL tissue at 2 d and 7 d suggests that neutrophil serine
proteases may be present in the model, thus it may be capturing this aspect of CF
immune response. As P. aeruginosa elicits secretion of host neutrophils during in vivo

infection, there is potential that the increase in total protease between the WT and all
transposon mutants observed, except gacA-, may be response of the EVPL tissue not
P. aeruginosa production. This would need to be further investigated to determine the
source of these proteases. The amount of total protease was found to be much lower
than previous work in the model (Harrison et al., 2014). However, it must be considered
that previous work was done at 1 d post infection, whereas the current work sampled at
2 d and 7 d, and was set up using porcine alveolar tissue rather than bronchiolar. This
may account for the differences.

P. aeruginosa is known to secrete a number of proteases during CF lung infection.
The P. aeruginosa proteases cause damage to the host lung tissue, alter the immune
response, and are linked with the pathogenesis of acute infection (Faure et al., 2018). As
a large increase in protease was not observed in WT PA14 infected tissue compared to
uninfected it is unlikely protease production was being upregulated in the EVPL model,
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indicating this characteristic of acute infection was not present. It can not be determined
whether P. aeruginosa was producing any proteases at all, or if it was a result of tissue
response. More than a third of people with CF who have chronic P. aeruginosa infections
have been shown to have P. aeruginosa variants that are deficient in LasR quorum
sensing and proteases, driven by selection pressure by the host for persistance and
survival (Faure et al., 2018). This may explain why low levels of protease were measured
in all P. aeruginosa EVPL samples; P. aeruginosa was driven into a chronic state at 2
d, which was maintained for 7 d. If P. aeruginosa had entered a chronic-like state by
2 d then protease production would be switched off, and no difference between the
transposon mutants would be expected, as observed.

Interestingly, Harrison et al. (2014) were unable to detect PVD or PCH in alveolar EVPL
samples. The two siderophores were detected in EVPL bronchiolar samples infected
with P. aeruginosa PA14 WT and the transposon mutants, however no difference was
found between mutants and the WT. Pyoverdine production is significantly reduced
in chronic infection caused by mutations resulting in inactivation of lasR (Hogardt and
Heesemann, 2010). In fact, Nguyen et al. (2014) showed that primary siderophore
production (PVD and PCH) is significantly reduced as CF lung infection progresses to a
chronic state, and heme becomes the crucial iron source. Hence, this may explain why
no differences were observed between mutants. If these siderophores were no longer
dominant in the chronic-state of infection in the EVPL model, the function of each gene
in production may not have been important. Hence, although virulence-associated
transposon mutants did not reveal obvious differences with the WT it did suggest that
the EVPL model was mimicking chronic style P. aeruginosa infection. As biofilm is a key
characteristic of this stage of infection, this was subsequently investigated.

Visualisation of the biofilm was key to not only investigating the interaction between P.

aeruginosa and the EVPL bronchiolar tissue and the structure of the biofilms, but also
how the model compared with in vivo biofilms. H & E staining was the main approach
used to study this as it has been reported as a cost-effective and practical method for
detecting biofilms in clinical samples (Hochstim et al., 2010; Tóth et al., 2011; Hong et al.,
2014). It stains both the bacteria and the lung tissue, which is not possible with bacteria
specific microscopy techniques. Hence P. aeruginosa biofilm formation, its location on
the tissue, and any potential lung tissue damage could be detected. Alcian blue was
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used to confirm H & E was staining the biofilm, as it stains components of the biofilm
matrix (Bjarnsholt et al., 2009; Høiby et al., 2017).

Using these techniques, it was shown that P. aeruginosa PA14 forms a biofilm associated
with the EVPL tissue surface. The biofilm had a ‘lace-like’ structure at 7 d of bacterial
aggregates punctuated with spaces of either fluid or air. This structure was reminiscent
of the P. aeruginosa biofilms observed in explanted lung tissue from people with CF
who had chronic P. aeruginosa infections (Figure 4 in Baltimore et al. (1989); Figure 4 in
Bjarnsholt et al. (2009); Figure 8 in Henderson et al. (2014)). This structure is distinct and
more heterogenous than the typical ‘mushroom style’ biofilms typically grown in flow
cell biofilm models (Figure 8 in (Høiby et al., 2010)). This would indicate that the EVPL
tissue provides the structure and physiological cues for P. aeruginosa biofilm formation
that is representative of clinical infection.

Themechanisms underpinning P. aeruginosa biofilm in the pig lungmodel were explored
by staining and imaging tissue infected with transposon mutants for pelA and gacA.
The biofilms formed by both strains were distinctive from the WT. GacA is essential
to P. aeruginosa PA14 biofilm maturation and loss of function has been shown to
cause reduced antibiotic resistance and a reduction in the strains capacity to form a
biofilm (Parkins et al., 2001). In the EVPL model, it was found that gacA function is
required for the mature biofilm architecture observed for the WT. The gacA mutant
did form a dense mass of bacterial aggregates on the surface of the pig lung tissue
however it lacked the ‘lace-like’ appearance caused by the spaces. This confirmed the
importance of established biofilm regulatory pathways, such as the GacAS system, in
the formation of amature, structured biofilm community associatedwith the EVPL tissue.

The gene pelA is involved in Pel synthesis, a biofilm exopolysaccharide that is required for
the development of P. aeruginosa PA14 biofilms (Colvin et al., 2011; Marmont et al., 2017).
P. aeruginosa produces three exopolysaccharides to form the biofilm matrix associated
with antbiotic resistance and host immune response protection in infection: Pel, Psl
and alginate (Bjarnsholt et al., 2009). P. aeruginosa PA14 is intrinsically Psl-deficient
and alginate alone cannot form a structured biofilm, but is overproduced in the chronic
stages of P. aeruginosa infection in CF (Xu et al., 2016). In fact, a P. aeruginosa PA14
mutant that could not produce Pel was found to arrest at the initial stages of biofilm
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development, resulting in a flat monolayer of growth. (Colvin et al., 2011). Consistent
with this, the pelA mutant was unable to form a biofilm in the EVPL model. Although,
Alcian blue did stain the surface of the pig bronchiolar tissue infected with pelA-, which
may have been lipopolysaccharides or alginate. Production of alginate would explain
how the strain was able to attach to the tissue surface without forming a biofilm. Despite
this, a similar CFU lung-1 of pelA- was recovered from the EVPL model to the WT and
gacA mutant, indicating the P. aeruginosa biofilms may have been made up of a large
number of unculturable or dead bacterial cells.

Formation of a structured biofilm has been linked to increased P. aeruginosa antibiotic
resistance, and plays a key role in the high levels of antibiotic resistance seen in the clinic
compared to in vitro tests (Høiby et al., 2010). The clinically relevant, β-lactam antibiotic
meropenemwas tested against the PA14WT and biofilm associated transposonmutants,
as it has been shown to have a minimal effect on P. aeruginosa biofilm in the EVPL
model (Hassan et al., 2020). Initially the MIC for WT PA14 in SCFM demonstrated that
the strain was susceptible to meropenem, but it was able to grow in the EVPL model at
concentrations≥ 640 µg ml-1. It has been found that the current antibiotic susceptibility
testing methods, including MIC tests, do not accurately predict whether antibiotics will
be effective in vivo in the CF lung, as P. aeruginosa clinical biofilm phenotypes are not
captured by these tests (Smith et al., 2003; Hurley et al., 2012; Müsken et al., 2017). This
indicates that the WT biofilm formed in the EVPL may be able to represent the antibiotic
resistance phenotypes seen in the clinic. However this was not entirely caused by the
biofilm structure as neither transposon mutant were more susceptible to meropenem
treatment despite affecting biofilm formation. It was hypothesised that a P. aeruginosa
biofilm that lacked structure (gacA-) or lack of biofilm formation (pelA-) may display
increased meropenem susceptibility in the EVPL model. Previous studies have shown
lack of gacA function in P. aeruginosa PA14 reduces antibiotic resistance in vitro (Parkins
et al., 2001), but this was not the case in the EVPL model. The pelAmutant was not able
to form a biofilm at all, however meropenem was still not bactericidal at 48 h at any
concentrations tested. These results indicate that the biofilm is not the only important
factor for antibiotic resistance in the CF lung. In fact, the microenvironment of the CF
lung is now known to impact on the activity of antibiotics and can in part explain why
differences are seen between patients. It has been found that the host environment
factors including oxygen availability, iron availability, and mucus alter the resistance
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profile of P. aeruginosa (Van den Bossche et al., 2021). The results suggest that the EVPL
model is able to mimic some of these host interactions, supporting that the addition of
EVPL bronchiolar tissue to SCFM drives P. aeruginosa into a chronic-state infection that
displays reduced antibiotic susceptibility caused by a broad range of factors, as observed
in the CF lung.

Future work in the model to investigate acute infection phenotypes should focus on
earlier time points, even as early as 2 h where meropenem susceptibility was increased
in biofilm associated transposon mutants. This may also provide insight into whether
the EVPL model can mimic the P. aeruginosa switch from acute infection to chronic as
seen in the CF lung, or if it enters a biofilm lifestyle upon infection. Additionally, the
presence of other microbial species in the CF lung has an impact on P. aeruginosa and
overall outcomes for quality of life andmortality. Incorporating these species alongside P.
aeruginosa in the EVPL model would provide further understanding of these interactions
during biofilm infection. More complexmicroscopy techniques such as scanning electron
microscopy or fluorescence in situ hybridisation (FISH) would provide detail on the
interspecies spatial interactions in the model.

3.4 Conclusion
Overall, I have shown that the EVPL model is able to drive P. aeruginosa into a chronic
state of infection. P. aeruginosa PA14 formed a structured biofilm that displayed high
meropenem resistance and reduced virulence by 2 d, maintained for a minimum of 7
d. Although the model does not reliably recapitulate the host immune response, the
presence of pig bronchiolar tissue is able to mimic a P. aeruginosa biofilm infection
reminiscent of chronic CF lung infection. Hence, the EVPL model is phenotypically
relevant to study these infections. Therefore, I performed transcriptome analyses in the
subsequent chapters to investigate the P. aeruginosa gene expression in the EVPL model
to determine whether this was also indicative of chronic-like infection.
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Chapter 4
Pseudomonas aeruginosa gene
expression in the ex vivo pig lung model
compared with in vitro synthetic cystic
fibrosis sputum media growth
4.1 Introduction
P. aeruginosa infections in the CF lung are regarded as one of the most well studied
biofilm infectionswithin the field ofmedicine, however there are currently no treatments
that are completely effective (Høiby et al., 2017). The biofilm structure, as explored in
Chapter 3, is associated with complex cell-to-cell interactions that affect gene expression
(Flemming et al., 2016). However, the lack of a laboratory model that recapitulates all
the key aspects of P. aeruginosa chronic biofilm infection has caused limitations on
research and treatment development (Cornforth et al., 2020; O’Toole et al., 2021).

There is a vast range of infection models to study CF lung infections, including live animal
models, and in vitro systems and media. Artificial sputum media have been designed to
mimic in vivo CF sputum, as well as epithelial cultures, and bead models. Each of these
approaches to capture the CF lung environment have focused on different features but
do not incorporate all infection characteristics. The difference between infection models
and in vivo biofilm infection has led to RNA-seq research to determine which aspects of
the chronic, biofilm-forming P. aeruginosa transcriptome is captured by different models
(Cornforth et al., 2018; Rossi et al., 2018). This work has highlighted particular pathways
that are not accurately replicated in the laboratory. The importance of the environment
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P. aeruginosa is grown in for investigating key infection traits such as antimicrobial
resistance (AMR), virulence, and persistance has been emphasised (Cornforth et al.,
2018; Rossi et al., 2018; Kordes et al., 2019).

The increasing use of RNA-seq to study P. aeruginosa infection in the CF context, and
to validate laboratory models, has led to a quantitative computational framework
being developed to determine the accuracy of models, based on transcriptomic data
(Cornforth et al., 2020). Briefly, it was shown that the P. aeruginosa transcriptome when
grown in a revised version of the SCFM used with the EVPL model, referred to as SCFM2
(Turner et al., 2015), and an in vitro epithelial cell model were the most representative of
CF sputum. Key P. aeruginosa metabolic pathways were found to be similarly expressed
in both models to the CF lung, including fatty acid and phospholipid metabolism in
epithelial cells, and nucleoside and nucleotide metabolism in SCFM2. Despite this,
both models were still distinct from in vivo P. aeruginosa gene expression in a number
of pathways. This was largely driven by distinct expression of genes associated with
alginate production and QS. These pathways were found to be overexpressed in vitro

compared with CF sputum (Cornforth et al., 2020).

Both pathways have been linked to virulence regulation and the persistence of P.

aeruginosa infections in the CF lung (Winstanley and Fothergill, 2009; Kostylev et al.,
2019). There are three P. aeruginosa QS systems that are involved in the regulation of
a number of processes, including biofilm formation in human infection. These are the
LasI/R and RhlI/R systems associated with AHL production, and the PQS associated with
quinolone signalling molecules (Williams and Cámara, 2009; Mukherjee et al., 2017;
Kostylev et al., 2019). P. aeruginosa expression of genes regulated by the las system
specifically have been found to be a key point of distinction between CF sputum and in

vitro growth conditions (Cornforth et al., 2018). The AHL encoded by the las system is
3-oxo-C12-HSL. It binds to the trancriptional regulator LasR to regulate the expression of
multiple genes and pathways (Williams and Cámara, 2009).

These distinctions between the P. aeruginosa transcriptome in human infection and
in vitro work is thought to have an impact on AMR. The lack of a representative lab
model impacts the accuracy of diagnostics and drug development. This is associated
with treatment plans guided by current antibiotic susceptibility testing methods often
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having poor outcomes (Hurley et al., 2012). Cornforth et al. (2018) found that a number
of AMR genes that were induced in human infection were not induced following P.

aeruginosa antibiotic treatment in vitro, including the transcriptional regulator mvaT.
This suggested that some key resistance mechanisms observed in human infection may
be driven by the infection environment, which is not captured by standard lab media.
This was hypothesised to be a potential explanation for why P. aeruginosa typically
appears to be more sensitive to treatments in vitro than in vivo (Cornforth et al., 2018).
It has been shown that P. aeruginosa grown in the EVPL model, associated with the
tissue, is highly tolerant to antibiotic treatment in contrast with in vitro growth (Hassan
et al., 2020; Sweeney et al., 2020b). Thus, the EVPL model has shown potential to more
accurately mimic the AMR profile seen in human infection.

Overall, transcriptome analyses of P. aeruginosa in the CF lung and different research
models has highlighted gaps in the current ability to reproduce CF-like infections in
the laboratory. P. aeruginosa PA14 gene expression has been investigated in the EVPL
model at different time points (24 h, 48 h, and 7 d) and compared with SCFM in vitro

growth at 24 h and 48 h. The aim was to determine how P. aeruginosa gene expression
differs when the pig lung tissue is added to SCFM, compared with SCFM alone. Hence,
indicating the extent to which the EVPL model replicates P. aeruginosa gene expression
in CF infection and potentially addresses some of the gaps observed in existing models.
It was found that the EVPL model creates two P. aeruginosa growth environments with
distinct transcriptomes: the lung tissue-associated biofilm and the surrounding SCFM
population. These environments were also distinct from P. aeruginosa grown in SCFM
in vitro. In particular, P. aeruginosa PA14 expression of QS-regulated genes and genes
associated with antibiotic resistance in the lung-associated biofilm at 48 h, compared
with in vitro SCFM, was similar to P. aeruginosa expression in CF sputum compared with
in vitro conditions. This indicated that the EVPL model, particularly the pig lung tissue,
cued P. aeruginosa gene expression that may be more representative of human infection
than the current published models.

4.2 Results
All experiments in this chapter were performed on three replica tissue pieces from each
of two independent pig lungs, per time point. For in vitro SCFM samples three repeats
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were used per time point.

4.2.1 P. aeruginosa PA14 viability in the EVPL model for 7 days
The work in Chapter 3 showed P. aeruginosa PA14 grew in the EVPL model. The bacterial
load was maintained for at least 7 d, and PA14 formed a mature biofilm phenotypically
similar to CF lung infection. Therefore, 7 d was considered as a time point to include in
RNA-seq analysis to investigate gene expression in a potentially more mature biofilm.
P. aeruginosa PA14 RNAwas not consistently extracted fromSCFM in vitro cultures after
7 days.
RNA extractions were performed on 7 d EVPL P. aeruginosa PA14 biofilms and 7 d in vitro
SCFM cultures, to identify whether RNA-seq was possible at this time point. No fresh
media or lung tissue was added during the 7 d. The total RNA extracted from each of the
P. aeruginosa PA14 lung samples was adequate for sequencing (Table 4.1). However as
shown in Table 4.1, sufficient RNA could not be consistently extracted from the in vitro

SCFM cultures. For four out of six samples no RNA was successfully extracted. This
indicated that P. aeruginosa may not have been metabolically active at 7 d in SCFM in

vitro, unlike the lung-associated biofilm.
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Table 4.1: The concentration of RNA (ng µl-1) extracted from Pseudomonas aeruginosa PA14 in vitro
synthetic cystic fibrosis sputum media (SCFM) cultures and PA14 infected ex vivo pig lung tissue pieces
(Lung), following 7 d incubation at 37 °C. RNA was extracted from six replica in vitro SCFM P. aeruginosa
PA14 cultures and three P. aeruginosa PA14 infected lung tissue pieces from each of two independent lungs
(lung 20 and lung 21). The total RNA was in an elution volume of 47 µl; final elution was in 50 µl but 3 µl
was taken for concentration determination and RNA quality check. All RNA extractions for RNA sequencing
were performed on samples from lung 20 and 21.

Environment RNA concentration (ng µl-1) Total RNA (ng)
SCFM 0 0
SCFM 0 0
SCFM 36.4 1710.8
SCFM 24.4 1146.8
SCFM 0 0
SCFM 0 0
Lung 20 27.4 1287.8
Lung 20 33.8 1588.6
Lung 20 25.8 1212.6
Lung 21 51.6 2425.2
Lung 21 14.2 667.4
Lung 21 60.2 2829.4

To visualise P. aeruginosa PA14 growing in vitro in SCFM to provide insight into whether
the lack of RNAextracted at 7 dwas caused by issueswith the extractionmethod or lack of
metabolic activity, Gram staining was performed. Gram staining of in vitro SCFM cultures
at 48 h and 7 d was compared with Gram stain images of the PA14 biofilm associated
with the EVPL tissue surface at both time points (Figure 4.1). P. aeruginosa PA14 did not
visibly appear to be stressed in the lung-associated biofilm at 7 d and was comparable to
cells at 48 h. There was an evident biofilm structure and clear rod shaped cells (Figure
4.1). However, the in vitro SCFM grown P. aeruginosa PA14, whilst rod-shaped at 48 h,
appeared to become stressed by 7 d as the cells were a more rounded shape (Figure
4.1). This indicated that the RNA extraction protocol was not the problem. It was thus
unlikely that an active PA14 population was maintained in SCFM alone for 7 d. RNA-seq
of P. aeruginosa PA14 grown in SCFM in vitro for 7 d was therefore not performed, only 7
d lung samples.
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Figure 4.1: Micrograph of Gram stained Pseudomonas aeruginosa PA14 grown in synthetic cystic fibrosis
sputum media (SCFM) or ex vivo pig lung tissue sections (Lung) for 2 d and 7 d. The lung images are also
shown in Figure 3.11. All images were taken at x100 magnification.

P. aeruginosa PA14 cells remained viable in the EVPL-associated biofilm for 7 days.
Phenotypic analyses in Chapter 3 demonstrated that the P. aeruginosa PA14 biofilm
associated with the EVPL tissue was maintained for 7 d; RNA was also successfully
extracted at this time point. However, the viability of the bacterial cells in the biofilm
was unknown. Prior to sequencing, a BacTiter-GloTM microbial cell viability assay was
performed to identify whether RNA-seq analysis of 7 d lung samples was of interest,
or if cells were no longer viable. Viability was measured by the concentration of ATP
produced. The assay was performed at initial infection (0 d) to measure the starting
ATP concentration. Uninfected lung tissue was also included as a negative control for
PA14 infection, to measure the ATP in the lung tissue. Measurements were subsequently
taken at 24 h, 48 h, and 7 d (Figure 4.2). The CFU lung-1 was also calculated from each
tissue piece to show bacterial growth alongside ATP production. Figure 4.2A shows that
endogenous lung species grew in the uninfected tissue; these species were not seen
for P. aeruginosa PA14 infected lung tissue. The CFU lung-1 of PA14 in infected tissue,
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and endogenous species in the uninfected tissue was comparable at 7 d, however there
was a higher concentration of ATP measured in P. aeruginosa infected samples (Figure
4.2B; means: 992.22 nM and 3.20 nM respectively). There was also an increase in ATP
production from 48 h to 7 d in P. aeruginosa PA14 infected tissue (Figure 4.2). This
indicated that there were P. aeruginosa PA14 cells still viable at 7 d in the lung-associated
biofilm. The extracted RNA from the lung biofilm at 7 d was sequenced for analysis.
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Figure 4.2: Bacterial load and concentration of adenosine triphosphate (ATP) (nM) in ex vivo pig lung
(EVPL) tissue samples at 0 d, 1 d, 2 d and 7 d. Three replica tissue pieces from each of two independent
pig lungs were infected with Pseudomonas aeruginosa PA14 for the time points tested. Uninfected tissue
was also prepared as a negative control for PA14 infection. (A) Colony forming units (CFU) lung-1 for P.
aeruginosa PA14 (circles) and endogenous bacterial species in uninfected tissue (triangles). These species
were not detected on any of the PA14 infected tissue pieces. Each data point represents an EVPL tissue
piece, and each lung is represented by different colours (see key). The horizontal lines show the mean and
the y axes are log10 scale. (B) The concentration of ATP (nM) present in each of the EVPL samples. Themean
ATP concentration from six tissue pieces (three pieces each from two lungs) is shown for the P. aeruginosa
PA14 (black, dashed line) and uninfected (purple, solid line) samples. Error bars represent the standard
deviation.
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4.2.2 P. aeruginosa PA14 transcriptome in the EVPL model and in vitro

SCFM
P. aeruginosa PA14 gene expression was investigated in the two environments of the
EVPL model to compare with in vitro SCFM growth at 24 h and 48 h. As well as
the lung-associated biofilm, there was a P. aeruginosa PA14 population in the SCFM
surrounding each tissue piece (surrounding SCFM). RNA was extracted from each EVPL
environment individually to determine whether they were distinct P. aeruginosa PA14
populations or homogenous. The PA14 transcriptome in the lung and surrounding SCFM
was compared with P. aeruginosa PA14 grown in SCFM in vitro at the two time points (24
h and 48 h). The RNA extracted from the infected lung samples at 7 d was also included
in the analysis, as discussed.
P. aeruginosa PA14 bacterial load was consistent in all growth environments and PA14
RNA was successfully extracted and sequenced.
P. aeruginosa PA14 CFU lung-1 in the lung-associated biofilm and CFU ml-1 in the
surrounding SCFM and in vitro SCFM was calculated. This was determined using
representative repeats prepared alongside the RNA sequencing samples, from the same
SCFM and lungs (Figure 4.3). The CFU was consistent between in vitro SCFM and
lung-associated biofilmat 24 h and 48 h (~108 - 109 CFU). The CFU lung-1wasmaintained at
7 d in the lung-associated biofilm (Figure 4.3). In contrast, the CFUml-1 in the surrounding
SCFM was ~1 log10 higher than both at 24 h and 48 h (Figure 4.3). However, the P.

aeruginosa CFU in the three evironments, at all time points, was within the ranges of
density and variability recovered from individuals with CF (Palmer et al., 2005), so were
considered representative of in vivo bacterial load. Additionally, the LB agar plates used
to determine CFU also confirmed P. aeruginosa PA14 infection by the distinct morphology
and showed no endogenous species growth in any EVPL samples.
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Figure 4.3: Pseudomonas aeruginosa PA14 colony forming units (CFU) for samples prepared
simulataneously to the samples RNA was extracted from. Destructive sampling at 24 h, 48 h, and 7 d was
performed for three P. aeruginosa PA14 infected ex vivo pig lung tissue pieces (Lung) and the surrounding
synthetic cystic fibrosis sputum media (SCFM) (Surrounding SCFM), from each of two independent lungs.
Three replica in vitro SCFM PA14 cultures (SCFM) were also prepared at each time point. The CFU lung-1 was
calculated for the lung samples and CFUml-1 calculated for the SCFM and surrounding SCFM samples. Each
lung is represented by a different coloured data point and the different growth environments are shown by
different shaped data points (see key). The y axis is log10 scale and the horizontal lines represent the mean
across all samples from each environment, at each time.

Following RNA extractions, sequencing and intial data preparation were performed. The
sequencing statistics are shown in Appendix A (Table A.1). Reads from the EVPL samples
(lung and surrounding SCFM) were aligned to the Sus scrofa genome to determine if any
of the extracted RNAwas from the pig lung tissue. As shown in Table 4.2, therewere≤ 1%
of reads aligned to the pig genome in all EVPL samples (median 0.09%), which indicated
that the RNA sequenced was predominantly microbial. Any reads that were mapped to
the pig genome were removed, and all remaining reads and in vitro SCFM reads were
aligned to the P. aeruginosa PA14 genome. The majority of reads in each sample were
successfully aligned (median 98.9%). This showed that the RNA extracted was mainly P.
aeruginosa PA14 (Table 4.2); it was considered unlikely that there was a large population
of metabolically active endogenous microbes in the PA14 infected EVPL tissue.

124



Table 4.2: The percentage of RNA sequencing reads aligned to the pig (Sus scrofa) genome or
Pseudomonas aeruginosa PA14 genome. RNA was sequenced from ex vivo pig lung tissue samples (Lung)
and the synthetic cystic fibrosis sputum media surrounding each tissue piece (Surrounding SCFM), from
three tissue pieces from each of two independent lungs at 24 h, 48 h, and 7 d. The reads from both
environments were first aligned to the pig genome; reads that did not align were then aligned to the PA14
genome. The percentage of reads aligned to each genome are shown. RNA was also extracted from three
in vitro SCFM cultures (SCFM) at each time point. The reads were aligned to just the P. aeruginosa PA14
genome and the percentage of reads aligned are shown. Each row represents an individual sample.

Environment Time (d) Aligned to pig (%) Aligned to PA14
(%)

SCFM 1 95.30
SCFM 1 98.39
SCFM 1 99.30
SCFM 2 99.58
SCFM 2 98.88
SCFM 2 99.36
Lung 20 1 0.32 98.30
Lung 20 1 0.23 99.76
Lung 20 1 0.19 99.46
Lung 21 1 0.37 96.17
Lung 21 1 0.25 93.19
Lung 21 1 0.35 95.34
Lung 20 2 0.08 99.47
Lung 20 2 0.08 99.46
Lung 20 2 0.09 98.83
Lung 21 2 0.07 98.17
Lung 21 2 0.03 99.25
Lung 21 2 0.19 96.86
Lung 20 7 0.06 99.70
Lung 20 7 0.08 99.13
Lung 20 7 0.07 98.28
Lung 21 7 0.06 98.65
Lung 21 7 0.06 99.52
Lung 21 7 0.02 99.10
Surrounding SCFM (Lung 20) 1 0.12 99.39
Surrounding SCFM (Lung 20) 1 0.87 97.56
Surrounding SCFM (Lung 20) 1 0.39 98.57
Surrounding SCFM (Lung 21) 1 0.27 97.57
Surrounding SCFM (Lung 21) 1 0.16 97.84

Continued on next page
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Table 4.2 – continued from previous page
Environment Time (d) Aligned to pig (%) Aligned to PA14

(%)
Surrounding SCFM (Lung 21) 1 1.04 94.61
Surrounding SCFM (Lung 20) 2 0.02 99.56
Surrounding SCFM (Lung 20) 2 0.08 99.27
Surrounding SCFM (Lung 20) 2 0.02 99.61
Surrounding SCFM (Lung 21) 2 0.08 98.71
Surrounding SCFM (Lung 21) 2 0.09 99.06
Surrounding SCFM (Lung 21) 2 0.10 98.92

The P. aeruginosa PA14 transcriptome revealed two distinct niches in the EVPL model,
both distinct from in vitro SCFM growth.
Following quality control (Appendix A; Figure A.1), principal component analysis (PCA)
of the expression of all considered genes (n = 5829) was used to investigate whether
growth environment and infection time caused distinctions in the P. aeruginosa PA14
transcriptome. Figure 4.4 shows that PA14 in the lung-associated biofilm and surrounding
SCFM had distinct expression profiles from each other, and also from in vitro SCFM. The
changes in expression over time were also different in the EVPL environments compared
with SCFM in vitro. There was a shift in the first two principal components from 24 h to
48 h in the lung and surrounding SCFM in opposing directions to the shift observed for
in vitro SCFM grown P. aeruginosa PA14 (Figure 4.4). Expression at 7 d in the lung biofilm
appeared to be similar to the lung-associated biofilm at 48 h.
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Figure 4.4: Principal component analysis (PCA) plot of the Pseudomonas aeruginosa PA14 transcriptome,
considering all genes (n = 5829), in the ex vivo pig lung (EVPL) model and synthetic cystic fibrosis sputum
media (SCFM) in vitro. RNA was sequenced from the 3 environments P. aeruginosa PA14 was grown in: in
vitro SCFM (SCFM), and the two niches of the EVPL model (Lung and the Surrounding SCFM). Three replica
P. aeruginosa PA14 cultures were sequenced at 24 h and 48 h from in vitro SCFM and three repeats from
each of two independent lungs were sequenced at 24 h and 48 h from EVPL niches. P. aeruginosa PA14
infected lung tissue samples grown for 7 d were also sequenced. Each environment is shown by different
colour data points and each time point is a different shaped data point (see key). The 95% confidence
ellipses are shown.

Pearson’s correlation coefficient analysis and hierarchical clustering, visualised in Figure
4.5, confirmed that the RNA-seq was a good quality as the Pearson’s correlation
coefficient (r) was > 0.9 for all comparisons. This was expected as all samples were
the same strain: P. aerugniosa PA14, if the r value had been smaller it would indicate
potential issues with the data. Hierarchical clustering analysis showed that the there was
a distinction between the lung-associated biofilm at 48 h and 7 d, and all other samples
(Figure 4.5). Pearson’s correlation coefficient analysis provided further detail. It indicated
that the greatest difference was between the lung biofilm at these two later time points,
and all in vitro SCFM samples (24 h and 48 h) and the surrounding SCFM population at
24 h.
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Figure 4.5: Hierarchical clustering heatmap showing the Pearson’s correlation coefficient values between
Pseudomonas aeruginosa PA14 transcriptomes in the ex vivo pig lung (EVPL) model and synthetic cystic
fibrosis sputum media (SCFM) in vitro. P. aeruginosa PA14 RNA was extracted from in vitro SCFM cultures
(SCFM: blue) at 24 h and 48 h, PA14 infected EVPL tissue pieces (Lung: pink) at 24 h, 48 h, and 7 d, and the
EVPL surrounding SCFM (Surrounding SCFM: orange) at 24 h and 48 h. Three replica in vitro cultures were
sampled at each time point and three EVPL tissue pieces from each of two independent lungs were used
for the EVPL environments. Hierarchical clustering is shown on the left and top of the heatmap, and the
samples are colour coded based on growth environment and infection time (see key). The heatmap shows
the Pearson’s correlation coefficient values on a blue to red scale (see key).

These analyses showed P. aeruginosa PA14 growth in the EVPL model resulted in
clear differences in gene expression compared with in vitro SCFM growth. There was
also a distinct difference between the lung-associated biofilm and surrounding SCFM
populations. Further analyses of P. aeruginosa gene expression in the EVPL environments
compared with in vitro SCFM growth were subsequently performed at 24 h and 48 h,
to provide more information about these differences. The 7 d lung-associated biofilm
transcriptome was explored in Chapter 5.
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4.2.3 Differentially expressed P. aeruginosa PA14 genes in the EVPL
model compared with in vitro SCFM and their functional
importance

Gene expression in the lung-associated P. aeruginosa PA14 biofilm became more
distinct from in vitro SCFM growth at 48 hours.
Differential expression analysis was performed to determine the significant differentially
expressed genes (DEGs) for P. aeruginosa PA14 in the lung-associated biofilm compared
with in vitro SCFM, and the surrounding SCFM compared with in vitro SCFM, at 24 h and
48 h (P < 0.05, log2 fold change≥ |1.5|). There were a number of significant DEGs found
for each contrast, some shared in the lung biofilm and surrounding SCFMpopulation, and
some unique (Figure 4.6).

24 h

Lung vs 
SCFM

Surrounding 
SCFM vs 

SCFM

48 h

Surrounding 
SCFM vs 

SCFM

Lung vs 
SCFM399 264 304 1007 289 90

Figure 4.6: Venn diagrams of the number of significant Pseudomonas aeruginosa PA14 differentially
expressed genes (DEGs) for ex vivo pig lung (EVPL) model environments compared with in vitro synthetic
cystic fibrosis sputum media (SCFM) at 24 h and 48 h. Differential expression analysis was performed on
three in vitro SCFM (SCFM) repeats and three repeats from each of two independent lungs for the EVPL
environments: the lung-associated biofilm (Lung) and SCFM surrounding each tissue piece (Surrounding
SCFM), per time point. The genes were considered significant if the log2 fold change was ≤ -1.5 or ≥ 1.5,
and P < 0.05. The shared genes at each time point were either overexpressed or underexpressed in both
the lung and surrounding SCFM versus in vitro SCFM. Genes that were significant in both contrasts at each
time point, but in opposing directions, were not considered shared.

At 24 h, a similar number of significant DEGs were found in the lung-associated biofilm
and surrounding SCFM (663 and 568 genes respectively); 264 were shared in the same
direction of expression (i.e. overexpressed in both contrasts or underexpressed in both).
The number of shared DEGs in the same direction of expression at 48 h was comparable
to 24 h (289), however therewas a clear difference in the total number of significant DEGs
in each contrast (Figure 4.6). There was an increase in the overall number of significant
DEGs in the lung-associated biofilm compared with in vitro SCFM at 48 h (1296 genes).
In contrast, the total number of significant DEGs in the surrounding SCFM compared
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with in vitro SCFM decreased from 24 h to 48 h (568 and 379 genes respectively). This
showed that as well as there being unique genes significantly differentially expressed at
each time point in each environment, this distinction increased as P. aeruginosa PA14
established a biofilm associated with the lung tissue. It indicated that the dynamics of
P. aeruginosa gene expression differences between in vitro growth and the two EVPL
environments changed from 24 h to 48 h (Figure 4.6). As the biofilm established on
the lung tissue, the PA14 population became more distinct from in vitro SCFM growth,
whereas the surrounding SCFM population appeared to become more similar.
P. aeruginosa PA14 genes with the greatest difference in expression compared with in
vitro SCFMgrowthwere different in the lung-associated biofilm and surrounding SCFM.
The list of DEGs was then investigated and Table 4.3 shows the five significant DEGs
in each contrast with the greatest log2 fold change in expression in each direction (i.e.
overexpressed or underexpressed). These genes were not the same at 24 h and 48
h in the lung-associated biofilm or surrounding SCFM. There was also a difference in
the genes found in the lung and surrounding SCFM, with the exception of genes most
underexpressed at 24 h. As shown in Table 4.3, four out of the five most underexpressed
genes in the lung biofilm compared with in vitro SCFM at 24 h were also in the list of
most underexpressed genes in the surrounding SCFM at 24 h. This supported the results
in Figure 4.6, which showed P. aeruginosa PA14 expression in the lung and surrounding
SCFM may be more similar at 24 h than 48 h.
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Table 4.3: The five Pseudomonas aeruginosa PA14 significant differentially expressed genes (DEGs) with
the greatest log2 fold change (LFC) increase in the ex vivo pig lung (EVPL) environments comparedwith in
vitro synthetic cystic fibrosis sputummedia (SCFM) at 24 h and 48 h, and the five genes with the biggest
LFC decrease. RNA sequencingwas performed on three replicate in vitro SCFMPA14 cultures (SCFM) grown
for 24 h and 48 h, and three samples from each of two independent lungs from EVPL environments: the
lung-associated biofilm (Lung) and SCFM surrounding each tissue piece (Surrounding SCFM) at 24 h and 48
h. DEGs were considered significant if the LFC compared with in vitro SCFM was ≤ -1.5 or ≥ 1.5, and P <
0.05. The locus tag, gene name and LFC value is shown for each gene in each contrast.

