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building a custom analysis pipeline for my data, offering continuous feedback on my ideas. His
support extended beyond those initial sessions, as he remained readily available for additional
guidance and kindly reviewed the final versions of the relevant sections. An equally significant
contribution came from Rahan Nazeer, who generated the mutants for this project. The
Pseudomonas aeruginosa mutants he created include the APA3904-08 mutant, the
AlasR+PA3904-08 mutant, and the AlasR+Empty mutant. Collaboration of this kind is a
hallmark of the host laboratory, where | also had the opportunity to contribute to other
projects by sharing my expertise about, for example, the continuous-flow experimental setup
and preparation of ASM. Another key contributor was my colleague, Pok-Man Ho, whose
expertise in R and other computational tools proved invaluable. His guidance, coupled with
his constant availability, not only benefited me but also helped many other members of the
lab to improve their precision and efficiency in computational approaches. Dr Leonardo
Mancini was also a great help, particularly in organising the whole genome sequencing (WGS),

coordinating with MicrobesNG, and providing guidance during the sample collection process.

In addition to my colleagues, | would also like to acknowledge a few programs that have been
instrumental in helping me communicate my ideas and results more effectively. First,
BioRender offered an exceptional platform for creating visuals that truly speak louder than
words. Additionally, GraphPad Prism allowed for seamless customisation of graphs, ensuring
both clarity and consistency across my work. Finally, | would like to acknowledge the use of
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these processes, the content remained unchanged, ensuring that the writing reflected my

own work and ideas.
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Abstract

The airways of people with cystic fibrosis (CF) exhibit a particular predilection for infection by
certain opportunistic pathogens. One such interloper is Pseudomonas aeruginosa, a WHO
high-priority pathogen, infamous for its ability to evade antibiotic clearance. However, P.
aeruginosa often has to share the airway environment with a variety of other microbes: these
are polymicrobial infections. We now know that the interactions between co-habiting Gram-
negative, Gram-positive, and fungal species can significantly impact the outcomes of these
airway infections. Factors like intra-species genetic variation and (potentially existential)
environmental challenges such as antibiotic treatment further complicate the situation.
However, our understanding of the biology underpinning the microbial responses in such

complex environments remains limited.

In this study, | investigate the impact of loss-of-function of a gene (/asR) that is frequently
mutated in CF isolates of P. aeruginosa, and also the impact of anti-pseudomonal drugs on a
polymicrobial ecosystem populated by a representative selection of CF-associated microbes.
To do this, | utilise an in vitro continuous-flow system that faithfully captures many of the
microbial dynamics seen in CF patients. Using artificial sputum medium, this robust
experimental platform enables the stable co-culture of P. aeruginosa alongside two other CF

airway pathogens: Staphylococcus aureus and Candida albicans.

| demonstrate that P. aeruginosa has the highest abundance in the studied polymicrobial
community. Unexpectedly, the transcriptome of ‘wild-type’ P. aeruginosa was only minorly
altered in the presence of other species, whereas the transcriptome of a lasR mutant showed
substantial changes in the polymicrobial scenario. Furthermore, | found that the population
dynamics of the /asR mutant, in co-culture with the ‘wild-type’, were very similar to those seen
in people with CF (with the lasR mutant never exceeding ca. 10% of the overall P. aeruginosa
titres). One key LasR-regulated gene cluster that was affected in the lasR mutant was the tseT
operon, which encodes a component of the Type VI Secretion System. However, | found that
this secretion system apparently plays little obvious role in constraining lasR mutant titres. |
also investigated the susceptibility of P. aeruginosa to clinically-deployed antibiotics. | found
that P. aeruginosa exhibits reduced susceptibility to ciprofloxacin in the presence of other co-

habiting species and that treatment with ciprofloxacin and colistin combined leads to a long-



term increase in titres of the fungus, C. albicans. This “fungal blooming” was linked with

expression of the tseT operon.

In summary, my work shows the importance of considering not only inter-species variation in
the response to antibiotic challenge, but also intra-species variation. This is important because
although CF-associated infections are often associated with single clones of P. aeruginosa,

these clonally-derived populations often display significant genetic diversity.
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Chapter 1

Introduction

1.1. Cystic fibrosis

1.1.1. Pathophysiology and lung-associated infections

Cystic fibrosis (CF) is a recessive inherited genetic disease affecting the respiratory,
gastrointestinal, and other systems, as illustrated in Figure 1.1 (Cystic Fibrosis Foundation,
2024; Shteinberg et al., 2021). Globally, over 100,000 individuals have already been diagnosed
with CF, including approximately 11,000 people in the UK and 40,000 people in the United
States (Cystic Fibrosis Foundation, 2024; Cystic Fibrosis Trust, 2024). CF affects individuals of
all racial and ethnic backgrounds, although it is often described as more common among

Caucasians (McGarry & McColley, 2021; Naito et al., 2023).

CF is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
gene (Riordan et al., 1989). Over 2,000 mutations have been identified, displaying various
molecular, cellular, and functional phenotypes (CFTR2, 2023; Veit et al., 2016). There have
been several different classifications over the years. Currently, these mutations are
categorised into five groups, representing various aspects of malfunctioning or mistargeting
the epithelial chloride/bicarbonate pump, CFTR (McGarry & McColley, 2021). The details of
the mutation classes are shown in Figure 1.2. Notably, an individual can have more than one
mutation. The most common CFTR genotype is the AF508 variant of Class Il, present in 85-

90% of CF alleles (Francoise & Héry-Arnaud, 2020; Veit et al., 2016).
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Figure 1.1. lllustration of the most common symptoms of cystic fibrosis. CF is a multisystemic disease that
affects multiple organs in the human body. According to the CF Foundation, clinical symptoms can vary between
individuals (Cystic Fibrosis Foundation, 2024). The most common symptoms occur in the respiratory (blue
background) and the gastrointestinal (yellow background) systems, whereas some affect other organs (purple

background). Created with BioRender.com.
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Figure 1.2. Classification of cystic fibrosis transmembrane conductance regulator mutations. In a healthy
individual, the CFTR protein is produced and then transported to the apical surface of epithelial cells, where it
functions as a bicarbonate and chloride channel. Mutations causing CF lead to reduced or non-functional CFTR
protein and are classified into five groups based on their specific impact on CFTR protein production. The
illustration of the epithelial cell demonstrates the abnormality of the CFTR protein compared with its normal
state. The columns also include information about the associated issues with the CFTR protein and provide

examples of mutations. Created with BioRender.com.
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CF manifests across a broad spectrum of health conditions, with most morbidity and mortality
linked to the respiratory tract (King et al., 2022). The production of thicker airway mucus and
impaired mucociliary clearance makes people with CF (pwCF) more susceptible to microbial
colonisation of the airways. The significant increase in biomass and abundance of potential
pathogens leads to severe, potentially life-threatening infections (Mika et al., 2016; Moran
Losada et al., 2016). During childhood, Staphylococcus aureus and Haemophilus influenzae are
the most prevalent species in the CF lungs. Later, mainly during school age or young
adulthood, most pwCF experience their first Pseudomonas aeruginosa colonisation, leading
to more than 60% of adults being affected (McGarry & McColley, 2021). Despite
groundbreaking medical advancements in CF management and care, lung infections remain a
leading cause of mortality (Francoise & Héry-Arnaud, 2020). Notably, the introduction of CFTR
modulator therapies has brought significant hope for most pwCF; however, their long-term
effect on the airway microbiome is yet to be determined (Saluzzo et al., 2022). Thus, studying
microbes in CF-like environments remains crucial for gaining a better understanding and

providing improved medical care.