Contrast Overexpressed Underexpressed
Locus tag Gene

name LFC Locus tag Gene
name LFC

24 h: Lung vs SCFM PA14_49200 oprH 4.63 PA14_38850 exaB -6.79
PA14_52340 4.56 PA14_38860 exaA -6.56
PA14_49180 phoP 4.49 PA14_38880 -6.52
PA14_49170 phoQ 4.37 PA14_64530 -6.44
PA14_46900 4.25 PA14_38900 -6.37

48 h: Lung vs SCFM PA14_37990 6.30 PA14_ 39945 phzC2 -5.68
PA14_52340 6.18 PA14_21530 -5.60
PA14_38190 5.08 PA14_09450 phzD1 -5.51
PA14_18070 4.91 PA14_20960 -5.46
PA14_07480 4.85 PA14_39910 phzE2 -5.40

24 h: Surrounding PA14_06960 4.46 PA14_38850 exaB -6.98
SCFM vs SCFM PA14_05840 gcdH 4.19 PA14_38860 exaA -6.69

PA14_18070 4.16 PA14_38880 -6.53
PA14_13170 3.95 PA14_38900 -6.11
PA14_35240 3.94 PA14_38840 -5.19

48 h: Surrounding PA14_18070 5.06 PA14_35240 -5.47
SCFM vs SCFM PA14_38310 3.57 PA14_63920 cntM -5.26

PA14_13170 3.54 PA14_09950 -5.03
PA14_32140 antC 3.36 PA14_73060 -4.94
PA14_37590 kynB 3.23 PA14_63960 cntO -4.72

The majority of the most overexpressed genes in the lung-associated biofilm at 24 h
compared with in vitro SCFM were associated with the PhoP-PhoQ two component
regulatory system (Table 4.3). Both phoP and phoQ were significantly overexpressed in
the lung biofilm, as well as the porin gene oprH. The three genes are known to form an
operon positively regulated by phoP, associated with increased polymyxin resistance
(Chevalier et al., 2017; Yang et al., 2021). The other two genes, PA14_52340 and
PA14_46900, are regulated by the PhoP-PhoQ system (Yang et al., 2021). PA14_52340
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was the only gene found to be one of the five most overexpressed genes in the
lung-associated biofilm at both 24 h and 48 h. However, unlike 24 h, there was no
clear pattern or pathway differences in the genes most overexpressed at 48 h (Table
4.3). Only one gene was in the list of greatest overexpression in both environments:
PA14_18070. There was a 4.16 log2 fold change in the surrounding SCFM at 24 h and
5.06 log2 fold change at 48 h compared with in vitro SCFM. There was also a 4.91 log2
fold change in the lung-associated biofilm contrast at 48 h (Table 4.3)). This gene is
associated with increased antibiotic resistance (Dötsch et al., 2009). The majority
of other most overexpressed genes in the surrounding SCFM at 24 h and 48 h were
associated with metabolism, including antC and kynB (Table 4.3). Both genes are
involved in the anthranilate metabolic pathway, which is linked to biofilm formation and
PQS production (Costaglioli et al., 2012).

As described, there were more similarities in the most five underexpressed genes
in the lung-associated biofilm and surrounding SCFM than the overexpressed genes,
particularly at 24 h. The four shared most underexpressed genes found are involved in
ethanol oxidation, including the exaA and exaB promoters (Görisch, 2003). PA14_38900
was also found to be highly underexpressed in both environments at 24 h (Table 4.3). It
is a response regulator gene involved in ethanol oxidation that has been shown to play
a role in antibiotic resistance linked with biofilm formation (Francis et al., 2017). This
suggested the pathway was being downregulated in both EVPL environments compared
with in vitro SCFM at 24 h. At 48 h, none of the most underexpressed genes in the lung
biofilm were shared with the surrounding SCFM (Table 4.3). This supported the previous
hypothesis that 48 h was the time point where P. aeruginosa PA14 expression in the two
EVPL environments became more distinct.

Themajority of themost underexpressed genes in the P. aeruginosa PA14 lung-associated
biofilm compared with in vitro SCFM growth at 48 h were part of the phenazine
biosynthesis pathway (Table 4.3). Expression of PA14_20960was also found to be greatly
reduced, by 5.46 log2 in the lung biofilm. This indicated that the gene may have been
important for P. aeruginosa adaptation to the lung tissue. However, there is no known
function for this gene and the gene product is uncharacterised. Themost underexpressed
genes in the surrounding SCFM compared with in vitro SCFM included a different set of
genes than the lung biofilm contrast at 48 h. A number of these are part of the cnt operon
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(Table 4.3). CntO is an outermembrane transporter and CntM is an enzyme, both involved
in the biosynthesis and transportation of the metallophore pseudopaline (Gomez et al.,
2021). Although not in the list of the five most underexpressed genes in the lung at 48
h, both cntM and cntO were also significantly underexpressed in lung-associated biofilm
compared with in vitro SCFM (-4.92 and -4.69 log2 fold change respectively).
The gene expression differences between P. aeruginosa PA14 in the two EVPL
environments and in vitro SCFM have functional importance.
The functional importance of the significant DEGs in each contrast was then studied by
investigating pathways that were significantly enriched. These were pathways where
more significant DEGs in the contrast were attributed to a pathway than would occur
by chance, thus indicating there was an effect on expression of the pathway overall.
KEGG pathway enrichment analysis was initially performed to identify significantly
enriched KEGG pathways (P < 0.05). Figure 4.7 shows all KEGG pathways that were
significantly enriched in each contrast. There were a number of pathways enriched
in both the lung-associated biofilm and surrounding SCFM compared with in vitro

SCFM at 24 h, including quorum sensing. The majority of significant genes in each of
these pathways were underexpressed, indicating these pathways were downregulated.
However, glyoxylate and dicarboxylate metabolism appeared to be upregulated in the
surrounding SCFM and downregulated in the lung biofilm (Figure 4.7), indicating a
difference between the two EVPL environments.
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Figure 4.7: Significantly enriched (P < 0.05) Pseudomonas aeruginosa PA14 Kyoto encyclopedia of genes
and genomes (KEGG) pathways in the ex vivo pig lung tissue-associated biofilm (Lung) or surrounding
synthetic cystic fibrosis sputummedia (SCFM) (Surrounding SCFM) compared with in vitro SCFM growth
(SCFM) at 24 h and 48 h. The bar charts show the percentage of genes associated with each KEGG pathway
that were significantly differentially expressed in the contrast (log2 fold change ≥ |1.5|, P < 0.05). Three
SCFM repeats and three repeats from each of two independent lungs for lung and surrounding SCFM
were used to perform analysis. The percentage of genes to the left of the vertical lines (x = 0) were
underexpressed in the lung or surrounding SCFM and percentage of genes to the right were overexpressed,
compared with in vitro SCFM. The shared graphs are significantly enriched pathways in both contrasts at
each time point and individual graphs show enriched pathways unique to that contrast. The lung contrasts
are represented by purple bars (bottom in shared) and the surrounding SCFM by orange bars (top in
shared).

There were five significantly enriched KEGG pathways unique to the lung-associated
biofilm at 24 h; these included cationic antimicrobial resistance which appeared to be
upregulated, and biofilm formation where there were genes upregulated (7.21% genes)
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and downregulated (18.02% genes) (Figure 4.7). Tyrosine metabolism was the only
pathway uniquely enriched in the surrounding SCFM at 24 h, and most associated genes
were overexpressed (Figure 4.7). At 48 h, fewer enriched KEGG pathways were identified
overall. The only pathway significantly enriched in both the lung biofilm and surrounding
SCFM compared with in vitro SCFM was phenazine biosynthesis. This pathway was also
significantly enriched at 24 h in both EVPL environments, downregulated in comparison
with in vitro SCFM (Figure 4.7). These results indicated that downregulation of phenazine
biosynthesis was a key distinction between EVPL model and in vitro growth. Genes
associated with this pathway were also in the list of most underexpressed genes in the
lung-associated biofilm at 48 h (Table 4.3). There were no unique, significantly enriched
pathways in the lung-associated biofilm at 48 h, although three pathways were only
significantly enriched in the surrounding SCFM. These included quorum sensing and
glyoxylate and dicarboxylate metabolism, also enriched at 24 h (Figure 4.7). This analysis
suggested that the significant DEGs found for each contrast had a functional context that
may result in differing phenotypes compared with in vitro SCFM growth.

To further investigate these functional differences, the more detailled gene ontology
(GO) term analysis was performed (P < 0.05), as KEGG pathway enrichment analysis
found less significant pathways at 48 h despite there being more overall DEGs. The
signficantly enriched P. aeruginosa PA14 biological process GO terms were studied to
provide detailled information on pathways affected by EVPL growth compared with in

vitro SCFM (Figure 4.8). The number of significantly enriched GO terms was higher
at 48 h in the lung-associated biofilm compared with in vitro SCFM (Figure 4.8C) than
at 24 h (Figure 4.8A). In contrast, the number of significantly enriched GO terms in
the surrounding SCFM compared with in vitro SCFM at 48 h (Figure 4.8D) was smaller
than at 24 h (Figure 4.8B). This supports the previous hypothesis that lung-associated
growth caused increased P. aeruginosa PA14 transcriptome differences from in vitro

SCFM between 24 h and 48 h. In contrast, differences between gene expression in the
surrounding SCFM population and in vitro SCFM appeared to decrease over time.
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Figure 4.8: Significantly enriched (P < 0.05) Pseudomonas aeruginosa PA14 biological processes gene
ontology (GO) terms in the ex vivo pig lung tissue-associated biofilm (Lung) or surrounding synthetic
cystic fibrosis sputum media (SCFM) (Surrounding SCFM), compared with in vitro SCFM growth (SCFM)
at 24 h and 48 h. Each bar graph shows the fold change enrichment (x axis) for each significantly enriched
GO term, determined from the significant differentially expressed genes (DEGs) associated with each term
(log2 ≥ |1.5|, P < 0.05) in the contrasts. Fold change enrichment is the fold difference in the number of
DEGs found for each term than expected by chance. Three SCFM repeats and three repeats from each
of two independent lungs for lung and surrounding SCFM were used to perform analysis. The green bars
represent GO terms where the associated significant DEGs were underexpressed and overexpressed (both)
showing that the process was affected irrespective of the direction of expression. Red bars show GO terms
where all significant DEGs were underexpressed compared with in vitro SCFM (down), and blue bars show
GO terms where all the significant DEGs were overexpressed compared with in vitro SCFM (up).
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The oxidation-reduction process was found to be significantly enriched in all contrasts,
consistent with the underexpression of ethanol oxidation genes found in the list of
most DEGs in both EVPL environments at 24 h (Table 4.3). This further supported
the hypothesis that growth environment had an effect on ethanol oxidation. The GO
term ‘response to abiotic stimulus’ was one of the terms significantly enriched in the
surrounding SCFM versus in vitro SCFM at 48 h (P = 0.04, Figure 4.8). All genes were
overexpressed indicating the process was upregulated. It was not significantly enriched
in the lung comparisons at either time point. This response may have been caused
by P. aeruginosa PA14 interaction with the SCFM-agarose pad, put in the base of each
tissue culture plate well to support the lung tissue, at the interface with the surrounding
SCFM. As the same tissue culture plates were used to grow PA14 in SCFM in vitro, the
plate was unlikely to be the cause of expression differences. This indicated that the
surrounding SCFM P. aeruginosa PA14 population may have been less in vivo-like than
the lung-associated biofilm at 48 h, which was becoming more distinct from in vitro

SCFM growth.

The phenazine biosynthetic process term was significantly enriched in the
lung-associated biofilm at 24 h and 48 h, and surrounding SCFM at 24 h (Figure
4.8). This was consistent with the KEGG pathway ‘phenazine biosynthesis’ found to
be enriched (Figure 4.7). These results further indicated that the distinction of the
lung-associated biofilm and 24 h surrounding SCFM population compared with in

vitro SCFM growth may have been largely associated with phenazine biosynthesis
differences. Further investigation of this pathway revealed that all genes in the pathway
for production of the phenazine exotoxin pyocyanin were significantly underexpressed
in the lung biofilm at 48 h compared with in vitro SCFM (Figure 4.9). This pathway map
for the other significant contrasts is shown in Appendix A (Figure A.2).
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Figure 4.9: The Kyoto encyclopedia of genes and genomes (KEGG) Pseudomonas aeruginosa PA14
phenazine biosynthesis pathway. Genes that were significantly underexpressed (log2 fold change≤ |-1.5|,
P < 0.05) in the P. aeruginosa PA14 lung-associated biofilm compared with in vitro synthetic cystic fibrosis
sputum media growth at 48 h are highlighted in green. No genes in the pathway were found to be
significantly overexpressed in this contrast.

4.2.4 Differences in quorumsensing gene expression in the EVPLmodel
compared with in vitro SCFM

The QS KEGG pathway was found to be significantly enriched in the surrounding SCFM
and lung-associated biofilm at 24 h (Figure 4.7). The majority of the significant DEGs
were underexpressed in the EVPL environments compared with SCFM in vitro growth,
indicating the pathway was downregulated. QS is a key aspect of P. aeruginosa infection
in CF, involved in biofilm establishment (Davies et al., 1998). It is also a pathway where
P. aeruginosa expression has been shown to differ in vitro from CF sputum (Cornforth
et al., 2018). Taking this into account, alongside QS being a potential novel therapeutic
target (Scoffone et al., 2019; Defoirdt, 2018), QS associated gene expression was further
investigated in the EVPL and in vitro SCFM contrasts. The aim was to determine whether
the EVPL model environments could recapitulate the P. aeruginosa expression of QS
genes seen in human infection.
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Quorum sensing genes were downregulated in the P. aeruginosa PA14 lung-associated
biofilm at 48 hours.
Table 4.4 shows all genes in the QS KEGG pathway that were significant DEGs in at
least one contrast, and the log2 fold change in expression is shown where significant.
The full table is shown in Appendix A (Table A.2). The majority of significant genes
were underexpressed in the lung or surrounding SCFM compared with in vitro SCFM,
most part of the phenazine biosynthesis operons. This supported the hypothesis that
phenazine biosynthesis was a major distinction between P. aeruginosa PA14 grown in
SCFM in vitro and the EVPL model. There was a greater reduction in expression of
these genes in the lung-associated biofilm compared with SCFM in vitro than in the
surrounding SCFM population, at both time points (Table 4.4). One of the few genes
overexpressed in the EVPL model was a membrane-associated zinc metalloprotease in
the lung-associated biofilm at 48 h (1.94 log2 fold change). This was consistent with the
most DEGs list that indicated zinc availability was playing a role in the distinction between
growth environments. Of the significantly overexpressed QS genes, two are involved in
the production of PQS: pqsC and pqsD. This difference was found in the lung-associated
biofilm at 48 h but significant differential expression of these genes was not observed
in any of the other contrasts (Table 4.4). This indicated that this QS system (PQS) was
downregulated from 24 h to 48 h in the lung biofilm compared with SCFM in vitro.

139



Table 4.4: Pseudomonas aeruginosa PA14 genes in the quorum sensing Kyoto encyclopedia of genes
and genomes (KEGG) pathway that were significantly differentially expressed in at least one contrast
between the ex vivo pig lung (EVPL) environments and in vitro synthetic cystic fibrosis sputum media
(SCFM) at 24 h or 48 h. Differential expression analysis was performed on three replica in vitro SCFM
cultures (SCFM) and three repeats from each of two independent lungs from the EVPL environments: the
lung-associated biofilm (Lung) and the SCFM surrounding each tissue piece (Surrounding SCFM), at each
time point. Genes were considered significant if the log2 fold change was≤ -1.5 or≥ 1.5 compared with in
vitro SCFM and P < 0.05. The significant log2 fold change values are shown in the table. Contrasts where
the gene was not significantly differentially expressed are denoted with ‘-’. The orange fill shows genes
that were underexpressed in the EVPL environments, the darker the colour representing a higher log2 fold
change. The green fill represents overexpressed genes, with bold and italicised font.

Locus tag Gene
name

Gene product 24 h
Lung

48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_02720 - - -1.51 -
PA14_09050 secY Preprotein translocase

subunit SecY
- 1.94 - -

PA14_09410 hfq RNA-binding protein Hfq -3.90 -4.38 -1.97 -2.55
PA14_09420 phzF1 Phenazine biosynthesis

protein
-5.48 -4.90 -2.98 -3.07

PA14_09440 phzE1 Phenazine biosynthesis
protein PhzE

-5.82 -5.04 -3.26 -3.33
PA14_09450 phzD1 Phenazine biosynthesis

protein PhzD
-6.09 -5.51 -3.17 -3.09

PA14_09460 phzC1 Phenazine biosynthesis
protein PhzC

-4.82 -5.15 -1.79 -2.92
PA14_09470 phzB1 Phenazine biosynthesis

protein
-4.50 -4.19 - -2.93

PA14_09480 phzA1 Phenazine biosynthesis
protein

-3.68 -2.61 -2.68 -2.30
PA14_09520 mexI RND efflux transporter -1.97 -2.83 -1.73 -1.53
PA14_09530 mexH RND efflux membrane

fusion protein
- -2.74 - -

PA14_16250 lasB Elastase LasB -3.35 -3.01 -2.28 -1.62
PA14_17140 Membrane-associated

zinc metalloprotease
- 1.94 - -

PA14_19110 rhlB Rhamnosyltransferase
chain B

-1.79 - - -
PA14_20610 lecB Fucose-binding lectin

PA-IIL
-3.43 -2.90 -2.52 -1.95

Continued on next page
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Table 4.4 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_21090 -2.20 - - -
PA14_27330 - -3.18 - -2.06
PA14_30850 TrbI-like protein - 1.81 -1.77 -
PA14_30860 TrbG-like protein - 1.72 - -
PA14_31290 pa1L PA-I galactophilic lectin -3.94 1.52 -3.73 -
PA14_39880 phzG2 Pyridoxamine

5’-phosphate oxidase
-5.51 -5.15 -2.91 -3.14

PA14_39890 phzF2 Phenazine biosynthesis
protein

-5.48 -4.86 -2.96 -3.09
PA14_39910 phzE2 Phenazine biosynthesis

protein PhzE
-5.78 -5.40 -3.22 -3.42

PA14_39925 phzD2 Phenazine biosynthesis
protein PhzD

-5.91 -5.36 -3.30 -3.16
PA14_39945 phzC2 Phenazine biosynthesis

protein PhzC
-5.89 -5.68 -2.95 -3.75

PA14_39960 phzB2 Phenazine biosynthesis
protein

-5.24 -5.09 -2.68 -3.97
PA14_39970 phzA2 Phenazine biosynthesis

protein
-4.93 -4.40 -3.92 -4.52

PA14_40260 -2.17 -3.26 - -
PA14_40290 lasA LasA protease -2.09 -2.22 - -1.53
PA14_49760 rhlC Rhamnosyltransferase 2 -1.72 -1.61 - -
PA14_50540 livM Leucine/isoleucine/valine

transporter permease
subunit

- - - -1.65

PA14_50550 livG Leucine/isoleucine/valine
transporter ATP-binding
subunit

- - - -1.65

PA14_50560 braG Branched-chain amino
acid transport protein
BraG

- - - -1.90

PA14_51390 pqsD 3-oxoacyl-ACP synthase - -1.83 - -
PA14_51410 pqsC PqsC - -1.87 - -
Continued on next page
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Table 4.4 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_58360 dppA2 Dipeptide ABC
transporter
substrate-binding protein
DppA2

2.25 2.33 - -

PA14_63150 pmrA Two-component
response regulator

1.51 - - -
PA14_64860 ABC transporter

ATP-binding protein
-2.97 -1.62 -2.12 -

PA14_64870 ABC transporter
ATP-binding protein

-2.29 - -1.71 -
PA14_64880 Branched chain amino

acid ABC transporter
permease

-2.04 - -1.82 -

PA14_65310 RNA-binding protein Hfq 1.59 - 1.87 -
PA14_72560 np20 Transcriptional regulator

np20
- -2.17 - -

P. aeruginosa PA14 expression of conserved quorum sensing regulated genes in the
lung-associated biofilm at 48 hours was comparable to CF sputum.
One of the key aspects of QS where the P. aeruginosa transcriptome in vitro has been
shown to differ from in vivo CF infections is the expression of a set of las-regulated
genes. The majority of genes were significantly underexpressed in CF sputum compared
with lab conditions (Cornforth et al., 2018). This set of 42 genes was of particular interest
as they have been shown to be conserved amongst P. aeruginosa isolates from the CF
lung (Chugani et al., 2012). Expression of the equivalent P. aeruginosa PA14 genes was
studied in each EVPL contrast with in vitro SCFM, and compared with the expression
of this gene set in the CF sputum versus in vitro conditions investigated by Cornforth
et al. (2018). The aim was to identify whether either EVPL environment more accurately
represented this aspect of human infection than other laboratory models.

In the lung-associated biofilm at 24 h, the P. aeruginosa PA14 gene expression differences
compared with in vitro SCFMwas similar to the CF sputum versus in vitro contrast (Figure
4.10A). Two key genes were similarly underexpressed: lasA (-2.09 log2 fold change in
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the lung and -3.38 log2 fold change in CF sputum) and lasB (-3.35 log2 fold change in
the lung and -3.30 log2 fold change in CF sputum). At 48 h, the expression profile
increased in similarity with the CF sputum contrast (Figure 4.10B), which suggested that
the lung-associated biofilm at 48 hmay have been representative of QS in vivo. However,
therewere some geneswhere the expression changes observed by Cornforth et al. (2018)
in CF sputum were not consistently seen in the lung-associated biofilm (Figure 4.10).
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Figure 4.10: The log2 fold change in expression of 42 Pseudomonas aeruginosa PA14 quorum sensing
regulated genes, controlled by the las regulon, in the ex vivo pig lung-associated biofilm (Lung) compared
with in vitro synthetic cystic fibrosis sputummedia (SCFM), and in Cystic Fibrosis (CF) sputum compared
with in vitro conditions taken from Cornforth et al. (2018). The locus tags shown are for P. aeruginosa
PA14 and where possible, gene names are also shown. The black bars represent the log2 fold change in
CF sputum compared with in vitro determined by Cornforth et al. (2018). The purple bars show the lung
biofilm comparedwith in vitro SCFM. Solid fill bars are genes that were significantly differentially expressed
(log2 fold change≥ |1.5|, P < 0.05) and stripe filled bars were genes that were not significantly differentially
expressed. The horizontal dashed lines represend the log2 fold change threshold for significance (y = 1.5, y
= -1.5). Analysis was performed on lung and in vitro SCFM samples at (A) 24 h and (B) 48 h.
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Three genes involved in type 1 secretion systems (T1SS) were found to be significantly
underexpressed in the lung-associated biofilm compared with in vitro SCFM at 24 h and
48 h (PA14_48090, PA14_48100, PA14_48115), but there was no significant difference
in expression in CF sputum (Cornforth et al. (2018)). These genes are associated with
alkaline protease secretion, a function of P. aeruginosa T1SS in the CF lung (Depluverez
et al., 2016). As well as this, expression of genes associated with the oxidation-reduction
pathway were distinct from the CF sputum comparison. The sulfite/nitrite reductase
involved in sulphur metablism (PA14_10550) was significantly underexpressed in CF
sputum but not in the lung-associated biofilm at either time point (Figure 4.10; -3.39 log2
fold change in CF sputum, 0.33 log2 fold change in the lung at 24 h and -1.27 log2 fold
change in the lung at 48 h). The oxidation-reduction regulatory gene PA14_34830 was
however underexpressed in both contrasts, but only significant in the the lung biofilm
(Figure 4.10: 24 h and 48 h). This was also found for PA14_34460, however this was only
significantly underexpressed at in the lung biofilm at 48 h (Figure 4.10B). These findings
indicated that aspects of the ethanol oxidation pathway were also underexpressed in
CF sputum compared with in vitro. Another gene only significantly underexpressed in
the lung-associated biofilm was the periplasmic sperimidine/putrescine-binding protein
involved in polyamine transport: PA14_30570. There were other genes where differences
were seen (Figure 4.10), however these were not indicative of specific functional or
pathway differences.

This comparison was also performed for the surrounding SCFM and in vitro SCFM
contrasts (Figure 4.11). The similarities between this environment and the CF sputum
versus in vitro contrast were less obvious than the lung-associated biofilm. At 24 h,
only five genes were significantly underexpressed in the surrounding SCFM and CF
sputum (Figure 4.11A). Two of these genes encode non-ribosomal peptide synthetases
(PA14_34810 and PA14_34840), one is involved in fatty acid biosynthesis (PA14_40310)
and the others have unknown functions (PA14_10490 and PA14_39660). At 48 h there
were more similarities (Figure 4.11), however expression was still more distinct than the
lung biofilm comparison. Although, there was similar differential expression of the T1SS
genes as observed in the lung-associated biofilm at 48 h.
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Figure 4.11: The log2 fold change in expression of 42 Pseudomonas aeruginosa PA14 quorum sensing
regulated genes, controlled by the las regulon, in the synthetic cystic fibrosis sputum media (SCFM)
surrounding each ex vivo pig lung tissue piece (Surrounding SCFM) compared with in vitro synthetic
cystic fibrosis sputummedia (SCFM), and in Cystic Fibrosis (CF) sputum comparedwith in vitro conditions
taken from Cornforth et al. (2018). The locus tags shown are for P. aeruginosa PA14 and where possible,
gene names are also shown. The black bars represent the log2 fold change in CF sputum compared with
in vitro determined by Cornforth et al. (2018) and the orange bars show the surrounding SCFM population
compared with in vitro SCFM. Solid fill bars are genes that were significantly differentially expressed (log2
fold change ≥ |1.5|, P < 0.05) and stripe filled bars were genes that were not significantly differentially
expressed. The horizontal dashed lines represend the log2 fold change threshold for significance (y = 1.5, y
= -1.5). Analysis was performed on surrounding SCFM and in vitro SCFM samples at (A) 24 h and (B) 48 h.
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3-oxo-C12-HSL production was reduced in the EVPLmodel comparedwith in vitro SCFM
at 48 hours.
Production of the QS molecules 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL)
and N-butanoyl-L-homoserine lactone (C4-HSL) was investigated to determine whether
QS related gene expression differences likely had a phenotypic effect. The P. aeruginosa
PA14 CFU lung-1 for each sample that QS molecules were measured from is shown in
Appendix A (Figure A.3). C4-HSL production could not be detected as the assay was
unable to differentiate between uninfected EVPL samples and sterile SCFM, and the
P. aeruginosa PA14 samples (Figure 4.12). This may have been due to interference of
SCFM components and the lung tissue, or an issue with the bioreporter strain. However,
this meant that the effect of growth environment on C4-HSL production could not be
determined.
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Figure 4.12: Concentration of N-butanoyl-L-homoserine lactone (C4-HSL) produced by Pseudomonas
aeruginosa PA14 in synthetic cystic fibrosis sputum media (SCFM) in vitro (SCFM) and the two
environments of the ex vivo pig lung (EVPL) model: the lung-associated biofilm (Lung) and SCFM
surrounding each tissue piece (Surrounding SCFM). The in vitro SCFM samples used for this experiment
were prepared by Jenny Littler. Each data point represents an individual sample; in vitro SCFMcultureswere
prepared in triplicate per time point and three tissue pieces from each of two independent lungs were
prepared for the EVPL model environments. The environments and individual lungs are represented by
different shaped and coloured data points (see key). The dashed line shows themean C4-HSL concentration
measured in uninfected samples across the three environments at the time point. The horizontal, bold
lines represent the mean concentration. The y axes are log10 scale. Measurements were performed on P.
aeruginosa PA14 samples at (A) 24 h and (B) 48 h.

The production of 3-oxo-C12-HSL was successfully detected in P. aeruginosa PA14 samples
at 24 h and 48 h (Figure 4.13). As shown in Figure 4.13A, therewas no significant difference
in 3-oxo-C12-HSL concentration between in vitro SCFM samples, the lung-associated
biofilm, and the surrounding SCFM at 24 h (ANOVA F2,12 = 2.53, P = 0.12). There was
however some variation observed in the lung biofilm that was not seen for either in vitro
SCFM or surrounding SCFM. At 48 h, there was a lower concentration of 3-oxo-C12-HSL
in the lung and surrounding SCFM than SCFM in vitro (Figure 4.13B). These differences
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were significant (ANOVA F2,12 = 32.83, P < 0.01) and a post hoc Dunnett’s test confirmed
that there was a significantly lower concentration of 3-oxo-C12-HSL in the lung biofilm (P
< 0.01) and surrounding SCFM (P = 0.02) than SCFM in vitro.
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Figure 4.13: Concentration of 3-oxo-dodecanoyl homoserine lactone (3-oxo-C12-HSL) produced by
Pseudomonas aeruginosa PA14 in synthetic cystic fibrosis sputum media (SCFM) in vitro (SCFM) and the
two environments of the ex vivo pig lung (EVPL) model: the lung-associated biofilm (Lung) and SCFM
surrounding each tissue piece (Surrounding SCFM). The in vitro SCFM samples used for this experiment
were prepared by Jenny Littler. Each data point represents an individual sample; in vitro SCFM cultures
were prepared in triplicate per time point and three tissue pieces from each of two independent lungs
were prepared for the EVPL model environments. The environments and individual lungs are represented
by different shaped and coloured data points (see key). The dashed line shows the mean 3-oxo-C12-HSL
concentration measured in uninfected samples across the three environments at the time point. The
horizontal, bold lines represent the mean concentration. The y axes are log10 scale. Measurements were
performed on P. aeruginosa PA14 samples at (A) 24 h and (B) 48 h.

Figure 4.13 shows that the concentration of 3-oxo-C12-HSL produced by P. aeruginosa

PA14 grown in SCFM in vitro only slightly decreased from 24 h to 48 h (means 0.53 nM
and 0.45 nM respectively) however there was a large reduction in the lung-associated
biofilm (means 24 h: 0.89 nM; 48 h: 0.07 nM) and surrounding SCFM (means 24 h:
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1.40 nM; 48 h: 0.28 nM). This suggested that production was downregulated in the
EVPL model at 48 h. This was consistent with the RNA-seq findings, which showed the
conserved set of las-regulated genes were underexpressed in the lung, and to a lesser
extent the surrounding SCFM, at 48 h. Despite this, neither lasI or lasRwere significantly
differentially expressed (Appendix A; Table A.2). P. aeruginosa PA14 expression of genes
that have been associated with self-degradation of AHL signals, such as 3-oxo-C12-HSL,
were thus investigated to determine if this was the cause. As shown in Table 4.5, none
of these genes were found to be significantly upregulated. In fact, pvdQ was found
to be significantly underexpressed in the lung biofilm at 48 h compared with in vitro

SCFM grown PA14. Thus, self-degradation of was not the cause of the reduction in
3-oxo-C12-HSL measured in the EVPL model environments at 48 h.

Table 4.5: The log2 fold change in expression of three genes associated with Pseudomonas aeruginosa
self-degradation of acyl homoserine lactone signals (Grandclément et al., 2016) in the ex vivo pig lung
(EVPL)model environments comparedwith in vitro synthetic cystic fibrosis sputummedia (SCFM) growth
at 24 and 48 h. The P. aeruginosa PA14 locus tags are also shown, and the gene name and product. The log2
fold change for EVPL lung-associated biofilm (Lung) and surrounding SCFM compared with in vitro SCFM
are shown. Significant changes are in bold and underlined (log2 fold change≥ |1.5|, P <0.05).

Locus tag Gene
name

Gene product 24 h
Lung

48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_03980 Hypothetical protein 0.41 -0.48 0.52 -0.35
PA14_33820 pvdQ Penicillin acylase-related

protein
-1.15 -1.88 0.11 -0.39

PA14_50980 pac Penicillin amidase -0.09 0.04 -0.15 -0.29

4.2.5 Differences in antibiotic resistance associated gene expression in
the EVPL model compared with in vitro SCFM

Expression of antibiotic resistance associated genes in the EVPL model environments
compared with in vitro SCFM was then investigated. The set of 52 P. aeruginosa genes
predicted to be involved in resistance by the comprehensive antibiotic resistance
database (CARD) were studied (Alcock et al., 2020). As P. aeruginosa PA14 was not
exposed to antimicrobials prior to, or during infection, the aimwas to determinewhether
the growth environment alone influenced expression of resistance associated genes.
Table 4.6 shows resistance genes found to be significantly differentially expressed in at
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least one of the contrasts. There were genes found to be significantly underexpressed
and overexpressed. The full gene list is shown in Appendix A (Table A.3).

Table 4.6: Pseudomonas aeruginosa PA14 genes predicted to be involved in antibiotic resistance by
the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020) that were significantly
differentially expressed in at least one contrast between the ex vivo pig lung (EVPL) environments and in
vitro synthetic cystic fibrosis sputum media (SCFM) at 24 h or 48 h. Differential expression analysis was
performed on three replica in vitro SCFM cultures (SCFM) and three repeats from each of two independent
lungs from the EVPL environments: the lung-associated biofilm (Lung) and the SCFM surrounding each
tissue piece (Surrounding SCFM), at each time point. Genes were considered significant if the log2 fold
change was ≤ -1.5 or ≥ 1.5 compared with in vitro SCFM and P < 0.05. The significant log2 fold change
values are shown in the table. Contrasts where the gene was not significantly differentially expressed
are denoted with ‘-’. The orange fill shows genes that were significantly underexpressed in the EVPL
environments, the darker the colour representing a higher log2 fold change. The green fill represents
significantly overexpressed genes, with bold and italicised font.

Locus tag Model
name

Gene product 24 h
Lung

48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_01960 TriB RND efflux membrane
fusion protein

- -1.72 - -
PA14_09500 OpmD Outer membrane protein -2.77 -3.41 -1.87 -1.79
PA14_09520 MexI RND efflux transporter -1.97 -2.83 -1.73 -1.53
PA14_09530 MexH RND efflux membrane

fusion protein
- -2.74 - -

PA14_09540 MexG Hypothetical protein - -2.32 - -
PA14_10470 bcr-1 MFS transporter 2.06 - - -
PA14_16300 ArmR Hypothetical protein -1.52 - - -
PA14_16790 MexL TetR family

transcriptional regulator
- -1.62 - -

PA14_18080 nalD TetR family
transcriptional regulator

- - 2.22 2.04

PA14_18350 arnA Bifunctional
UDP-glucuronic acid
decarboxylase/UDP-4-
amino-4-deoxy-L-
arabinose
formyltransferase

2.34 - - -

PA14_18760 mexP RND efflux membrane
fusion protein

- 1.84 - 1.76

Continued on next page
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Table 4.6 – continued from previous page
Locus tag Model

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_18790 opmE Outer membrane efflux
protein

- - - 1.61

PA14_31870 MuxA RND efflux membrane
fusion protein

- 1.67 - -
PA14_31900 MuxC Efflux transporter 1.55 - - -
PA14_31920 OpmB Outer membrane protein 1.68 - - -
PA14_45910 mexM RND efflux membrane

fusion protein
- 1.72 - -

PA14_49780 FosA Fosfomycin resistance
protein

-1.61 - - -
PA14_59160 CrpP CrpP - 1.68 - -
PA14_60820 OprJ Outer membrane protein

OprJ
- - 1.55 -

PA14_60830 MexD Multidrug efflux RND
transporter MexD

- 1.61 - 1.58

PA14_60850 MexC Multidrug efflux RND
membrane fusion protein

- 2.09 - 2.25

PA14_65750 OpmH Outer membrane efflux
protein

- -1.57 - -

There was significant differential expression of genes associated with three efflux
pumps in the EVPL model compared with in vitro SCFM.
There were three efflux pumps where significant DEGs were associated (Figure
4.14). All genes that encode MexG/HI-OpmD were significantly underexpressed in the
lung-associated biofilm compared with in vitro SCFM at 48 h (Figure 4.14A). The two
efflux pumps encoded by these genes are known to play roles in antibiotic resistance:
MexHI-OpmD is associated with fluoroquinolone resistance and MexGHI-OpmD affects
antibiotic sensitivity via post-transcriptional regulation of 3-oxo-C12-HSL (Wolloscheck
et al., 2018). Mutations in MexGHI-OpmD have been shown to stop P. aeruginosa

from producing 3-oxo-C12-HSL (Aendekerk et al., 2005). Hence, underexpression of
these genes may also have been associated with the reduced 3-oxo-C12-HSL production
observed in the lung biofilm.
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Figure 4.14: Log2 fold change of Pseudomonas aeruginosa PA14 expression of efflux pumps where
associated genes were found to be significantly differentially expressed in at least one contast between
the ex vivo pig lung (EVPL) environments and in vitro synthetic cystic fibrosis sputum media (SCFM), at
24 h or 48 h. Differential expression analysis was performed on three replica in vitro SCFM cultures (SCFM)
and three repeats from each of two independent lungs from the EVPL environments: the lung-associated
biofilm (Lung) and the SCFM surrounding each tissue piece (Surrounding SCFM), at each time point. Genes
were considered significant if the log2 fold change was≤ -1.5 or≥ 1.5 compared with in vitro SCFM and P <
0.05. The dashed horizontal lines represent the log2 threshold for significance. Each bar colour represents
a different contrast and time (see key). Significant contrasts are denoted with an asterisk. Each graph (A-C)
shows the genes involved in individual efflux pumps, and repressors where appropriate.

TheMexJK-OprM efflux pump also appeared to be affected by P. aeruginosa PA14 growth
as a biofilm associated with the lung tissue, compared with in vitro SCFM, at 48 h
(Figure 4.14B). This efflux pump has been linked to resistance to triclosan (Chuanchuen
et al., 2002). The transcriptional repressor-encoding gene for this pump, mexL, was
significantly underexpressed in the lung biofilm at 48 h. This indicated that expression
of this efflux pump may have been switched on. Although, the MexJK-OprM genes were
not significantly differentially expressed (Figure 4.14), so this expression difference may
not have had a phenotypic effect at 48 h. In contrast, a gene encoding a transcriptional
repressor (nalD) of the MexAB-OprM efflux pump, which is associated with carbapenem
resistance (Pan et al., 2016), was significantly overexpressed in the surrounding SCFM
comparedwith in vitro SCFMat 24h and48h (Figure 4.14C). This indicated that expression
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of the pump was being downregulated. As differences in gene expression of the efflux
pump geneswere not observed, it is unlikely that this has had a phenotypic effect by 48 h.
The pump has previously been shown to no longer be required following mature biofilm
formation and is also associated with 3-oxo-C12-HSL transportation (Pan et al., 2016).
Although, as differential expressionwas not observed for components of the efflux pump,
it is unlikely this was responsible for the differences in 3-oxo-C12-HSL concentration
observed.
There was significant differential expression of individual resistance genes in the arn
locus in the lung-associated biofilm compared with in vitro SCFM at 24 hours and 48
hours.
There were two individual genes of interest found to be significantly differentially
expressed, predicted to be involved in antibiotic resistance (Figure 4.15); both are part of
the arn locus. The genes were significantly overexpressed in the lung-associated biofilm
compared with in vitro SCFM at 24 h (arnA: Figure 4.15A) or 48 h (crpP: Figure 4.15). The
locus is associated with cationic antimicrobial peptide (CAMP) resistance (Gutu et al.,
2015). Thus indicating that there may have been increased P. aeruginosa PA14 CAMP
resistance in the lung-associated biofilm compared with SCFM in vitro growth at both
time points.

Figure 4.15: Log2 fold change of Pseudomonas aeruginosa PA14 expression of antibiotic resistance genes
found to be significant in at least one contast between the ex vivo pig lung (EVPL) environments and in
vitro synthetic cystic fibrosis sputum media (SCFM), at 24 h or 48 h. Differential expression analysis was
performed on three replica in vitro SCFM cultures (SCFM) and three repeats from each of two independent
lungs from the EVPL environments: the lung-associated biofilm (Lung) and the SCFM surrounding each
tissue piece (Surrounding SCFM), at each time point. Genes were considered significant if the log2 fold
changewas≤ -1.5 or≥ 1.5 comparedwith in vitro SCFMand P < 0.05. The dashed horizontal lines represent
the log2 threshold for significance. Each bar colour represents a time point (see key). Significant contrasts
are denoted with an asterisk. Each graph (A-B) shows an expression changes for an individual gene in the
EVPL model environments compared with in vitro SCFM growth.
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The MIC of colistin and polymyxin B for P. aeruginosa PA14 was higher when grown as
a biofilm associated with the EVPL tissue than in vitro SCFM.
The significant differential expression of resistance genes led to the determination of
the MIC of two CAMPs; colisitin and polymyxin B, for P. aeruginosa PA14 cells from the
lung-associated biofilm at 24 h and 48 h. The P. aeruginosa PA14 MIC in SCFM and the
MIC standard media CAMHB was also tested for comparison. As shown in Table 4.7, the
MIC of both antibiotics was higher for the lung biofilm cells at both time points than
either in vitromedias. This demonstrated that the resistance associated gene expression
differences in the lung biofilm compared with in vitro SCFM likely had a phenotypic
effect. This was also linked to the most overexpressed genes; oprH was one of the five
genes most overexpressed in the lung-associated biofilm compared with in vitro SCFM
at 24 h (Table 4.3). It was also significantly overexpressed in the lung biofilm at 48 h
(3.52 log2 fold change). The upregulation of this gene has previously been shown to
increase resistance to polymyxin B (Chevalier et al., 2017), as found for the lung biofilm
cells compared with in vitro (Table 4.7).

Table 4.7: The minimum inhibitory concentration (MIC) of colistin and polymyxin B (µg ml-1) for
Pseudomonas aeruginosa PA14 in different growth conditions. These experiments were performed by
Freya Allen as part of an undergraduate Master’s project. TheMIC value in cation-adjustedMueller Hinton
broth (CAMHB), the clinical standard, and synthetic cystic fibrosis sputum media (SCFM) was determined
based on three replicates. The MIC values for the lung samples were from MIC tests performed using P.
aeruginosa PA14 cells retrieved from the ex vivo pig lung tissue-associated biofilm at 24 h and 48 h. The
MIC was determined for three replicate lung pieces from each of two independent lungs (lung 26 and lung
27).

Antibiotic CAMHB SCFM 24 h Lung 48 h Lung
Colistin 2 2 8 16
Polymyxin B 1 2 8 4

4.3 Discussion
Transcriptome analysis of P. aeruginosa PA14 growing in the EVPL model revealed that
the formation of a biofilm associated with the lung tissue surface may have cued gene
expression comparable to in vivo infection. Comparison of P. aeruginosa gene expression
in the model with in vitro growth in SCFM focused on the two environments of the
model individually: the lung tissue and the surrounding SCFM. Analysis was performed
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on samples from 24 h and 48 h post infection. It was found that the P. aeruginosa

PA14 lung-associated biofilm and surrounding SCFM population were distinct from
each other, as well as in vitro SCFM growth. This indicated that the environmental
cues encountered by P. aeruginosa were different when associated with the lung tissue
than the surrounding SCFM, included in the model to mimic the CF airway mucus.
Accumulation of mutations typically occurs over years of infection in the CF lung,
to facilitate P. aeruginosa adaptation to the environment and form a chronic biofilm
infection (Folkesson et al., 2012). These results demonstrated that the EVPL model
may have rapidly driven P. aeruginosa PA14 into an infection state reminiscent of these
chronic infections.

The difference in the gene expression over time was also distinct between P. aeruginosa
PA14 grown in the EVPL model environments and in vitro SCFM. Therefore, as the lung
environment was driving a chronic-like state of infection, the in vitro SCFM culture may
have been becoming less comparable to in vivo infection. To investigate the validity of
this hypothesis and hence the viability of the EVPL tissue as a model for chronic-like
infection, quorum sensing and antibiotic resistance gene expression were focused
on. They are two key aspects of in vivo infection that have been shown to be poorly
replicated in vitro (Cornforth et al., 2018). A clear difference in expression of genes
associated with these pathways was observed in the EVPL model and in vitro SCFM. In
particular, P. aeruginosa PA14 expression in the lung-associated biofilm at 48 h appeared
to be similar to CF sputum expression of QS regulated genes, and significant differential
expression of key antibiotic resistance genes was also observed at this time point.
This indicated that the lung-associated biofilm at 48 h was the most clinically relevant
population. It was also found that the EVPL model was likely to maintain a viable P.

aeruginosa PA14 population for longer than in vitro SCFM, as RNA could be successfully
extracted at 7 d. Measurement of ATP production suggested this population was viable;
the PA14 cells also appeared not to be stressed, unlike those grown in SCFM in vitro.

The P. aeruginosa PA14 genes with the highest log2 fold change in expression between
the EVPL environments and in vitro SCFM also highlighted pathways where the
lung-associated biofilm appeared be more representative of the human infection
environment. In particular, ethanol oxidation genes were on the list of most significantly
underexpressed genes in the EVPL model at 24 h. The majority of these were still
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significantly underexpressed in the lung-associated biofilm at 48 h, compared with in

vitro SCFM. These genes are known to be required when P. aeruginosa grows in the
presence of ethanol (Görisch, 2003). Ethanol oxidation is regulated by a number of
P. aeruginosa pathways that form a complex network required during aerobic growth
(Mern et al., 2010). Thus, this suggested that the in vitro SCFM may have created an
aerobic environment in contrast to the lung biofilm. The CF lung is a diverse environment
that is typically oxygen-limited, which is responsible for many of the P. aeruginosa

physiological changes observed (Schobert and Jahn, 2010). Therefore, these results
further indicated that the lung environment may have been more representative of the
CF lung than in vitro SCFM.

Expression of a number of pathways was found to be affected by P. aeruginosa PA14
growth in the different environments studied, however the phenazine biosynthetic
pathway appeared to be one of the predominant functional differences. The KEGG
phenazine biosynthesis pathway was significantly enriched in the lung-associated biofilm
and surrounding SCFM population at both time points compared with in vitro SCFM.
The GO term for the phenazine biosynthetic process was also found to be significantly
enriched in the lung-associated biofilm at both time points and the surrounding SCFM
at 24 h, downregulated in all contrasts. Phenazines have been shown to affect antibiotic
susceptibility and the expression of a number of genes through antimicrobial acitivity
and their function as redox-active pigments (Schiessl et al., 2019). The greatest number
of genes in the pathway significantly differentially expressed compared with in vitro

SCFMwas in the lung-associated biofilm at 48 h. All genes in the pathway for biosynthesis
of the virulence factor phenazine, pyocyanin, were underexpressed in the lung biofilm
compared with in vitro SCFM at 48 h. Overall, as discussed in Chapter 3, virulence factor
production is known to be downregulated in the chronic stages of P. aeruginosa infection
in the CF lung. Overproduction of the exotoxin pyocyanin is actually reported as an
unusual phenotype in an established biofilm infection (Fothergill et al., 2007). Hence,
the downregulation of its synthesis at 48 h further supported the conclusion that the
lung tissue environment captured key aspects of in vivo chronic infection.

Virulence factor production is predominantly regulated by the three QS systems in P.

aeruginosa: las, rhl, and PQS; this includes the production of phenazines (Higgins et al.,
2018). Alongside the phenazine biosynthesis pathways being found to be significantly

157



downregulated in the lung-associated biofilm, differences in other QS associated gene
expression were found. QS systems are known to be pivotal in regulating biofilm
maturation, virulence factor production, interactions with the host, and antibiotic
resistance associated efflux pumps (Williams and Cámara, 2009). It is also an aspect
of infection where previous transcriptome analyses indicated that current laboratory
models were cueing significant overexpression of genes in comparison with in vivo

infection (Cornforth et al., 2018). More specifically, expression of a set of conserved,
las controlled genes was found to be underexpressed in CF sputum. Similarly, the
majority of these genes were underexpressed in the lung-associated biofilm compared
with in vitro SCFM at 48 h. This is consistent with the knowledge that mutations in
QS pathways accumulate over time in the CF lung, and that these systems are most
important during the initial, acute infection stage (Winstanley and Fothergill, 2009).
Therefore, investigation of QS related expression in the EVPL model suggested that the
pig lung tissue is driving P. aeruginosa PA14 to form a biofilm with characteristics of
chronic infection, not seen in in vitromodels (Cornforth et al., 2018; Rossi et al., 2018). It
must also be considered that the study by Cornforth et al. (2018) mapped all reads from
clinical P. aeruginosa isolates to the P. aeruginosa PAO1 genome, which may have missed
more subtle differences. For example, if there was differential expression of genes in
the clinical P. aeruginosa isolates from CF sputum for which there is not a corresponding
PAO1 locus, then this would not have been found. Therefore, there may have been more
differences between CF sputum and the in vitro conditions than reported by Cornforth
et al. (2018).

The differences in P. aeruginosa PA14 QS gene expression in the lung-associated biofilm
and in vitro SCFM were only seen in downstream genes regulated by the las- and rhl-
systems. The AHL molecule produced by the las system, 3-oxo-C12-HSL, was also a
much lower concentration in the lung-associated biofilm and surrounding SCFM at 48
h than in SCFM in vitro. However, the two component response regulators lasI/R and
rhlI/R were not significantly differentially expressed in either of the EVPL environments
at 24 h or 48 h. Genes known to encode amidases that degrade AHL signals (PA14
homologues of pvdQ, quiP, hacB) (Grandclément et al., 2016) were similarly found to
not be differentially expressed in any of the EVPL contasts. This alongside comparable
expression of the regulatory genes indicated that the difference between environments
was likely caused by other factors under QS regulation.

158



Interestingly, P. aeruginosa mutants for mexI and opmD, both efflux pump genes,
have previously demonstrated an inability to produce 3-oxo-C12-HSL, driven by the
accumulation of a toxic PQS precursor that occurs when the pump acitivity is lost
(Aendekerk et al., 2005). Aendekerk et al. (2005) used reverse transcription-polymerase
chain reaction (RT-PCR) to show that the reduction in extracellular 3-oxo-C12-HSL
they observed may have been driven by overall downregulation of the efflux
pump MexGHI-OpmD. These findings did not correlate with any inhibition of lasI

or rhlI transcription, suggesting the effect of MexGHI-OpmD on 3-oxo-C12-HSL is
post-transcriptional. All of these efflux pump genes were underexpressed in the P.

aeruginosa PA14 lung-associated biofilm at 48 h. The genes mexI and opmD were also
significantly underexpressed in the lung biofilm at 24 h and in the surrounding SCFM
population at both time points, compared with in vitro SCFM. Overall, this suggested
that the differences in QS expression in the EVPL model versus in vitro SCFM growth
were likely involved in a wider regulatory network. These differences may have also had
implications on antibiotic resistance so this was further explored. However, proteomic
analysis would be required to confirm this hypothesis.

Significant underexpression of the MexGHI-OpmD efflux pump genes at 48 h in the
lung-associated biofilm may have also caused an AMR phenotype. Mutations in
the mexI and opmD genes have been shown to increase P. aeruginosa resistance to
β-lactams, aminoglycosides, and quinolones (Aendekerk et al., 2005). Other efflux
pumps potentially affected by P. aeruginosa PA14 growth in the EVPL model included
MexAB-OprM. The transcriptional regulator nalD for the MexAB-OprM pump was
significantly overexpressed in the surrounding SCFM population compared with in

vitro SCFM at 24 h and 48 h. Although the genes encoding the efflux pump were not
significantly differentially expressed, which indicated that expression of this pump may
have been downregulated with a phenotypic effect after 48 h. This will be further
explored at 7 d in the lung-associated biofilm in Chapter 5. This pump is known to be
involved in the pseudopaline system (Gomez et al., 2021), a PQS precursor that was
significantly underexpressed in the EVPL model environments. MexAB-OprM has also
been linked with heterogeneity within the P. aeruginosa chronic biofilm population
in the CF lung. A higher proportion of the MexAB-OprM pump has been found in
dense biofilm cells than the rest of the infection population (De Kievit et al., 2001). No
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significant differences in expression for nalD or the efflux pump genes were found in
the lung-associated biofilm at either time point, which indicated that as the infection
progressed, the pump was being switched off in the surrounding SCFM but not the lung
biofilm. This further supported the lung-associated biofilm at 48 h as a chronic-like
biofilm infection. As well as demonstrating P. aeruginosa gene regulation comparable
to what is known of in vivo infection dynamics, this also showed that the distinction
between the surrounding SCFM and lung tissue may have represented the heterogenous
infection population seen in CF. This difference in potential sub-populations is an
important consideration to determine the efficacy of antibiotic treatment approaches.

As discussed, the pseudopaline system, regulated by zinc, was downregulated in the
EVPL environments compared with in vitro SCFM growth. It is known to be important
for zinc uptake in low metal environments such as the CF lung, but also nickel uptake
in poor media conditions (Lhospice et al., 2017). Upregulation of this system is thought
to be a P. aeruginosa adaptation driven by the CF lung environment to increase metal
ion intake and facilitate metabolism in the low metal CF lung environment (Hermansen
et al., 2018). Thus, this may be an incidence where in vitro SCFM better replicates
the metabolism of in vivo infection. However, these genes were still expressed in the
EVPL model, just to a lesser extent, and QS gene expression analysis found some genes
associated with the pseudopaline system to be underexpressed in CF sputum compared
with in vitro. Further research using in vivo samples is required to determine whether
this is in vitro SCFM cueing expression reminiscent of metabolic pathways in vivo or if it
is overcompensating, as is the case for many QS-regulated genes, and in fact the EVPL
model may be more reflective of true infection.

The clinical relevance of the EVPL model was supported by the significant differential
expression of AMR genes in the lung-associated biofilm, which may be associated with
the increased resistance observed in P. aeruginosa in vivo infections. Two individual
genes of clinical interest were significantly differentially expressed in the lung-associated
biofilm: arnA overexpressed at 24 h and crpP overexpressed at 48 h. These genes
have been associated with CAMP resistance, arnA is associated with a locus that
increases resistance through modifications to lipid A (Gutu et al., 2015). As this gene
was overexpressed compared to in vitro SCFM at 24 h but not 48 h, this suggested the
pathway was downregulated as the biofilm established. The resistance mechanism may
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have been important during initial infection when the biofilm matrix was not formed
to protect against antimicrobials. However, CrpP confers resistance to the antibiotic
ciprofloxacin through phosphorylation (Chávez-Jacobo et al., 2018) and was significantly
overexpressed in the lung-associated biofilm at 48 h, thus resistance mechanisms were
also upregulated after 24 h. Overall, the upregulation of these resistance pathways
and genes, despite no antibiotic treatment in the EVPL model, suggested that AMR
phenotypes may be driven by the lung environment rather than treatments in vivo. A
similar conclusion from transcriptome analysis was made by Cornforth et al. (2018).

These findings provided insight into resistance mechanisms that play an important role
in the CF lung, but also highlighted the importance of using a clinically realistic model
such as the EVPL to understand in vivo antibiotic resistance. Despite this, it must be
taken into account that individuals with CF with chronic P. aeruginosa infections undergo
rigorous antibiotic treatments, which will impact P. aeruginosa. Future work in the
model using clinical isolates that have been exposed to these treatments may provide
further insight into antibiotic resistance and thus how to combat it, as they are likely
to have altered behaviour compared with P. aeruginosa PA14 (Rossi et al., 2018). This
transcriptome analysis has however demonstrated that the EVPL model, in particular
the lung tissue-associated biofilm at 48 h, drives P. aeruginosa into a chronic-like state
of infection with pathways regulated in a comparable way to human infection. This
was consistent with the phenotypic findings in Chapter 3, which demonstrated acute
infection characteristics were not detectable in the model but a biofilm reminiscent of
in vivo infection was seen.

To build upon this in the future and to address more specific research questions,
the RNA-seq data must be explored to ensure appropriate pathways are regulated as
expected and hence the EVPL model is suitable for indivudual hypotheses. This would
also indicate whether the lung-associated biofilm or surrounding SCFM population is
most relevant to the question. This work has focused on gene expression of the P.

aeruginosa population in each environment as a whole. As P. aeruginosa chronic biofilms
are likely a heterogenous population, single-cell analysis may provide more detailled
information on the infection dynamics to aid more effective treatment development and
infection management. Future work on P. aeruginosa gene expression in the EVPL model
could also incorporate other species, both commensals and other pathogens to explore
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interactions and the implications of these on infection.

4.4 Conclusion
Through transcriptome analysis I have shown that the EVPL model creates two distinct
P. aeruginosa growth environments that differ from in vitro SCFM. Gene expression in
the lung-associated biofilm at 48 h appeared to be most representative of an established
chronic infection in the CF lung. Although there are still many aspects of infection that I
have not explored, I have demonstrated that key pathways where in vitro SCFM does not
recapitulate human infection appear to be more clinically realistic in the lung-associated
biofilm. This chapter has built upon the phenotypic analyses in Chapter 3 to show that
the gene expression causing these phenotypes is also comparable to in vivo infection
thus validating EVPL as a P. aeruginosa biofilm model. Hence, I have used the EVPL
model to further understanding of in vivo infections in the following chapters. RNA was
not sequenced from P. aeruginosa PA14 grown in SCFM at 7 d, as discussed. Therefore,
analysis of 7 d EVPL biofilm samples was not performed in this chapter as there was no
in vitro comparison. This will be explored in chapter 5 to investigate P. aeruginosa gene
expression over time in the EVPL-associated biofilm.
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Chapter 5
Transcriptome changes in the
Pseudomonas aeruginosa biofilm in the
ex vivo pig lung model over time
5.1 Introduction
Chronic P. aeruginosa biofilm infection in the CF lung involves adaptation to the
environment over years. This adaptation is characterised by a reduction in phenotypic
diversity and loss of virulence (Rossi et al., 2020). It is driven by a range of environmental
selection pressures, including osmotic, nitrosative, and oxidative stress. Any interactions
with the lung microbiome and co-infecting pathogens also have an influence, as well as
antibiotic exposure (Winsor et al., 2016). Chronic P. aeruginosa biofilm infections exhibit
increased antibiotic resistance, which makes them almost impossible to eradicate.
Formation of the biofilm matrix protects the bacterial cells from the host immune
response and antibiotics (Høiby et al., 2010), as discussed in chapter 3, contributing to
resistance. However, there are other biofilm factors that also influence resistance. A
study by Wilton et al. (2016) found that the extracellular DNA in the biofilm created an
acidic environment, which caused increased aminoglycoside resistance. This resistance
arose from lipid A modifications and spermidine production, and was reversed upon
neutralisation of the pH. Hence indicating that changes in conditions, such as pH,
cause gene expression changes in the biofilm population that influence resistance.
These findings also highlight the importance of accurately replicating in vivo biofilms
in laboratories, as the structure and components of the biofilm influence a number of
processes important for persistence and antimicrobial resistance.
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Alongside this, there are numerous other lifestyle changes associated with P. aeruginosa
adaptation to the CF lung. P. aeruginosa isolates from a person with CF at initial infection
have been compared with isolates taken 20 years later. A loss of swimming motility,
impaired PVD production, increased adherence, and an increase in resistance to a
range of antibiotics were identified in the chronic, lung-adapted isolates (Wardell et al.,
2021). These adaptations improved the ability of P. aeruginosa to persist in the CF
lung environment, and demonstrated how P. aeruginosa traits change over time during
chronic biofilm infection. Taking this into account, if expression of genes involved in the
regulatory pathways that control these traits is not replicated in the laboratory, then the
change in lifestyle can not be fully understood. Therefore, studying the progression of P.
aeruginosa biofilm infection over time in a more clinically relevant model, such as the
EVPL model, may provide better understanding of these adaptations.

One of the key environmental factors that affects P. aeruginosa adaptation is oxygen
availability. There is a build up of thickmucus in the CF lung that is not effectively cleared,
which results in mucus plugs that block the airways. This creates an oxygen gradient with
regions of low oxygen availability (hypoxic) and no oxygen (anoxic) (Filkins and O’Toole,
2015). P. aeruginosa has been shown to occupy a hypoxic niche in the CF lung, and the
oxygen gradient is steepened by cell proliferation (Worlitzsch et al., 2002). Despite low
oxygen availability, there has been research to suggest that P. aeruginosa can grow by
microaerobic respiration in regions of the CF lung. P. aeruginosa utilises an oxygen supply
in the lumen, from the host, to respire at the surface of the mucus layer (Alvarez-Ortega
and Harwood, 2007). However, anaerobic respiration is believed to be predominant as
growth is mainly in hypoxic regions, and is associated with increased antibiotic tolerance
(Schobert and Jahn, 2010). Thus, it has been proposed that microaerobic and anaerobic
respiration occur in parallel in P. aeruginosa chronic biofilm infections of the CF lung
(Alvarez-Ortega and Harwood, 2007). These mechanisms for respiration, driven by
the CF lung environment, have an impact on the changes in P. aeruginosa growth and
physiology over time.

Microorganisms able to survive in low oxygen environments have an increased ability to
form chronic infections (Filkins and O’Toole, 2015). Hence, adaptation of the facultative
anaerobe P. aeruginosa to anaerobic respiration in hypoxic regions of the CF lung may
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contribute to the establishment of long term infections. P. aeruginosa uses a number
of processes including arginine and pyruvate fermentation, and nitrogen metabolism
to survive in the low oxygen (Schobert and Jahn, 2010), predominantly respiring using
nitrite and nitrate (Filkins and O’Toole, 2015). Denitrification is the P. aeruginosa

pathway for nitrogen metabolism, regulated by the QS system PQS and associated with
iron availability. When there is low iron availability, PQS represses nitrogen metabolism
(Toyofuku et al., 2008). The CF lung creates a growth environment that drives changes
in respiration, which has an effect on P. aeruginosa physiology and is associated with
increased antibiotic tolerance (Schobert and Jahn, 2010). Thus indicating that changes
in processes such as nitrogen metabolism over time in the biofilm may contribute to
difficulty treating these infections, and hence causing reduced quality of life.

Sulfur metabolism is also linked to growth in anoxic conditions, and may play a role in
chronic P. aeruginosa infection of the CF lung. A study of P. aeruginosa PA14 growth in
SCFM found that sulfur metabolism was upregulated in anaerobic biofilms, induced by a
lack of oxygen and not sulfur starvation (Tata et al., 2016). This may explain the role of
sulfur metabolism in the CF lung, where sulfur is not limited. There is actually an increase
in sulfation of the airway mucins in CF compared with a non-CF lung (Cheng et al., 1989;
Xia et al., 2005). This has been proposed to be, in part, caused by inflammation (Lamblin
et al., 2001). Although P. aeruginosa chronically adapted to the CF lung is able to use
host mucin as a sulfur source, unlike isolates from non-clinical settings, it has been
shown that there is enough inorganic sulfate in CF sputum to facilitate P. aeruginosa

growth without mucin as a sulfur source (Robinson et al., 2012). Sulfur is essential for
P. aeruginosa to synthesise cofactors for two regulators of anaerobic respiration: Anr
and Dnr, and for a number of the enzymes involved in denitrification (Zhang et al., 1995;
Xia et al., 2005; Robinson et al., 2012). Thus, sulfur metabolism may play an important
role in adaptation over time to the growth conditions in the CF lung. As P. aeruginosa
adapts to the CF lung and forms a biofilm in the hypoxic conditions, it is likely that sulfur
metabolism is upregulated.

Metabolism and respiration changes are accompanied by other adaptations in the
chronic P. aeruginosa biofilm population during the course of infection. Phenotypic
changes including reduced virulence factor production are controlled by different
regulatory pathways, predominantly under QS control. The expression of P. aeruginosa
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social traits such as QS have been shown to decline over time (Jiricny et al., 2014).
This includes a reduction in production of two QS signals: 3-oxo-C12-HSL and PQS.
Interestingly, there is no change in production of two other QS signals reported: C4-HSL
and HHQ (Jiricny et al., 2014). This is indicative of complex changes over time rather
than overall downregulation of all processes. QS plays a key role in the development
of a biofilm with mature architecture. It is estimated to influence the expression of
approximately 10% of all P. aeruginosa genes, which also includes genes involved
in motility, chemotaxis, and metabolism (Hogardt and Heesemann, 2011). Despite
a reduction in elastase, PVD, and total protease production, there is no significant
change in capacity for biofilm formation (Jiricny et al., 2014). This further supports
downregulation of numerous pathways is accompanied by changes that favour long
term infection, such as anaerobic respiration and biofilm formation.

As outlined, there are changes in P. aeruginosa gene expression during infection in
the CF lung that affect key characteristics. The work in this chapter investigated P.

aeruginosa gene expression changes in the EVPL-associated biofilm from 24 h to 48 h,
and 7 d, and from 48 h to 7 d, using the RNA-seq data generated in chapter 4. The overall
aim was to identify whether the EVPL model captured P. aeruginosa gene expression
changes associated with chronic adaptations to the CF lung, to further understand these
processes as well as the dynamics of biofilm infection in the EVPL model. There were
distinct P. aeruginosa PA14 transcriptomes found at 24 h, 48 h, and 7 d in the EVPL
biofilm, suggesting there were changes over the 7 d studied.

QS-associated gene expression in in vitromodels has been shown to be distinct from CF
sputum (Cornforth et al., 2018), and the RNA-seq analysis in chapter 4 demonstrated
that the EVPL model may more accurately capture this gene expression. Therefore,
changes over time in QS gene expression in the EVPL model lung-associated biofilm
was a specific focus to further understand the role of QS in any adaptations. The
expression of genes in metabolic pathways were also investigated to determine whether
processes significantly upregulated or downregulated were reminiscent of the changes
in expression known for the CF lung. Nitrogen metabolism and sulfur metabolism
were both found to be significantly enriched over time in the P. aeruginosa PA14 EVPL
biofilm. The association of P. aeruginosa gene expression changes over time in the
EVPL model with increased antibiotic resistance was also studied, to provide insight into
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the mechanisms underpinning the antibiotic resistance observed in the EVPL model
(Sweeney et al., 2020b; Hassan et al., 2020; Harrington et al., 2021b), and thus in the CF
lung.

In addition to the original aim, this work has also shown the optimal time point to study P.
aeruginosa in the EVPL model to replicate a chronic-like infection: 48 h, and highlighted
potential aspects of the model that could be optimised to address specific research
questions in the future.

5.2 Results
In chapter 4, P. aeruginosa PA14 gene expression in the EVPL model was compared with
in vitro SCFM growth at two time points (24 h and 48 h). However, RNA from the
lung-associated biofilm from three time points was sequenced: 24 h, 48 h, and 7 d, as
shown in the initial analysis in chapter 4. Gene expression at each of these time points
was compared in this chapter to provide insight into the biofilm formed on the surface
of the EVPL tissue and the phenotypes observed in chapter 3. RNA was extracted at
each time point from three P. aeruginosa PA14 infected tissue pieces from each of two
independent lungs.

5.2.1 P. aeruginosa PA14 transcriptome in the EVPL tissue-associated
biofilm over 7 days

The RNA was sequenced, data preparation, and quality control (Appendix B; Figure B.1)
was performed on all RNA samples as described in chapter 4. To further investigate
the P. aeruginosa PA14 transcriptome in the lung-associated biofilm, PCA was performed
using only the lung-associated biofilm samples at each time point: 24 h, 48 h, and 7 d,
considering all genes (n = 5829). As shown in Figure 5.1, there was a clear distinction in
PA14 gene expression between samples from each time point. Most variation between
samples was explained by principal components 1 and 2; 43 % of variance was caused by
the genes in principal component 1 (Figure 5.1A). The 24 h biofilm appeared to be most
distinct from 48 h and 7 d in principal component 1. This indicated that P. aeruginosa PA14
gene expression in the lung-associated biofilm may have been more similar at 48 h and
7 d than the initial 24 h time point (Figure 5.1A).
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Figure 5.1: Principal component analysis (PCA) plots of the Pseudomonas aeruginosa PA14 transcriptome,
conisdering all genes (n = 5829), in the ex vivo pig lung (EVPL) model tissue-associated biofilm at 24 h,
48 h, and 7 d. RNA was sequenced from the lung-associated biofilm at each time point from three repeats
from each of two independent pig lungs. (A) PCA plot showing principal component (PC) 1 and PC2. Each
time point is shown by a different shaped data point and the individual pig lungs shown by different colours
(see key). The 95% confidence ellipses are shown. (B) PCA plot showing PC1, PC2, and PC3. The different
time points are shown by different coloured data points (see key).

The samples from each set of lungs were also identified in the PCA plot, to visualise
whether the distinctions observed between samples at different time points was affected
by the lung P. aeruginosa PA14 was grown on (Figure 5.1A). However, there was no clear
difference in gene expression observed between the two lungs. The two clusters made
up of three 7 d samples were not grouped by the individual lungs (Figure 5.1A). A third
prinicipal component was also considered in the analysis to determine if there were
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other differences between samples not captured by the first two principal components.
However, as shown in Figure 5.1B, prinicpal component 3 accounted for only 6% of the
variance between samples and did not provide any further insight into how the samples
compared.

5.2.2 P. aeruginosa PA14 differential expression in the EVPL
tissue-associated biofilm over 7 days

Differential expression analysis was then performed using the same threshold for
significance as in chapter 4 (P < 0.05, log2 fold change≥ |1.5|). The number of significant
DEGs in each contrast is shown in Figure 5.2. Each gene contrast was between two time
points and the earliest time point was used as the baseline for comparison. For example,
the contrast between gene expression at 24 h and 48 h determined the log2 fold change
at 48 h compared with 24 h. This showed the change in gene expression from 24 h to 48
h. Each contrast is referred to in this format for the rest of the chapter: 24 h to 48 h, 24
h to 7 d, and 48 h to 7 d.
The greatest number of gene expression changes was found from 24 hours to 7 days in
the P. aeruginosa PA14 lung-associated biofilm.
As shown in Figure 5.2, differential expression analysis found more significant DEGs
overexpressed in each contrast than underexpressed. This indicated that gene expression
was upregulated over time in the lung-associated biofilm. Consistent with PCA, the
greatest number of significant DEGswas found in the 24 h contrasts: 435 significant genes
24 h to 7 d, and 432 significant genes 24 h to 48 h. There were approximately half the
number of significant DEGs found 48 h to 7 d (Figure 5.2B: 205 genes). These results
demonstrated that the greatest difference in gene expression occured from 24 h to 7 d in
the lung-associated biofilm (Figure 5.2C).
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Figure 5.2: The number of Pseudomonas aeruginosa PA14 significant differentially expressed genes
(DEGs) (P < 0.05, log2 fold change ≥ |1.5|) at each time point in the ex vivo pig lung model
tissue-associated biofilm. RNA was sequenced from three lung-associated biofilms from each of two
independent pig lungs and differential expression analysis performed. The number of significantly
overexpressed genes are shown in pink and the number of significant underepxressed genes shown in
blue. The time points investigated were 24 h, 48 h, and 7 d as shown by the arrow timelines under each
graph. (A) The significant DEGs at 48 h compared with 24 h, indicating the number of genes that were
overexpressed/underexpressed from 24 h to 48 h. (B) The number of significant DEGs at 7 d compared
with 48 h, indicating the number of genes overexpressed/underexpressed from 48 h to 7 d. (C) Significant
DEGs at 7 d compared with 24 h, indicating the number of genes overexpressed/underexpressed from 24
h to 7 d.

There were a number of metabolic pathways significantly enriched in the
lung-associated biofilm24hours to 7 days, including upregulation of sulfurmetabolism.
The number of significant DEGs did not determine whether the gene expression changes
found were likely to have an effect on functional pathways. Therefore, KEGG pathway
enrichment analysis of DEGs was performed to identify the significantly enriched P.

aeruginosa PA14 pathways in each time contrast (P < 0.05). GO term analysis was not
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performed as in chapter 4, as the present analysis focused on P. aeruginosa PA14 samples
grown in the same environment to provide a more detailled study of gene expression
in the EVPL model biofilm. Hence, the KEGG pathway analysis was considered sufficient
detail to provide functional information for the more specifc RNA-seq analysis.