1.1.2. Diversity of microbial communities in the airways

The application of culture-independent technologies has revealed that various
microorganisms, including bacteria, fungi, viruses, and archaea, make up the lung microbiota
in both healthy individuals and those with underlying conditions (Charlson et al., 2011;
Dickson et al., 2015; Moffatt & Cookson, 2017). During the course of a disease like CF, changes
take place in the abundance of individual species and the overall microbial mass of the airways
(Bassis et al., 2015; Bittinger et al., 2014; Charlson et al., 2011; Martinsen et al., 2021; Van
Woerden et al., 2013). Moreover, the composition and diversity of the airway microbiota in
pwCF vary from person to person and even between different lobes of the same lung
(Magurran & Henderson, 2003; Surette, 2014). This variability, along with changes due to age
and environmental factors, present challenges in defining a consistent “core” microbiota of

CF. However, certain trends can be identified, as illustrated in Figure 1.3.
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Figure 1.3. lllustration of bacteria and fungi genera commonly found in cystic fibrosis airways. In individuals
with CF, increased mucus production and decreased clearance mechanisms create a favourable environment for
microbial colonisation. Aerobic and anaerobic bacteria, along with various fungal species, have been identified
as resident organisms in the CF lung. The most common ones are listed in the figure, with bacteria categorised
by Gram staining: Gram-negative (pink) and Gram-positive (purple). This work focuses explicitly on the Gram-
negative bacterium, P. aeruginosa, the Gram-positive bacterium, S. aureus, and the fungus, C. albicans, as

highlighted in bold. Created with BioRender.com.
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Commonly found inhabiting bacteria include species from the genera Pseudomonas,
Streptococcus, Staphylococcus, Burkholderia, Stenotrophomonas, Achromobacter, Rothia, and
Haemophilus. Unexpectedly, despite being an aerobic organ, the CF lung microbiota often also
includes anaerobes such as Prevotella, Veillonella, and Fusobacterium (Cuthbertson et al.,
2016; Lamoureux et al., 2021; Lamoureux et al., 2019; Turner et al., 2015; Van Der Gast et al.,
2011). Of all bacteria, P. aeruginosa is the most problematic when it comes to causing

infections, as discussed later and in Section 1.3.

In addition to the complex bacterial composition, common respiratory viruses also have a
higher prevalence in individuals with CF compared with the general healthy population.
Among these, Rhinoviruses are the most frequently detected, but Respiratory syncytial virus
and Influenza viruses are also common. Other respiratory viruses, such as Coronaviruses,
Parainfluenza viruses, Adenoviruses, Enteroviruses, Bocaviruses, and Metapneumoviruses,
are detected at lower rates in pwCF and are sometimes found in co-infections with other
viruses, complicating the determination of their individual clinical impact (Billard et al., 2017).
Respiratory viruses often coincide with bacterial infections, such as those involving P.
aeruginosa, with the potential to increase morbidity (Jankauskaité et al., 2018). It has been
suggested that these co-infections may be associated with acute pulmonary exacerbations
(PEx) and reduced lung function, measured as forced expiratory volume in 1 second (FEV1)

(Billard et al., 2017; Jankauskaité et al., 2018).

Beyond respiratory viruses, the virome of the CF lung includes bacteriophages, which form
the majority of the virome and play a pivotal role in shaping microbial and immune dynamics.
Bacteriophages, which specifically infect and replicate within bacterial hosts, influence the
local microbial ecosystem in several ways: they can lyse their bacterial hosts, transfer
antibiotic resistance genes, or facilitate bacterial adaptation to the unique environment of the
CF lung (Jankauskaité et al., 2018; Ling et al., 2023). These processes potentially contribute to
the selection of bacterial strains and the evolution of multidrug-resistant pathogens. Diverse
phages are associated with key bacterial pathogens in CF, including P. aeruginosa, S. aureus,
and Burkholderia cenocepacia (Billard et al., 2017; Jankauskaité et al., 2018). By modulating
bacterial populations and interactions, bacteriophages contribute significantly to the

adaptation and persistence of bacterial agents within the respiratory tract niche in pwCF.
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The mycobiome often contains genera such as Candida, Aspergillus, or Malassezia (Willger et
al., 2014). However, their exact impact on disease progression remains unclear, compounded
by the lack of distinction in diagnostics between airway colonisation and active infection. The
prevalence of Candida spp. in pwCF ranges between 33.8% and 77.9%, with C. albicans being
the most commonly detected species (Magee et al., 2021 Micalo, & Chaudary, 2021). Studies
have reported an association between Candida colonisation and a decline in FEV1 (Chotirmall
et al., 2010). The prevalence of Aspergillus fumigatus-positive sputum cultures in pwCF ranges
from 27% to 57%, and co-infection with P. aeruginosa has been linked to worse clinical
outcomes (Burgel et al., 2016). Strong evidence suggests that A. fumigatus contributes to the
progression of structural lung damage in CF (Lv et al., 2021). Therefore, the development of
sensitive and specific image analysis methods for chest CT and MRI is essential to identify A.
fumigatus-associated structural abnormalities and guide therapeutic decisions. In contrast,
Malassezia prevalence in pwCF is significantly lower, detected in only a small percentage of

patients (Abdillah & Ranque, 2021).

Some evidence indicates that archaea can also be found in the CF airways, although their
presence seems to vary among patients, and their abundance is generally low (Koskinen et al.,

2017; Moran Losada et al., 2016).

Long-term follow-up studies have highlighted the significance of microbial composition in the
CF airway (Price et al., 2013; Thornton et al., 2022). These studies demonstrate that stable
respiratory function is — somewhat counter-intuitively - closely associated with maintenance
of a stable, but diverse microbial population. Generally, microbial diversity and lung function
are greater in younger pwCF, although this decreases with age (Cox et al., 2010; Klepac-Ceraj
et al., 2010). This decline often correlates with the rise of dominant populations of pathogens,
especially P. aeruginosa (Coburn et al., 2015; Frayman et al., 2017; Jorth et al., 2019; Zemanick
et al., 2017). Other potentially pathogenic bacteria, like Staphylococcus and Burkholderia sp.,
are also more common in the older CF population (Boutin et al., 2015; Coburn et al., 2015;

Zemanick et al., 2017).

Clinicians often use both empirical and targeted antibiotic therapies to prevent or control
infections in pwCF. This frequent and prolonged administration of antibiotics has also been
proposed to contribute to decreased microbial diversity (Li et al., 2016; Patangia et al., 2022).
Additionally, colonizing microorganisms frequently develop unique “resistomes” (Li et al.,
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2016; Patangia et al., 2022). P. aeruginosa and S. aureus often exhibit such behaviour, making
them responsible for the most challenging infections (Hatziagorou et al., 2020; Jhun et al.,
2017). Further details of treating pseudomonal infections with antibiotics are described in

Section 1.3.2.

Generally, the co-existence of bacteria, viruses, fungi, and archaea in the CF airways provides
the possibility of inter-species as well as interkingdom interactions. Research has already
demonstrated that the intricate interplay between species can affect patient outcomes,
infections, and disease progression, as also discussed in Section 1.5 (Delhaes et al., 2012; Soret
et al., 2020; Willger et al., 2014). Due to its clinical relevance and tendency to cause difficult
infections, P. aeruginosa has been the focus of many studies on polymicrobial interactions.
This is also the case for the present work and the next section of this chapter provides an

overview of P. geruginosa, highlighting its characteristics relevant to this study.

1.2. Pseudomonas aeruginosa

1.2.1. General characteristics

Since it was first described in the 19t century by the French pharmacist Carle Gessard (Diggle
& Whiteley, 2020), our knowledge of P. aeruginosa has continuously expanded. It is a Gram-
negative opportunistic pathogen known for its versatile nature, thriving in anthropic
environments and the human body (Crone et al., 2020; Hardalo & Edberg, 1997; Zannoni,
1989). In 2017, the World Health Organization (WHO) designated it as a "critical priority
pathogen," and its relevance was renewed in 2024 as a "high priority pathogen" (WHO, 2017,
2024).