There were no KEGG pathways found to be significantly enriched 24 h to 48 h despite
the highest number of significant DEGs found in this contrast (Figure 5.2). However,
four KEGG pathways were found to be significantly enriched 24 h to 7 d, including
two metabolic pathways (Figure 5.3). The largest percentage of significant DEGs
were associated with the sulfur metabolism pathway; the majority of these genes
were significantly overexpressed at 7 d. This indicated that sulfur metabolism was
upregulated in the P. aeruginosa PA14 lung-associated biofilm 24 h to 7 d (Figure 5.3).
There was only one gene significantly underexpressed from 24 h to 7 d associated with
sulfur metabolism: a sulfite/nitrite reductase PA14_10550 (-1.56 log2 fold change). The
significantly overexpressed sulfur metabolism genes included sulfate transport genes
cysA, cysW, and cysT (log2 fold changes: 3.04, 2.87, and 3.14 respectively), and a number
of ATP-binding cassette (ABC) transporters.
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Figure 5.3: Significantly enriched (P < 0.05) Pseudomonas aeruginosa PA14 Kyoto encyclopedia of genes
and genomes (KEGG) pathways in the ex vivo pig lung-associated biofilm at 7 d compared with 24 h.
The bars show the percentage of significant differentially expressed genes (DEGs) associated with each
pathway (log2 fold change≥ |1.5|, P <0.05). The percentage of significant underexpressed (right bar) and
overexpressed (left bar) genes associated with each pathway are shown by different colour fills (see key).
Three repeats from each of two independent pig lungs were studied at each time point.
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The KEGG pathway for ABC transporters was also found to be significantly enriched 24
h to 7 d (Figure 5.3), and the majority of significant DEGs associated with this pathway
were involved in sulfur metabolism. However there were other ABC transporter genes
found to be significantly differentially expressed, including overexpression of genes in
the phosphate-specific transporter PstSCAB: pstB (1.52 log2 fold change), pstA (1.83 log2
fold change), and pstC (1.88 log2 fold change). This transporter has been shown to be
overepressed by P. aeruginosa under phosphate stress (Bains et al., 2012; Jones et al.,
2021). Alongside these pathways, degradation of aromatic compounds and nitrogen
metabolism were also found to be significantly enriched (Figure 5.3). In contrast with
the other significant KEGG pathways 24 h to 7 d, there were more nitrogen metabolism
associated genes significantly underexpressed than overexpressed.
Nitrogen metabolism was significantly enriched in the lung-associated biofilm from 24
hours to 7 days.
It has previously been shown that P. aeruginosa in CF sputum samples move towards
mixed anaerobic and micro-aerophilic respiration, associated with upregulation of the
nitrogen metabolism operons nor, nir, nap, nar, and nos, compared with in vitro growth
(Rossi et al., 2018). As nitrogen metabolism was found to be significantly enriched in the
P. aeruginosa PA14 lung-associated biofilm from 24 h to 7 d, expression of these operons
was investigated. Significant DEGs were only found in the nor and nir operons in each
time contrast (Table 5.1). All genes in the nor operon were significantly underexpressed
in the lung-associated biofilm from 24 h to 48h, and 24 h to 7 d. This indicated that there
was downregulation of this operon by 48 h that was maintained for 7 d (Table 5.1). The
expression changes in the nir operon did not follow the same pattern as the nor operon.
All significant DEGs 24 h to 48 h were underexpressed, and all significant DEGs 48 h to
7 d were overexpressed (Table 5.1). The significant nir DEGs were also different in each
time contrast, with the exception of nirH. This gene was significantly underexpressed 24
h to 48 h, then significantly overexpressed 48 h to 7 d resulting in no significant change
24 h to 7 d (Table 5.1). There was no clear pattern for the changes in nitrogen metabolism
gene expression, and there was only differential expression in two of the five associated
operons. Therefore, no obvious change in nitrogen metabolism gene expression over
time in the EVPL biofilm could be determined.
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Table 5.1: Pseudomonas aeruginosa PA14 expression of genes in two nitrogen metabolism operons: nor
and nir, in the ex vivo pig lung-associated biofilm across three time points. Differential expression analysis
was performed on three replica tissue pieces from each of two independent pig lungs at 24 h, 48 h, and 7 d.
Genes were considered significant if the log2 fold change was≤ -1.5 or≥ 1.5, and P < 0.05. The significant
log2 fold change values are shown in the table and were determined at the later time point compared with
the earlier time point (i.e. 24 h to 48 h shows expression at 48 h compared with 24 h). Contrasts where the
gene was not significantly differentially expressed are denoted with ‘-’. The orange fill shows genes that
were underexpressed at the later time point, the darker the colour representing a higher log2 fold change.
The green fill represents overexpressed genes, with bold and italicised font.
Locus tag Gene

name
Gene product 24 h to 48 h 48 h to 7 d 24 h to 7 d

nor operon
PA14_06810 norC Nitric-oxide reductase

subunit C
-2.12 - -4.22

PA14_06830 norB Nitric-oxide reductase
subunit B

-2.38 -1.69 -4.40
PA14_06840 Dinitrification protein

NorD
-3.37 - -4.26

nir operon
PA14_06650 nirN C-type cytochrome - 2.41 2.13

PA14_06660 nirE Uroporphyrin-III
c-methyltransferase

- 2.51 1.56

PA14_06670 nirJ Heme d1 biosynthesis
protein NirJ

- 2.21 1.78

PA14_06680 nirH Hypothetical protein -1.57 2.01 -
PA14_06690 nirG Transcriptional

regulator
- 1.85 -

PA14_06700 nirL Heme d1 biosynthesis
protein NirL

-1.77 - -
PA14_06710 Transcriptional

regulator
- - -

PA14_06720 nirF Heme d1 biosynthesis
protein NirF

-2.46 - -
PA14_06730 nirC C-type cytochrome - - -
PA14_06740 nirM Cytochrome c-551 -3.47 - -3.11
PA14_06750 nirS Nitrite reductase -2.12 - -2.68
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Phenazine biosynthesis was upregulated in the lung-associated biofilm from 48 hours
to 7 days, associated with QS.
Significantly enriched KEGG pathways were also found in the P. aeruginosa PA14
lung-associated biofilm from 48 h to 7 d (Figure 5.4). These pathways were distinct from
the significant KEGG pathways enriched 24 h to 7 d (Figure 5.4). Phenazine biosynthesis
was significantly upregulated from 48 h to 7 d; all of the associated significant DEGs were
overexpressed (Figure 5.4). QS was similarly found to be significantly enriched, and nine
out of the eleven associated significant DEGswere also part of the phenazine biosynthesis
pathway. The two significantly differentially expressed QS genes not associated with
phenazine biosynthesis were the two component response regulator pmrA (1.65 log2 fold
change) and the only underexpressed gene, hfq (-1.56 log2 fold change). Hfq is a global
regulator that has been shown to regulate expression of ~5%of the P. aeruginosa genome
including type III secretion (Janssen et al., 2020). Therefore underexpression of this gene
at 7 d may have implications for the P. aeruginosa PA14 lung biofilm at later time points.
The third KEGG pathway significantly enriched 48 h to 7 d was biosynthesis of secondary
metabolites (Figure 5.4). However as found for QS, the majority of the associated
genes were involved in phenazine biosynthesis. These results indicated that changes in
phenazine biosynthesis may have been the predominant change in the lung-associated
biofilm from 48 h to 7 d.

174



Overexpressed
Underexpressed

Pe
rc
en

ta
ge
	o
f	g
en

es
	s
ig
ni
fic
an

t	(
%
)

0

5

10

15

20

25

30

35

40

Phe
naz

ine
	bio

syn
the

sis

Bio
syn

the
sis	

of	s
eco

nda
ry	m

eta
bol

ites

Qu
oru

m	s
ens

ing

Figure 5.4: Significantly enriched (P < 0.05) Pseudomonas aeruginosa PA14 Kyoto encyclopedia of genes
and genomes (KEGG) pathways in the ex vivo pig lung-associated biofilm at 7 d compared with 48 h.
The bars show the percentage of significantly differentially expressed genes (DEGs) associated with each
pathway (log2 fold change ≥ |1.5|, P <0.05); the percentage of significant underexpressed (right bar) and
overexpressed (left bar) genes associated with each pathway are shown by different colour fills (see key).
Three repeats from each of two independent pig lungs were studied at each time point.

5.2.3 P. aeruginosa PA14 expression profiles in the EVPL
tissue-associated biofilm

Analyses of gene expression comparing each pair of time points in the P. aeruginosa PA14
lung-associated biofilm identified a number of significant DEGs 24 h to 48 h, 48 h to 7 d,
and 24 h to 7 d, that also appeared to affect expression pathways. However, this did not
show the pattern of expression changes for individual genes over the 7 d. Therefore, the
different gene expression profiles over the timeline: 24 h to 48 h to 7 d, were investigated.
There were seven different P. aeruginosa PA14 expression profiles in the
lung-associated biofilm.
The number of shared and unique DEGs between each contrast were determined, as
shown in Figure 5.5. Genes were considered shared if they were differentially expressed
in the same direction (i.e. always overexpressed or always underexpressed). There were
more than 100 significant DEGs found to be unique to each contrast, and only four shared
by all contrasts (Figure 5.5). The greatest number of unique DEGs was from 24 h to 48
h (280 genes). There were also significant DEGs found to be shared by each pair of
contrasts. As shown in Figure 5.5, the highest number of shared genes was from 24 h
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to 48 h and from 24 h to 7 d (148 genes).
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Figure 5.5: Venn diagram of the number of significant Pseudomonas aeruginosa PA14 differentially
expressed genes (DEGs) in the ex vivo pig lung-associated biofilm in each time point contrast. Differential
expression analysis was performed on three repeats from each of two independent pig lungs at 24 h, 48 h,
and 7 d. The genes were considered significant if the log2 fold change was≤ -1.5 or≥ 1.5, and P < 0.05. The
shared genes were either significantly overexpressed or underexpressed in all contrasts compared. Genes
that were significant in multiple contrasts but in opposing directions were not considered shared.

The expression profiles from 24 h to 48 h to 7 d were determined for each significant
DEG based on when changes in expression were shared, unique, or non-significant. Table
5.2 shows the seven different expression profiles found for P. aeruginosa PA14 in the
lung-associated biofilm over 7 d, divided into individual gene sets. The four genes shared
by all three contrasts (Figure 5.5) formed gene set 1. These genes were significantly
differentially expressed 24 h to 48 h, then significantly differentially expressed in the
same direction 48 h to 7 d, resulting in a cumulative significant difference in expression
24 h to 7 d (Table 5.2). Gene set five had a similar expression profile, where genes
were expressed in the same direction from 24 h to 7 d. However, this change was only
significant 24 h to 7 d and not between 24 h and 48 h, or 48 h and 7 d (Figure 5.2).
Therefore, the change in expression of genes in this set was more gradual than gene
set one. The remaining gene sets had expression profiles that were different from 24
h to 48 h than 48 h to 7 d (Table 5.2). The greatest number of genes were found to be
part of gene set four. These genes were only significantly differentially expressed 24 h to
48 h, and the non-significant change in expression in the opposite direction 48 h to 7 d
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resulted in no significant difference 24 h to 7 d (Table 5.2). Most of the genes in set four
were significantly overexpressed at 48 h, suggesting that expression of these genes was
upregulated initially then no longer required.

Table 5.2: The Pseudomonas aeruginosa PA14 gene expression profiles found in the ex vivo pig
lung-associated biofilm at 24 h, 48 h, and 7 d. Differential expression analysis was performed on three
repeats from each of two independent pig lungs at 48 h compared with 24 h, 7 d compared with 48 h, and
7 d compared with 24 h. The changes in expression of each differentially expressed gene (DEG) in each
time contrast were investigated to determine the expression changes over the time points investigated.
The seven expression profiles found were grouped into gene sets, described below. The graphical
representations demonstrate the changes in expression of DEGs over the three time points. Below each
graph is the number of significant DEGs found to follow that expression profile in the lung-associated
biofilm.
Gene set Expression profile Graphical representation

1
A significant change 24 h to 48 h then a significant
change in the same direction 48 h to 7 d, resulting in

a significant change 24 h to 7 d.
3 genes 1 gene

2
A significant change 24 h to 48 h, maintained 48 h to
7 d (no significant change), resulting in a significant

change 24 h to 7 d.
80 genes 68 genes

3
No significant change 24 h to 48 h then a significant
change 48 h to 7 d, resulting in a significant change

24 h to 7 d.
66 genes 20 genes

4
A significant change 24 h to 48 h then a small but

not significant change in the opposite direction 48 h
to 7 d, resulting in no significant change 24 h to 7 d.

157 genes 79 genes

5
A small, not significant change 24 h to 48 h then a
small, not significant change in the same direction
48 h to 7 d, resulting in a significant change 24 h to 7

d. 118 genes 79 genes

Continued on next page
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Table 5.2 – continued from previous page
Gene set Expression profile Graphical representation

6
A small, not significant change 24 h to 48 h then a

significant change in the opposite direction 48 h to 7
d, resulting in no significant change 24 h to 7 d.

20 genes 51 genes

7
A significant change 24 h to 48 h then a significant

change in the opposite direction 48 h to 7 d,
resulting in no significant change 24 h to 7 d.

29 genes 15 genes

As gene set one was made up of genes that had the greatest change over time in the
lung-associated biofilm, they were further investigated. There was no association found
between these four genes suggesting that there were no operons being upregulated
or downregulated following this expression profile (Table 5.3). The only gene that was
significantly underexpressed over the 7 d was norB, part of the nor operon discussed
above.

Table 5.3: Pseudomonas aeruginosa PA14 genes that were significantly differentially expressed in all time
contrasts in the ex vivo pig lung-associated biofilm. Differential expression analysis was performed on
three repeats from each of two independent pig lungs at 48 h compared with 24 h, 7 d compared with
48 h, and 7 d compared with 24 h. Genes significantly differentially expressed in the same direction (i.e.
overexpressed/underexpressed) in every contrast formed gene set 1 (log2 fold change ≥ |1.5|, P < 0.05).
The log2 fold change value is shown for each gene in each contrast.
Locus tag Gene

name
Gene product 24 h to 48 h 48 h to 7 d 24 h to 7 d

PA14_06830 norB Nitric-oxide reductase
subunit B

-2.38 -1.69 -4.40
PA14_22160 Hypothetical protein 1.73 1.61 3.45
PA14_34740 Hypothetical protein 1.59 2.46 4.24
PA14_48460 Polyamine ABC

transporter
substrate-binding
protein

1.63 2.17 3.95

178



The upregulation of sulfur metabolism in the lung-associated biofilm followed two
different gene expression profiles.
The KEGG pathways significantly enriched in each P. aeruginosa PA14 gene set were
determined to provide insight into the expression profiles of different pathways in the
lung-associated biofilm. Although gene set four was made up the largest number of
genes, there were no significantly enriched KEGG pathways. However, there were
significantly enriched pathways found for three of the gene sets (Figure 5.6). Sulfur
metabolism was significantly enriched amongst the genes in gene set two (Figure 5.6A)
and gene set five (Figure 5.6B), upregulated in both. This supported the results above,
which showed that sulfur metabolism was upregulated in the lung-associated biofilm
over 7 d. It also demonstrated that significant sulfur metabolism DEGs were following
one of these two expression profiles in the lung-associated biofilm (see Table 5.2: gene
sets 2 & 5). Sulfur metabolism was the only KEGG pathway significantly enriched
following the expression profile of gene set two, however there were other significantly
enriched pathways in gene set five. Degradation of aromatic compounds and benzoate
degradation were also significantly enriched in gene set five (Figure 5.6B). Both pathways
were upregulated from 24 h to 7 d, and all significant DEGs in the degradation of aromatic
compounds pathway were part of the benzoate degradation pathway.
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Figure 5.6: Significantly enriched (P < 0.05) Pseudomonas aeruginosa PA14 Kyoto encyclopedia of genes
and genomes (KEGG) pathways in the ex vivo pig lung-associated biofilm in the expression profile
gene sets (see Table 5.2). The bars show the percentage of significant differentially expressed genes
(DEGs) associated with each pathway (log2 fold change ≥ |1.5|, P <0.05); the percentage of significant
underexpressed (right bar) and overexpressed (left bar) genes associated with each pathway are shown by
different colour fills (see key). The graphical representation of the change in gene expression for each gene
set are shown below the keys; the left graph image shows the overexpressed genes and the right shows
the underexpressed genes. Three repeats from each of two independent pig lungs were studied at each
time point. (A) Significantly enriched KEGG pathways in gene set 2, where there was a significant change in
the direction specified 24 h to 48 h, which was maintained 48 h to 7 d resulting in a significant change 24 h
to 7 d also. (B) Significantly enriched KEGG pathway in gene set 5, where there was a significant change in
the direction specified 24 h to 7 d caused by non-significant changes in the same direction 24 h to 48 h and
48 h to 7 d. (C) Significantly enriched KEGG pathways in gene set 6, where there was a significant change
in the direction specified only at 7 d compared with 48 h.

Arginine biosynthesis was also found to be significantly enriched in gene set five (Figure
5.6B). Two of the associated significant DEGs were overexpressed 24 h to 7 d, and three
were underexpressed. Two of the significantly underexpressed arginine biosynthesis
genes 24 h to 7 d were arginine fermentation enzymes (Schreiber et al., 2006): arcB
(-2.25 log2 fold change) and arcC (-2.16 log2 fold change).
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The significantly enriched KEGGpathways in gene set six (Figure 5.6C) were different from
those in gene sets two and five. This gene set was composed of genes only significantly
differentially expressed from 48 h to 7 d (see Table 5.2: gene set 6). The pathways
following this expression profile were phenazine biosynthesis, QS, and RNA degradation
(Figure 5.6). All associated phenazine biosynthesis DEGs were also associated with the
QS pathway, and were significantly overexpressed 48 h to 7 d. These genes were initially
underexpressed from 24 h to 48 h, however this change in expression was not found to
be significant.

5.2.4 Expression of antibiotic resistance associated genes and biofilm
genes in the EVPL tissue-associated biofilm over 7 days

There was underexpression of two individual antibiotic resistance associated genes in
the lung-associated biofilm from 24 hours to 48 hours.
Analysis of the P. aeruginosa PA14 transcriptome in the EVPL model in chapter 4,
compared with in vitro SCFM growth, found significant differential expression of
genes associated with antibiotic resistance. These results indicated that P. aeruginosa
PA14 growth as a biofilm associated with the lung-tissue had an effect on resistance.
Therefore, the expression of genes predicted to be involved in antibiotic resistance were
also investigated in the lung-associated biofilm over 7 d. The expression profile gene
set that each significant gene was part of was also determined. Table 5.4 shows the
antibiotic resistance genes where expression significantly changed over time. Two of
the genes were part of gene set four: mexG and arnA (Table 4.6). These genes were
significantly underexpressed 24 h to 48 h, then expression increased 48 h to 7 d although
this was not significant. This resulted in no significant difference in expression 24 h to 7 d.
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Table 5.4: Pseudomonas aeruginosa PA14 antibiotic resistance associated genes found to be significantly
differentially expressed in at least one time contrast in the ex vivo pig lung-associated biofilm. Differential
expression analysis was performed on three repeats from each of two independent pig lungs at 48 h
compared with 24 h, 7 d compared with 48 h, and 7 d compared with 24 h. The locus tag, gene name,
and gene product is shown as well as the expression profile gene set each gene was found to be a part of
in the lung-associated biofilm (see Table 5.2). The log2 fold change (FC) in the contrast that was significant
is also shown. A log2 fold change was found to be significant if it was ≥ 1.5 or ≤ -1.5 and P < 0.05. These
genes were not significantly differentially expressed in the contrasts not shown.

Locus tag Gene name Gene product Gene
Set Time: Log2FC

PA14_09540 mexG Hypothetical
protein

4 24 h to 48 h: -1.52

PA14_18350 arnA Bifunctional
UDP-glucuronic acid
decarboxylase/UDP-4-amino-4-deoxy-L-arabinose
formyltransferase

4 24 h to 48 h: -1.59

PA14_10470 bcr-1 MFS transporter 5 24 h to 7 d: -2.49

No other components of the efflux pumpsmexG is part of were found to be significantly
differentially expressed over time, thus it was unlikely that changes in this gene had
phenotypic effect in the lung-associated biofilm. However, as explored in Chapter 4,
arnA is part of the arn locus associated with CAMP resistance (Gutu et al., 2015). As this
gene was significantly underexpressed at 48 h, it may have caused increased resistance
at 24 h in comparison with 48 h. This is consistent with the MIC for the CAMP polymyxin
B determined in chapter 4; the MIC for lung-associated biofilm P. aeruginosa PA14 cells
at 24 h was 8 µg ml-1 and 4 µg ml-1 at 48 h (Table 4.7).

The third P. aeruginosa PA14 antibiotic resistance assoicated gene signficiantly
differentially expressed over time in the lung-associated biofilm was bcr-1 (Table 5.4).
This gene was part of gene set five; expression was non-significantly reduced from 24 h
to 48 h, and 48 h to 7d, which resulted in significant underexpression 24 h to 7 d (Table
4.6). The gene bcr-1 encodes a transmembrane protein that has been associated with
bicyclomycin resistance (Fonseca et al., 2015). Overall, these results indicate that some
P. aeruginosa PA14 antibiotic resistancemechanismsmay have been downregulated over
time in the lung-associated biofilm.
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There was downregulation of biosynthesis of the biofilm exopolysaccharide Pel over
time in the P. aeruginosa PA14 lung-associated biofilm.
In chapter 3, visualisation of the P. aeruginosa PA14 biofilm formed on the surface of the
EVPL tissue identified a structure that was similar to the biofilm architecture observed
in the CF lung for chronic P. aeruginosa infection. In chapter 4, the transcriptome
comparison between the EVPL model and in vitro SCFM demonstrated that expression
of a number of genes under QS control was comparable to CF sputum. This suggested
that QS-regulated genes were expressed similarly to human infection in the EVPL
P. aeruginosa PA14 biofilm. Therefore, the expression pathways involved in biofilm
formation and QS pathways were investigated over 7 d in the lung-associated biofilm.
The aim was to determine whether there were changes in expression of these genes
that underpin the previous findings. The P. aeruginosa PA14 locus tags corresponding to
each gene studied are shown in Appendix B (Table B.1).

The expression of genes in these pathways was initially investigated from 24 h to 7 d. As
shown in Figure 5.7, there were no QS genes significantly differentially expressed. There
was also only one gene associated with virulence factor production in these pathways
significantly differentially expressed; lecA was overexpressed from 24 h to 7 d (Figure
5.7). LecA is an internal lectin, often referred to as PA-IL, that binds D-galactose and has
been associated with adhesion to host cells, P. aeruginosa aggregation, and shown to be
involved in the formation of mature biofilm architecture (Diggle et al., 2006). In contrast,
all genes for Pel biosynthesis were found to be significantly underexpressed from 24 h to
7 d in the lung-associated biofilm (Figure 5.7). Pel has been shown to be an essential
exopolysaccharide for biofilm development by P. aeruginosa PA14 (Colvin et al., 2011).
Hence, this indicated that the formation of biofilm was downregulated from 24 h on
the EVPL tissue over 7 d. However, genes involved in biosynthesis of another biofilm
exopolysaccharide, alginate, did not appear to be differentially expressed (Figure 5.7).
There were other genes in the regulatory pathways for biofilm formation and QS found
to be significantly differentially expressed 24 h to 7 d, however they did not appear to be
associated with clear differences in expression of the pathway overall (Figure 5.7).
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Figure 5.7: Diagram showing expression changes in the Pseudomonas aeruginosa PA14 Kyoto
encyclopedia of genes and genomes (KEGG) biofilm formation and quorum sensing (QS) pathways in
the ex vivo pig lung-associated biofilm from 24 h to 7 d. Three repeats from each of two independent
pig lungs were studied at each time point, and genes were considered significantly differentially expressed
if the log2 fold change was ≥ 1.5 or ≤ -1.5 and P < 0.05. The diagram shows all genes involved in each
pathway, including signalling pathways and the Pel exopolysaccharide biosynthesis pathway. The log2 fold
change value from 24 h to 7 d is shown below each gene name; genes shown in red were significantly
underexpressed and genes shown in greenwere significantly overexpressed. The blocked arrows represent
gene activation and the dashed arrows show indirect gene activation. The solid blocked solid lines (ending
with |, not an arrow) show inhibition and the dashed blocked lines show indirect inhibition. The blue ‘P’
represents phosphorylation. 184



Figure 5.8 shows these pathways with the log2 fold change in expression of each gene
from 24 h to 48 h in the lung-associated biofilm. Consistent with the findings from
24 h to 7 d (Figure 5.7), the majority of Pel biosynthesis genes were also significantly
underexpressed from 24 h to 48 h (Figure 5.8). This indicated that the downregulation
of Pel biosynthesis found 24 h to 7 d began prior to 48 h. Conversely, the lecA gene
was not found to be significantly differentially expressed 24 h to 48 h, however lecB
was overexpressed (Figure 5.8: 1.54 log2 fold change). LecB is the second P. aeruginosa

internal lectin, often referred to as PA-IIL, that binds fucose and mannose. It has been
shown to play a role as a biofilm matrix protein, associated with increased cell and
exopolysaccharide retentionwithin the biofilm (Passos da Silva et al., 2019). Despite there
being other significant DEGs found in these pathways from 24 h to 48 h, as at 24 h to 7 d,
there were no clear pathway effects (Figure 5.8).
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Figure 5.8: Diagram showing expression changes in the Pseudomonas aeruginosa PA14 Kyoto
encyclopedia of genes and genomes (KEGG) biofilm formation and quorum sensing (QS) pathways in
the ex vivo pig lung-associated biofilm from 24 h to 48 h. Three repeats from each of two independent
pig lungs were studied at each time point, and genes were considered significantly differentially expressed
if the log2 fold change was ≥ 1.5 or ≤ -1.5 and P < 0.05. The diagram shows all genes involved in each
pathway, including signalling pathways and the Pel exopolysaccharide biosynthesis pathway. The log2 fold
change value from 24 h to 48 h is shown below each gene name; genes shown in red were significantly
underexpressed and genes shown in greenwere significantly overexpressed. The blocked arrows represent
gene activation and the dashed arrows show indirect gene activation. The solid blocked solid lines (ending
with |, not an arrow) show inhibition and the dashed blocked lines show indirect inhibition. The blue ‘P’
represents phosphorylation. 186



Figure 5.9 shows the same pathways with the log2 fold change in expression of each
gene from 48 h to 7 d; there were only two genes found to be significantly differentially
expressed in this contrast. The Pel biosynthesis genes were not differentially expressed
unlike 24 h to 7 d, and 24 h to 48 h. This indicated that biosynthesis of biofilm
exopolysaccharide Pel followed the gene set two expression profile (see Table 5.2).
Biosynthesis was downregulated 24 h to 48 h then expression of these genes was
maintained at the same level from 48 h to 7 d (Figure 5.9). There was however one
gene of interest significantly differentially expressed 48 h to 7 d; rsmA was significantly
underexpressed in the lung-associated biofilm from 48 h to 7 d (Figure 5.9; -1.57 log2 fold
change). The regulatory protein RsmA is involved in global regulation of P. aeruginosa
virulence, the KEGG pathway shows that it is involved in repression of type VI secretion
(Figure 5.9), and is also known positively regulate type III secretion and directly repress
Pel genes (Mikkelsen et al., 2011).
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Figure 5.9: Diagram showing expression changes in the Pseudomonas aeruginosa PA14 Kyoto
encyclopedia of genes and genomes (KEGG) biofilm formation and quorum sensing (QS) pathways in
the ex vivo pig lung-associated biofilm from 48 h to 7 d. Three repeats from each of two independent
pig lungs were studied at each time point, and genes were considered significantly differentially expressed
if the log2 fold change was ≥ 1.5 or ≤ -1.5 and P < 0.05. The diagram shows all genes involved in each
pathway, including signalling pathways and the Pel exopolysaccharide biosynthesis pathway. The log2 fold
change value from 48 h to 7 d is shown below each gene name; genes shown in red were significantly
underexpressed and genes shown in greenwere significantly overexpressed. The blocked arrows represent
gene activation and the dashed arrows show indirect gene activation. The solid blocked solid lines (ending
with |, not an arrow) show inhibition and the dashed blocked lines show indirect inhibition. The blue ‘P’
represents phosphorylation. 188



More genes associated with P. aeruginosa PA14 virulence factor production were also
investigated, including motility, type III secretion, type VI secretion, and alginate
biosynthesis. Therewas no significant differential expression found in the lung-associated
biofilm for any of these factors. However, cpdA was found to be significantly
underexpressed from 24 h to 7 d (-2.44 log2 fold change) and 24 h to 48 h (-1.70 log2 fold
change). This gene followed the gene set two expression profile; there was a significant
reduction in expression from 24 h to 48 h, which was then maintained to 7 d (Table 5.2).
CpdA is involved in cyclic adenosine monophosphate (cAMP) homeostasis and regulates
the production of virulence factors (Fuchs et al., 2010).

5.3 Discussion
Transcriptome analysis of the P. aeruginosa PA14 biofilm associated with the EVPL tissue
at 24 h, 48 h, and 7 d identified changes inmetabolic pathways and genes associatedwith
antibiotic resistance. The comparison of gene expression at different time points found
non-significant changes in expression of key regulatory genes, suggesting that the biofilm
population was maintained throughout 7 d infection. These findings demonstrated that
the EVPL model may provide an environment for formation of P. aeruginosa biofilms that
not only phenotypically exhibit characteristics of a mature biofilm, but also maintains
the P. aeruginosa PA14 population for 7 d.

A distinct P. aeruginosa PA14 transcriptome was identified at each time point studied,
indicating that there were changes in expression in the lung-associated biofilm. As there
was no distinction between samples grown on tissue from independent pig lungs this
indicated that these changes were true differences in the biofilm population not caused
by variation between lungs. This further supported the EVPL model as a reliable model
for growing P. aeruginosa biofilms that mimic CF lung infection. The greatest difference
in PA14 gene expression was observed between the first time point, 24 h following
infection, and the two later time points (48 h and 7 d). The majority of genes were
overexpressed, which indicated that many pathways were being upregulated in the
EVPL biofilm. There were also a number of different expression profiles identified that
demonstrated the progression of P. aeruginosa infection in the EVPL model following
biofilm formation.
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The signifcant changes in gene expression were associated with a number of different
KEGG pathways. Sulfur metabolism was found to have the highest percentage of
significant DEGs associated. It was upregulated from 24 h to 7 d, and associated genes
followed two different expression profiles; a gradual overexpression from 24 h to 7 d, or
a significant increase 24 h to 48 h that was maintained to 7 d. More specifically, all genes
in the sulfur transporter operon associated with cysteine biosynthesis: cysTWA, were
found to be significantly overexpressed 24 h to 7 d. In E. coli, upregulation of this operon
has been linked to sulfate starvation (Gyaneshwar et al., 2005). However, the role of
these genes in P. aeruginosa biofilms is less clear. Investigation of the sulfate starvation
response in P. aeruginosa PAO1 and a cystic fibrosis clinical isolate found genes involved
in cysteine biosynthesis, including cysTWA, were only weakly upregulated when sulfate
was limited (Tralau et al., 2007). Therefore, despite the upregulation of this pathway
indicating that there may be sulfate starvation by 7 d in the lung-associated biofilm,
which is possible as there was no mucin added to the SCFM or media supplementation,
there are other explanations that must be considered.

There have been links made with iron starvation and sulfur metabolism, in fact during
iron starvation proteins involved in cysteine biosynthesis and sulfur assimilation are
reduced (Nelson et al., 2019). Therefore, upregulation of sulfur metabolism may have
been caused by changes in iron availability in the lung-associated biofilm; if upregulation
occurs when iron is in abundance. Sulfur metabolism has also been associated with
anaerobic respiration. In particular, P. aeruginosa PA14 grown in SCFM using the same
protocol for SCFM as in the EVPLmodel demonstrated upregulation of sulfur metabolism
genes despite no sulfur starvation (Tata et al., 2016). Hence, sulfur availability in the
EVPL model should be determined in the future to identify whether sulfur starvation
arises at 7 d and media supplementation is required, or if this expression change is
representative of other environment conditions.

Nitrogen metabolism was also significantly enriched from 24 h to 7d , however there
was no clear overall change in expression of nitrogen metabolism genes. There were
associated genes significantly overexpressed and genes significantly underexpressed.
Further investigation of denitrification operons, the process of nitrogen metabolism
in P. aeruginosa, did not reveal any obvious differences. In contrast, these operons
have been shown to be upregulated in CF sputum showing a shift towards anaerobic
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respiration alongside microaerophilic respiration (Rossi et al., 2018). There were
some genes significantly differentially expressed including significant overexpression
of five genes in the nir denitrification operon from 48 h to 7 d: nirN, nirE, nirJ, nirH,
and nirG. These genes are part of the nirSMCFDLGHJEN cluster that is induced by
the regulator of anaerobic respiration, Anr, under denitrifying conditions (Kawasaki
et al., 1997). Conversely, nirM and nirS were both significantly underexpressed from
24 h to 48 h, then the level of expression was maintained to 7 d. These genes are
part of the nirSMC operon, which is induced under anaerobic conditions. In fact,
during aerobic growth expression of these genes is not detected at all (Trunk et al.,
2010), and nirS is upregulated in anoxia (Line et al., 2014). These findings showed
that there were indications of denitrification being upregulated and downregulated in
the lung-associated P. aeruginosa PA14 biofilm over 7 d. There is an oxygen gradient
in the CF lung, where oxygen availability is reduced with depth (Worlitzsch et al.,
2002). Hence, these conflicting gene expression changes may have been caused by
different mechanisms for respiration in different regions. Measurements of oxygen
at different points in the lung-associated biofilmwould providemore information on this.

Another pathway associated with P. aeruginosa growth in low oxygen environments was
also significantly enriched over time in the lung-associated P. aeruginosa PA14 biofilm.
Significant DEGs associated with arginine biosynthesis were found from 24 h to 7 d,
caused by a gradual change in expression from 24 h to 48 h, then a continued gradual
change from 48 h to 7 d. Two of these genes are involved in arginine fermentation, arcB
and arcC. They encode enzymes which, alongside the arginine deminiase ArcA, produce
ATP from converting arginine to ornithine, supporting anaerobic growth (Schobert and
Jahn, 2010). These genes have been shown to be induced during P. aeruginosa growth
in anaerobic conditions over 7 d (Schreiber et al., 2006). These results suggest that
anaerobic respiration was not upregulated in the lung-associated biofilm. However, it
is proposed that microaerobic and anaerobic respiration occur simultaneously in the CF
lung. Therefore, sequencing of all messenger RNA (mRNA)may not reveal changes within
different regions of the biofilm (Alvarez-Ortega and Harwood, 2007), as hypothesised
based on nitrogen metabolism gene expression.

Among the pathways upregulated was phenazine biosynthesis, the associated genes
were slightly underexpressed from 24 h to 48 h, then significantly overexpressed from
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48 h to 7 d. The virulence factor pyocyanin is one of the most frequently researched
phenazines, and genes associated with its biosynthesis were upregulated over time in
the lung-associated biofilm. It has been shown to act as a signalling molecule for P.
aeruginosa PA14 by upregulating genes involved in efflux pumps, iron acquisition, and
redox, and appears to link the PQS QS system with expression of the key efflux pump
discussed in chapter 4, MexGHI-opmD (Dietrich et al., 2006). It has been shown that
all three QS systems are involved in the regulation of phenazine biosynthesis operons,
including production of phenazine-1-carboxylic acid (PCA) and pyocyanin (Higgins et al.,
2018). The differential expression of phenazine biosynthesis genes thus shows that
there were changes in QS regulated pathways over time in the lung-associated biofilm.
In flow-cell P. aeruginosa PA14 biofilms, phenazines, specifically pyocyanin, have been
proven to play a role in the formation of a biofilm with defined architecture, and
phenazine-deficient mutants were unable to form a structured biofilm (Ramos et al.,
2010). Thus, the upregulation of this pathway may be associated with the development
of a mature, structured P. aeruginosa PA14 biofilm on the surface of the EVPL tissue at 7
d, as observed in chapter 3.

P. aeruginosa PA14 changes in expression of genes in the three QS pathways was also
investigated: LasI/R, RhlI/R, and PQS. There were no significant differences found in any
of the time contrasts, indicating that expression of these pathways did not change from
24h to 7 d in the P. aeruginosa PA14 lung-associated biofilm. Other regulatory pathways
involved in lifestyle changes, including the switch from acute to chronic infection,
were also investigated however no clear differences in expression were found either.
There were also no significant changes in virulence factor gene expression found. It is
known that as part of adaptation to the CF lung and formation of a chronic infection, P.
aeruginosa positively selects for mutations in virulence pathways and virulence factor
production is significantly reduced (Smith et al., 2006). As the phenotypic analyses
in chapter 3 demonstrated that virulence factor production was limited at 48 h in the
lung-associated biofilm, maintained for 7 d, these results may indicate that P. aeruginosa
PA14 had already switched off virulence factor production by 24 h hence no change
was observed. This would also explain why the expression of regulatory pathways was
maintained. This further supported the EVPL as a model for chronic-like P. aeruginosa

biofilm infection of the CF lung.
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There were some individual genes of interest found to be significantly differentially
expressed over time in the EVPL biofilm. The gene cpdAwas significantly underexpressed
from 24 h to 48 h, and expression was maintained to 7 d. This resulted in significant
underexpression from 24 h to 7 d. CpdA is a cAMP phosphodiesterase; it has been
shown that loss of gene function causes an accumulation of cAMP within cells, which
in turn affects the regulation of virulence factor expression (Fuchs et al., 2010). The
activity of cpdA also affects biofilm formation, however there is conflicting evidence of
what this impact is. It has been demonstrated that loss of cpdA results in the build up
of intracellular cAMP and inhibition of biofilm formation in a study using P. aeruginosa
PAO1 (Almblad et al., 2019). However, a study that investigated the role of cpdA in P.

aeruginosa PA14 showed that a mutant for cpdA experienced a build up of c-di-GMP,
which resulted in increased biofilm formation (Luo et al., 2015). As work in the EVPL
model used P. aeruginosa PA14, the underexpression of cpdA over time may have caused
an increase in biofilm formation.

There were significant changes in biofilm associated genes in the lung-associated
biofilm. Pel biosynthesis genes were significantly underexpressed from 24 h to 48 h,
then maintained at the same expression level from 48 h to 7 d, resulting in significant
downregulation from 24 h to 7 d. This suggested that production of Pel was reduced
after 24 h then kept at the same level from 48 h onwards. As mentioned, Pel is a biofilm
exopolysaccharide that is essential to biofilm development by P. aeruginosa PA14, and
is only expressed during biofilm growth (Colvin et al., 2011; Marmont et al., 2017). It
must be considered that Pel was significantly underexpressed in the lung-associated
biofilm at 48 h and 7 d, compared with 24 h. This did not indicate that there was no
Pel being produced at the later time points, just less than the initial stage of infection
in the EVPL model. This may have been caused by upregulation of Pel biosynthesis as
the biofilm was established at 24 h, which was reduced once the biofilm was formed
at 48 h, and gene expression was maintained over 7 d for the level of Pel production
required. This was also an indication that the P. aeruginosa PA14 biofilm was maintained
over 7 d in the EVPL model, as there was consistent expression of exopolysaccharide
biosynthesis genes. The focus of gene expression may have been on the formation of
a mature structure, rather than further biofilm formation. This was also supported by
the upregulation of two lectin genes observed in the lung-associated biofilm from 24 h
to 7 d, and from 24 h to 48 h. Both have been associated with a mature biofilm; lecA is
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indicated to play a role in formation of a mature architecture (Diggle et al., 2006), and
lecB involved in increased cell and exopolysaccharide retention in the biofilm (Passos da
Silva et al., 2019). This retention may also have been responsible for the reduction in Pel
production, as less new Pel was required.

A significant reduction in expression of two individual antibiotic resistance genes was
seen from 24 h to 48 h: arnA and bcr-1, associated with resistance to CAMPs (Gutu
et al., 2015) and bicyclomycin (Fonseca et al., 2015) respectively. This was consistent
with the reduced polymyxin B MIC determined for P. aeruginosa PA14 cells from the
lung-associated biofilm at 48 h compared with 24 h. This suggested that the changes
in expression had a phenotypic effect, and certain mechanisms of antibiotic resistance
may have been reduced as the P. aeruginosa PA14 biofilm established in the EVPL model.
This coincided with the reduction in expression of Pel biosynthesis genes at 48 h, and
the formation of a biofilm visualised in chapter 3. Potentially the formation of a biofilm,
of which the matrix facilitates antibiotic resistance (Høiby et al., 2010), led to other
mechanisms of antibiotic resistance being downregulated as they were not required.
This supports the use of biofilm disrupters to improve treatment regimens as the P.

aeruginosa cells within the biofilm may not be expressing some genes associated with
antibiotic resistance.

However, there were other mechanisms of antibiotic resistance found to be significantly
overexpressed, associated with environmental pressures. Phosphate transporters
were significantly overexpressed from 24 h to 7 d, indicative of phosphate stress.
Under phosphate stress P. aeruginosa has been shown to undergo lipid modifications
that confer resistance to polymyxin B. There is a transition from phospholipids to
glycolipids, which confer protection against polymyxin B (Jones et al., 2021). Therefore,
this expression change may have conferred increased antibiotic resistance. Future
investigation of P. aeruginosa lipid modifications in the EVPL model environment would
provide more information. This analysis has indicated that these pathways may be
induced, thus further understanding of the mechanisms of resistance triggered by the
EVPL model may highlight novel targets for treatments.

The work in this chapter has shown that there are changes in the P. aeruginosa

lung-associated biofilm population in the EVPL model over 7 d. Introduction of other
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factors that influence P. aeruginosa gene expression in the CF lung, such as other
microbes and antibiotic treatment, to the EVPL model may reveal further changes in
the biofilm population that facilitate survival in these conditions. Further insight into
these mechanisms may provide better understanding as to how to eradicate chronic
P. aeruginosa infections. The transcriptome analysis has also indicated that there
may be heterogeneity within the biofilm population, particularly in respiration and
metabolism. However, future studies of individual niches within the lung-associated
biofilm are required to confirm this. The nutrient and oxygen availability in the EVPL
model across 7 d should also be investigated, to understand the cause of changes in gene
expression. This will also be important in developing the model as a platform for long
term evolution experiments, determing any supplementation that is required tomaintain
the P. aeruginosa biofilm population for longer than 7 d.

5.3.1 Conclusion
I have demonstrated that there were distinct P. aeruginosa transcriptomes at different
time points in the lung-associated biofilm in the EVPL model. The greatest differences in
gene expression were between 24 h and the two later time points, 48 h and 7 d. At 48 h,
the P. aeruginosa biofilm appeared to become reminiscent of chronic infection. Although
I have shown a number of key changes related to metabolism, biofilm formation, and
antibiotic resistance, further investigation of the conditions created in the EVPL model
over longer infection periods is required to better understand these mechanisms. This
work built upon the findings in chapters 3 and 4, which showed that P. aeruginosa formed
a biofilm reminiscent of in vivo infection and gene expression was more comparable to
human infection than in vitromedia, to show that there are changes in the P. aeruginosa
population in the EVPL biofilm over time that likely affect infection dynamics. Other
factors can now be introduced in the model to determine the effect they have on P.

aeruginosa infection over time.
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Chapter 6
Pseudomonas aeruginosa and
Burkholderia cepacia complex mixed
infection
6.1 Introduction
The CF lung is a polymicrobial environment; although P. aeruginosa is the most common
pathogen, infections are caused by a range of miroorganisms. There is a shift in the
dominant pathogens over time in the CF lung; S. aureus and H. influenzae are primarily
found in the airways of children with CF, then P. aeruginosa and the Burkholderia cepacia
complex (Bcc) are associated with infections later in life (Filkins and O’Toole, 2015). CF
lung infections have traditionally been investigated using culture-based techniques,
however it is now known that this does not detect all microbes. Therefore, there are
microbial species that may have previously been overlooked. Rogers et al. (2004) were
the first to show that the CF lung is a complex, polymicrobial environment composed
of a diverse microbial community, including pathogens and the microbiota. It has since
been shown that the CF lung microbiota may be an indicator of lung disease state,
with reduced diversity associated with worsened lung function and obligate anaerobes
dominant when lung function is better (Cuthbertson et al., 2020). As more is discovered
about the range of microorganisms in the CF lung, their interactions, and the effect
on AMR, this may provide more information on infection dynamics and reveal novel
treatment approaches. This requires development of a laboratory model that is able to
accurately replicate mixed infections, which has become a key research focus for those
who study CF lung infections (O’Toole et al., 2021).
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Following establishment, and investigation, of P. aeruginosa biofilm infection in the EVPL
model in chapters 3, 4, and 5, another Gram negative, biofilm-forming pathogen was
introduced: the Bcc. The Bcc is highly similar to P. aeruginosa and was only re-classified
in 1992, previously considered Pseudomonas (Yabuuchi et al., 1992). Due to the recent
re-classification and relatively low incidence of Bcc infection (~5% of CF lung infections;
Leitão et al. (2017)), co-infection of P. aeruginosa with the Bcc in the CF lung has not
been fully explored. The literature is conflicting over whether they form a mixed biofilm
and how they may interact. There have been three possible outcomes outlined for their
co-infection in the CF lung: the incidence of cepacia syndrome, gradual lung function
decline over time, or asymptomatic carriage (Isles et al., 1984; Riedel et al., 2001). P.

aeruginosa infection typically occurs first, followed by secondary infections such as
those caused by the Bcc (Filkins and O’Toole, 2015).

An early study showed that iron availability may be involved in interactions, and that
Bcc production of the siderophore ornibactin may induce the expression of numerous
P. aeruginosa genes (Weaver and Kolter, 2004). Since then, their co-infection has been
investigated in a number of different laboratory models; a flow cell model has been
used to demonstrate that the presence of B. cenocepacia caused an increase in P.

aeruginosa biofilm biomass and altered biofilm architecture (Bragonzi et al., 2012). The
same study also used a mouse model for CF, and demonstrated that in this environment
P. aeruginosa was able to establish a chronic biofilm infection when co-infected with
B. cenocepacia (Bragonzi et al., 2012). As well as highlighting potential impacts of
co-infection, this work also showed the variability in findings depending on the model
used, which may in part be responsible for conflicting findings. In explanted CF lungs, it
has been shown that P. aeruginosa and the Bcc may actually inhabit different niches; the
Bcc can exist as single cells in mucus and small clusters within phagocytes, as opposed
to the biofilm formed by P. aeruginosa (Schwab et al., 2014). Thus, investigation of
co-infection of the two genera in a more clinically relevant laboratory model is needed
to gain further insight into potential interactions, and to determine whether a mixed
biofilm forms in the CF lung. The most frequently used animal model, mice, are not able
to replicate the airway secretions of people with CF, even mice with CFTR mutations
(Benahmed et al., 2014) so are unlikely to be able to facilitate growth in different niches.
The EVPL model may be better able to capture this, as the work in previous chapters has
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shown P. aeruginosa forms a chronic-like biofilm infection in the model, and pigs are
more comparable to humans than mice (Meurens et al., 2012).

Type VI secretion has also been shown to be important for the co-existence of both
genera in CF. This secretion system is associated with interbacterial competition; P.

aeruginosa and the Bcc both possess type VI secretion systems (Perault et al., 2020).
Type VI is the most recent P. aeruginosa secretion system to be described (Diggle and
Whiteley, 2020), and is important for bacterial competition (Jurado-Martín et al., 2021).
However, mutations in genes associated with these mechanisms are commonly found
in P. aeruginosa isolates from chronic infection. It has been shown that B. cenocepacia,
B. multivorans, and B. dolosa that have functional type VI secretion systems can
outcompete P. aeruginosawhen their type VI secretion is impaired (Perault et al., 2020).
In contrast, P. aeruginosa inhibits the growth of B. multivorans and B. cenocepacia in

vitro, dependent on pyoverdine biosynthesis and QS (Costello et al., 2014). This may
further explain why P. aeruginosa and the Bcc can co-exist in the CF lung alongside
the incidence of mutations for type VI secretion, as P. aeruginosa virulence factor
production and QS is downregulated during chronic infection (Winstanley et al., 2016).
It also highlights distinctions between in vitro co-infection and in the CF lung, further
supporting the need for a clinically relevant model to study P. aeruginosa and Bcc mixed
infection.

To determine whether the EVPL model may be the answer, two species of the Bcc:
B. cenocepacia and B. multivorans, were each co-infected with P. aeruginosa in the
model. Initially, the inhibition caused by each strain to the others was investigated on
LB agar following growth in either the EVPL model or SCFM in vitro. It was found that
P. aeruginosa PA14 and LESB58 inhibited both B. cenocepacia K56-2 and B. multivorans

C5393 regardless of the initial growth environment, however the Bcc strains did not
inhibit the P. aeruginosa strains. This was not observed when P. aeruginosa PA14
was co-infected with each Bcc strain in the EVPL model, with both genera recovered
from tissue pieces for at least 3 d following co-infection. The CFU lung-1 for each
was determined using two different agars. The P. aeruginosa PA14 bacterial load was
determined on LB agar as it outcompeted the Bcc strains on this media, as shown in the
initial inhibition assay. The Bcc bacterial load was determined on LB agar supplemented
with 50 µg ml-1 polymyxin B. The Bcc are intrinsically resistant to polymyxins due to
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a lipopolysaccharide modification (Rhodes and Schweizer, 2016) but P. aeruginosa is
not, so only Bcc colonies grew on the polymyxin agar. Uninfected tissue samples were
also plated on both agars, and in a small number of samples the endogenous lung
species were able to grow on the polymyxin B agar. When indistinguishable from Bcc
colonies, these samples were discounted. Following identification of this issue, any
lungs with endogenous microbial species resistant to polymyxin B were not used for
experiments. Super-infection experiments were also performed to reflect the typical
timeline of infection in the CF lung: P. aeruginosa establishes followed by Bcc infection.
B. cenocepacia K56-2 and B. multivorans C5393 were super-infected in the EVPL model
following P. aeruginosa infection, as shown in Figure 6.1. B. multivorans C5393 appeared
to better survive when introduced to a P. aeruginosa PA14 biofilm compared with
simultaneous infection.

Day 0 Day 7Day 1 Day 2

• Dissect lungs.
• Infect each 

tissue piece with 
the relevant 
strain.

Infect with P. aeruginosa 
PA14

Infect with P. aeruginosa 
PA14

Infect with P. aeruginosa 
PA14 and Bcc

Day 2 Super infection

Co-infection

Day 1 Super infection

Infect with Bcc

Infect with Bcc

Incubation at 37 °C • Recover biofilm.
• Determine CFU 

lung-1.

LB agarLB agar + 50 
μg ml-1 PMB

Figure 6.1: The method for super-infection in the ex vivo pig lung (EVPL) model. Two independent pig
lungs were dissected on day 0 and infected with Pseudomonas aeruginosa PA14. Three replicate tissue
pieces per co-infection were also infected with the relevant Burkholderia cepacia complex (Bcc) strain: B.
cenocepacia K56-2 or B. multivorans C5393. These tissue pieces were incubated at 37 °C for 7 d. Three
tissue pieces per super-infection were incubated at the same time at 37 °C, following infection with just P.
aeruginosa PA14. After 1 d incubation, half of the super-infection pieces were removed and infected with
the relevant Bcc strain, then incubated at 37 °C for a further 6 d. After 2 d incubation, the other half of the
super-infection tissue pieces were removed and infected with the relevant Bcc strain. These tissue pieces
were then incubated at 37 °C for a further 5 d. All tissue pieces were then retrieved 7 d after initial infection
(6 d after 1 d super-infection and 5 d after 2 d super-infection). The biofilmwas recovered and the CFU lung-1
of each species determined using Luria-Bertani (LB) agar plates (green spot plates), supplemented with 50
µg ml-1 polymyxin B (PMB) for the Bcc (yellow spot plates).

Both genera have QS systems that use AHL signal molecules to regulate virulence and
biofilm formation. A study using a flow chamber model and mouse lung tissue showed
that B. cepacia could recognise and respond to P. aeruginosa AHL signals, however
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P. aeruginosa did not respond to the B. cepacia AHL signal molecules (Riedel et al.,
2001). This suggests that the Bcc may be able to alter their behaviour in response to P.

aeruginosa QS signals in the CF lung. As discussed in chapters 4 and 5, the P. aeruginosa
transcriptome analysis from different laboratory models and CF sputum by Cornforth
et al. (2018) showed that QS-regulated gene expression during chronic biofilm infection
was not accurately replicated by current models. The RNA-seq analysis of P. aeruginosa
PA14 in the EVPL model performed indicated that QS-related gene expression may be
more comparable to human infection in this model. Therefore, the production of QS
signal molecules during co-infection and super-infection of each Bcc and P. aeruginosa

combination in the EVPL model was also measured. It was found that there may be an
effect on QS signalling depending on when B. cenocepacia K56-2 is introduced to the P.
aeruginosa PA14 biofilm in the EVPL model.

These intial experiments showed that P. aeruginosa and the Bcc strains were able to
co-exist in the EVPL model and there may be interactions, which must be explored
further in the future. Clinical P. aeruginosa CF isolates were then studied to be more
representative of in vivo infection. The effect of co-infection with B. cenocepacia

K56-2 and B. multivorans C5393 in the EVPL model was compared with in vitro SCFM
co-infection. The aim was to determine whether the presence of lung tissue was
facilitating co-infection or if SCFM alone was a viable model. The presence of lung tissue
did appear to have an effect on Bcc recovery, and the Bcc bacterial load appeared to be
higher during co-infection with the P. aeruginosa clinical isolates compared with PA14.

There was upregulation of phenazine biosynthesis genes observed in the EVPL P.

aeruginosa biofilm over 7 d in chapter 5. As the phenazine PVD has been implicated
in P. aeruginosa interactions with the Bcc during co-infection (Costello et al., 2014), the
production of the siderophores PVD and PCH was also measured for the different P.
aeruginosa strain co-infections with B. cenocepacia K56-2 and B. multivorans C5393. This
highlighted another potential interaction to be further investigated. Overall the work in
this chapter has shown that the EVPL model maintains a Bcc infection population, and
P. aeruginosa and the Bcc are able to co-exist. The results in this chapter also indicate
that QS and siderophore production play a role in their interactions to be explored in the
future. This preliminary work has also highlighted key questions for future research, and
evidenced that the use of clinical CF isolates is important.
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6.2 Results
All SCFM experiments in this chapter were performed using three repeats per condition,
and EVPL experiments included three repeats from each of two independent pig lungs.

6.2.1 Establishment of P. aeruginosa and Bcc mixed infection
P. aeruginosa inhibited B. cenocepacia and B. multivorans independent of growth in
SCFM or the EVPL model. However, there was a difference in the inhibition within the
P. aeruginosa strains and the Bcc between the growth environments.
The growth inhibition of two Bcc strains caused by P. aeruginosa PA14 and P. aeruginosa
LESB58, and vice versa, was first determined. The Bcc studied were the laboratory strain
B. cenocepacia K56-2 and CF clinical isolate B. multivorans C5393. The aimwas to identify
whether each Bcc strain and P. aeruginosa were able to grow alongside each other.
This would indicate whether they were likely to form a co-infection. The strains were
grown individually in SCFM and the EVPL model for 48 h to determine whether there
was a change when pig lung tissue was present. The in vitro SCFM cultures and biofilm
recovered from the EVPL were each then streaked on an LB agar plate overnight, referred
to as the inhibitor strain. A second strain, also grown in each environment for 48 h, was
then streaked perpendicular to the first the following night, referred to as the competitor
strain. Any inhibition of growth of the competitor strain was measured (see Figure 6.2).
Each P. aeruginosa and Bcc strain were also tested against each other to identify any
intraspecies inhibition. Statistical analysis was not performed as these experiments were
carried out to give an overall idea of growth inhibition rather than definitive inhbition
measurements.
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Figure 6.2: The layout of the Luria-Bertani (LB) agar plates for cross streak inhibition assays. The inhibitor
strain was the bacterial isolate that was grown in the ex vivo pig lung (EVPL) model or synthetic cystic
fibrosis sputummedia (SCFM) in vitro for 48 h at 37 °C, then drip plated as shown (20 µl) and grown on the
plate overnight at 37 °C. The competitor bacterial isolate was drip plated (20 µl) following the overnight
incubation as shown, and the plate was further incubated overnight at 37 °C to determine any inhibition
of competitor strain growth caused by the inhibitor strain. The competitor isolate was also grown in the
EVPL model or SCFM for 48 h at 37 °C prior to plating. Also shown in the chapter 2: Figure 2.10.

P. aeruginosa PA14 grown in SCFM in vitro was found to inhibit all competitor strains
regardless of the environment they were intially grown in (Figure 6.3A). However, there
was increased inhibition of P. aeruginosa LESB58 grown as a biofilm associated with
the EVPL tissue, compared with when it was grown in SCFM (mean inhibition: 13.42
mm and 1.17 mm respectively). There was also a small increase in inhibition of B.
multivorans C5393 grown in the EVPL model compared with SCFM (13.67 mm and 8.17
mm respectively). This was not seen for B. cenocepacia K56-2, and the inhibition was
similar regardless of the environment it was grown in (Figure 6.3A).
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Figure 6.3: Growth inhibition caused by Pseudomonas aeruginosa PA14. P. aeruginosa PA14 was grown
in (A) synthetic cystic fibrosis sputum media (SCFM) or (B, C) the ex vivo pig lung (EVPL) model, at 37
°C for 2 d. The SCFM cultures or biofilm recovered from each of two independent pig lungs were each
plated on Luria-Bertani (LB) agar in one horizontal strip, and incubated at 37 °C overnight. Each competitor
strain was also grown in either SCFM or the EVPL model, using two independent pig lungs, for 2 d:
P. aeruginosa LESB58, Burkholderia cenocepacia K56-2, and Burkholderia multivorans C5393. Following
overnight incubation of PA14 on LB agar, the competitor strains were plated perpendicular to PA14 and the
agar plate was incubated again overnight. Any inhibition of growth of the competitor strain was measured
in mm. For each culture, two repeats were performed on LB agar plates and the data points represent the
mean. There were three individual cultures tested for each condition, shown by individual data points on
the graphs. The two pig lungs used for the EVPL model are represented by different colour data points
(see key) and for the growth of the inhibitor strain, P. aeruginosa PA14, they are shown on different graphs.
The horizontal lines show the mean for the SCFM and EVPL samples, and above the dashed horizontal line
(shown by the blue region) shows samples where no growth of the competitor strain was seen on the LB
agar plate.

The inhibition caused by P. aeruginosa PA14 when it was grown in the EVPL model did
not show the same patterns as seen for SCFM in vitro growth (Figure 6.3). There was a
small region of P. aerugnosa LESB58 inhibition measured regardless of the environment
it was grown in, and for some samples there was no inhibition observed (Figure 6.3B).
There was similarly no clear distinction in the inhibition of B. multivorans C5393 caused
by P. aeruginosa PA14 grown in the EVPL model, whether it was grown in SCFM or the
EVPL model (Figure 6.3B,C). The inhibition of B. multivorans C5393 was also comparable
to that caused by PA14 grown in SCFM (Figure 6.3). However, there was a clear difference
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in B. cenocepacia K56-2 inhibition depending on the environment it was grown in. There
was complete inhibition of some B. cenocepacia K56-2 samples grown in SCFM by P.

aeruginosa PA14 grown in the EVPL model (Figure 6.3B,C). Conversely, B. cenocepacia
K56-2 that had been grown associated with the lung tissue from both lungs in the EVPL
model was inhibited less than SCFM growth (mean across both lungs 16.29 mm and
49.25 mm respectively).

The inhibition of competitor strains caused by P. aeruginosa LESB58 did not appear to
be as different whether it was grown in SCFM or the EVPL model as seen for PA14 (Figure
6.4). However, P. aeruginosa PA14was only inhibitedwhen LESB58was grown in SCFM. As
shown in Figure 6.4A, only one of three PA14 samples also grown in SCFMwere inhibited,
whereas all PA14 samples from the EVPL model were inhibited by P. aeruginosa LESB58
grown in SCFM (mean 4.83 mm). There was also greater inhibition of B. multivorans

C5393 grown in the EVPL model than SCFM caused by P. aeruginosa LESB58 in SCFM
(mean 18.17 mm and 5.17 mm respectively). However, there was comparable inhibition
of C5393 from each environment by P. aeruginosa LESB58 grown in the EVPL model
(Figure 6.4B,C). The greatest inhibition was observed for B. cenocepacia K56-2, and was
caused by P. aeruginosa LESB58 grown in both SCFM and the EVPL model (Figure 6.4).
B. cenocepacia K56-2 grown in SCFM was inhibited more than when it was grown in the
EVPL model, regardless of where LESB58 was grown; there was no growth of some K56-2
SCFM samples observed for each (Figure 6.4).
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Figure 6.4: Growth inhibition caused by Pseudomonas aeruginosa LESB58. P. aeruginosa LESB58 was
grown in (A) synthetic cystic fibrosis sputum media (SCFM) or (B, C) the ex vivo pig lung (EVPL) model,
at 37 °C for 2 d. The SCFM cultures or biofilm recovered from each of two independent pig lungs were
each plated on Luria-Bertani (LB) agar in one horizontal strip, and incubated at 37 °C overnight. Each
competitor strain was also grown in either SCFM or the EVPL model, using two independent pig lungs, for
2 d: P. aeruginosa PA14, Burkholderia cenocepacia K56-2, and Burkholderia multivorans C5393. Following
overnight incubation of LESB58 on LB agar, the competitor strains were plated perpendicular to LESB58
and the agar plate was incubated again overnight. Any inhibition of growth of the competitor strain was
measured in mm. For each culture, two repeats were performed on LB agar plates and the data points
represent the mean. There were three individual cultures tested for each condition, shown by individual
data points on the graphs. The two pig lungs used for the EVPL model are represented by different colour
data points (see key) and for the growth of the inhibitor strain, P. aeruginosa LESB58, they are shown on
different graphs. The horizontal lines show themean for the SCFMand EVPL samples, and above the dashed
horizontal line (shown by the blue region) shows samples where no growth of the competitor strain was
seen on the LB agar plate.

Following this, inhibition caused by the Bcc species was investigated. B. cenocepacia

K56-2 did not inhibit the growth of any competitor strains tested: P. aeruginosa PA14, P.
aeruginosa LESB58, and B. multivorans C5393 (Figure 6.5). This was consistent for both
in vitro SCFM and EVPL model growth.
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Figure 6.5: Growth inhibition caused by Burkholderia cenocepacia K56-2. B. cenocepacia K56-2 was
grown in (A) synthetic cystic fibrosis sputum media (SCFM) or (B, C) the ex vivo pig lung (EVPL) model,
at 37 °C for 2 d. The SCFM cultures or biofilm recovered from each of two independent pig lungs were
each plated on Luria-Bertani (LB) agar in one horizontal strip, and incubated at 37 °C overnight. Each
competitor strain was also grown in either SCFM or the EVPL model, using two independent pig lungs, for
2 d: Pseudomonas aeruginosa PA14, P. aeruginosa LESB58, and Burkholderia multivorans C5393. Following
overnight incubation of K56-2 on LB agar, the competitor strainswere plated perpendicular to K56-2 and the
agar plate was incubated again overnight. Any inhibition of growth of the competitor strain was measured
in mm. For each culture, two repeats were performed on LB agar plates and the data points represent the
mean. There were three individual cultures tested for each condition, shown by individual data points on
the graphs. The two pig lungs used for the EVPL model are represented by different colour data points (see
key) and for the growth of the inhibitor strain, B. cenocepacia K56-2, they are shown on different graphs.
The horizontal lines show the mean for the SCFM and EVPL samples.

B. multivorans C5393 was also shown to not inhibit the growth of P. aeruginosa PA14
or P. aeruginosa LESB58, regardless of the environment the strains were initially grown
in (Figure 6.6). However, there was inhibition of B. cenocepacia K56-2 observed. As
shown in Figure 6.6A, B. multivorans C5393 grown in SCFM inhibited the growth of B.
cenocepacia K56-2 grown in SCFM (mean 35.33 mm) but not K56-2 grown in the EVPL
model. A similar pattern was observed for inhbition caused by B. multivorans C5393
grown in the EVPL model. B. cenocepacia K56-2 grown in SCFM in vitro was inhibited by
C5393 grown in this environment (mean across both lungs 28.25 mm). However, there
was also one B. cenocepacia K56-2 EVPL sample that exhibited some growth inhibition
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caused by B. multivorans C5393 grown in the EVPL model (Figure 6.6C).

SCFM Lung	28 Lung	29
B. B.	mul'vorans	C5393	(Lung	28)

In
hi
bi
4
on

	(m
m
)

0

10

20

30

40

50

60

Compe4tor	Strain

P.	aeruginosa	PA14 P.	aeruginosa	LESB58 B.	cenocepacia	K56-2

SCFM Lung	28 Lung	29
C. B.	mul'vorans	C5393	(Lung	29)

In
hi
bi
2
on

	(m
m
)

0

10

20

30

40

50

60

Compe2tor	Strain

P.	aeruginosa	PA14 P.	aeruginosa	LESB58 B.	cenocepacia	K56-2

SCFM Lung	28 Lung	29
A. B.	mul'vorans	C5393	(SCFM)

In
hi
bi
2
on

	(m
m
)

0

10

20

30

40

50

60

Compe2tor	Strain

P.	aeruginosa	PA14 P.	aeruginosa	LESB58 B.	cenocepacia	K56-2

Figure 6.6: Growth inhibition caused by Burkholderia multivorans C5393. B. multivorans C5393 was
grown in (A) synthetic cystic fibrosis sputum media (SCFM) or (B, C) the ex vivo pig lung (EVPL) model,
at 37 °C for 2 d. The SCFM cultures or biofilm recovered from each of two independent pig lungs were
each plated on Luria-Bertani (LB) agar in one horizontal strip, and incubated at 37 °C overnight. Each
competitor strain was also grown in either SCFM or the EVPL model, using two independent pig lungs, for
2 d: Pseudomonas aeruginosa PA14, P. aeruginosa LESB58, and Burkholderia cenocepacia K56-2. Following
overnight incubation of C5393 on LB agar, the competitor strains were plated perpendicular to C5393
and the agar plate was incubated again overnight. Any inhibition of growth of the competitor strain was
measured in mm. For each culture, two repeats were performed on LB agar plates and the data points
represent the mean. There were three individual cultures tested for each condition, shown by individual
data points on the graphs. The two pig lungs used for the EVPL model are represented by different colour
data points (see key) and for the growth of the inhibitor strain, B. multivorans C5393, they are shown on
different graphs. The horizontal lines show the mean for the SCFM and EVPL samples.

To provide an overview of the inhbition observed, the results were divided into different
categories (Figure 6.7). There was considered to be no inhibition when there was growth
of the competitor strain adjacent to the inhibitor strain, as shown in Figure 6.7A. There
was measured inhibition when a measurable zone of no growth was seen (Figure 6.7B).
Figure 6.7C shows complete inhibition, which was when there was no growth of the
competitor strain observed on the plate. This was typically inhibition greater than 55
mm, which could not be measured on the width of an LB agar plate.
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A. No inhibition

B. cenocepacia K56-2 (SCFM)

B. multivorans C5393 (Lung)

B. Measured inhibition

P. aeruginosa PA14 (Lung)

B. cenocepacia K56-2 (Lung)

C. Complete inhibition

P. aeruginosa PA14 (Lung)

B. cenocepacia K56-2 (SCFM)

Figure 6.7: Images to represent each category of inhibition. The vertical growth is the inhibitor strain and
the horizontal growth is the competitor strain, which was grown overnight following the initial overnight
growth of the inhibitor strain. Each strainwas initially grown in either synthetic cystic fibrosis sputummedia
(SCFM) or as a biofilm associated with the lung tissue of the ex vivo pig lung (EVPL) model (Lung) for 2 d.
The assay was then performed on Luria-Bertani (LB) agar plates, which the images show. (A) An example
of no inhibition. The competitor strain was able to grow adjacent to the inhibitor strain, with no zone
of clearance. This example shows Burkholderia cenocepacia K56-2 grown in SCFM as the inhibitor strain
and Burkholderia multivorans C5393 grown in the EVPL model as the competitor strain. (B) An example
of measured inhibition. There was a measureable zone of no growth of the competitor strain adjacent
to the inhibitor strain. This example shows Pseudomonas aeruginosa PA14 grown in the EVPL model as
the inhibitor strain and B. cenocepacia K56-2 grown in the EVPL model as the competitor strain. (C) An
example of complete inhibition. There was no growth of the competitor strain observed on the LB agar
plate, therefore the inhibition was greater than ~55 mm. This example shows P. aeruginosa PA14 grown in
the EVPL model as the inhibitor strain, which grew into the streak of the competitor B. cenocepacia K56-2
grown in SCFM, which did not grow on the LB agar plate.

A heatmap was produced of each inhibition assay performed, showing the category
of inhibition for comparison (Figure 6.8). There were intermediate categories used to
represent where there were repeats exhibiting different levels of inhibition (i.e. some
repeats were completely inhibited and some showed measurable inhibition). There was
no inhibition of the P. aeruginosa strains caused by the two Bcc species. However, the
P. aeruginosa strains inhibited the Bcc species when they were grown in SCFM and the
EVPLmodel (Figure 6.8). P. aeruginosa PA14 also inhibited P. aeruginosa LESB58, however
LESB58 only inhibited PA14 when it was grown in SCFM (Figure 6.8). B. cenocepacia K56-2
did not inhibit B. multivorans C5393 at all. Conversely, B. multivorans C5393 did inhibit B.
cenocepacia K56-2when it was grown in SCFM. Overall, inhibition between P. aeruginosa
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and the Bcc did not appear to be affected by growth environment, however inhibition
within the P. aeruginosa or Bcc strains was found to be affected by growth environment
(Figure 6.8).
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Figure 6.8: Aheatmap summarising the inhibitionbetweenPseudomonas aeruginosaPA14, P. aeruginosa
LESB58, Burkholderia cenocepacia K56-2, and Burkholderia multivorans C5393 in synthetic cystic fibrosis
sputum media (SCFM) and the lung-associated biofilm in the ex vivo pig lung (EVPL) model (Lung). Each
strain was grown in either SCFM in vitro or the EVPL model for 2 d prior to performing an inhibition assay
on Luria-Bertani (LB) agar. The inhibitor strain was initially grown on the LB agar plate overnight at 37 °C,
then the competitor strain was added to the plate perpendicular to the inhibitor strain and incubated at
37 °C for a further night. Any inhibition of the competitor strain was measured and classified into one
of the categories shown in the key. The two intermediate categories (2 and 4) represent assays where
some repeats exhibited the inhibition in the category below and some exhibited inhibition in the category
above. The inhibition was determined using three SCFM repeats and three EVPL repeats from each of
two independent pig lungs. The colours and numbers represent the category of inhibition caused by the
inhibitor strain (left) on the competitor strain (above) from each of the growth environments.
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There was a significant reduction in the CFU lung-1 of B. multivorans C5393 after 3 days
in the EVPL model, that was not observed for P. aeruginosa PA14 or B. cenocepacia
K56-2.
P. aeruginosa PA14 infection of the EVPL model over 7 d was studied throughout the
previous chapters, however Bcc was not. Therefore, B. cenocepacia K56-2 and B.

multivorans C5393 were first grown individually in the EVPL model for 7 d, and the CFU
lung -1 was determined every day (Figure 6.9). The aimwas to confirmwhether themodel
was able tomaintain the Bcc populations for 7 d and thus whether it was a suitablemodel
for the Bcc. P. aeruginosa PA14 was also studied as a control and for comparison with
mixed infection. Consistent with the results in chapter 3, PA14 was maintained in the
EVPL biofilm for 7 d (Figure 6.9A). There was a significant difference in the P. aeruginosa
PA14 CFU lung-1 found over the 7 d (ANOVA: day F6,28 = 12.65, P < 0.01, lung F1,28 = 0.69,
P = 0.41, interaction F6,28 = 2.15, P = 0.08). Post hoc Tukey HSD analysis revealed the
consecutive days where there was a significant change were 1 d to 2 d (P < 0.01), 2 d to 3
d (P < 0.01), 5 d to 6 d (P = 0.01), and 6 d to 7 d (P = 0.01). However, the variation in mean
CFU lung-1 was between 108 and 109 over the 7 d (Figure 6.9A), consistent with chapter 3
and the CFU ml-1 recovered from people with CF (Palmer et al., 2005).
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Figure 6.9: The colony forming units per lung tissue piece (CFU lung-1) of Pseudomonas aeruginosa PA14,
Burkholderia cenocepacia K56-2, and Burkholderia multivorans C5393 in the ex vivo pig lung (EVPL)
model every day for 7 d. The CFU lung-1 was determined from the biofilm recovered from three tissue
pieces from each of two independent pig lungs per day, each lung is shown by different shaped data
points (lung 30 = circles, lung 31 = diamonds). The mean across both lungs was determined each day,
as shown by the horizontal black lines. The significant differences are shown (‘***’ = P < 0.001, ‘**’ =
P < 0.01, ‘*’ = P < 0.05). The y axes are log10 scale. (A) The CFU lung-1 of P. aeruginosa PA14 over 7 d,
ANOVA statistical analysis was performed and the results from a post hoc Tukey HSD analysis are shown
for consecutive days. (B) The CFU lung-1 of B. cenocepacia K56-2 over 7 d, a non-parametric Kruskal-Wallis
test was performed and no significant difference was found. (C) The CFU lung-1 of B. multivorans C5393
over 7 d , a non-parametric Kruskal-Wallis test was performed and a post hoc Dunn’s test. The significant
differences between consecutive days are shown.

There were endogenous species in lungs 30 and 31 able to grow on the polymyxin B
agar used to isolate the Bcc from P. aeruginosa, that were indistinguishable from the Bcc
strains. This was identified by comparison with uninfected tissue samples, as explained
in the introduction. The B. cenocepacia K56-2 and B. multivorans C5393 infected tissue
pieces that had indistinguishable polymyxin B resistant endogenous species growth
were removed from the analysis, and are not shown on the graphs in Figure 6.9. As
some samples were removed, non-parametric analyses were performed. There was no
significant difference in the CFU lung-1 of B. cenocepacia K56-2 found over 7 d in the EVPL
model (Kruskal-Wallis: χ2 = 10.55, df = 6, P = 0.10). The bacterial load was comparable to
P. aeruginosa PA14; at 1 d the CFU lung-1 was within a 1 log10 range (mean K56-2: 6.4 x 107,
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PA14: 1.7 x 108). However, there was an increase in the variation between samples from
individual lungs from 4 d (Figure 6.9B), not observed for PA14. B. multivorans C5393 was
also found to have a comparable number of CFU lung-1 to the other two strains initially
(Figure 6.9C). There was however a significant difference in CFU lung-1 over 7 d found
(Kruskal-Wallis: χ2 = 25.31, df = 6, P < 0.01). A post hoc Dunn’s test showed that there
was a significant difference in the CFU lung-1 from 3 d to 4 d (P = 0.03). There were no
other significant differences found between any other consecutive days. This indicated
that there was a reduction in the B. multivorans C5393 CFU lung-1 after 3 d in the EVPL
model (Figure 6.9C).
The CFU lung-1 of B. cenocepacia K56-2 or B.multivorans C5393 during co-infectionwith
P. aeruginosa PA14 were reduced over 7 days.
As growth of single strain infections over 7 d in the EVPL model indicated that it was able
to maintain the Bcc populations, mixed infections were also performed in the same pig
lungs. P. aeruginosa PA14 and B. cenocepacia K56-2 were co-infected, and P. aeruginosa

PA14 and B. multivorans C5393 were also co-infected, to determine whether the genera
could survive together in the EVPL model and if so, for how long. The CFU lung-1 was
determined using LB agar for P. aeruginosa PA14 and LB agar supplemented with 50 µg
ml-1 polymyxin B for the Bcc, every day for 7 d. Each sample was plated on both agars
to determine the bacterial load of both strains during mixed infection. Some samples
were removed as performed for single infection, because the polymyxin B resistant
endogenous growth was indistinsguishable from the Bcc strains. Non-parametric
statistical analyses were then performed where required.