One of the most studied laboratory strains is PAO1 — which is also used in this work — originally
isolated from a chronic wound in the 1950s (Askenasy et al., 2024; Holloway, 1955). The PAO1
genome was first sequenced in 2000, uncovering 6.3 million base pairs and 5570 predicted
open reading frames. This represented the largest bacterial genome sequenced up to that
time (Diggle & Whiteley, 2020; Stover et al., 2000). This extensive genome supports metabolic
diversity, a wide array of virulence factors, and functional redundancy, enabling the bacterium
to, for example, utilise various nutrients and achieve superior iron uptake. P. aeruginosa also

possesses a wide range of antimicrobial weapons that can kill, inhibit growth, and restrict
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critical cellular functions in other microbes (Filloux & Ramos, 2022). This study focuses on key
aspects of microbial communication within P. aeruginosa, including quorum sensing (QS),
secretion systems such as the Type VI Secretion System (T6SS), and briefly addresses iron

homeostasis.

1.2.2. Quorum sensing

Like some other bacteria, P. aeruginosa cells communicate using chemical signals called QS
molecules. Cells use these molecules to sense population density and coordinate the usage of
multiple important traits. Such management is crucial since these traits only become
profitable with accelerated production (Miranda et al., 2022). This phenomenon of cell-to-cell
signalling was first observed with luminescence in Vibrio fischeri and has been shown in other

organisms since (Hastings & Nealson, 1977; Miranda et al., 2022; Rutherford & Bassler, 2012).

In the last three decades, the QS system in P. aeruginosa has been widely and extensively
studied. According to our current knowledge, the QS system in P. aeruginosa consists of three

major circuits, which are arranged hierarchically, as detailed in Figure 1.4.

Two of the circuits employ N-acyl-homoserine lactones (AHL) as signalling molecules and
consist of a signal receptor, its corresponding signal molecule, and the synthase of the latter.
For the las system, these are LasR, N-(3-oxododecanoyl)-L.-homoserine lactone (3-oxo-C12-
HSL or OdDHL) and Lasl, respectively. For the second, the rhl/ system, these are RhIR, N-
butanoyl-L-homoserine lactone (C4-HSL or BHL), and Rhll, respectively (Gambello & Iglewski,
1991; Latifi et al., 1995; Passador et al., 1993). The third circuit, known as the pgs system, uses
4-hydroxy-2-alkylquinolines (HAQs) signalling molecules, which include 2-heptyl-3-hydroxy-
4(1H)-quinolone (pseudomonas quinolone signal, PQS) and its biosynthetic precursor 2-
heptyl-4-hydroxyquinoline (HHQ). PQS and HHQ bind to a receptor, PgsR (Calfee et al., 2001;
Heeb et al., 2011; Wratten et al., 1977).
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Figure 1.4 Schematic illustration of the three quorum sensing systems in Pseudomonas aeruginosa and their
effects. The QS network of P. aeruginosa consists of three circuits: las (pink), rh/ (orange), and pgs (green). Some

regulated virulence factors, such as LasA, LasB, and biofilm formation, are controlled by multiple QS systems,
while others, like rhamnolipids, are regulated by a single QS system. Coloured lines represent induction (arrows:
->) and negative regulation (inhibitor signs: —| ), corresponding to the colour of each circuit. The grey box
provides information about the symbols. Abbreviations used: OdDHL, N-(3-oxododecanoyl)-L-homoserine
lactone; BHL, N-butyryl-L-homoserine lactone; HAQs, 4-hydroxy-2-alkylquinolines; PQS, Pseudomonas quinolone

signal. Created with BioRender.com.
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The significance of the QS system is based on its association with various functions, including
the regulation of biofilm formation and virulence factor production, such as elastase LasB,
LasA, exotoxin A, pyocyanin, rhamnolipids, alkaline protease, and more (De Kievit, 2009;
Miranda et al., 2022; Rutherford & Bassler, 2012; Tang et al., 1996). Importantly, the different
circuits have been linked with polymicrobial interactions, as discussed in Section 1.5 (Miranda

et al., 2022; Murray et al., 2022).

Regarding the hierarchy, the las system is at the top of the signalling cascade because the
OdDHL-bound-LasR complex serves as a transcriptional regulator and activates /lasR, lasl as
well as the other circuits (Figure 1.4) (Balasubramanian et al., 2013; Pesci et al., 1997).
Notably, the whole lasR regulon consists of more than 300 genes, including transcriptional

regulators, secreted factors, and secretion machinery (Gilbert et al., 2009).

Remarkably, it has been discovered that there is plasticity in the hierarchy and function of QS-
controlled genes. For example, certain genes depend only on LasR, and others depend solely
on RhIR, whereas genes such as /asB have both LasR and RhIR binding sites in their promoter
regions (Brint & Ohman, 1995; Gambello & Iglewski, 1991; Pesci et al., 1997). Moreover,
studies have shown that LasR is not always necessary for QS in P. aeruginosa, and RhIR can
function in a LasR-independent manner. This can happen when there are simultaneous loss-
of-function mutations both in /asR and mexT, for example (Chen et al., 2019; Cruz et al., 2020;

Dekimpe & Déziel, 2009; Feltner et al., 2016; Simanek et al., 2023).

Moreover, although QS systems are found to be highly important in laboratory studies, a
transcriptomic comparison of in vitro and human samples revealed they may have less
relevance in infections. Cornforth (Cornforth et al., 2018) showed that a core set of 42 genes
within the lasR regulon has lower expression in human infections than in classic in vitro

conditions, particularly in biofilm samples (Chugani et al., 2012; Cornforth et al., 2018).

Although extensive knowledge already exists about QS in P. geruginosa, there are still gaps
regarding its role(s) in polymicrobial infection scenarios. Specifically, | believe it is essential to
study the role of lasR, especially given the clinical prevalence of loss-of-function /asR mutants

in chronic infections, as discussed later in Section 1.3.1.

25



1.2.3. Type VI Secretions Systems

Besides contact-independent communication via QS, P. aeruginosa also employs various
contact-dependent tools, primarily to defend itself against other species or distant relatives
(Filloux, 2011). This competitive strategy is advantageous in mixed communities, where it
helps the bacterium compete for limited resources and space. Generally, P. aeruginosa uses
two types of molecules: effectors (toxins) and immunity proteins, often, but not exclusively,
encoded in a tandem layout (Nolan & Allsopp, 2022). Effectors exhibit great diversity and
typically target specific, critical functionalities in “prey” organisms (Allsopp et al., 2020;
Hernandez et al., 2020; Nolan et al., 2021). The immunity proteins can block the activity of
their cognate effector proteins, usually through direct protein-protein interactions, thereby
preventing self-toxicity and attacks from sister cells. Therefore, the selection of 'kin' is based
on the presence of the relevant immunity protein (Allsopp et al., 2020; Hernandez et al.,
2020). P. aeruginosa uses such mechanisms in various systems, including the type V secretion
system and its subclass, the contact-dependent inhibition (CDI) system, as well as the T6SS.

The current work focuses primarily on the T6SS.

The T6SS plays an important role in bacterial competition. Although the genes encoding T6SSs
can be found in more than 25% of Gram-negative bacteria, its function was only demonstrated
in 2010 (Allsopp et al., 2020; Bingle et al., 2008; Hernandez et al., 2020; Hood et al., 2010).
The T6SS has apparent structural homology with bacteriophage T4 but with the twist of “firing
outwards”, rather than projecting inwards (as is the case with a phage injectisome) (Wang et
al., 2019). Figure 1.5 shows a schematic model of the T6SS apparatus during assembly, firing,

and disassembly.

The apparatus has three main structural parts (the membrane complex, the baseplate
complex, and the tube-sheath/tail complex) alongside the changing spike complex. The
assembly starts by anchoring the baseplate to the inner membrane to serve as the foundation
for the entire T6SS apparatus. Then, the inner tube and contractile sheath are formed. The
inner tube, composed of stacked rings of the Hcp protein, forms a channel for the effector
proteins. Surrounding the inner tube, the contractile sheath forms a helical structure. The
spike complex, which includes VgrG proteins and often a PAAR-repeat protein, attaches to the

distal end of the inner tube. This complex is critical for piercing the target cell membrane.
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Figure 1.5. Visualisation of the T6SS apparatus injecting an effector protein into a target cell. The T6SS plays a
crucial role in bacterial competition and pathogenesis. Its mechanism of action involves three stages: Assembly
(A), Firing (B), and Disassembly (C). The apparatus, which includes the baseplate, membrane, tail, and spike
complex, is formed during assembly. Upon receiving the firing signal, the sheath contracts, propelling the inner
tube and delivering effectors into the target cell (or the extracellular medium). After contraction, the ATPase ClpV
disassembles the sheath, recycling the components for future use. The grey box provides information about the

symbols used in the visualisation. Created with BioRender.com.
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The fully assembled structure is then secured to the bacterial cell membrane by a membrane
complex, ensuring stability and proper orientation for the subsequent firing. Then, effector
proteins are loaded onto the inner tube. Upon receiving a firing signal, the sheath undergoes
a rapid contraction, akin to a spring mechanism releasing stored energy. This contraction
propels the inner tube outward, allowing the spike complex to breach the target cell’s
membrane (Chen et al., 2015; Filloux, 2011; Zoued et al., 2014). Given that the T6SS can
extend up to half the width of the bacterial cell, it can reach neighbouring prey cells as far as
500 nm away (Ho et al., 2014). As the needle penetrates the target cell, the effector proteins
are injected into the cytoplasm of the target cell, causing cellular damage or death, unless
immunity proteins are present. After the firing event, proteins such as ClpV disassemble the
contracted sheath, recycling the components for future use (Basler et al., 2013; Nolan &

Allsopp, 2022; Taylor et al., 2016).

Three T6SS have been identified in P. aeruginosa, namely the H1-, H2-, and H3-T6SS. Most
isolates contain all three, highlighting their importance (Nolan & Allsopp, 2022). They are
encoded within three large operons with additional gene islands (Allsopp et al., 2017). The
triggering mechanisms for firing and the specific effectors transported vary across the

different subtypes and remain only partially understood (Allsopp & Bernal, 2023).

Generally, most of the effectors target other microbes. However, some other effectors are not
directly involved in antimicrobial processes, and these include iron acquisition, molybdate
transport, or Cu?* scavenging (J. Lin et al., 2021; Lin et al., 2017; Wang et al., 2021).
Surprisingly, a hybrid class of T6SS toxins has also been described to act in a contact-
independent manner, highlighting the potential for greater complexity in the T6SS than

previously expected (L. Lin et al., 2021).

Over the past few years, many effectors and immunity proteins have been identified in P
aeruginosa. However, while the roles and conditions for some effectors have been identified,

a significant gap remains in understanding the exact functions of others.
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1.2.4. Iron homeostasis

Iron is a vital micronutrient for microbes, including P. aeruginosa, as it is crucial for key cellular
functions like respiration, DNA synthesis, and metabolism (Llamas & Sanchez-Jiménez, 2022).
To meet its iron requirements, P. aeruginosa has developed advanced systems to acquire,

regulate, and efficiently utilise iron in environments where its availability may be limited.

To acquire iron, P. aeruginosa produces siderophores — small, high-affinity iron-chelating
compounds like pyoverdine and pyochelin — that scavenge ferric iron from the environment
(Cornelis & Dingemans, 2013; Sanchez-Jiménez et al., 2023). In polymicrobial communities,
these siderophores not only help P. aeruginosa secure iron but also influence interactions with
other microorganisms. Some neighbouring microbes may exploit these siderophores to access
iron themselves, while others produce their own siderophores to compete for the limited iron
supply that can be used by P. geruginosa (Chan & Burrows, 2023; Sanchez-Jiménez et al.,
2023). In reducing environments, the soluble Fe?* ion becomes the major source of iron,
transported via the ferrous iron transport (Feo) system and stabilised upon uptake to prevent
its oxidation to Fe3* and to prevent its inherent toxicity (Lau et al., 2016; Sanchez-Jiménez et
al., 2023). Additionally, in the host environment, P. aeruginosa utilises host iron carriers, such
as heme, and also expresses receptors capable of extracting iron directly from host proteins
(Llamas & Sanchez-Jiménez, 2022). Moreover, PQS has been shown to chelate Fe3*ions at
physiological pH, and uptake of the PQS-Fe3* complex is facilitated by a T6SS effector, TseF
(Bredenbruch et al., 2006; Diggle et al., 2007; Lin et al., 2017).

To regulate these processes and control the expression of genes involved in iron uptake and
storage based on iron availability, P. aeruginosa uses a ferric uptake regulator (Fur) and small
RNAs (Sdnchez-Jiménez et al., 2023). It also utilises ferritins and efflux systems for iron
withdrawal to avoid excess and prevent toxicity (Llamas & Sanchez-Jiménez, 2022). Together,
these ensure optimal function and can directly influence the virulence of P. aeruginosa based
on iron availability, especially amidst the complexities of a mixed-species environment
(Reinhart & Oglesby-Sherrouse, 2016). Iron also affects biofilm formation, as reported in

several studies (Banin et al., 2005; Kaneko et al., 2007; Patriquin et al., 2008).
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1.3. Clinical relevance of Pseudomonas aeruginosa in cystic
fibrosis

P. aeruginosa is present in the majority of adults with CF (McGarry & McColley, 2021). It is
often acquired from the environment but can also be transmitted directly from patient-to-
patient, particularly during outbreaks of highly transmissible strains, such as the Liverpool
Epidemic Strain (Moore et al., 2021). Regardless of its origin, P. aeruginosa typically progresses
through the same stages in CF airways, from initial colonisation to chronic infection, as shown
in Figure 1.6. Colonisation is classified as chronic based on the Leeds criteria, when more than
half of samples from a patient test positive for P. aeruginosa (Lee et al., 2003). The stages are
associated with somewhat distinct metabolic features and varying levels of virulence, with the
emergence and disappearance of various phenotypes and genetic variants (Ding et al., 2018;

Moradali et al., 2017).

1.3.1. Common mutant derivates in clinical samples

Advancements in ‘omics approaches’ and longitudinal studies have not only enhanced our
understanding of the microbiome but also of the common mutant derivatives of different
species (Jorth et al., 2015; Marvig et al., 2015; Nguyen & Singh, 2006). As more information is
gathered about these intra-species genetic variants, their relationships to infection stages and

severity are becoming more apparent.

Initial isolates of P. aeruginosa mainly prefer to grow in the planktonic state, display high
motility using pili and flagella, and produce damaging pro-inflammatory toxins such as
elastase, pyocyanin, and pyoverdine (King et al., 2022). During early phase colonisation, the
production of virulence factors is primarily coordinated by QS, and isolates are generally more

virulent (Ding et al., 2018; Moradali et al., 2017).

As the infection progresses (Figure 1.6), P. aeruginosa adapts through mutation. Several
recurring differences between early and late isolates have been reported. Based on multiple
studies, Camus identified 48 coding regions of P. aeruginosa that frequently exhibit non-
synonymous mutations in CF isolates (Camus et al., 2021). These include several global
regulators such as lasR, mucA, algU, and rpoN; type lll secretion-related genes such as retS

and exsA; and antibiotic resistance-related genes such as nfxB and mexZ.
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Figure 1.6. Stages of Pseudomonas aeruginosa clinical presentation in cystic fibrosis. P. aeruginosa exhibits
different characteristics and results in various symptoms, from its initial acquisition to chronic infection. The
presence of different phenotypes and genotypes, as illustrated in the corners, leads to varying clinical responses.
Despite treatment efforts, the progression often trends toward long-term colonisation. However, symptoms can
range from mild to severe throughout the timeline, depending on individual characteristics. Created with

BioRender.com.
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The most common of these mutations in clinical isolates is the loss-of-function mutation in
the master QS regulator, lasR (Chen et al., 2019; Cruz et al., 2020; Feltner et al., 2016; Kostylev
et al., 2019; Marvig et al., 2015; Smith et al., 2006; Zhao et al., 2023). These lasR mutants are
often linked with the progression of the infection and worse outcomes (Hoffman et al., 2009;
LaFayette et al., 2015). LasR mutants are thought by some to be "social cheaters" because
they do not participate in producing public goods but benefit from those made by cooperators
(Chen et al., 2019). On the one hand, cooperators try to suppress the appearance of cheaters
through various mechanisms. For example, it has been suggested that cyanide or pyocyanin
may be involved in this “policing” (Castafieda-Tamez et al., 2018; Wang et al., 2015). It is
expected that the policing mechanisms are an integral part of the /asR regulon, and they
appear to be mechanistically multifactorial. On the other hand, if cheaters are successful, such
behaviour provides a potential fitness advantage for them. This can potentially lead to a
shortage of public goods and the "tragedy of the commons" (Axelrod & Hamilton, 1981).
However, such population collapse is rarely detected in host environments (Dandekar et al.,

2012).