As shown in Figure 6.10A, there was no change in the CFU lung-1 of P. aeruginosa PA14
over 7 d when it was co-infected with B. cenocepacia K56-2 (ANOVA: day F6,28 = 1.44,
P = 0.24, lung F1,28 = 4.56, P = 0.04, interaction F6,28 = 1.07, P = 0.40). Although there
was a significant difference found between lungs, the interaction with each day was not
significant so it was unlikely this affected the CFU lung-1. The mean CFU lung-1 values in
Figure 6.10B show that there was no clear difference in P. aeruginosa PA14 bacterial load
in the EVPL model whether it was grown alone, or in co-infection with B. cenocepacia

K56-2. However, this was not observed for B. cenocepacia K56-2; there was a lower CFU
lung-1 recovered when it was co-infected with P. aeruginosa PA14 (Figure 6.10B). There
was also a significant difference in CFU lung-1 over the 7 d when it was co-infected with
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PA14 (Kruskal-Wallis: χ2 = 16.46, df = 6, P = 0.01). A post hoc Dunn’s test showed there
were no significant differences in CFU lung-1 between consecutive days, indicating that
the reduction in B. cenocepacia K56-2 was gradual. There was a significant decrease in
CFU lung -1 from 1 d to 5 d (P = 0.04), and from 2 d to 5 d (P = 0.04). There was no B.

cenocepacia K56-2 recovered from some tissue pieces during mixed infection from 3 d
onwards, and in no samples at 5 d and 6 d (Figure 6.10A). However, when B. cenocepacia
K56-2 was grown in the EVPL model alone the CFU lung-1 did not fall below 9 x 106 (at 6
d; Figure 6.10B).
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Figure 6.10: The colony forming units per lung tissue piece (CFU lung-1) for mixed infection with
Pseudomonas aeruginosa PA14 and Burkholderia cenocepacia K56-2 in the ex vivo pig lung (EVPL) model
every day for 7 d. The CFU lung-1 was determined from three tissue pieces, from each of two independent
pig lungs every day for 7 d. The y axes are log10 scale. (A) The CFU lung-1 for P. aeruginosa PA14 (white) and B.
cenocepacia K56-2 (blue) associated with each tissue piece at each day during co-infection, represented by
individual data points. There was no significant differences found between consecutive days. The coloured
region at the bottom of the graph (below the y axis break) indicates samples where there were no CFU
found. (B) The mean CFU lung-1 for P. aeruginosa PA14 (white) and B. cenocepacia K56-2 (blue) during
co-infection (triangles) and single infection (circles) of the EVPL model. The dashed line represents the
detection threshold and data points below were when no CFU was detected for any of the repeats.

Co-infection with B. multivorans C5393 also did not appear to affect the P. aeruginosa

PA14 CFU lung-1 (Figure 6.11). There was a significant difference found over 7 d (ANOVA:
day F6,28 = 4.24, P < 0.01, lung F1,28 = 2.30, P = 0.14, interaction F6,28 = 1.03, P = 0.43), and
post hoc Tukey HSD analysis showed the only significant change between consecutive
days was an increase in CFU lung-1 from 1 d to 2 d (P < 0.01). The other significant
difference found was an increase from 1 d to 7 d (P = 0.03). The PA14 CFU lung-1 during
co-infection did not appear to differ from single infection in the EVPLmodel (Figure 6.11B).
In contrast, there was a reduction in B. multivorans C5393 CFU lung-1 during co-infection
compared with single infection (Figure 6.11B). At 1 d, there were similar CFU lung-1 for P.
aeruginosa PA14 and B. multivorans C5393 during co-infection (mean 1.7 x 108 and 1.7 x
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107 respecitvely). There was also a significant difference in C5393 CFU lung-1 over the 7 d
(Kruskal-Wallis: χ2 = 27.63, df = 6, P < 0.01). Although a post hoc Dunn’s test identified
no significant differences between consecutive days, there was a significant reduction in
CFU lung-1 from 1 d to each of 4 d (P = 0.03), 5 d (P = 0.03), 6 d (P < 0.01), and 7 d (P =
0.02). There was also a significant reduction from 2 d to each of 4 d (P = 0.03), 5 d (P =
0.03), 6 d (P < 0.01), and 7 d (P = 0.02). Thus indicating that during co-infection there was
a reduction in the CFU lung-1 of B. multivorans C5393 recovered from 4 d (Figure 6.11A),
similar to that seen for B. cenocepacia K56-2 mixed infection (Figure 6.10A).
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Figure 6.11: The colony forming units per lung tissue piece (CFU lung-1) for mixed infection with
Pseudomonas aeruginosa PA14 and Burkholderia multivorans C5393 in the ex vivo pig lung (EVPL) model
every day for 7 d. The CFU lung-1 was determined from three tissue pieces, from each of two independent
pig lungs every day for 7 d. The y axes are log10 scale. (A) The CFU lung-1 for P. aeruginosa PA14 (white) and B.
multivorans C5393 (orange) associated with each tissue piece at each da during co-infection, represented
by individual data points. The significant difference between consecutive days is shown (‘***’ = P < 0.001,
‘**’ = P < 0.01). The coloured region at the bottom of the graph (below the y axis break) indicates samples
where there were no CFU found. (B) Themean CFU lung-1 for P. aeruginosa PA14 (white) and B. multivorans
C5393 (orange1) during co-infection (triangles) and single infection (circles) of the EVPL model. The dashed
line represents the detection threshold and data points below were when no CFU was detected for any of
the repeats.

6.2.2 Bcc super-infection of P. aeruginosa biofilms in the EVPL model
The co-infection experiments showed that each Bcc strain was not consistently recovered
from mixed infection with P. aeruginosa PA14 in the EVPL model throughout 7 d. As P.
aeruginosa infection often precedes Bcc infection in the CF lung (Filkins and O’Toole,
2015), super-infection experiments were then performed to determine whether this
improved Bcc recovery. B. cenocepacia K56-2 and B. multivorans C5393 were introduced
to a P. aeruginosa PA14 biofilm in the EVPL model 1 d or 2 d after initial infection.
Co-infection was also performed in tissue samples from the same pig lungs as a control
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for comparison. All tissue pieces were incubated for a total of 7 d and the CFU lung-1
of each species was then determined using selective agar. There were no polymyxin B
resistant lung endogenous species present in the pig lungs used for these experiments.
The production of short and long chain AHLs was also measured to determine whether
there was a difference in QS signal molecule production during co-infection compared
with Bcc super-infection at 1 d, or 2 d, in the EVPLmodel. The aimwas to identify whether
there may have been an interaction between the two genera in the EVPL model involving
QS signalling, and if it was affected by the infection timeline.
B. multivorans C5393 was more reliably recovered from the EVPL model when it
was introduced to a P. aeruginosa PA14 biofilm during super-infection compared with
co-infection, this was not seen for B. cenocepacia K56-2.
There was no difference in the P. aeruginosa PA14 CFU lung-1 whether it was co-infected
in the EVPL model with B. cenocepacia K56-2, or super-infected at 1 d or 2 d (Figure 6.12).
This was confirmed with statistical analysis (ANOVA: infection F2,12 = 3.05, P = 0.09, lung
F1,12 = 1.16, P = 0.30, interaction F2,12 = 0.25, P = 0.78). There was also no significant
difference found in the B. cenocepacia K56-2 CFU lung-1 during co-infection with PA14
or super-infection (ANOVA: infection F2,12 = 0.50, P = 0.62, lung F1,12 = 0.03, P = 0.87,
interaction F2,12 = 0.71, P = 0.51). However, there were less CFU of B. cenocepacia K56-2
recovered than P. aeruginosa PA14 during each infection, and there were a number of
replicates where there was no B. cenocepacia K56-2 recovered (Figure 6.12). Following
super-infection of the P. aeruginosa PA14 biofilm at 2 d, there was only one sample where
B. cenocepacia K56-2 was recovered.
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Figure 6.12: The colony forming units per lung (CFU lung-1) at 7 d for co-infection and super-infection of
Pseudomonas aeruginosa PA14 and Burkholderia cenocepacia K56-2 in the ex vivo pig lung (EVPL)model.
Three tissue pieces from each of two independent lungs were used for each infection, shown by individual
data points. For co-infection, the EVPL tissue pieces were infected with P. aeruginosa PA14 (white) and B.
cenocepacia K56-2 (blue) following dissection and incubated at 37 °C for 7 d. For super-infection, tissue
pieces were infected with P. aeruginosa PA14 following dissection then incubated at 37 °C for 7 d. At 1 d or 2
d, the super-infection pieces were infected with B. cenocepacia K56-2 then the incubation was continued.
The dashed horizontal lines show the mean CFU lung-1 for B. cenocepacia K56-2 and the solid horizontal
lines show themean for P. aeruginosa PA14. The coloured region below the y axes break represents samples
where no CFU were detected. The y axis is log10 scale.

There was similarly no significant difference in the P. aeruginosa PA14 CFU lung-1 during
co-infection or super-infection with B. multivorans C5393 in the EVPL model (ANOVA:
infection F2,12 = 1.00, P = 0.40, lung F1,12 = 0.66, P = 0.43, interaction F2,12 = 0.58, P =
0.58). There was also no significant difference in the B. multivorans C5393 CFU lung-1
(ANOVA: infection F2,12 = 2.09, P = 0.17, lung F1,12 = 5.56, P = 0.04, interaction F2,12 =
0.14, P = 0.87). There was a significant difference found between lungs, however as the
interaction with infection type was not significant it was unlikely this affected the CFU
lung-1. Although, as shown in Figure 6.13, there were no B. multivorans C5393 CFU found
for half of the co-infection samples. This was not observed for super-infection; there
were B. multivorans C5393 CFU recovered from all lung pieces (Figure 6.13).
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Figure 6.13: The colony forming units per lung (CFU lung-1) at 7 d for co-infection and super-infection of
Pseudomonas aeruginosa PA14 and Burkholderiamultivorans C5393 in the ex vivo pig lung (EVPL)model.
Three tissue pieces from each of two independent lungs were used for each infection, shown by individual
data points. For co-infection, the EVPL tissue pieces were infected with P. aeruginosa PA14 (white) and B.
multivorans C5393 (orange) following dissection and incubated at 37 °C for 7 d. For super-infection, tissue
pieces were infected with P. aeruginosa PA14 following dissection then incubated at 37 °C for 7 d. At 1 d or 2
d, the super-infection pieces were infected with B. multivorans C5393 then the incubation was continued.
The dashed horizontal lines show the mean CFU lung-1 for B. multivorans C5393 and the solid horizontal
lines show themean for P. aeruginosa PA14. The coloured region below the y axes break represents samples
where no CFU were detected. The y axis is log10 scale.

There was a higher concentration of long chain AHLs at 7 days in the EVPL biofilmwhen
P. aeruginosa PA14 was super-infected with B. cenocepacia K56-2 at 2 days, compared
with single infection.
The concentration of long and short chain AHL signalmolecules, associatedwithQS, were
then measured in each co-infection and super-infection 7 d sample. The concentration
of AHL molecules produced by P. aeruginosa PA14, B. cenocepacia K56-2, and B.

multivorans C5393 during single infection at 7 d in the EVPL model were also measured
for comparison. The CFU lung-1 for the single infections is shown in Appendix C (Figure
C.1). The aim was to identify whether there was a change in concentration during mixed
infection, and whether this was different following super-infection. As found in chapter
4, the assay for short chain AHL molecules was unable to detect any production in the
P. aeruginosa PA14 and B. cenocepacia K56-2 samples (Figure 6.14), or in the PA14 and
B. multivorans C5393 samples (Figure 6.15). The concentration measured in each sample
was similar to, or less than, the concentration measured in the uninfected EVPL samples.
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As the lung tissue did not produce QS signalling molecules, it could not be concluded
whether these results showed that there were no short chain AHLs detectable or if there
was an issue with the assay.
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Figure 6.14: Concentration of short chain acyl homoserine lactones (AHLs) produced by Pseudomonas
aeruginosa PA14 and Burkholderia cenocepacia K56-2 in the ex vivo pig lung model biofilm at 7 d. The
concentration (nM) of short chain AHLs was measured for single infection of each strain, and co-infection
where EVPL tissue was infected with P. aeruginosa PA14 and B. cenocepacia K56-2 following dissection.
The short chain AHLs were also measured from P. aeruginosa PA14 infected tissue that was infected with
B. cenocepacia K56-2 1 d after initial infection (Day 1 super-infection) and 2 d after initial infection (Day 2
super-infection). All tissue pieces were incubated at 37 °C and the biofilm recovered at 7 d. Each infection
was performed on three replicate tissue pieces from each of two indepent pig lungs, shown by individual
data points. The mean is shown by the horizontal lines. The dashed horizontal line shows the mean
concentration of short chain AHLs measured in three uninfected EVPL tissue pieces from each lung. The y
axis is log10 scale.
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Figure 6.15: Concentration of short chain acyl homoserine lactones (AHLs) produced by Pseudomonas
aeruginosa PA14 and Burkholderia multivorans C5393 in the ex vivo pig lung model biofilm at 7 d. The
concentration (nM) of short chain AHLs was measured for single infection of each strain, and co-infection
where EVPL tissue was infected with P. aeruginosa PA14 and B. multivorans C5393 following dissection.
The short chain AHLs were also measured from P. aeruginosa PA14 infected tissue that was infected with
B. multivorans C5393 1 d after initial infection (Day 1 super-infection) and 2 d after initial infection (Day 2
super-infection). All tissue pieces were incubated at 37 °C and the biofilm recovered at 7 d. Each infection
was performed on three replicate tissue pieces from each of two indepent pig lungs, shown by individual
data points. The mean is shown by the horizontal lines. The dashed horizontal line represents the limit
of detection, which was the mean concentration of short chain AHLs measured in three uninfected EVPL
tissue pieces from each lung. The y axis is log10 scale.

The concentration of long chain AHLs was able to be measured. As shown in Figure 6.16,
there were no detectable long chain AHLs in the single infection samples for either P.
aeruginosa PA14 or B. cenocepacia K56-2. All single infection samples were comparable
to, or less than, themean concentrationmeasured in the uninfected EVPL samples. There
was an overall significant difference in the concentration of long chain AHLs between PA14
and K56-2 infections (ANOVA: infection F4, 20 = 7.07, P < 0.01, lung F1,20 = 7.68, P = 0.01,
interaction F4,20 = 1.00, P = 0.43). Although the difference between lungs was significant,
the interaction was not significant so it was unlikely this caused the differences in long
chain AHL concentration. A post hoc Tukey HSD analysis showed there was a significantly
higher concentration in P. aeruginosa PA14 samples super-infected with B. cenocepacia

K56-2 at 2 d compared with single PA14 infection (P = 0.01), and K56-2 single infection
(P < 0.01). Although there were long chain AHLs detected in co-infection samples, the
concentration did not significantly differ from single infection (Figure 6.16). There was
also no significant difference found between co-infection and super-infection, however
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the mean concentration of long chain AHLS was higher for 2 d super-infection than
co-infection and 1 d super-infection (Figure 6.16).
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Figure 6.16: Concentration of long chain acyl homoserine lactones (AHLs) produced by Pseudomonas
aeruginosa PA14 and Burkholderia cenocepacia K56-2 in the ex vivo pig lung model biofilm at 7 d. The
concentration (nM) of long chain AHLs was measured for single infection of each strain, and co-infection
where EVPL tissue was infected with P. aeruginosa PA14 and B. cenocepacia K56-2 following dissection.
The long chain AHLs were also measured from P. aeruginosa PA14 infected tissue that was infected with
B. cenocepacia K56-2 1 d after initial infection (Day 1 super-infection) and 2 d after initial infection (Day 2
super-infection). All tissue pieces were incubated at 37 °C and the biofilm recovered at 7 d. Each infection
was performed on three replicate tissue pieces from each of two indepent pig lungs, shown by individual
data points. The mean is shown by the horizontal lines. The dashed horizontal line shows the mean
concentration of long chain AHLs measured in three uninfected EVPL tissue pieces from each lung. Any
significant differences are shown (‘***’ = P < 0.001, ‘**’ = P < 0.01, ‘*’ = P < 0.05).The y axis is log10 scale.

The long chain AHL concentration was then measured for P. aeruginosa PA14 and B.

multivorans C5393 samples (Figure 6.17). There was no significant difference found
between any of the infection conditions (ANOVA: infection F4, 20 = 2.67, P = 0.06,
lung F1,20 = 5.69, P = 0.03, interaction F4,20 = 1.40, P = 0.27). As observed for the
B. cenocepacia K56-2 mixed infections, the difference between lungs was significant
however the interaction was not significant. Hence it was unlikely this caused the
differences in long chain AHL concentration. There were no long chain AHLs detected
in the P. aeruginosa PA14 single infection samples above the concentration measured in
uninfected EVPL tissue. They were also onlymeasured in two B. multivorans C5393 single
infection samples, and one co-infection sample. The two super-infection conditions both
had a mean concentration of long chain AHLs above the mean for uninfected EVPL tissue
samples (Figure 6.17).
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Figure 6.17: Concentration of long chain acyl homoserine lactones (AHLs) produced by Pseudomonas
aeruginosa PA14 and Burkholderia multivorans C5393 in the ex vivo pig lung model biofilm at 7 d. The
concentration (nM) of long chain AHLs was measured for single infection of each strain, and co-infection
where EVPL tissue was infected with P. aeruginosa PA14 and B. multivorans C5393 following dissection.
The long chain AHLs were also measured from P. aeruginosa PA14 infected tissue that was infected with
B. multivorans C5393 1 d after initial infection (Day 1 super-infection) and 2 d after initial infection (Day 2
super-infection). All tissue pieces were incubated at 37 °C and the biofilm recovered at 7 d. Each infection
was performed on three replicate tissue pieces from each of two indepent pig lungs, shown by individual
data points. The mean is shown by the horizontal lines. The dashed horizontal line shows the mean
concentration of long chain AHLs measured in three uninfected EVPL tissue pieces from each lung. The
y axis is log10 scale.

6.2.3 P. aeruginosa clinical isolates and Bcc mixed infection
Following investigation of P. aeruginosa PA14 mixed infection with B. cenocepacia K56-2
and B. multivorans C5393 in the EVPL model, two P. aeruginosa CF clinical isolates were
introduced. These strains are chronically adapted to the CF lung, so were included
to determine whether this had an effect on co-infection with the Bcc strains in the
EVPL model. The two clinical isolates: P. aeruginosa SED43 and P. aeruginosa SED20,
were co-infected with each Bcc strain and the CFU lung-1 determined at 2 d and 7
d. P. aeruginosa PA14 was also included as a control for comparison with the rest
of the chapter. The production of two P. aeruginosa siderophores: PVD and PCH,
were also measured using fluorescence at 2 d, to provide an indication as to whether
co-infection had an effect on virulence factor production. All of these experiments were
also performed in SCFM in vitro to determine whether addition of the lung tissue had an
effect, or was comparable to SCFMalone. Single infections of each strainwere performed
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in all conditions for comparison.
The bacterial load of B. cenocepacia K56-2 and B. multivorans C5393 was higher during
co-infection with P. aeruginosa clinical isolates in SCFM and the EVPL model for 2 days
than co-infection with P. aeruginosa PA14.
As twomore P. aeruginosa strains were introduced, the CFU lung-1 in the EVPL model and
CFU ml-1 in SCFM were first determined for each strain grown alone. At 2 d, there was an
overall significant difference in the CFUml-1 in SCFM (ANOVA: F4,9 = 5.55, P = 0.02). A post
hoc TukeyHSD analysis showed that therewas significantlymore CFUml-1 of P. aeruginosa
SED43 compared with P. aeruginosa PA14 (P = 0.02). There was also significantly higher
CFU ml-1 of SED43 compared with B. cenocepacia K56-2 (P = 0.04). However, as shown
in Figure 6.18A, the CFU ml-1 of each strain grown in SCFM for 2 d were all within a 1 log10
range and did not appear to greatly differ. The CFU lung-1 in the EVPL model at 2 d were
also within a similar range, however the CFU lung-1 wasmore similar between each strain
than in SCFM (Figure 6.18B). This was confirmed with statistical analysis, which found no
significant difference between strains (ANOVA: infection F4, 19 = 2.05, P = 0.13, lung F1,19 =
1.87, P = 0.19, interaction F4,19 = 1.09, P = 0.39).
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Figure 6.18: The colony forming units (CFU) ml-1 in synthetic cystic fibrosis sputum media (SCFM)
and CFU lung-1 in the ex vivo pig lung (EVPL) model for each strain grown individually for 2 d.
Pseudomonas aeruginosa PA14, P. aeruginosa SED43, P. aeruginosa SED20, Burkholderia cenocepacia
K56-2, and Burkholderia multivorans C5393 were grown in each environment for 2 d at 37 °C, then the
CFU was determined. The mean is represented by the horizontal lines. The y axes are log10 scale. (A) The
CFU ml-1 in SCFM; three repeats were used for each strain and are represented by individual data points.
Any significant differences are shown (‘*’ = P < 0.05). (B) The CFU lung-1 in the EVPL model; three tissue
pieces from each of two independent pig lungs were infected with each strain and are represented by
different shaped and coloured data points (see key). Each data point represents an individual sample.

At 7 d the CFU ml-1 of each strain in SCFM appeared to be more similar than at 2 d
(Figure 6.19A), however there was also a significant difference found (ANOVA: F4,10 = 5.46,
P = 0.01). Post hoc Tukey HSD analysis showed that there was a significant difference
in CFU ml-1 between P. aeruginosa PA14 and B. cenocepacia K56-2 (P = 0.02), and B.

cenocepacia K56-2 and B. multivorans C5393 (P = 0.02). This was unlikely to be of
biological importance as the CFU ml-1 were all within a 1 log10 range (Figure 6.19A). In
contrast, there were clear differences in the CFU lung-1 in the EVPL model at 7 d (Figure
6.19B), which was not observed at 2 d (Figure 6.18B). There were some B. cenocepacia

K56-2 and B. multivorans C5393 infected tissue pieces where the Bcc colonies were
indistinguishable from the endogenous lung species, so they were removed from the
data. Hence non-parametric statistical analysis was performed, which found a significant
difference in the CFU lung-1 between the strains (Kruskal-Wallis: χ2 = 15.31, df = 4, P
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< 0.01). A post hoc Dunn’s test showed there was significantly less CFU lung-1 of B.
cenocepacia K56-2 than the two P. aeruginosa CF isolates: SED43 (P < 0.01) and SED20
(P = 0.02). The CFU of B. cenocepacia K56-2 recovered was less in the EVPL model than
SCFM at 7 d (mean 9.0 x 106 and 2.2 x 108 respectively).
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Figure 6.19: The colony forming units (CFU) ml-1 in synthetic cystic fibrosis sputum media (SCFM)
and CFU lung-1 in the ex vivo pig lung (EVPL) model for each strain grown individually for 7 d.
Pseudomonas aeruginosa PA14, P. aeruginosa SED43, P. aeruginosa SED20, Burkholderia cenocepacia
K56-2, and Burkholderia multivorans C5393 were grown in each environment for 7 d at 37 °C, then the
CFU was determined. The mean is represented by the horizontal lines. The y axes are log10 scale. Any
significant differences are shown (‘**’ = P < 0.01, ‘*’ = P < 0.05). (A) The CFU ml-1 in SCFM; three repeats
were used for each strain and are represented by individual data points. (B) The CFU lung-1 in the EVPL
model; three tissue pieces from each of two independent pig lungs were infected with each strain and
are represented by different shaped and coloured data points (see key). Each data point represents an
individual sample.

Co-infection of each P. aeruginosa strain with B. cenocepacia K56-2 was then performed
in SCFM and the EVPL model for 2 d and 7 d. There was a difference observed at 2 d in
the CFU ml-1 of B. cenocepacia K56-2 during SCFM co-infection, compared with the CFU
lung-1 recovered from the EVPL model for co-infection (Figure 6.20). In SCFM, the CFU
ml-1 of each P. aeruginosa strain and B. cenocepacia K56-2 was similar during co-infection
(Figure 6.20A). However, there were less CFU lung-1 of B. cenocepacia K56-2 recovered
from each co-infection in the EVPL model than the P. aeruginosa strains (Figure 6.20B).
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There was no significiant difference in CFU ml-1 found between the P. aeruginosa strains
in SCFM at 2 d (ANOVA: F2,6 = 1.92, P = 0.23), however there was a significant difference in
B. cenocepacia K56-2 CFUml-1 grown with each strain (ANOVA: F2,6 = 172.4, P < 0.01). The
post hoc Tukey HSD analysis found that there was significantly higher CFU ml-1 of K56-2
when it was co-infected with P. aeruginosa SED43 (P < 0.01) and P. aeruginosa SED20 (P
< 0.01), compared with P. aeruginosa PA14 in SCFM.
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Figure 6.20: The colony forming units (CFU)ml-1 in synthetic cystic fibrosis sputummedia (SCFM) and CFU
lung-1 in the ex vivo pig lung (EVPL) model for each Pseudomonas aeruginosa strain (white) co-infected
with Burkholderia cenocepacia K56-2 (blue) for 2 d. Pseudomonas aeruginosa PA14, P. aeruginosa SED43,
and P. aeruginosa SED20 were co-infected with B. cenocepacia K56-2 for 2 d at 37 °C, then the CFU was
determined. The P. aeruginosa mean is represented by the solid horizontal lines and the B. cenocepacia
mean is shown by the dotted horizontal lines. The y axes are log10 scale. Any significant differences are
shown (‘***’ = P < 0.001, ‘**’ = P < 0.01, ‘*’ = P < 0.05). (A) The CFU ml-1 in SCFM; three repeats were
used for each strain and are represented by individual data points. (B) The CFU lung-1 in the EVPL model;
three tissue pieces from each of two independent pig lungs were infected and are represented by different
shaped data points (see key). Each data point represents an individual sample.

In the EVPL model at 2 d there was also a significant difference in the B. cenocepacia

K56-2 CFU lung-1 when co-infected with each P. aeruginosa strain (ANOVA: infection F2,12
= 17.40, P < 0.01, lung F1,12 = 0.53, P = 0.48, interaction F2,12 = 1.49, P = 0.26). There was
significantly more CFU lung-1 of K56-2 when it was co-infected with P. aeruginosa SED43
(Tukey HSD: P < 0.01) and P. aeruginosa SED20 (Tukey HSD: P < 0.01), compared with
P. aeruginosa PA14 (Figure 6.20B). This difference was greater than that observed in
SCFM (Figure 6.20). There was also a significant difference in P. aeruginosa CFU lung-1
found (ANOVA: infection F2,12 = 9.10, P < 0.01, lung F1,12 = 10.39, P = 0.01, interaction F2,12
= 5.06, P = 0.03), and post hoc Tukey HSD analysis showed that there was a significant
difference between PA14 and SED20 when they were co-infected with B. cenocepacia

K56-2 (P < 0.01). However the interaction between lung and strain was found to be
significant, which indicated that this difference was caused by variation between the pig
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lungs rather than a difference between the two strains.

The B. cenocepacia K56-2 and P. aeruginosa co-infections in SCFM and the EVPL model
were also performed for 7 d and the CFU determined (Figure 6.21). The bacterial load in
SCFM was comparable to 2 d, and there was no significant difference in the CFU ml-1 of
each P. aeruginosa strain (ANOVA: F2,6 = 2.16, P = 0.20). There was a significant difference
in the B. cenocepacia K56-2 CFU ml-1 at 7 d (ANOVA: F2,6 = 17.82, P < 0.01). As found at 2
d, there was significantly more CFU ml-1 of B. cenocepacia K56-2 when it was co-infected
with P. aeruginosa SED43 (Tukey HSD: P < 0.01) and P. aeruginosa SED20 (Tukey HSD: P =
0.01), compared with P. aeruginosa PA14 co-infection (Figure 6.21A).
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Figure 6.21: The colony forming units (CFU) ml-1 in synthetic cystic fibrosis sputummedia (SCFM) and CFU
lung-1 in the ex vivo pig lung (EVPL) model for each Pseudomonas aeruginosa strain (white) co-infected
with Burkholderia cenocepacia K56-2 (blue) for 7 d. Pseudomonas aeruginosa PA14, P. aeruginosa SED43,
and P. aeruginosa SED20 were co-infected with B. cenocepacia K56-2 for 7 d at 37 °C, then the CFU was
determined. The P. aeruginosa mean is represented by the solid horizontal lines and the B. cenocepacia
mean is shown by the dotted horizontal lines. The y axes are log10 scale. Any significant differences are
shown (‘**’ = P < 0.01, ‘*’ = P < 0.05). (A) The CFU ml-1 in SCFM; three repeats were used for each strain
and are represented by individual data points. (B) The CFU lung-1 in the EVPL model; three tissue pieces
from each of two independent pig lungs were infected and are represented by different shaped data points
(see key). Each data point represents an individual sample. The coloured region below the y axis break
represents samples where no CFU were detected.

In the EVPL model at 7 d B. cenocepacia K56-2 was not recovered from all samples during
P. aeruginosa co-infection (Figure 6.21B). Although there was a significant difference
found in K56-2 CFU lung-1 for each co-infection (ANOVA: infection F2,12 = 11.81, P < 0.01,
lung F1,12 = 4.39, P = 0.06, interaction F2,12 = 15.55, P < 0.01), the interaction with the lung
used was found to be significant. Therefore, the significant differences found between
co-infection with P. aeruginosa PA14 and P. aeruginosa SED43 (Tukey HSD: P = 0.01), and
PA14 and P. aeruginosa SED20 (Tukey HSD: P < 0.01) was likely to have been caused by
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differences in the lungs rather than the different P. aeruginosa strains. There was also
a significant difference in CFU lung-1 of each P. aeruginosa strain when co-infected with
B. cenocepacia K56-2 in the EVPL model for 7 d (ANOVA: infection F2,12 = 17.39, P < 0.01,
lung F1,12 = 0.53, P = 0.48, interaction F2,12 = 1.49, P = 0.26). Although, the bacterial load
was comparable to co-infection at 2 d, and in SCFM at 7 d (Figure 6.21). Post hoc Tukey
HSD analysis showed a significant difference between P. aeruginosa PA14 and the two
clinical P. aeruginosa isolates: SED43 (P < 0.01) and SED20 (P < 0.01). This difference was
only small, and the CFU lung-1 were all within a log10 range (Figure 6.21B).

P. aeruginosa co-infection with B. multivorans C5393 was then studied in SCFM in

vitro and the EVPL model. At 2 d the CFU were comparable to B. cenocepacia K56-2
co-infection, and there was no clear difference between SCFM and EVPL growth (Figure
6.22). There was no significant difference in the CFU of P. aeruginosa strains during
co-infection with B. multivorans C5393 in SCFM (ANOVA: F2,6 = 4.87, P = 0.06) or in the
EVPL model at 2 d (ANOVA: infection F2,12 = 0.70, P =0.52, lung F1,12 = 0.57, P = 0.47,
interaction F2,12 = 0.48, P = 0.63). However, there was a significant difference in the CFU
ml-1 of B. multivorans C5393 co-infected with each P. aeruginosa strain in SCFM (ANOVA:
F2,6 = 43.74, P < 0.01). There was significantly more CFU ml-1 during co-infection with
P. aeruginosa SED43 and P. aeruginosa SED20 than co-infection with P. aeruginosa PA14
(Tukey HSD: both P < 0.01). The mean CFU ml-1 of B. multivorans C5393 was higher than
the mean CFU of P. aeruginosa SED43 and P. aeruginosa SED20 when co-infected for 2
d in SCFM (Figure 6.22A). This was not found for P. aeruginosa PA14 co-infection (mean
C5393: 6.8 x 106, PA14: 2.4 x 108).
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Figure 6.22: The colony forming units (CFU)ml-1 in synthetic cystic fibrosis sputummedia (SCFM) and CFU
lung-1 in the ex vivo pig lung (EVPL) model for each Pseudomonas aeruginosa strain (white) co-infected
with Burkholderia multivorans C5393 (orange) for 2 d. Pseudomonas aeruginosa PA14, P. aeruginosa
SED43, and P. aeruginosa SED20 were co-infected with B. multivorans C5393 for 2 d at 37 °C, then the CFU
was determined. The P. aeruginosamean is represented by the solid horizontal lines and the B.multivorans
mean is shown by the dotted horizontal lines. The y axes are log10 scale. Any significant differences are
shown (‘***’ = P < 0.001). (A) The CFU ml-1 in SCFM; three repeats were used for each strain and are
represented by individual data points. (B) The CFU lung-1 in the EVPL model; three tissue pieces from each
of two independent pig lungs were infected and are represented by different shaped data points (see key).
Each data point represents an individual sample.

As found for SCFM co-infection, there was also a significant difference in B. multivorans

C5393 CFU lung-1 when it was co-infected with each P. aeruginosa strain in the EVPL
model for 2 d (ANOVA: infection F2,12 = 17.43, P < 0.01, lung F1,12 < 0.01, P = 0.95, interaction
F2,12 = 0.09, P = 0.91). Tukey HSD post hoc analysis showed that there was signifcantly
more CFU lung-1 of C5393 when it was co-infected with P. aeruginosa SED43 (Tukey
HSD P < 0.01) and SED20 (Tukey HSD P < 0.01), compared with P. aeruginosa PA14.
Consistent with the SCFM findings, there were less CFU ml-1 of B. multivorans C5393
than P. aeruginosa PA14 during co-infection in the EVPL model, whereas there was no
clear difference during co-infection with P. aeruginosa SED43 or P. aeruginosa SED20
(Figure 6.22B).

At 7 d in SCFM, the CFU ml-1 of each P. aeruginosa strain was higher than B. multivorans

C5393 in all co-infections (Figure 6.23A). However unlike at 2 d, there was no significant
difference found between the CFU ml-1 of B. multivorans C5393 during each co-infection
(ANOVA: F2,6 = 1.70, P = 0.26). There was a significant difference in the CFUml-1 of each P.
aeruginosa strain (ANOVA: F2,6 = 10.55, P = 0.01), and post hoc Tukey HSD analysis found
that there was a significant difference between P. aeruginosa PA14 and P. aeruginosa

SED43 (P = 0.01). However, the CFU ml-1 was within a small range indicating that this
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difference was not of biological importance (Figure 6.23A).
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Figure 6.23: The colony forming units (CFU)ml-1 in synthetic cystic fibrosis sputummedia (SCFM) and CFU
lung-1 in the ex vivo pig lung (EVPL) model for each Pseudomonas aeruginosa strain (white) co-infected
with Burkholderia multivorans C5393 (orange) for 7 d. Pseudomonas aeruginosa PA14, P. aeruginosa
SED43, and P. aeruginosa SED20 were co-infected with B. multivorans C5393 for 7 d at 37 °C, then the CFU
was determined. The P. aeruginosamean is represented by the solid horizontal lines and the B.multivorans
mean is shown by the dotted horizontal lines. The y axes are log10 scale. Any significant differences are
shown (‘**’ = P < 0.01, ‘*’ = P < 0.05). (A) The CFU ml-1 in SCFM; three repeats were used for each strain
and are represented by individual data points. (B) The CFU lung-1 in the EVPL model; three tissue pieces
from each of two independent pig lungs were infected and are represented by different shaped data points
(see key). Each data point represents an individual sample. The coloured region below the y axis break
represents samples where no CFU were detected.