Some findings suggest that /asR mutants are better adapted to the polymicrobial lung
environment (Harrison et al., 2014). Moreover, a polymorphic population of cooperators and
cheaters seems to have survival advantages in animal models (Zhao et al., 2023). Notably,
studying clinical samples, several groups have observed partially restored QS activity even in
the absence of a functioning lasR gene (Chen et al., 2019; Cruz et al., 2020; Feltner et al., 2016;
Kostylev et al., 2019; Wang et al., 2018). As mentioned previously, this phenomenon is often
linked to simultaneous mutations in mexT, resulting in lasR-independent activation of the rh/
system, highlighting the importance of the rhl system in chronic infections (Simanek et al.,
2023). Overall, while lasR mutants are clinically significant, their function and consequences

in polymicrobial contexts are not yet fully understood.

Besides changes in the QS system, in the early stages of colonisation, P. aeruginosa also
reduces its motility by losing its pili and flagella, making it less susceptible to phagocytosis.
Additionally, environmental conditions stimulate the overproduction of alginate and
exopolysaccharides, resulting in the mucoid phenotype also commonly observed in chronic P

aeruginosa populations (Behrends et al., 2010; Worlitzsch et al., 2002). This form can better
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shield the cells from antibiotic treatments and host defence mechanisms, enhancing their

survival.

Hypermutability also occurs relatively frequently, with approximately 28% of pwCF having at
least one such hypermutator isolate, based on multiple studies (Auerbach et al., 2015; Camus
et al., 2021; Hall & Henderson-Begg, 2006; Oliver & Mena, 2010; Rees et al., 2019). However,
hypermutable lineages quickly decline or disappear, indicating that they likely confer a fitness
advantage only at specific stages of P. aeruginosa population evolution (Camus et al., 2021;

Mehta et al., 2019).

Furthermore, various triggers, such as inadequate nutrition and sublethal concentrations of
antibiotics also lead to the development of distinct genetic lines, resulting in heterogeneous

populations (Camus et al., 2021).

Overall, even clonally-derived P. aeruginosa exists in diverse populations characterised by a
wide array of mutational variants, particularly during intermittent and chronic infections
(Camus et al., 2021; Zhao et al., 2023). This diversity enables the bacterium to adapt to the
harsh lung environment and endure challenging conditions, such as antimicrobial treatments

(Camus et al., 2021).

1.3.2. Anti-pseudomonal treatment

P. aeruginosa is challenging to treat with antibiotics due to its susceptibility to only a limited
number of molecules and its increasing resistance to current treatments. Clinically
problematic resistant variants evolve through the mutational activation of intrinsic resistance
mechanisms, horizontal acquisition of antibiotic resistance genes, transient “phenotypic”
resistance (“tolerance”), and persistence (King et al., 2022). Generally, resistance leads to high

mortality rates in both people with- and without-CF.

For pwCF, the choice of treatment targeting P. geruginosa somewhat depends on the stage of
the infection, as shown in Figure 1.7. Following the initial detection, the goal is to eliminate P.
aeruginosa as soon as possible (Langton Hewer & Smyth, 2017). There are two main
approaches: inhaled tobramycin (European and US guidelines) or oral ciprofloxacin and
nebulised colistin (UK guidelines) (Hewer et al., 2020; King et al., 2022). Initial eradication

attempts succeed in about 80% of cases, but this treatment outcome is only temporary.
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Figure 1.7. Overview of anti-pseudomonal treatments. Various administration options (blue background) and
antibiotic choices (yellow background) are available for targeting P. aeruginosa infections in CF airways.

Treatment strategies depend on the stage and severity of the infection and often involve a combination of drugs.
Notably, deviations from the guidelines may occur based on individual patient needs. This work specifically

focuses on two of the commonly used drugs: colistin and ciprofloxacin. Created with BioRender.com.
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Eventually, approximately 60-70% of adults develop chronic infections due to the remarkable

persistence of P. aeruginosa (Langton Hewer & Smyth, 2017).

As the infection progresses from the initial to the intermittent and chronic stages (Figure 1.6),
the treatment goals shift to treating acute exacerbations and managing chronic infections
(Figure 1.7) (Taccetti et al., 2021). Notably, initial P. aeruginosa infection can be detected
during a pulmonary exacerbation episode; however, pulmonary exacerbation more commonly
occurs in chronically infected individuals. Treating acute episodes in individuals with chronic
colonisation primarily relies on local clinical guidelines involving inhaled or intravenous (IV)
antibiotics. It is recommended to use two anti-pseudomonal agents with different
mechanisms of action to limit the development of resistance. During stable periods, the aim
is to minimise the chances of sudden worsening. Although it is unclear what exactly triggers
exacerbations, most guidelines recommend long-term, inhaled antibiotics, such as
tobramycin, colistin, and aztreonam, to suppress bacterial load and inflammatory damage

(Taccetti et al., 2021).

Besides current options, there is an active pipeline of new approaches ranging from preclinical
to mid-clinical phases (CFF Pipeline, 2024). Examples include the administration of gallium to
limit iron accessibility in the IGNITE study, which the FDA has approved in Phase 2 for IV use
in people and is being studied for its effectiveness in CF. Inhaled nitric oxide (LungFit™ GO) is
being tested against non-tuberculous mycobacteria due to its ability to disrupt biofilms.
Bacteriophage therapies by Armata Pharmaceuticals and BiomX are also showing promising

results in clinical phases (Armata Pharmaceuticals, 2024; BiomX Phage therapy, 2024).

Overcoming increasing resistance remains the most significant challenge, particularly since
clinical responses often do not align with laboratory antimicrobial susceptibility results (Little
et al., 2021; Syal et al., 2017). Several factors contribute to this discrepancy, including the
importance of the growth mode during testing, potential drug-drug interactions and inhibition
from mucus components, poor penetration of antibiotics through biofilms, and the modifying
effects of co-existing pathogens. The latter is particularly interesting, as inter-species
interactions have already been associated with increased resistance; however, this area has
historically been understudied due to technical difficulties (Beaudoin et al., 2017; Dehbashi et
al., 2020; DelLeon et al., 2014; Hoffman et al., 2006; Lebrun et al., 1978; O'Brien et al., 2022;
Orazi & O'Toole, 2017). Additionally, the genetic variations of pathogens, such as P
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aeruginosa, have the potential to complicate antibiotic treatments further (Madden et al.,
2024). Building a more detailed understanding of polymicrobial and polyclonal scenarios holds
great potential for developing more effective treatment protocols using existing or new

antimicrobial agents.

1.4. Investigating polymicrobial infection scenarios

Despite extensive research shedding light on various aspects of its metabolism, virulence
mechanisms, and characteristics, our understanding of P. aeruginosa within polymicrobial

communities has only recently begun to expand.

1.4.1. Considerations and challenges in research design

Over the last few decades, several infection-related concepts have been revised, such as the
association of many chronic infections with only a single species (the “pathogen”). Nowadays,
it is widely acknowledged that most infection scenarios involve a plethora of additional
species, which may or may not contribute to the pathology of the disease. Interestingly,
Pasteur already observed the polymicrobial nature of microbial communities in the
nineteenth century. However, culture-independent techniques emerged only in the twenty-
first century, revealing the intricacies of “microbial dark matter” (Bényei et al., 2024; Lloyd et
al., 2018; Pasteur & Joubert, 1877). These groundbreaking techniques have revealed that an
estimated 85-99% of species, members of different kingdoms, have been uncharacterised or
understudied due to their unculturable nature (Bényei et al., 2024; Lok, 2015; Rinke et al.,
2013).