There was no significant difference found in the CFU lung-1 of each P. aeruginosa strain
during B. multivorans C5393 co-infection in the EVPL model for 7 d (ANOVA: infection
F2,12 = 0.57, P = 0.58, lung F1,12 == 22.89, P < 0.01, interaction F2,12 = 0.02, P = 0.98). There
was also no significant difference in the B. multivorans C5393 CFU lung-1 found (ANOVA:
infection F2,12 = 0.57, P = 0.58, lung F1,12 = 22.89, P < 0.01, interaction F2,12 = 0.02, P = 0.98).
However, there was an increase in the mean CFU lung-1 when it was co-infected with the
two P. aeruginosa clinical isolates comparedwith P. aeruginosa PA14 (Figure 6.23B). There
were also samples from lung 34 where no B. multivorans C5393 was recovered in each
co-infection at 7 d.
Siderophore production by P. aeruginosa CF clinical isolates SED43 and SED20 was
affected by co-infection with B. cenocepacia K56-2 and B. multivorans C5393.
Production of two P. aeruginosa siderophores: PVD and PCH, was then measured
using fluorescence, as in chapter 3. This was performed for each co-infection sample
from SCFM in vitro and the EVPL model at 2 d. To determine whether co-infection
with B. cenocepacia K56-2 or B. multivorans C5393 had an effect on production, this
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was compared to PVD and PCH production during P. aeruginosa single infection. The
corresponding CFU data is shown in Appendix C (Figure C.2). Analysis of the Bcc single
infection samples confirmed that there was no detectable signal from these strains that
affected the results (Appendix C; Figure C.3).

As shown in Figures 6.24A and 6.24B, there were no significant differences in P.

aeruginosa PA14 PVD production in SCFM (ANOVA: F2,6 = 0.55, P = 0.61) or the EVPL
model (ANOVA: infection F2,12 = 1.44, P = 0.27, lung F1,12 = 14.61, P < 0.01, interaction
F2,12 = 3.07, P = 0.08). However, there was a higher production of PVD when PA14 was
grown alone in the EVPL model than in SCFM, consistent with previous work (Harrison
and Diggle, 2016). This was also observed when grown with the two Bcc strains. There
was less distinction in PVD production between the two environments for the clinical
P. aeruginosa isolates (Figure 6.24). However production was affected by co-infection
with the different P. aeruginosa strains. In SCFM, there was a significant difference in
P. aeruginosa SED43 PVD production (ANOVA: F2,6 = 11.84, P = 0.01). Tukey HSD post
hoc analysis showed that SED43 produced significantly less PVD when co-infected with
B. cenocepacia K56-2 (P = 0.03) and B. multivorans C5393 (P = 0.01) than during single
infection (Figure 6.24C). There was also a significant difference in P. aeruginosa SED43
PVD production in the EVPL model (ANOVA: infection F2,12 = 3.93, P = 0.05, lung F1,12 =
3.01, P = 0.11, interaction F2,12 = 0.49, P = 0.62). There was significantly less PVD produced
by P. aeruginosa SED43 co-infected with B. multivorans C5393 than EVPL single infection
(Tukey HSD P = 0.04). However, there was no significant difference when infected with
B. cenocepacia K56-2 (Tukey HSD P = 0.26), although there was a small reduction (Figure
6.24D).
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Figure 6.24: Pyoverdine (PVD) measured as fluorescence (excitation 400 nm, emission 460 nm) from
synthetic cystic fibrosis sputum media (SCFM) and ex vivo pig lung (EVPL) model samples following 2
d incubation. The fluorescence was measured from filter sterilised samples and standardised using the
uninfected controls. The SCFM samples (A,C,E) included three repeats per infection and the EVPL samples
(B,D,F)used three repeats fromeachof two independent pig lungs, shownbydifferent coloured and shaped
data points (see keys). The horizontal lines show the mean and any significant differences are shown (‘***’
= P < 0.001, ‘**’ = P < 0.01, ‘*’ = P < 0.05). The y axes are log10 scale. (A,B) PVDmeasured from Pseudomonas
aeruginosa PA14 single infection and co-infection with Burkholderia cenocepacia K56-2, and Burkholderia
multivorans C5393. (C,D) PVD production by P. aeruginosa SED43 during single infection and co-infection
with B. cenocepacia K56-2, and B. multivorans C5393. (D,E,F) PVD production by P. aeruginosa SED20
during single infection and co-infection with B. cenocepacia K56-2, and B. multivorans C5393.

Some repeats for P. aeruginosa SED20 were contaminated and thus removed from
the analysis in both environments. Significant differences in P. aeruginosa SED20 PVD
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production in SCFM (ANOVA: F2,5 = 134.70, P < 0.01) and the EVPL model (Kruskal-Wallis:
χ2 = 6.66, df = 2, P = 0.04) were found. There was a significant reduction in PVD
production when SED20 was co-infected with B. multivorans C5393 compared with
single infection in both SCFM (Tukey HSD P = 0.02) and the EVPL model (Dunn’s test P
= 0.03). There were no other significant changes observed in the EVPL model (Figure
6.24F) . However, P. aeruginosa SED20 was also found to produce significantly less PVD
when co-infected with B. cenocepacia K56-2 in SCFM (Tukey HSD P < 0.01). As shown in
Figure 6.24, this was the only environment and P. aeruginosa strain where there was a
significant difference between co-infection with each Bcc strain. There was significantly
less PVD measured during SED20 co-infection with B. multivorans C5393 compared with
B. cenocepacia K56-2 co-infection (P = 0.02).

The production of PCH was also measured in the same samples (Figure 6.25). A
similar pattern was observed for P. aeruginosa PA14 as seen for PVD production; there
was no significant difference in PCH production between PA14 single infection and Bcc
co-infection in SCFM (ANOVA: F2,6 = 1.04, P = 0.41) and the EVPLmodel (ANOVA: infection
F2,12 = 0.55, P = 0.59, lung F1,12 = 22.74, P < 0.01, interaction F2,12 = 2.44, P = 0.13). There
was also an increase in P. aeruginosa PA14 PCH production in the EVPL model (Figure
6.25B) compared with SCFM (Figure 6.25A). As shown in Figure 6.25D, there was no
significant difference inP. aeruginosa SED43PCHproduction between single infection and
co-infection in the EVPL model (ANOVA: infection F2,12 = 1.98, P = 0.18, lung F1,12 = 6.00,
P = 0.03, interaction F2,12 = 0.14, P = 0.87). However, there was a significant difference
found in SCFM (ANOVA: F2,6 = 11.68, P = 0.01). Post hoc Tukey HSD analysis showed that
there was a significant reduction in P. aeruginosa SED43 PCH production when it was
co-infected with B. cenocepacia K56-2 (P = 0.05) and B. multivorans C5393 (P = 0.01),
compared with single infection (Figure 6.25C).
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Figure 6.25: Pyochelin (PCH) measured as fluorescence (excitation 350 nm, emission 430 nm) from
synthetic cystic fibrosis sputum media (SCFM) and ex vivo pig lung (EVPL) model samples following 2
d incubation. The fluorescence was measured from filter sterilised samples and standardised using the
uninfected controls. The SCFM samples (A,C,E) included three repeats per infection and the EVPL samples
(B,D,F)used three repeats fromeachof two independent pig lungs, shownbydifferent coloured and shaped
data points (see keys). The horizontal lines show the mean and any significant differences are shown (‘***’
= P < 0.001, ‘**’ = P < 0.01, ‘*’ = P < 0.05). The y axes are log10 scale. (A,B) PCHmeasured from Pseudomonas
aeruginosa PA14 single infection and co-infection with Burkholderia cenocepacia K56-2, and Burkholderia
multivorans C5393. (C,D) PCH production by P. aeruginosa SED43 during single infection and co-infection
withB. cenocepaciaK56-2, andB.multivoransC5393. (D,E,F)PCHproduction byP. aeruginosa SED20during
single infection and co-infection with B. cenocepacia K56-2, and B. multivorans C5393.

As shown in Figure 6.25F, there was similarly no significant difference in P. aeruginosa

SED20 PCH production in the EVPL model (Kruskal-Wallis: χ2 = 5.21, df = 2, P = 0.07),
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although there was a small reduction when co-infected with B. multivorans C5393.
However, there was a signficant difference in SCFM (ANOVA: F2,5 = 141.5, P < 0.01). As
shown in Figure 6.25E, there was a significant reduction in P. aeruginosa SED20 PCH
production when co-infected with B. cenocepacia K56-2 compared with single infection
(Tukey HSD P < 0.01) and when co-infected with B. multivorans C5393 (Tukey HSD P

< 0.01). There was also a significant reduction in PCH production when P. aeruginosa

SED20 was co-infected with B. multivorans C5393 compared with B. cenocepacia K56-2
co-infection (P = 0.01), as observed for PVD.

6.3 Discussion
Mixed infection of two different species combinations was explored in this chapter: P.
aeruginosa and B. cenocepacia, and P. aeruginosa and B. multivorans. It has highlighted
the importance of using a clinically relevant laboratory model such as the EVPL model
to understand multispecies interactions in the CF lung, as well as clinical isolates. The
addition of lung tissue to SCFM affected the outcome of co-infection, as did co-infection
with P. aeruginosa CF clinical isolates compared with PA14. Both Bcc species appeared
to better co-exist with the clinical isolates in the EVPL model, particularly B. multivorans,
indicating that previous chronic adaptations affect interactions in the model. This
difference was not observed in SCFM in vitro. It is important to have the spatial
structure to create the niches in which each species exist, but also to capture the CF lung
environment that drives microbial ecological adaptations that influence interactions
(Schwab et al., 2014; Perault et al., 2020).

The Bcc strains were introduced following investigation of P. aeruginosa PA14 biofilm
infection in the EVPL model in earlier chapters, to determine whether it was possible to
use the model to study these mixed infections. B. cenocepacia K56-2 and B. multivorans

C5393 survived in the EVPL model over 7 d. Co-infection with P. aeruginosa PA14 was
also maintained for 3 - 4 d prior to a loss of consistent Bcc recovery. These results
demonstrated that the EVPL model is valid for studying this genus and mixed infections.
It was found that P. aeruginosa virulence factor production may be associated with the
Bcc survival during co-infection. A reduction in P. aeruginosa CF isolates siderophore
production in SCFM correlated with increased Bcc CFU ml-1 recovered. It was also shown
that when B. cenocepacia K56-2 was introduced to a P. aeruginosa PA14 biofilm after
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2 d in the EVPL model, there was an increase in long chain AHL signal production.
This indicated there may have been communication between the two strains and also
evidenced the role of infection timing on mixed infection dynamics.

To initially establish mixed infections, the inhibition caused by each strain of the others
was investigated; they were grown in the EVPL model and SCFM in vitro for 2 d then
inhibition assays were performed on LB agar overnight. The P. aeruginosa strains
were found to inhibit B. cenocepacia K56-2 and B. multivorans C5393 regardless of
the environment they were first grown in. However, the Bcc strains did not inhibit P.
aeruginosa growth. This was consistent with other studies that have shown during
planktonic growth P. aeruginosa inhibits B. cenocepacia (Bragonzi et al., 2012). It has
also been shown that both P. aeruginosa and the Bcc have the potential for bacteriocin
inhibitory activity in the CF lung. The R-, F-, and S-type pyocins produced by P. aeruginosa
are involved in the interactions with the Bcc, and can inhibit its growth (Bakkal et al.,
2010). Hence, this may have been responsible for the inhibition observed. Future
investigation of bacteriocin production would provide more information on potential
inhibition. In contrast with these results, B. cenocepacia K56-2 and B. multivorans

C5393 were found to survive during co-infection with P. aeruginosa PA14 in the EVPL
model and SCFM, for at least 2 d. This indicated that P. aeruginosa had less inhibitory
activity against the Bcc in these environments than observed following overnight growth
on LB agar. The transcriptome analysis in chapter 4 showed that the environmental
cues in the EVPL model may have caused P. aeruginosa to exhibit chronic-like gene
expression, and chapter 3 showed that P. aeruginosa PA14 produced low amounts of
virulence factors in the EVPLmodel, whichmay have facilitated co-existencewith the Bcc.

During mixed infection with P. aeruginosa PA14 in the EVPL model, there were samples
where there was no recovery after 2 d of B. cenocepacia K56-2, and after 4 d for B.
multivorans C5393. This may have been caused by inhibition of the Bcc strain by P.

aeruginosa, however there are other possible explanations. Although B. cenocepacia

K56-2 and B. multivorans C5393 were able to survive in the EVPL model, there was
also a reduction in CFU lung-1 over 7 d when grown alone. There was a significant
reduction in the bacterial load of B. multivorans recovered after 3 d, and the variability
in the B. cenocepacia bacterial load recovered from the biofilm increased. The Bcc are
known to be able to survive intracellularly within neutrophils, macrophages, and human
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respiratory epithelial cells (Saldías and Valvano, 2009; Loutet and Valvano, 2010). It has
also been suggested that intracellular growth of B. cenocepacia in macrophages is a key
factor for the worsened disease outcomes observed in CF following infection (Mesureur
et al., 2017). It is possible that the EVPLmodel caused Bcc to enter an intracellular growth
lifestyle in pig lung cells, and thus it was no longer recovered from the lung-associated
biofilm, accelerated during P. aeruginosa co-infection. This would explain why Bcc was
recovered at 7 d during co-infection with P. aeruginosa in SCFM in vitro where there was
no tissue, but not the EVPL model.

It should also be considered that the Bcc cells became viable but non-culturable using
the current approaches. B. cepacia have been shown to enter this state during starvation
and become no longer culturable on routine laboratory agars (Lemke and Leff, 2006; Li
et al., 2014). P. aeruginosa co-infection may have caused increased starvation due to
nutrient competition, driving this lifestyle. If this was representative of Bcc adaptation
in the CF lung, it may be associated with the relatively low incidence of Bcc in people
with CF; it affects ~5% (Leitão et al., 2017). It may indicate that the Bcc is more prevalent
than current statistics show, but it becomes non-culturable so is not detected, which
is increased when P. aeruginosa is present. Microscopy techniques, such as FISH,
would provide insight into these hypotheses by visualising the location of Bcc growth
and confirming its presence. It would also be of interest to use alveoli in the EVPL
model, as performed by Harrison et al. (2014). This would introduce a separate niche
in the lower airways for Bcc growth, which may provide insight into its growth lifestyle
in different regions of the CF lung andmay affect potential interactionswith P. aeruginosa.

Super-infection of P. aeruginosa PA14 biofilms in the EVPL model with B. cenocepacia

K56-2 and B. multivorans C5393 was then performed. It is well known that P. aeruginosa
is one of the most prevalent pathogens of the CF lung and it increases susceptibility to
secondary infections (O’Brien and Fothergill, 2017). Therefore P. aeruginosa is typically
the first infection, prior to infection with the Bcc (Sajjan et al., 2001). P. aeruginosa

adapts to the CF lung to form a chronic infection, where virulence is reduced, antibiotic
resistance is increased, and a biofilm is formed (Cullen and McClean, 2015; Broder et al.,
2016). These changes may affect interactions with the Bcc compared to simultaneous
co-infection prior to P. aeruginosa lung adaptation. Hence, B. cenocepacia K56-2 and
B. multivorans C5393 were introduced to a P. aeruginosa PA14 biofilm associated with
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the surface of the EVPL tissue 1 d and 2 d after initial infection. The analysis in chapter
5 demonstrated that by 2 d, P. aeruginosa gene expression became reminiscent of
chronic infection in contrast with 1 d, including genes involved in biofilm formation
and metabolism. Therefore these two time points were selected to identify whether
there were differences in Bcc survival when introduced as the P. aeruginosa biofilm was
establishing (1 d), and when it was likely established (2 d).

Initially, the CFU lung-1 recovered at 7 d following each super-infection was determined
and compared with co-infection. B. multivorans C5393 was recovered from all lung
tissue pieces that were super-infected at 1 d and 2 d, alongside P. aeruginosa PA14,
which was not observed for co-infection. In contrast, there did not appear to be a
difference in the B. cenocepacia K56-2 bacterial load recovered from super-infection
compared to co-infection with PA14. This may demonstrate that B. multivorans C5393
was better able to infect the EVPL model when a P. aeruginosa biofilm was established,
although there was no difference in the two super-infection time points. If this is the
case in the CF lung, it may in part explain how B. multivorans has become the most
prevalent CF Bcc pathogen over B. cenocepacia (Kenna et al., 2017). Conversely, it must
be considered that the B. multivorans strain studied in the EVPL model is a CF clinical
isolate, whereas B. cenocepacia K56-2 is a laboratory strain. Therefore, the differences
in recovery following super-infection of the P. aeruginosa PA14 biofilm may have been
due to previous adaptations to the CF lung or interactions with P. aeruginosa.

Production of the QS AHL signal molecules was also investigated for super-infection
and co-infection in the EVPL model. Both P. aeruginosa and the Bcc produce AHL signal
molecules, and B. cepacia is able to respond to P. aeruginosa AHL signals (Riedel et al.,
2001). As discussed in previous chapters, P. aeruginosa possesses two QS systems
(las and rhl) that utilise the AHL signals 3-oxo-C12-HSL and C4-HSL. These systems
regulate many infection characteristics including biofilm formation and virulence factor
production (Williams and Cámara, 2009). It is believed that all members of the Bcc also
use an AHL-dependent QS system, CepIR, which involves N-octanoyl homoserine lactone
(C8-HSL) and N-hexanoyl homoserine lactone (C6-HSL) (Gotschlich et al., 2001; Schmid
et al., 2012). This system, alongside the diffusible signal factor cis-2-dodecenoic acid
(often referred to as BDSF) QS system, has been shown to be essential for Bcc production
of proteases and biofilm formation (Schmid et al., 2012).
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The concentration of AHL molecules in each EVPL super-infection and co-infection
sample was measured and compared with single infection, to determine whether it
was affected by the different mixed infections. As in chapter 4, short chain AHLs could
not be detected. As this was consistent across multiple experiments it is likely that
the bioreporter E. coli strain used was unable to detect short chain AHLS in the EVPL
samples. This requires future optimisation as there may be interactions with tissue
or SCFM components present in each sample, or the time for the assay may need to
be increased from the standard protocol. Alternatively, there are other methods for
detecting AHLs, such as high-performance liquid chromatography-mass spectrometry
(HPLC-MS) approaches that can quantify AHLS (Dal Bello et al., 2021).

The concentration of long chain AHLs was able to be measured. There was a significant
increase in the concentration at 7 d in the EVPL model when P. aeruginosa PA14 was
super-infected with B. cenocepacia K56-2 at 2 d, compared with single infection of each
strain. This indicated that when B. cenocepacia was introduced to an established P.

aeruginosa biofilm there may have been changes in QS-regulated pathways in one, or
both, strains. This was not observed for B. multivorans, which was more consistently
recovered following super-infection than B. cenocepacia. Hence, this may suggest
that the increase in long chain AHLs resulted in increased P. aeruginosa virulence that
inhibited B. cenocepacia. Future investigation of virulence factor production of all strains
during mixed infection would provide more insight into this potential interaction.

P. aeruginosa clinical CF isolates were then used in co-infection with B. cenocepacia

K56-2 and B. multivorans C5393 in the EVPL model and SCFM, to further explore the
implications of P. aeruginosa chronic adaptations to the CF lung on mixed infection. For
both B. cenocepacia and B. multivorans, significantly more CFU lung-1 were recovered
when co-infected with the P. aeruginosa clinical isolates compared with P. aeruginosa

PA14 at 2 d. However at 7 d there were tissue pieces where no Bcc could be recovered
from co-infection with any of the P. aeruginosa strains. This was not observed in SCFM;
there was similar bacterial load recovered of all P. aeruginosa and Bcc strains at 2 d
and 7 d during co-infection. This may have been associated with the Bcc lifestyle in
the EVPL model, as discussed, or P. aeruginosa siderophore production. Through use
of a P. aeruginosa mutant library, it has previously been shown that PVD biosynthesis
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is involved in the inhibition of B. cenocepacia. The same study also demonstrated
that pure PVD was able to inhibit both B. cenocepacia and B. multivorans, and it
was concluded that the production of PVD by P. aeruginosa is likely to contribute to
its inhibitory action against late-colonizing pathogens in the CF lung (Costello et al., 2014).

There was a significant reduction in PVD production by the P. aeruginosa clinical isolates
compared with single infection for all SCFM co-infections and B. multivorans C5393
co-infection in the EVPLmodel at 2 d. This reduction was not observed for B. cenocepacia
K56-2 co-infection with the clinical isolates in the EVPL, or any of the P. aeruginosa PA14
co-infections in either environment. The PVD reduction may have led to the increased
Bcc survival observed at 7 d in SCFM during co-infection with the clinical P. aeruginosa
isolates, and for co-infection with B. multivorans C5393 in the EVPL model at 7 d. Hence,
the lack of recovery of any B. cenocepacia K56-2 CFU from co-infected tissue pieces at 7
d may have been caused by no reduction in PVD production by P. aeruginosa. A similar
pattern was observed for PCH production and B. cenocepacia K56-2 recovery. Hence,
it was hypothesised that increased Bcc recovery from co-infection with the clinical CF
P. aeruginosa isolates may have been associated with reduced siderophore production.
Other virulence factors should now be studied to determine if there is a similar effect
in the EVPL model, and thus indicate whether the reduction in P. aeruginosa virulence
during chronic adaptation to the CF lung facilitates Bcc super-infection. This could be
utilised as a novel target to prevent Bcc infection, which often has fatal outcomes.

To build upon this work in the future, further investigation of these complex interactions
in the EVPL model is required. Initially microscopy should be performed to visualise
the location of each species in the EVPL model, and to determine whether they form
a mixed biofilm or occupy different niches. The preliminary results indicate that P.
aeruginosa and the Bcc do interact in the EVPL model. Antibiotic treatments could also
be introduced to determine how resistance is affected by interactions, and if this can
be utilised to combat infections. The production of different virulence factors by both
species should also now be measured, as it is likely they have a role in the dynamics
of co-infection. More specifically, it was shown that an increase in long chain AHL
production was associated with a reduction in Bcc CFU lung-1; when P. aeruginosa PA14
was super-infected with B. cenocepacia K56-2 at 2 d. As hypothesised above this may
have been due to an increase in PA14 virulence driven by the increase in long chain
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AHLs. If time had allowed, it would have been of interest to co-infect each Bcc strain
with a P. aeruginosa mutant for the quorum sensing signal receptor gene lasR in the
EVPL model. This regulator depends on the long chain AHL 3-oxo-C12-HSL to co-ordinate
virulence factor gene expression (Kiratisin et al., 2002). Hence, if there was better Bcc
survival with the LasR mutant it would suggest that this an important interaction for
their co-existence. It would also explain why co-infection occurs in vivo but P. aeruginosa
often inhibits Bcc in vitro, as LasR mutants are a common adaptation during chronic
infection of the CF lung (LaFayette et al., 2015).

This work has also shown the importance of optimising infection timelines in the EVPL
model for studying multiple species, as super-infection had an effect on the infection
characteristics. Therefore, each experiment using the EVPL model for mixed infection
should be specifically designed depending on the species and research questions
addressed.

6.4 Conclusion
I have performed the preliminary experiments to establish Bcc speciesB. cenocepacia and
B. multivorans in the EVPL model, and co-infection with P. aeruginosa. I have shown that
the Bcc andP. aeruginosa can co-exist in themodel for at least 2 d, and there appears to be
an interaction involving QS and virulence factor production. My results also indicate the
study of clinical CF isolates of both P. aeruginosa and the Bccmay bemore appropriate for
investigating these interactions and better understanding the complex dynamics in the
CF lung. This chapter has build upon the work in the previous chapters, investigating P.
aeruginosa biofilm infection in the EVPL model, to incorporate another factor of CF lung
infection: multispecies interactions. The results have indicated key research questions
that should now be addressed using the EVPL model to better understand these mixed
species infections to potentially prevent or treat them:

1. Do P. aeruginosa and the Bcc form a mixed biofilm?
2. Does the Bcc grow intracellularly or become non-culturable during infection in the

EVPL model?
3. What is the role of virulence factors in P. aeruginosa and Bcc interactions during

mixed infection?
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Chapter 7
Discussion
The research in this thesis aimed to establish the EVPL model, composed of pig lung
bronchiolar tissue and SCFM, for P. aeruginosa biofilm infection of the CF lung. Harrison
and Diggle (2016) first published the use of bronchiolar tissue in the EVPL model in
2016, and showed that P. aeruginosa formed a biofilm associated with the tissue. This
thesis has built upon, and extended, their findings by investigating the phenotypic and
transcriptomic characteristics of P. aeruginosa biofilm infection in the EVPL model.
Preliminary results from mixed infection of P. aeruginosa with species of the Bcc have
also been reported. The P. aeruginosa biofilm associated with the EVPL tissue was shown
to be comparable to chronic infection in vivo, and key infection traits not observed in
current laboratory models were found.

PA14 was the P. aeruginosa strain used for all of the work in this thesis, with the
exception of one experiment in chapter 6, as it is a well studied laboratory strain. This
was important as prior to this project, knowledge of how P. aeruginosa behaved in the
EVPL model was limited. Therefore, to determine the effects of using the model and
its validity as a platform to study CF lung infections, it was important to ensure that
any findings were not caused by unique characteristics of individual CF isolates. There
was also a reliable P. aeruginosa PA14 genome assembly and annotation available for
transcriptomic analyses. P. aeruginosa PA14 was used over the other most commonly
used laboratory strain, P. aeruginosa PAO1, as there was access to a PA14 transposon
mutant library to investigate the role of different genes in the phenotypes observed
in the model. Following on from this thesis, future experiments using the EVPL model
should include CF P. aeruginosa clinical isolates that have adapted to the CF lung
environment as they are likely to be more representative of in vivo infection. This
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can only be performed now the EVPL model is better understood from using a well
characterised strain.

Initially P. aeruginosa phenotypes in the EVPL model were investigated. As shown
in chapter 3, there was a low level of production of key virulence factors by 48 h
infection. At 7 d, the WT P. aeruginosa PA14 biofilm associated with the lung tissue had
an architecture comparable to patient biopsies from the lungs of people with CF and
a chronic P. aeruginosa infection (Figure 3.14 and Figure 3.15). The EVPL P. aeruginosa
biofilm population was also found to be resistant to meropenem. A reduction in
virulence factor production, biofilm formation, and increased antibiotic resistance are
all key characteristics of chronic P. aeruginosa infection in the CF lung (Winstanley et al.,
2016). Thus, these findings indicated that the EVPL model was driving P. aeruginosa

into a chronic-like state of infection. Chronic P. aeruginosa infections have traditionally
been difficult to replicate in the laboratory, and one of the main focuses in the field of
CF lung infection research is the development of more clinically representative models
(Cornforth et al., 2020; O’Toole et al., 2021). Hence, these results suggested that the
EVPL model may be able to address the current gap in research.

This was further supported by the results described in chapter 4. P. aeruginosa PA14
RNA-seq analysis was performed for the EVPL-associated biofilm population and
surrounding SCFM, compared with in vitro SCFM, at 24 h and 48 h. There were a number
of key differences in P. aeruginosa gene expression found in the EVPL model compared
with in vitro SCFM growth, particularly in the lung-associated biofilm. These included
differential expression of genes encoding efflux pumps and individual AMR genes. There
was also significant differential expression of QS genes, which is an integral part of in
vivo infection not accurately replicated by the current in vitromodels. In particular, most
of the genes in a conserved set of las-regulated genes were significantly underexpressed
in the lung-associated biofilm compared with in vitro SCFM at 48 h, similarly observed
for comparison of gene expression in CF sputum with in vitro models (Cornforth et al.,
2018). This indicated that P. aeruginosa expression of QS genes in the EVPL model
may be more representative of human infection than SCFM, which is frequently used
in research; the adapted SCFM2 has been identified as one of the optimal models for
P. aeruginosa CF lung infection (Cornforth et al., 2020). This further highlighted the
potential of the EVPL model to recapitulate the chronic infection characteristics missing
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from the current models, which has hindered research progress and the development of
new treatments.

Cornforth et al. (2018) showed that overall, expression of QS genes in in vitro P.

aeruginosa biofilms from a range of conditions was distinct from CF sputum. QS genes
were expressed at higher levels in vitro than in CF, as observed in chapter 4 for P.
aeruginosa PA14 grown in SCFM compared with the EVPL biofilm. QS may not be as
important during chronic biofilm infection as it is during initial infection in the CF lung;
it has been suggested that QS may actually negatively affect fitness in the long term,
due to the associated metabolic cost (Heurlier et al., 2006). There is an accumulation of
QS-associated mutants, predominently of the key QS regulatory gene lasR over time in
CF (Winstanley and Fothergill, 2009). LasR mutants are present in over a third of people
with CF with a chronic P. aeruginosa infection. They have been linked to accelerated
lung damage and subsequent functional decline, caused by amplification of the host
inflammatory response (LaFayette et al., 2015). This is in contrast with the attenuation
observed for lasR mutants during acute infection (LaFayette et al., 2015); a rat model of
acute pneumonia was used to show that a P. aeruginosa PAO1 lasR deletion mutant was
avirulent compared with the WT (Lesprit et al., 2003). Thus the reduction in QS in the
CF lung is likely a characteristic of chronic infection in this environment.

The incidence of lasR mutants has also been associated with the reduction in virulence
factor production seen following initial infection. LasR regulates expression of a number
of virulence genes including those that encode exoproteases such as LasA and LasB
(Hennemann and Nguyen, 2021), driving a loss of production when lasR mutants arise
in chronic infection. This is consistent with the low amounts of proteases measured
in the EVPL model in chapter 3, supported by earlier work using alveolar tissue in the
EVPL model. This study showed reduced P. aeruginosa protease production, but also
investigated lasRmutants in the model to show that this mutation is likely an adaptation
to the CF lung (Harrison et al., 2014). Thus, reduced QS gene expression and the high
incidence of mutations is likely a key characteristic of P. aeruginosa adaptation to the
CF lung to form chronic infections. It has been shown that lasR mutants have a growth
advantage in certain nutrient availability conditions, such as the CF lung. D’Argenio
et al. (2007) showed that P. aeruginosa lasRmutants from the early stages of CF chronic
infection were able to utilise carbon sources, including amino acids, to confer a growth
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advantage associated with upregulation of catabolic pathways. This may explain the
increased selection for these mutations during chronic infection.

As shown by the work in this thesis, the EVPL model is able to recaptitulate key
characteristics of P. aeruginosa chronic CF lung infection that have not been observed
in other models, such as the mature biofilm architecture. The transcriptome analysis
in chapter 4 revealed that the key difference in P. aeruginosa expression between
the laboratory media SCFM and the EVPL biofilm was overexpression of QS genes
in SCFM. This has been highlighted as one of the main P. aeruginosa systems that is
overexpressed in in vitro biofilms compared with human infection (Cornforth et al.,
2018). This indicates that the chronic-like P. aeruginosa biofilm infection in the EVPL
model may be better replicating characteristics of in vivo infection as it is able to
more accurately capture QS gene expression, associated with a reduction in virulence
factor production. Not only does this show that the EVPL model is a good model for
these infections, it has also highlights the area of focus for optimising other laboratory
models. By more accurately capturing P. aeruginosa QS expression in chronic infection,
the EVPL model has been able to recapitulate a chronic-like infection not seen in
other models. Thus, optimisation of other models should focus on P. aeruginosa QS
gene expression that replicates human infection. It also shows that the EVPL may be
the optimal model for investigating the clinical implications of QS, and to develop and
test therapies that target QS, as it appears tomore accurately recapitulate these systems.

The work in chapters 3 and 4 demonstrated that the EVPL model was valid for studying
P. aeruginosa biofilm infection in the CF lung, and may potentially be better than other
laboratory models. Following this, the work in chapters 5 and 6 was more hypothesis
based to explore P. aeruginosa growth in the EVPL model, and better understand chronic
CF lung infection. In chapter 5, P. aeruginosa PA14 gene expression over time at 24 h, 48
h, and 7 d in the EVPL biofilm was investigated. The transcriptome analysis performed
in this chapter, and chapter 4, was followed by phenotypic validation. This included
measurement of production of QS signalling molecules and MIC tests. Traditionally,
RNA-seq has been validated using quantitative real time PCR (qPCR). However, as
next-generation sequencing techniques have become established there has been much
debate as to whether this is necessary. As outlined by Coenye (2021), this is based
on the previous requirement to validate microarray data, and RNA-seq data is more
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reliable. Provided that the experimental design includes enough repeats, and the
research question is not based around the expression of a small number of genes,
then qPCR is widely no longer considered a necessary validation step. As the RNA-seq
analyses performed in this thesis investigated the expression of all P. aeruginosa genes
and found a wide range of differences, it was considered unnecessary to perform
qPCR validation. The use of phenotypic validations instead not only showed that the
differential expression found in the RNA-seq data was true, but also that it conferred
a change in phenotype. This included underexpression of arnA in the lung-associated
biofilm from 24 h to 48 h, which is associated with CAMP resistance as discussed in
chapter 5. This was consistent with the reduced MIC of the CAMP polymyxin B for P.
aeruginosa biofilm cells from the EVPL model from 24 h to 48 h. Hence the RNA-seq
analysis performed was validated, but it also showed that the differential expression
conferred phenotypic changes in the EVPL model, which is not possible with qPCR.

As well as differential expression of AMR genes, there were changes in expression of
genes associated with metabolism and biofilm formation in the EVPL biofilm found in
chapter 5. The results showed that 48 h was when a chronic-like P. aeruginosa infection
becomes established in the model. Therefore, future research of the P. aeruginosa

EVPL biofilm should be performed at 48 h to best represent chronic CF lung infection.
The results in this chapter also highlighted aspects of the model that may need to
be optimised in the future for its use as a more long term model. These included
determination of oxygen avilability to best capture the anoxic regions of the CF lung
infections (Worlitzsch et al., 2002; Filkins and O’Toole, 2015), and nutrient availability.
This will be key to using the model to perform long term evolution experiments.

P. aeruginosa chronic infection involves adaptation to the CF lung conditions over time,
as discussed throughout this thesis. The reduction of virulence factor production,
increased antibiotic resistance, and biofilm formation discussed thus far are not the
only adaptations to the CF lung. There has also been a high incidence of phenotypic
diversity observed in chronic P. aeruginosa biofilm populations that is, in part, caused
by the spatial structure of the CF lung (Winstanley et al., 2016). If the EVPL model is
developed in the future to be viable for longer periods of time than the 7 d studied,
it may be possible to maintain a P. aeruginosa biofilm population long term. Whole
genome sequencing of these populations would show whether the EVPL model can
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drive the incidence of P. aeruginosa sub-populations seen in vivo caused by mutations.
This may facilitate better understanding of how to prevent these changes, particularly
those that increase AMR. It may also indicate what drives the changes in infection
over time that lead to periods of acute exacerbation. This is when worsened disease
symtoms, increased mortality, and increased P. aeruginosa virulence is observed (Langan
et al., 2015). Exacerbations are not associated with newly infecting strains, but with the
adaptation of the current infection population (Aaron et al., 2003). If the EVPL model
was adapted for long term study, it may be possible to model an acute exacerbation
and thus potentially determine how to prevent them. This could reduce the associated
mortalities and improve quality of life for those with CF.

There are a number of considerations for developing the model for long term evolution
experiments, such as the viability of tissue. Determination of how long the lung tissue
can be used for is essential, and optimisation of how to transfer the P. aeruginosa biofilm
from one tissue piece to another. The effect of using tissue pieces from different pig
lungs must also be considered. It is not feasible to store pig lung tissue over time and
maintain the structure, therefore biofilm transfer would use tissue pieces from fresh
lungs. Another consideration is the supplementation of SCFM, the results in chapter 5
indicated that nutrient availability is likely to become an issue following 7 d infection.
A method for continuous flow of SCFM incorporated in the EVPL model would likely be
required for long term evolution experiments.