Despite our understanding of the diverse nature of infection scenarios, technical challenges
have complicated the investigation of details, especially under in vitro conditions.
Unfortunately, simply inoculating a flask or microplate with a mixture of microbes does not
adequately capture the true stability and diversity associated with chronic infections. These
co-cultures exhibit significant dynamic changes (within days or even hours), leading to
exaggerated conclusions regarding the importance of inter-microbial competition and
dominance. Considering their significant advantages, being cost-effective and suitable for high
throughput measurements, it is understandable that many research teams continue to utilise
them (Bernardy et al., 2022; Filkins et al., 2015; Kvich et al., 2022; Lujan et al., 2022,
Magalhaes et al., 2019; Mitchell et al., 2010; Pajon et al., 2023; Price et al., 2020; Tognon et
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al., 2017; Vasiljevs et al., 2023). On the other hand, novel and improved models that capture
long-term polymicrobial stability and infection-associated characteristics have made
successful debuts. However, these models often have higher financial costs and reduced data

collection.

Recently, O’Toole and colleagues proposed a set of guidelines to enhance comparability and
reproducibility across methods (O’Toole et al., 2021). They emphasise that “all models are
wrong, but some can be useful.” This showcases the risk of relying solely on a single model
system, possibly leading to questionable conclusions due to characteristics specific to that
experimental system. In a recent review, we supported the notion that although simple in vitro
and ex vivo systems offer greater manipulability and are conducive to hypothesis-driven
research, they are the most accurate when interpreted alongside more complex and
representative in vivo studies (although we also note that in vivo polymicrobial disease models
are still in the early stages of development) (Bényei et al., 2024). The desired combination of

approaches is illustrated in Figure 1.8.

In research design, it is essential not only to select an appropriate model but also to choose
an appropriate medium, if required, as it can greatly influence the results. For CF studies,
Artificial Sputum Media (ASM) or Synthetic Cystic Fibrosis Sputum (SCFM) is favoured for the
accurate representation of CF patient sputum composition (Aiyer & Manos, 2022; Kirchner et
al., 2012). This is evidenced by the gene expression patterns of P. aeruginosa in SCFM2, which
are nearly identical to those in human sputum (Cornforth et al., 2020; On et al., 2023; Palmer
et al., 2007; Turner et al., 2015). However, Neve (Neve et al., 2021) have found that the
variable formulation of ASM, primarily due to complex components like mucin, can affect
bacterial behaviour and virulence, challenging the consistency of results. Additionally, while
ASM/SCFM is tailored for P. aeruginosa in a CF lung environment, it was never formulated to
enable cultivation of all CF-related pathogens, as some do not thrive in ASM. Therefore, the

choice of model and medium should be carefully considered in research design.
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Figure 1.8. lllustration of model categories for studying polymicrobial scenarios. In the diverse landscape of
polymicrobial research, significant advancements are being made in both our understanding and the
methodologies used. However, a gap remains in integrating these advances across different experimental

approaches. This illustration is meant to emphasise the importance of connecting findings from in vitro (red
background), ex vivo (yellow background), in vivo (green background), and in silico (blue background) studies to
develop a more comprehensive understanding of polymicrobial scenarios (purple background). Created with

BioRender.com.

38



1.4.2. Models of CF lung microbiology

In polymicrobial studies, models can be classified effectively by utilising the traditional

framework of in vitro, ex vivo, in vivo, and in silico methodologies (Figure 1.8).

In vitro models

The in vitro method is highly favoured in laboratory settings because of its well-defined
parameters, ease of monitoring, and adaptability to simulate environmental changes by
adjusting pH, temperature, or microbial composition. However, it has well-known
shortcomings in mimicking the complexity of natural environments and representing host

factors.

In their study, Quinn and colleagues (Quinn et al., 2015) introduce an in vitro Winogradsky-
based culture model to investigate the impact of CF lung physiology on PEx (Quinn et al.,
2015). To create the model, they constructed Winogradsky columns using narrow-gauge
capillary tubes filled with ASM. These columns were designed to mimic the physicochemical
gradients found in CF bronchioles. They inoculated the columns with sputum samples
obtained from pwCF during PEx. Their observations include changes in pH, gas production,
and community composition, assessed with 16S rDNA analyses. The authors conclude that
fluctuations in fermentative anaerobes likely contribute to PEx, and that anaerobic conditions

may occur in CF lung because of the thick mucus.

To investigate the interactions between CF-relevant microbes, O’Brien and Welch —in the host
laboratory of this work — developed an in vitro continuous-flow system using ASM (O’Brien &
Welch, 2019). Following inoculation with a CF-associated Gram-negative species, P.
aeruginosa, a Gram-positive CF species, S. aureus, and a fungal CF species, Candida albicans,
the system consistently reached a steady state within 24 hours. Remarkably, the same steady
state titres were achieved independent of the inoculation ratio of these microbes. This
observation suggests a ‘hardwired’ ecological relationship among the species. This microbial
population is maintained in slow exponential growth, just as in the CF airways (Bartell et al.,
2019; La Rosa et al., 2021; O'Brien et al., 2022; Yang et al., 2008). Details of this system are

discussed in Chapter 3.
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Tolker-Nielsen and Sternberg, as well as Yang and colleagues, have used a similar flow-
chamber system for co-culturing biofilms of S. aureus and P. aeruginosa (Tolker-Nielsen &

Sternberg, 2011; Yang et al., 2011).

Researchers have also developed in vitro models to capture the spatial and metabolic
heterogeneity of CF lungs. For example, Lopes and colleagues explored how polymicrobial
biofilm formation is influenced by oxygen availability (Lopes et al., 2017). More recently,
Kasetty and colleagues used microfluidics to assess the relationship between flow and
biomass production in P. aeruginosa and C. albicans biofilms (Kasetty et al., 2021). These
approaches underscore the need for increasing complexity to be applied to study CF-related

polymicrobial cultures in vitro.

Innovative models merging in vitro and in vivo characteristics have been established to
address the gap caused by the absence of host cells and the immune system (Lopez-Jiménez
& Mostowy, 2021). Human cell culture and cellular microbiology infection models, such as
chips, organ-on-chips, and organoids, hold promising potential. These models allow exploring
interactions between microbes and human bronchial epithelial cells, especially those carrying

the AF508 CFTR mutation (Filkins & O’Toole, 2015).

Currently, the number of co-cultured species within in vitro models typically ranges from two
to four, and investigations involving more than five species are notably rare because of
technical difficulties. From a research standpoint, the primary objective is to develop reliable
models for exploring the complexities of polymicrobial communities. Meanwhile, from a
practical perspective, a significant breakthrough would enable "personalised infection
models". Such models, inoculated with sputum samples direct from the patient, would ideally
capture not only the species present - preferably in the same ratios as found in the airways -
but also the specific lineages of each species present in a given patient. Such a setup would
enable ethical testing of antibiotic combinations on patient-derived microbiota. However,
there is still a long way to go before such “bedside” applications become feasible, both

technically and in interpreting polymicrobial scenarios.

Ex vivo models

Ex vivo models, particularly those employing porcine tissue, have gained prestige, primarily in

mono-species experiments, for example, studying different mutant derivatives of P
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aeruginosa (Harrison et al., 2014). In the context of polymicrobial infections and CF, a porcine
lung model has also been developed to investigate the growth, virulence, and signalling
mechanisms of P. aeruginosa and S. aureus (Harrison et al., 2021; Sweeney et al., 2021;
Sweeney et al., 2019). However, | note that although utilisation of lung tissue aligns with the
context of these experiments, it is still not clear whether any cut of meat would suffice here,
since lung tissue is the only substrate that has been tested in this model (Bényei et al., 2024).
Nevertheless, and overall, there is good potential for adapting ex vivo models to explore the

polymicrobial communities associated with CF.