Infections of the CF lung are not only caused by P. aeruginosa, it is now established
that the CF lung is complex and polymicrobial (Filkins and O’Toole, 2015). Increasing
the length of time P. aeruginosa infection, and potentially a range of different bacterial
species, can be maintained in the EVPL model may allow for investigation of the effect
of invading species. This includes introducing a pathogen to a microbiota community
or adding a new species to an established infection. The work in chapter 6 began to
look at this, introducing B. cenocepacia and B. multivorans to P. aeruginosa in the EVPL
model after 48 h. This was shown to result in an increase in long-chain AHL molecule
production at 7 d, when B. cenocepacia K56-2 was introduced at 48 h. This was not
observed for co-infection, which indicated that there is an effect of introducing species
at different times. This may also better reflect the timeline of infection that occurs in
vivo (Figure 1.1).
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The work on mixed infection of P. aeruginosa and the Bcc in chapter 6 also showed that
the EVPL model can be used to study co-infections. This is one of the main targets for
current model development for CF lung infections (O’Toole et al., 2021). Hence, the EVPL
model has potential to be used in the future to study mixed infections, and thus provide
information for the development of treatments. More specifically, the preliminary data
in chapter 6 showed that future work on mixed P. aeruginosa and Bcc infections in the
EVPL model would benefit from using clinical CF isolates that are adapted to the CF lung
to best understand, and establish, co-infections. It also raised key research questions
for further work, as outlined in the chapter discussion. In particular, visualisation of the
mixed infection is an important next step that would have been performed if there had
been more time. Preliminary work has begun using fluorescence in situ hybridisation
(FISH) and confocal microscopy to look at P. aeruginosa PA14 and B. multivorans C5393
co-infection in the EVPL model (Figure 7.1). Further in-depth investigation is required
to determine whether it is likely the two genera are interacting in a close proximity,
potentially as a mixed biofilm, and to determine the lifestyle of Bcc in the model. As
discussed in chapter 6, the Bcc has the ability to survive intracellulary in the CF lung.
Microscopy focusing on Bcc interaction with the lung tissue would show whether this
occurs in the model and if it is affected by co-infection with P. aeruginosa. This would
also show more possibilities for the EVPL model to study different infection lifestyles.
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Figure 7.1: Pseudomonas aeruginosa PA14 (green) and Burkholderia multivorans C5393 (red) in the ex
vivo pig lung (EVPL) model at 48 h. Fluorescence in situ hybridisation was performed and each strain is
stained a different colour, as described. The DNA was stained blue. Images were taken using Zeiss LSM
880 confocal laser scanning microscope and x100 magnification. The top image was stitched in FIJI with
the Grid/Collection Stitching Plugin (Preibisch et al., 2009; Schindelin et al., 2012). The bottom image
was additionally images using the AiryScan module in Superresolution mode. The scale bars are shown.
Following dissection and infection, the sample preparation, staining, imaging and image processing was
performed by Dr. John MJ Lapage.

Additionally, the work on P. aeruginosa and Bcc mixed infections showed that B.

cenocepacia and B. multivorans are able to grow and survive in the EVPL model. This
demonstrated that themodel is suitable for studying Bcc species as well as P. aeruginosa.
Bcc infections in the CF lung, particularly B. cenocepacia, are associated with poor clinical
outcomes following lung transplantation (Yeung et al., 2020). There has been some
debate as to whether lung transplants should be an option for people with CF who are
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infected with B. cenocepacia as it is a considerable risk factor for transplantation (Olland
et al., 2011). To better understand these infections to treat them, or ideally prevent them,
would not only improve transplant outcomes but also prevent the highly fatal, resultant
cepacia syndrome (Sousa et al., 2010). Thus, the indication that the EVPL model is a
clinically relevant platform to study these infections may facilitate this research.

The Bcc and P. aeruginosa are pathogens of the CF lung; it would also be of interest
to study non-pathogenic microbial species in the EVPL model. This could include
co-infection with pathogens such as P. aeruginosa, which has been extensively studied
in this thesis, to investigate any interactions. It would also be interesting to establish
a microbial community in the EVPL model to replicate the lung microbiota then
introduce P. aeruginosa and other pathogens, to determine the effect this has on
pathogenesis. Bacteria are also not the only microbes present in the CF lung. Viruses,
including bacteriophages, and fungi have traditionally been overlooked, however it
has been hypothesised that they may have a key role in the pathogenesis of CF lung
disease (Jean-Pierre et al., 2021). Lung tissue from the EVPL model has previously
been incorporated in a continuous flow model to grow P. aeruginosa and S. aureus

co-infections with the fungus Candida albicans (O’Brien et al., 2021). Therefore, there
is potential to broaden the research use of the EVPLmodel for different CF lung infections.

Overall this thesis has demonstrated that the EVPL model replicates key phenotypes and
gene expression patterns of P. aeruginosa chronic infection in the CF lung, not observed
in other laboratory models. It can now be used to study a number of key aspects of CF
lung disease, including mixed species infections involving P. aeruginosa. There are also
other aspects of P. aeruginosa infection to be explored such as metabolomic analysis to
reveal more about growth in the EVPL model. This project has addressed the current
research gap for a clinically relevant laboratory model for P. aeruginosa chronic biofilm
infection. Despite this being an extensive field of research, further understanding is now
limited by the model systems available, which the EVPL model has shown the potential
to solve. As themodel uses pig lung tissue that is a waste product from themeat industry
there are no ethical concerns. Therefore, as well as being more clinically relevant than
other models it also reduces the need for live animal models. Additionally, validation of
the EVPL model has importance for clinical work.
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The EVPL model has potential as a diagnostic platform and to be used to develop novel
treatments. P. aeruginosa has been shown to be highly resistant to antibiotics in the
model in this thesis, and in the work by Hassan et al. (2020) and Sweeney et al. (2020b).
Therefore, it may be used to more accurately determine the antibiotic susceptibility
profile of P. aeruginosa isolates from patient samples. This could improve treatment
outcomes by more reliably determining whether an antibiotic will be effective in vivo,
thus reducing the cost associated with prescribing ineffective antibiotics. This would
also improve quality of life of individuals with CF by hopefully limiting the rigourous
antibiotic treatments to only those that will be effective. The lungs used in this model are
often sourced for free, or at a low cost, from a local butcher, which makes it financially
viable as a diagnostic platform. The EVPL model could also be used to develop, and
test, new antimicrobials and potential prevention methods. In fact, during this project
we have worked in collaboration with Perfectus Biomed group , who have gained UKAS
accreditation (TheUnited KingdomAccreditation Service) to ISO 17025 for the EVPLmodel
as a biofilm testing method for new treatments. I trained their staff members to use
the model, and it has since been used to test candidate therapeutics developed by their
clients for CF lung infections. Thus, the work in this thesis has contributed to better
validation and understanding of the EVPLmodel for the CF lung, specifically P. aeruginosa
biofilm infections, that addresses key research questions but also has clinical implications
to improve outcomes for people with CF.
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Appendix A: Chapter 4
Table A.1. Sequencing statistics for all Pseudomonas aeruginosa PA14 RNA sequencing samples
analysed in chapter 4 (also used in chapter 5). Sequencing was perfomed by Genewiz using
an Illumina NovaSeq. 150 bp paired-end run. The growth environments include the two
environments of the ex vivo pig lung model: the lung tissue and surrounding synthetic cystic
fibrosis sputum media (SCFM), and in vitro SCFM.

Environment Time Repeat Number of reads Mean quality
score

SCFM 24 h A 10649610 35.08
SCFM 24 h B 11413366 35.38
SCFM 24 h C 10965928 35.65
Lung 20 24 h A 36321837 35.07
Lung 20 24 h B 10865462 35.58
Lung 20 24 h C 10125663 35.38
Lung 21 24 h A 11303435 35.54
Lung 21 24 h B 10050709 35.30
Lung 21 24 h C 10774082 35.42
Surrounding SCFM (Lung 20) 24 h A 10061428 35.24
Surrounding SCFM (Lung 20) 24 h B 16414826 34.81
Surrounding SCFM (Lung 20) 24 h C 10655125 35.08
Surrounding SCFM (Lung 21) 24 h A 9836111 35.15
Surrounding SCFM (Lung 21) 24 h B 12279023 35.28
Surrounding SCFM (Lung 21) 24 h C 10584839 34.21
SCFM 48 h A 9882957 35.56
SCFM 48 h B 11007267 35.44
SCFM 48 h C 9343806 35.27
Lung 20 48 h A 9527826 35.39
Lung 20 48 h B 9644072 35.45
Lung 20 48 h C 10129355 35.45
Lung 21 48 h A 10450696 35.40
Lung 21 48 h B 10506314 35.47
Lung 21 48 h C 10208278 35.51
Surrounding SCFM (Lung 20) 48 h A 10527053 35.50
Surrounding SCFM (Lung 20) 48 h B 11269187 35.26
Surrounding SCFM (Lung 20) 48 h C 11511624 35.48
Continued on next page
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Table 7.1 – continued from previous page
Environment Time Repeat Number of reads Mean quality

score
Surrounding SCFM (Lung 21) 48 h A 9805761 35.24
Surrounding SCFM (Lung 21) 48 h B 11170009 35.36
Surrounding SCFM (Lung 21) 48 h C 11408201 35.43
Lung 20 7 d A 10854512 35.60
Lung 20 7 d B 11655497 35.51
Lung 20 7 d C 9290038 35.40
Lung 21 7 d A 10203463 35.34
Lung 21 7 d B 9796687 35.56
Lung 21 7 d C 11144505 35.33
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A. Lung vs SCFM (24 h) B. Surrounding SCFM vs SCFM (24 h)

C. Lung vs SCFM (48 h) D. Surrounding SCFM vs SCFM (48 h)

Figure A.1. MA plots for each Pseudomonas aeruginosa PA14 RNA sequencing contrast
investigated in chapter 4: (A) The ex vivo pig lung (EVPL)-associated biofilm compared with in

vitro synthetic cystic fibrosis sputum media (SCFM) at 24 h. (B) The EVPL surrounding SCFM
compared with in vitro SCFM (SCFM) at 24 h. (C) The EVPL-associated biofilm compared with
in vitro SCFM at 48 h. (D) The EVPL surrounding SCFM compared with in vitro SCFM (SCFM) at
48 h. Each gene is represented by an individual data point, the y axis is the log2 fold change in
expression compared with in vitro SCFM, and the mean normalized counts on the x axis. The red
data points are genes significantly differentially expressed: log2 fold change ≥ |1.5|, P < 0.05.
An example of quality control steps performed to ensure the significant genes are across the full
range of expression levels, as shown.
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A. Lung vs SCFM (24 h)

B. Surrounding SCFM vs SCFM (24 h)

C. Surrounding SCFM vs SCFM (48 h)

Figure A.2. The Kyoto encyclopedia of genes and genomes (KEGG) Pseudomonas aeruginosa

PA14 phenazine biosynthesis pathway. Genes that were significantly underexpressed in each
contrast (log2 fold change ≤ |-1.5|, P < 0.05) are highlighted in green. No genes in the pathway
were found to be significantly overexpressed in any of the contrasts. (A, B, C) Each pathway map
shows the results from each contrast as specified.
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Table A.2. All Pseudomonas aeruginosa PA14 genes in the quorum sensing Kyoto encyclopedia of
genes and genomes (KEGG) pathway. Genes were considered significant if the log2 fold change
was ≤ -1.5 or ≥ 1.5 compared with in vitro synthetic cystic fibrosis sputum media (SCFM) and P

< 0.05, in the ex vivo pig lung-associated biofilm (Lung) and surrounding SCFM at 24 h and 48 h.
The log2 fold change values are shown in the table. This is the full gene list used for Table 4.4 in
chapter 4.

Locus tag Gene
name

Gene product 24 h
Lung

48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_02720 -1.16 0.87 -1.51 0.12
PA14_04900 ftsY Signal recognition

particle receptor FtsY
0.93 0.50 0.00 0.48

PA14_05550 oprM Major intrinsic multiple
antibiotic resistance
efflux outer membrane
protein OprM precursor

1.00 -0.33 0.87 0.57

PA14_07850 ABC transporter
substrate-binding protein

0.71 0.91 0.43 0.14
PA14_07860 ABC transporter

ATP-binding protein
1.09 -0.11 1.40 -0.51

PA14_07870 ABC transporter
substrate-binding protein

0.38 -1.27 1.41 -0.96
PA14_07890 ABC transporter

permease
-0.33 -0.80 0.73 -0.97

PA14_07900 ABC transporter
permease

-0.29 -0.64 0.55 -0.86
PA14_07940 trpE Anthranilate synthase

component I
0.62 0.47 0.22 -0.09

PA14_08340 trpG Anthranilate synthase
component II

0.64 0.39 0.26 0.08
PA14_08370 vfr cAMP-regulatory protein 1.25 0.70 0.79 0.62
PA14_08695 secE Preprotein translocase

subunit SecE
-0.83 0.55 -1.31 -0.14

PA14_09050 secY Preprotein translocase
subunit SecY

0.75 1.94 -0.32 1.07
PA14_09410 hfq RNA-binding protein Hfq -3.90 -4.38 -1.97 -2.55
Continued on next page
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Table 7.2 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_09420 phzF1 Phenazine biosynthesis
protein

-5.48 -4.90 -2.98 -3.07
PA14_09440 phzE1 Phenazine biosynthesis

protein PhzE
-5.82 -5.04 -3.26 -3.33

PA14_09450 phzD1 Phenazine biosynthesis
protein PhzD

-6.09 -5.51 -3.17 -3.09
PA14_09460 phzC1 Phenazine biosynthesis

protein PhzC
-4.82 -5.15 -1.79 -2.92

PA14_09470 phzB1 Phenazine biosynthesis
protein

-4.50 -4.19 - -2.93
PA14_09480 phzA1 Phenazine biosynthesis

protein
-3.68 -2.61 -2.68 -2.30

PA14_09520 mexI RND efflux transporter -1.97 -2.83 -1.73 -1.53
PA14_09530 mexH RND efflux membrane

fusion protein
-0.85 -2.74 -0.37 -0.93

PA14_11400 ribD Riboflavin-specific
deaminase/reductase

1.01 -0.72 0.58 0.09
PA14_11510 ribA GTP cyclohydrolase II 0.54 0.05 0.08 0.27
PA14_14610 yajC Preprotein translocase

subunit YajC
0.95 0.45 0.59 1.05

PA14_15520 trbJ Conjugal transfer protein
TrbJ

0.64 0.76 0.28 -0.11
PA14_15540 Mating pair formation

protein TrbL
0.30 0.15 0.10 -0.33

PA14_15960 ffh Signal recognition
particle protein Ffh

0.01 0.49 -0.79 0.16
PA14_16250 lasB Elastase LasB -3.35 -3.01 -2.28 -1.62
PA14_17140 Membrane-associated

zinc metalloprotease
1.08 1.94 -0.44 0.69

PA14_19100 rhlA Rhamnosyltransferase
chain A

-1.21 -0.35 -1.17 -0.49
PA14_19110 rhlB Rhamnosyltransferase

chain B
-1.79 -1.33 -1.08 -0.90

PA14_19120 rhlR Transcriptional regulator
RhlR

-0.77 -1.23 -0.06 -0.70
Continued on next page
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Table 7.2 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_19130 rhlI Autoinducer synthesis
protein RhlI

-0.27 0.17 -0.90 -0.55
PA14_20580 amiC Aliphatic amidase

expression-regulating
protein

-0.47 0.90 -0.63 -0.02

PA14_20610 lecB Fucose-binding lectin
PA-IIL

-3.43 -2.90 -2.52 -1.95
PA14_21090 -2.20 0.16 -1.07 0.48
PA14_21110 plcN Non-hemolytic

phospholipase C
-0.86 1.16 -1.07 0.05

PA14_21340 fadD2 Long-chain-fatty-acid-CoA
ligase

-0.14 -0.19 0.16 -0.25
PA14_21370 fadD1 Long-chain-fatty-acid-CoA

ligase
0.30 -0.20 -0.97 -0.47

PA14_21910 ABC transporter
ATP-binding protein

-0.06 -0.74 0.31 -0.59
PA14_21920 ABC transporter

permease
0.23 0.07 0.28 -0.62

PA14_21930 ABC transporter
permease

-0.07 0.80 -0.15 -0.47
PA14_21960 0.25 -0.74 0.41 -0.35
PA14_25980 aroF Phospho-2-dehydro-3-

deoxyheptonate aldolase
0.61 0.14 0.03 0.57

PA14_27330 0.13 -3.18 0.52 -2.06
PA14_30630 pqsH FAD-dependent

monooxygenase
-0.58 -1.31 0.38 -0.43

PA14_30850 TrbI-like protein 0.50 1.81 -1.77 0.16
PA14_30860 TrbG-like protein -0.04 1.72 -0.40 -0.66
PA14_30870 Conjugal transfer proten

TrbF
-0.52 -0.31 0.04 -0.80

PA14_30880 Conjugal transfer protein
TrbL

-0.90 1.31 -1.15 -0.31
PA14_30900 Conjugal transfer protein

TrbJ
-1.14 -0.18 -0.72 -1.49

PA14_30910 Conjugal transfer ATPase
TrbE

-1.02 0.36 -0.97 -0.52
Continued on next page
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Table 7.2 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_30930 TrbC-like protein -0.80 1.38 -1.39 -0.97
PA14_30940 Conjugal transfer protein -1.04 0.66 -1.35 -0.53
PA14_31290 pa1L PA-I galactophilic lectin -3.94 1.52 -3.73 0.04
PA14_31300 -1.34 0.03 -0.11 -0.04
PA14_39880 phzG2 Pyridoxamine

5’-phosphate oxidase
-5.51 -5.15 -2.91 -3.14

PA14_39890 phzF2 Phenazine biosynthesis
protein

-5.48 -4.86 -2.96 -3.09
PA14_39910 phzE2 Phenazine biosynthesis

protein PhzE
-5.78 -5.40 -3.22 -3.42

PA14_39925 phzD2 Phenazine biosynthesis
protein PhzD

-5.91 -5.36 -3.30 -3.16
PA14_39945 phzC2 Phenazine biosynthesis

protein PhzC
-5.89 -5.68 -2.95 -3.75

PA14_39960 phzB2 Phenazine biosynthesis
protein

-5.24 -5.09 -2.68 -3.97
PA14_39970 phzA2 Phenazine biosynthesis

protein
-4.93 -4.40 -3.92 -4.52

PA14_40260 -2.17 -3.26 -0.17 -0.88
PA14_40290 lasA LasA protease -2.09 -2.22 -1.36 -1.53
PA14_41920 aroF-1 Phospho-2-dehydro-3-

deoxyheptonate aldolase
-0.26 -0.15 -0.48 -0.43

PA14_43340 kdpE Two-component
response regulator KdpE

-0.34 -1.26 -0.12 -0.56
PA14_45940 lasI Autoinducer synthesis

protein LasI
-0.10 -0.57 0.94 -1.10

PA14_45960 lasR Transcriptional regulator
LasR

0.03 -0.53 0.82 0.03
PA14_47370 Signal peptidase 0.62 0.73 0.34 0.60
PA14_49760 rhlC Rhamnosyltransferase 2 -1.72 -1.61 -0.96 -1.01
PA14_50520 braC Branched-chain amino

acid transport protein
BraC

0.70 -0.68 1.01 -0.69

PA14_50530 braD Branched-chain amino
acid transport protein
BraD

0.19 -0.56 -0.04 -1.16

Continued on next page
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Table 7.2 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_50540 livM Leucine/isoleucine/valine
transporter permease
subunit

0.07 -1.26 -0.19 -1.65

PA14_50550 livG Leucine/isoleucine/valine
transporter ATP-binding
subunit

-0.37 -1.37 -0.23 -1.65

PA14_50560 braG Branched-chain amino
acid transport protein
BraG

-0.39 -1.24 -0.45 -1.90

PA14_51340 mvfR Transcriptional regulator
MvfR

-0.44 -0.09 -0.83 -0.22
PA14_51350 phnB Anthranilate synthase

component II
-0.56 -1.36 -0.75 -0.30

PA14_51360 phnA Anthranilate synthase
component I

-0.78 -1.20 -1.07 -0.31
PA14_51380 pqsE Quinolone signal

response protein
-0.82 -0.57 -1.29 0.12

PA14_51390 pqsD 3-oxoacyl-ACP synthase -0.99 -1.83 -0.97 -0.47
PA14_51410 pqsC PqsC -1.32 -1.87 -0.89 -0.55
PA14_51420 pqsB PqsB -1.02 -0.86 -0.96 0.18
PA14_51430 pqsA PqsA -1.06 -0.97 -1.34 -0.20
PA14_53360 plcH Hemolytic phospholipase

C
-0.16 1.50 -0.53 0.54

PA14_54350 lepB Signal peptidase I 0.20 0.07 -0.43 0.17
PA14_57220 secA Preprotein translocase

subunit SecA
0.38 0.83 0.01 0.52

PA14_58360 dppA2 Dipeptide ABC
transporter
substrate-binding protein
DppA2

2.25 2.33 0.80 0.44

PA14_62810 secG Preprotein translocase
subunit SecG

0.24 2.50 -0.88 0.76
PA14_63150 pmrA Two-component

response regulator
1.51 0.37 0.14 -0.28

Continued on next page
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Table 7.2 – continued from previous page
Locus tag Gene

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_63160 pmrB PmrB: two-component
regulator system signal
sensor kinase PmrB

1.40 0.10 0.27 -0.35

PA14_63480 Amino acid permease 0.06 1.18 0.06 0.08
PA14_63650 0.63 -0.09 -0.33 0.79
PA14_64860 ABC transporter

ATP-binding protein
-2.97 -1.62 -2.12 -0.91

PA14_64870 ABC transporter
ATP-binding protein

-2.29 -1.11 -1.71 -0.89
PA14_64880 Branched chain amino

acid ABC transporter
permease

-2.04 -0.39 -1.82 -0.60

PA14_64890 Branched chain amino
acid ABC transporter
permease

-0.80 -0.09 -0.28 -0.03

PA14_64900 ABC transporter
substrate-binding protein

-0.98 -0.82 0.01 -0.32
PA14_65310 RNA-binding protein Hfq 1.59 0.52 1.87 0.45
PA14_67720 secB Preprotein translocase

subunit SecB
-0.10 -1.00 0.40 -0.19

PA14_70200 dppA5 Dipeptide ABC
transporter
substrate-binding protein
DppA5

0.38 0.28 0.37 -0.24

PA14_72560 np20 Transcriptional regulator
np20

-1.32 -2.17 0.14 -0.31
PA14_73410 Inner membrane protein

translocase component
YidC

0.03 0.75 -1.23 0.40
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FigureA.3. Colony forming units (CFU) ofPseudomonas aeruginosaPA14 in synthetic cystic fibrosis
sputummedia (SCFM) in vitro (SCFM) per ml, and in the two environments of the ex vivo pig lung
(EVPL)model: the lung-associated biofilm (Lung) per lung piece and SCFMsurrounding each tissue
piece (Surrounding SCFM) per ml. This data is from the same samples as the acyl homoserine
lactones (AHLs) measurements in chapter 4 were taken from (Figure 4.12 and Figure 4.13). The in
vitro SCFM samples used for this experiment were prepared by, and the CFU ml-1 was measured
by, Jenny Littler. Each data point represents an individual sample; in vitro SCFM cultures were
prepared in triplicate per time point and three tissue pieces from each of two independent lungs
were prepared for the EVPL model environments. The environments and individual lungs are
represented by different shaped and coloured data points (see key). The horizontal, bold lines
represent the mean concentration. The y axes are log10 scale. The CFU were determined at (A)
24 h and (B) 48 h.
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Table A.3. All 52 genes predicted to be involved in Pseudomonas aeruginosa PA14 antimicrobial
resistance by the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et al., 2020).
PA14 expression in the two locations of the ex vivo pig lung model: the lung tissue-associated
biofilm (lung) and the synthetic cystic fibrosis sputum media (SCFM) surrounding the lung tissue
(surrounding SCFM), was compared with in vitro SCFM (SCFM) growth. Samples were compared
at 24 h and 48 h post infection. The log2 fold change (lfc) is shown. The model name detailed by
the CARD is also shown alongside the gene locus tag and gene product. This is the full gene list
used for Table 4.6 in chapter 4.

Locus tag Model
name

Gene product 24 h
Lung

48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_01940 TriA RND efflux membrane
fusion protein

-0.04 -0.90 0.08 -0.88
PA14_01960 TriB RND efflux membrane

fusion protein
-0.55 -1.72 -0.039 -0.97

PA14_01970 TriC RND efflux transporter -0.56 -1.10 -0.24 -0.86
PA14_05520 MexR Multidrug resistance

operon repressor MexR
0.25 0.69 -0.15 0.40

PA14_05530 MexA RND multidrug efflux
membrane fusion protein
MexA

0.48 0.66 0.24 0.69

PA14_05540 MexB RND multidrug efflux
transporter MexB

0.95 0.94 0.28 0.99
PA14_05550 OprM Major intrinsic multiple

antibiotic resistance
efflux outer membrane
protein OprM precursor

1.00 -0.33 0.87 0.57

PA14_09500 OpmD Outer membrane protein -2.77 -3.41 -1.87 -1.79
PA14_09520 MexI RND efflux transporter -1.97 -2.83 -1.73 -1.53
PA14_09530 MexH RND efflux membrane

fusion protein
-0.85 -2.74 -0.37 -0.93

PA14_09540 MexG Hypothetical protein -0.60 -2.32 -0.02 -0.07
PA14_10470 bcr-1 MFS transporter 2.06 -0.03 1.25 -0.12
PA14_10670 APH(3’)-IIb Aminoglycoside

3’-phosphotransferase
type IIB

-0.15 0.41 -1.09 0.37

PA14_10790 PDC-9 Beta-lactamase 0.37 0.72 0.53 0.73
PA14_16280 nalC Transcriptional regulator -0.86 -0.57 0.88 0.73
Continued on next page
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Table 7.3 – continued from previous page
Locus tag Model

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_16300 ArmR Hypothetical protein -1.52 -0.80 1.00 1.16
PA14_16790 MexL TetR family

transcriptional regulator
-0.67 -1.62 0.25 -0.14

PA14_16800 MexJ Efflux transmembrane
protein

0.85 1.31 0.01 0.41
PA14_16820 MexK Efflux transmembrane

protein
1.13 1.29 -0.36 -0.01

PA14_18080 nalD TetR family
transcriptional regulator

1.17 1.45 2.22 2.04
PA14_18350 arnA Bifunctional

UDP-glucuronic acid
decarboxylase/UDP-4-
amino-4-deoxy-L-
arabinose
formyltransferase

2.34 1.42 -0.39 0.25

PA14_18760 mexP RND efflux membrane
fusion protein

0.91 1.84 1.14 1.76
PA14_18780 mexQ RND efflux transporter 0.84 1.44 0.70 1.19
PA14_18790 opmE Outer membrane efflux

protein
0.88 1.27 0.72 1.61

PA14_22760 Pseudomonas

aeruginosa

CpxR
Two-component
response regulator

0.68 -0.19 0.29 -0.26

PA14_31870 MuxA RND efflux membrane
fusion protein

1.17 1.67 -0.01 0.43
PA14_31890 MuxB RND efflux transporter 0.86 0.37 0.02 -0.01
PA14_31900 MuxC Efflux transporter 1.55 0.84 0.19 0.19
PA14_31920 OpmB Outer membrane protein 1.68 0.25 0.87 0.29
PA14_32380 OprN Multidrug efflux outer

membrane protein OprN
precursor

-0.28 -0.56 -0.53 -0.73

PA14_32390 MexF RND multidrug efflux
transporter MexF

-0.30 0.69 -1.12 -0.23
PA14_32400 MexE RND multidrug effluc

membrane fusion protein
MexE

-0.42 0.82 -1.28 0.49

Continued on next page
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Table 7.3 – continued from previous page
Locus tag Model

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_32410 MexT Transcriptional regulator
MexT

-0.05 -0.46 -0.04 0.05
PA14_32420 MexS Oxidoreductase -0.40 -0.63 -0.30 -0.03
PA14_35170 Pseudomonas

aeruginosa

soxR
Redox-sensing activator
of soxS

-1.17 -0.91 -0.31 -0.05

PA14_38380 MexZ Transcriptional regulator -1.16 0.10 -0.74 0.48
PA14_45890 MexN RND efflux transporter -0.18 0.72 -0.25 0.81
PA14_45910 mexM RND efflux membrane

fusion protein
0.42 1.72 -0.93 0.12

PA14_46680 PmpM Transporter 0.64 0.87 -0.40 0.29
PA14_49780 FosA Fosfomycin resistance

protein
-1.61 -0.18 -0.88 -0.14

PA14_55170 Pseudomonas

aeruginosa

catB7
Chloramphenicol
acetyltransferase

-0.65 -0.09 -1.09 -0.27

PA14_56880 MexV Membrane fusion
protein

0.70 -0.21 0.23 -0.65
PA14_56890 MexW Multidrug efflux protein -0.24 -0.29 -0.17 -1.17
PA14_59160 CrpP CrpP -0.23 1.68 -0.31 1.18
PA14_60820 OprJ Outer membrane protein

OprJ
0.80 0.31 1.55 1.08

PA14_60830 MexD Multidrug efflux RND
transporter MexD

0.86 1.61 0.25 1.58
PA14_60850 MexC Multidrug efflux RND

membrane fusion protein
0.54 2.09 -0.16 2.25

PA14_60860 Type B
NfxB

Transcriptional regulator
NfxB

-0.66 -0.33 -0.31 0.44
PA14_63160 basS PmrB: two-component

regulator system signal
sensor kinase PmrB

1.40 0.10 0.27 -0.35

PA14_65750 OpmH Outer membrane efflux
protein

0.06 -1.57 0.31 -0.68
PA14_65990 Pseudomonas

aeruginosa

emrE
SMR multidrug efflux
transporter

-00.45 1.11 -0.39 0.16

Continued on next page
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Table 7.3 – continued from previous page
Locus tag Model

name
Gene product 24 h

Lung
48 h
Lung

24 h
Surrounding

SCFM
48 h

Surrounding
SCFM

PA14_72760 OXA-50 Beta-lactamase -0.30 -0.30 0.15 -0.16
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Appendix B: Chapter 5
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A. 24 h to 48 h
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B. 48 h to 7 d
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C. 24 h to 7 d

Figure B.1.MA plots for each Pseudomonas aeruginosa PA14 RNA sequencing time contrast in the
ex vivo pig lung biofilm investigated in chapter 5: (A) Gene expression at 48 h compared with 24
h, thus showing gene expression changes from 24 h to 48 h. (B) Gene expression at 7 d compared
with 48 h, thus showing gene expression changes from 48 h to 7 d. (C) Gene expression at 7
d compared with 24 h, thus showing gene expression changes from 24 h to 7 d. Each gene is
represented by an individual data point; the y axis is the log2 fold change in expression, and the
mean normalized counts on the x axis. The red data points are genes significantly differentially
expressed: log2 fold change ≥ |1.5|, P < 0.05. An example of quality control steps performed to
ensure the significant genes are across the full range of expression levels, as shown.
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Table B.1. The Pseudomonas aeruginosa PA14 genes in the pathway maps in chapter 5, showing
the locus tags for each gene that the log2 fold change values are shown in Figure 5.7, Figure
5.8, andFigure 5.9. The genes are from the Kyoto encyclopedia of genes and genomes (KEGG)
biofilm formation and quorum sensing (QS) pathways, and gene product information sourced
from Pseudomonas.com (Winsor et al., 2016).
Gene Gene product PA14 Locus tag
pqsR Transcriptional regulator Mvfr (also

referred to as PqsR)
PA14_51340

rhlI Autoinducer synthesis protein RhlI PA14_19130
rhlR Transcriptional regulator RhlR PA14_19120
phnA Anthranilate synthase component I (also

referred to as TrpE)
PA14_07940

phnB Anthranilate synthase component II (also
referred to as TrpG)

PA14_08340
pqsA PqsA PA14_51430
pqsB PqsB PA14_51420
pqsC PqsC PA14_51410
pqsD 3-oxoacyl-ACP synthase PA14_51390
pqsE Quinolone signal response protein PA14_51380
pqsH FAD-dependent monooxygenase PA14_30630
lasA LasA protease PA14_40290
lasB Elastase LasB PA14_16250
lecA PA-I galactophilic lectin (also referred to

as Pa1L)
PA14_31290

lecB PA14_31300
rhlA Rhamnosyltransferase chain A PA14_19100
rhlB Rhamnosyltransferase chain B PA14_19110
rhlC Rhamnosyltransferase 2 PA14_49760
lasI Autoinducer synthesis protein LasI PA14_45940
lasR Transcriptional regulator LasR PA14_45960
sagS Sensor/response regulator hybrid PA14_27550
PA1611 Sensor/response regulator hybrid PA14_43670
PA1976 Two-component sensor PA14_38970
hptB PA14_51480
hsbR Two-component response regulator PA14_20780
hsbA PA14_20770
flgM (Anti-σ) PA14_20730
fliA Flagellar biosynthesis sigma factor (σ) PA14_45630
gacS Sensor/response regulator hybrid PA14_52260
Continued on next page
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Table 7.4 – continued from previous page
Gene Gene product PA14 Locus tag
gacA Response regulator GacA PA14_30650
rsmA Carbon storage regulator PA14_52570
retS RetS - regulator of exopolysaccharide and

Type III secretion
PA14_64230

wspB/D PA14_16440
wspA Chemotaxis transducer PA14_16430
wspE Chemotaxis sensor/effector fusion

protein
PA14_16470

wspF Chemotaxis-specific methylesterase PA14_16480
wspR Two-component response regulator PA14_16500
sadC PA14_56280
siaD Diguanylate cyclase PA14_02110
tpbB Diguanylate cyclase TpbB PA14_49890
roeA PA14_50060
mucR Membrane sensor domain-containing

protein
PA14_42220

bifA BifA PA14_56790
fleQ Transcriptional regulator FleQ PA14_50220
psl Mannose-1-phosphate

guanylyltransferase (also referred to as
AlgA)

PA14_18380

pelA PA14_24480
pelB PA14_24490
pelC Lipoprotein PA14_24500
pelD PA14_24510
pelE PA14_24530
pelF PA14_24550
pelG PA14_24560
alg44 Alginate biosynthesis protein Alg44 PA14_18550
fimX PA14_65540
fimW PA14_65520
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Appendix C: Chapter 6
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Figure C.1. The colony forming units per lung (CFU lung-1) of Pseudomonas aeruginosa PA14,
Burkholderia cenocepacia K56-2, and Burkholderia multivorans C5393 at 7 d in the ex vivo pig
lung (EVPL) model. Three tissue pieces from each of two independent lungs were infected with
each strain, shown by individual data points, and incubated at 37 °C for 7 d. The horizontal lines
show the mean CFU lung-1. The coloured region below the y axes break represents samples
where no CFU of that strain were detected. The y axis is log10 scale. This is the CFU lung-1 data
for the single infection samples that long chain and short chain AHLs were measured from in
chapter 6 (Figure 6.14, Figure 6.15, Figure 6.16, and Figure 6.17).
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Figure C.2. The colony forming units (CFU) data at 2 d for the synthetic cystic fibrosis sputum
media (SCFM) and ex vivo pig lung (EVPL) samples that pyoverdine (PVD) and pyochelin (PCH)
measurements were taken from in Figure 6.24 and Figure 6.25, in chapter 6. The SCFM mixed
infection CFU ml-1 is not shown as it is in the main chapter, in Figure 6.20 and Figure 6.22.
The y axes are log10 scale and the horizontal lines show the mean. Some P. aeruginosa SED20
samples were removed due to contamination. (A) The CFU ml-1 of each P. aeruginosa strain in
monoculture (single infection) in SCFM in vitro. Three repeats were used per strain, represented
by individual data points. (B) The CFU lung-1 of each P. aeruginosa strain when single infected in
the EVPL model. Three repeats from each of two independent pig lungs are shown as individual
data points, and each lung is represented by different shaped data points (see key). (C,D)
The CFU lung-1 of P. aeruginosa and each Burkholderia cepacia complex strain: Burkholderia

cenocepacia K56-2 and Burkholderia multivorans C5393 in the EVPL model, as labelled. Three
repeats from each of two independent pig lungs are shown as individual data points, and each
lung is represented by different shaped data points (see key). The P. aeruginosa CFU is shown by
white data points and the Bcc CFU by the corresponding colours shown in the keys.
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E.	SCFM:	Pyochelin
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Figure C.3. The colony forming units (CFU), pyoverdine, and pyochelin measurements for
Burkholderia cepacia complex (Bcc) single infection and uninfected samples from the same
experiments as Figure 6.24 and 6.25 in chapter 6. All data is from2 d. The y axes are log10 scale and
the horizontal lines show the mean. (A) CFU ml-1 of Bcc strains in synthetic cystic fibrosis sputum
media (SCFM); the uninfected SCFM samples had no Bcc growth. The CFU ml-1 was measured
for Burkholderia cenocepacia K56-2 and Burkholderia multivorans C5393 from single infection.
Three repeats were performed per infection, represented by individual data points. The coloured
region below the y axis break represents no Bcc CFU detected. (B) CFU lung-1 of Bcc strains in
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the ex vivo pig lung model (EVPL); the uninfected tissue had no Bcc growth. The CFU lung-1
was measured for Burkholderia cenocepacia K56-2 and Burkholderia multivorans C5393 from
single infection. Three repeats from each of two independent pig lungs were studied, and are
represented by different shaped and coloured data points (see key). The coloured region below
the y axis break represents no Bcc CFU detected. (C,E) The pyoverdine and pyochelin fluorescence
measurements for the SCFM samples that the CFU ml-1 is shown in A. (D,F) The pyoverdine
and pyochelin fluorescencemeasurements for the EPVL samples that the CFU lung-1 is shown in B.
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