In vivo models

In vivo models play a crucial role in understanding infections because they allow the study of
host and microbial interactions in dynamic environments. However, these models are typically
more expensive and often necessitate specific training and licensing. They are also limited in
replicating chronic infections involving multiple bacteria, as variations in inoculation methods
can impact the outcomes and reproducibility (Rolain et al., 2015). Despite these challenges,
and rightly or wrongly, in vivo models remain a “gold standard” cornerstone for studying inter-

species interactions.
In vivo models can be classified as either invertebrate or vertebrate.

A widely used invertebrate laboratory organism, Caenorhabditis elegans has been developed
as a model to study P. geruginosa, C. albicans, and Staphylococcus epidermidis, inoculated
individually or in combination (Holt et al., 2017; Powell & Ausubel, 2008). Drosophila
melanogaster is another promising invertebrate model in polymicrobial infection research. Its
advantages are based on the wide range of genetic tools available for creating disease-
mimicking mutations. Additionally, the physiology and cell biology similarities between
Drosophila and humans enhance its value (Apidianakis & Rahme, 2009; O'Brien & Welch,
2019). Notably, successful co-infection of S. aureus and P. aeruginosa in Drosophila has

revealed some details of inter-species interactions (Korgaonkar et al., 2013; Lee et al., 2020).

Vertebrate models are also important in studying CF-related airway infections. They are
primarily used for investigating lung colonisation and infection, typically inoculated through
intratracheal or IV routes (Lebeaux et al., 2013). While mouse models are popular, they have

major limitations (although these have not stopped the mouse from being used as a gold
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standard in the field). For instance, mice carrying CFTR mutations do not exhibit a lung
phenotype (McCarron et al., 2021). An alternative approach can be using B-ENaC mice, which
have deficient epithelial sodium channels and manifest a CF-like lung phenotype (McCarron
et al., 2021). Besides mice, various animal models, including CF ferrets, rabbits, pigs, sheep,
and rats, are available. These can offer pulmonary phenotypes that are more comparable to
humans (Birket et al., 2018; Cho et al., 2018; Fan et al., 2018; Stoltz et al., 2015; Sun et al.,
2014). However, there remains a critical obstacle as animal microbiomes naturally differ from
those of humans, implying that the lung environment in these models is inherently distinct.
Humanised pig models, which closely mimic human characteristics, could be a valuable option
for research (Lu & Kolls, 2021). However, they require specialised veterinary expertise and
come with a high cost, even when used in small numbers. Humanised microbiome mouse
models hold promise in bridging this gap, although their utility in CF research has yet to be
explored (Fiorotto et al., 2019).

In silico models

Experimental approaches have always been the gold standard in investigating the mechanistic
basis of inter-species interactions. However, with the rapid advancement of computational
capacity and models, using in silico methods has become essential for truly understanding
diverse ecosystems and their complex properties. For example, such approaches are well-
suited for analysing how polymicrobial interactions within one organ can influence other
systems in the body, as illustrated by the gut-lung axis (O’Toole et al., 2021). In the context of
CF, Ho and colleagues applied computational methods to dissect the impact of key
medications on the ecology of the airway microbiota (Ho et al., 2023). Similarly, McKay and
colleagues utilised computational approaches to differentiate the microbiota associated with
pwCF and healthy individuals (McKay et al., 2023). Both studies leveraged real-world clinical
data, revealing tangible patterns and generating experimentally testable hypotheses.
Technical obstacles arise from the somewhat gap-ridden nature of currently available
databases and the difficulties in interpreting calculation results. However, the field is evolving,
and these modelling approaches are continuously improving. The availability of metagenomic
data is also accelerating progress, leading to the expectation that such modelling will become
routine, or even essential, in future analyses. Additionally, artificial intelligence tools are set

to open new perspectives in this field.
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1.5. Polymicrobial interactions in the cystic fibrosis lung

The coexistence of microorganisms in various environments presents numerous opportunities
for interactions. These interactions are complex and can simultaneously have conflicting
effects, with the potential to both benefit and harm the microbes involved (Gomes-Fernandes
et al., 2022; Pallett et al., 2019). Microbes in the human body, especially in the CF lung, face
significant challenges posed by the host immune system and antibiotic treatments. Thus, they
may co-evolve to cooperate during challenging times yet may attempt to gain an advantage
whenever a suitable opportunity arises. Studying these interactions has become a primary
focus in microbiology, particularly thanks to the aforementioned advancements and ongoing
development of experimental models. However, a comprehensive picture of how microbes

interact with each other has yet to be assembled.

1.5.1. Examples of bacterial interactions

Undoubtedly, the most studied microorganisms are bacteria, especially in the context of CF
related scenarios. Within this group, most polymicrobial studies focus on the interactions of
two pathogens: P. aeruginosa and S. aureus. These microbes commonly coexist in the CF
airways and exhibit a complex spectrum of interactions, ranging from cooperation to
competition. These interactions are also influenced by factors such as population diversity,
clinical conditions, and environmental challenges (Briaud et al., 2019; Ecfs, 2022; Limoli et al.,

2017).

Like other Gram-positive bacteria, S. aureus up-regulates virulence factor production in P.
aeruginosa (Korgaonkar et al., 2013; Rickard et al., 2006). P. aeruginosa detects N-acetyl
glucosamine (GIcNAc), derived from the peptidoglycan cell walls of S. aureus. This detection
triggers the production of the PQS. PQS controls virulence factors, including pyocyanin,
elastase, and 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) (Korgaonkar et al., 2013).
Interestingly, P. aeruginosa variants lacking the peptidoglycan-sensing gene, agtR, are less
successful in outcompeting S. aureus. This observation is a great example showing that

ecological interactions are subject to the genetic variants present (Korgaonkar et al., 2013).

HQNO negatively affects the biofilm development, spatial ordering, and biofilm growth of S.
aureus (Barraza & Whiteley, 2021; Gomes-Fernandes et al., 2022; Ibberson & Whiteley, 2020;

Oluyombo et al., 2019; Orazi & O’Toole, 2017). It also promotes the formation of small-colony
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variants (SCVs), the most commonly found form of S. aureus in clinical samples (Hoffman et
al., 2006; Mitchell et al., 2010). These variants exhibit defects in their electron transport
systems. They are associated with a more effective survival strategy due to being less
susceptible to P. aeruginosa-mediated killing than their non-SCV counterparts during co-
habitation and increased antimicrobial resistance (Filkins et al., 2015). Other studies have
reported enhanced phenotypic resistance of SCVs to antibiotics (Biswas & Gotz, 2022;
Hammer et al., 2014; Kahl et al., 2016; Loss et al., 2019; Melter & Radojevic¢, 2010). Notably,
it has been found that mucA and rpoN mutants of P. aeruginosa, which are common in chronic
infections, do not exhibit this microcolony formation effect (Camus et al., 2021; Liang Yang et
al., 2011). Furthermore, HQNO secreted by P. aeruginosa also confers an advantage upon S.
aureus by enhancing its resistance to tobramycin (by inhibiting the uptake of the antibiotic)

(DeLeon et al., 2014; Hoffman et al., 2006; O'Brien et al., 2022; Radlinski et al., 2017).

Moreover, S. aureus has been shown to act as an iron donor to P. aeruginosa, down-regulating
iron expression during co-culturing (Mashburn et al., 2005). Similarly, Bisht and colleagues
demonstrated that P. aeruginosa up-regulates quinolone production under iron deficiency
conditions, causing the lysis of S. aureus and the subsequent release of iron for utilisation

(Bisht et al., 2020).

Conversely, S. aureus secretes compounds like acetoin, acetic acid, and possibly small peptides
when glucose is present. These can effectively eliminate P. aeruginosa, in a dose-dependent
manner (Kvich et al., 2022; Vasiljevs et al., 2023). Another study has demonstrated that S.
aureus can make P. aeruginosa more susceptible to ciprofloxacin and aminoglycosides (Trizna
et al., 2020). These strategies may serve as a protective mechanism for the S. aureus

population.

Showcasing a more collaborative approach, P. aeruginosa produces alginate that promotes
the survival of S. aureus, suggesting that mucoid P. aeruginosa is more tempered in its
engagements with its neighbour (Limoli et al., 2017; Price et al., 2020). Interestingly, the two
microbes seem to coevolve within the CF lung, supported by a finding suggesting that S.
aureus isolates have greater in-host survival when P. aeruginosa is present (Bernardy et al.,

2022).

It is worth noting that P. aeruginosa can impact S. aureus indirectly, by modulating the human
immune response and stimulating production of a phospholipase, sPLA2-IIA, by bronchial
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epithelial cells (Pernet et al., 2014). This phospholipase kills S. aureus. Remarkably, the T6SS
has been also shown to give P. aeruginosa a competitive edge over S. aureus, with the

potential to inadvertently harm the host during co-infection (Wang et al., 2023).

Additionally, environmental factors, such as oxygen gradients, nutrient availability, and pH
levels, potentially affect polymicrobial interactions. For example, the thickness of a mucus or
biofilm layer can change the local environment by creating oxygen gradients. This, in turn, can
influence metabolic activity and alter microbial dynamics (Worlitzsch et al., 2002). A notable
example is the previously mentioned HQNO, which is produced exclusively under aerobic
conditions. Consequently, in low-oxygen environments, HQNO plays little role in interactions
between P. aeruginosa and S. aureus (Landa et al., 2024). Low iron levels can also influence
inter-species interactions, as both species rely heavily on iron for survival and growth, as
discussed in Chapter 1.2.4 (Reinhart & Oglesby-Sherrouse, 2016). Clinical factors, such as
antibiotic exposure, can further modulate these dynamics by promoting biofilm formation or

altering the expression of virulence factors (Nolan & Behrends, 2021).

This dissertation only focuses on the interactions between P. aeruginosa and S. aureus, which
are highlighted as examples. Interactions between other bacterial pairs, both aerobes and
anaerobes, have also been studied in the literature with fascinating findings (Aranda-Diaz et
al., 2020; Baishya et al., 2021; Nair & Andersson, 2023). However, these interactions are not

closely related to the focus of this work and thus are not discussed further here.

Overall, bacterial interactions are highly dynamic and shaped by a combination of intraspecies
diversity, the microbes involved, as well as environmental and clinical factors (Bernardy et al.,
2022; Ibberson & Whiteley, 2020). This complexity underscores the need for further research

to thoroughly understand these multifaceted interactions in detail.

1.5.2. Examples of interkingdom interactions: bacteria and fungi

Our understanding of fungal species present in CF-related chronic lung infections has been
expanding, particularly concerning C. albicans and A. fumigatus. Increasing evidence
demonstrates that fungi can exhibit contact-dependent communication and extracellular
signalling, as well as profoundly influencing biofilm architecture. Consequently, this can affect

virulence and antibiotic resistance (Du et al., 2022; Rapala-Kozik et al., 2023).
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In this dissertation, | focus on the interactions between C. albicans and P. aeruginosa as well
as C. albicans and S. aureus. Interactions between other pairings of bacteria and fungi have
been studied in the literature, however, these are not discussed in this section (Bényei et al.,

2024; Keown et al., 2020).

Regarding C. albicans and P. aeruginosa, both synergistic and antagonistic effects have been
reported. On the one hand, two-species biofilms containing C. albicans and P. aeruginosa are
thicker and rich in alginate, making these structures more robust (Kasetty et al., 2021;
Phuengmaung et al., 2020). Moreover, these biofilms have also been reported to exhibit
modified expression of proteins associated with virulence, multidrug resistance, and stress
responses (Trejo-Hernandez et al., 2014). On the other hand, C. albicans and P. aeruginosa
can also negatively influence each other. P. aeruginosa produces PQS and its precursor, HHQ,
which suppresses biofilm formation by C. albicans. Specifically, PQS triggers phenazine
release, promoting the formation of reactive oxygen species (ROS), thus disrupting fungal
biofilm integrity and hyphal development (Kaleli et al., 2007; Phelan et al., 2014; Reen et al.,
2011). Notably, phenazines also enhance the activity of some antifungal agents (Nishanth
Kumar et al., 2014). C. albicans can also affect the growth and biofilm formation of P
aeruginosa by secreting farnesol, tyrosol, and eicosanoids. Farnesol not only inhibits
pyocyanin production and rhamnolipid-mediated swarming of P. aeruginosa but also
significantly impairs its virulence (Cugini et al., 2007; Hassan Abdel-Rhman et al., 2015;
McAlester et al., 2008). Likewise, tyrosol decreases the secretion of haemolysin and
protease(s) (Hassan Abdel-Rhman et al., 2015). Eicosanoids, including prostaglandin E2, may

act as immunomodulatory agents in bacterial-fungal interactions.

Interestingly, P. aeruginosa may also influence the transition between yeast and hyphal forms
of C. albicans. The hyphal form is more invasive than the yeast form, providing tissue adhesion
and invasion capacity (Berman & Sudbery, 2002; Maza et al., 2017). Hogan and Kolter
observed that P. aeruginosa targets and eliminates the hyphal cells of C. albicans but not the
yeast form in co-culture (Hogan & Kolter, 2002). This process involves several molecular
signals, including OdDHL, which inhibits C. albicans filamentation without impacting fungal
growth (Hogan et al., 2004; Ovchinnikova et al., 2012). Conversely, secreted pseudomonal

proteases, such as LasB, stimulate fungal virulence (Peleg et al., 2010).
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The interplay between S. aureus and C. albicans shows a more synergistic relationship (Durand
et al., 2022; Short et al., 2023). In a two-species biofilm, S. aureus adheres onto C. albicans
hyphae via the fungal adhesin Als3p and uses fungal structures as a scaffold for growth and
deeper tissue invasion (Kean et al., 2017; Peters et al., 2012; Peters et al., 2013). This symbiosis
increases not only the biofilm biomass but also enhances antimicrobial tolerance, perhaps
due to the thicker extracellular matrix (Harriott & Noverr, 2011; Kean et al., 2017; Pammi et
al., 2013; Peters et al., 2019; Vila et al., 2021). Moreover, C. albicans stimulates the S. aureus
agr QS system, which supports toxin production and increases virulence (Todd et al., 2019).
However, the interactions between these species can also have adverse effects; for example,
C. albicans can produce farnesol to disrupt S. aureus biofilm development (Jabra-Rizk et al.,

2006).

These findings demonstrate that bacteria and fungi can engage in both cooperative and
antagonistic interactions. Notably, there are some discrepancies in reported outcomes, which
are likely due to variations in experimental models and conditions, such as temperature and
media composition, as highlighted in recent meta-analyses (Grainha et al., 2020; Kahl et al.,

2023; Santos-Fernandez et al., 2023).

Despite our expanding knowledge and new approaches, many aspects of inter-species
interactions remain elusive. For example, much of the existing research has focused on dual-
species cultures, yet real-world microbial communities are far more diverse, consisting of
numerous species. To address this, it is essential to progressively shift towards more complex
systems. Incorporating three, four, or even more species into experimental setups will provide
deeper insights into how microbial behaviour and biological processes change in increasingly
complex (and more realistic) environments. Moreover, it is important to recognise that
microbial populations are not homogenous; multiple genetic variants of the same species can
coexist within the same niche (Chung et al., 2012). This intra-species heterogeneity plays a
crucial role in shaping microbial dynamics and must be considered to fully understand how
different — often clinically relevant — mutations influence these communities. For instance,
there is a notable gap in our understanding of how the loss of LasR function impacts
polymicrobial communities in the CF lung. Furthermore, inter-species interactions have been
shown to influence the progression and outcomes of infections (Fourie et al., 2017; Fourie et

al., 2016). Notably, polymicrobial environments can alter antimicrobial susceptibility, which
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could have profound implications for infection treatment (O'Brien et al., 2022). This
underscores the urgency for deepening our understanding of these interactions, not only to
advance scientific knowledge but also to improve antibiotic therapies at a time when

antimicrobial resistance represents a critical challenge for modern medicine.
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Chapter 2

Thesis

P. aeruginosa, a common inhabitant of the lungs of pwCF, often coexists with other microbes,
leading to complex, polymicrobial infections. Factors like intra-species genetic variation and
environmental challenges, such as antibiotic treatment, further complicate the situation.
Understanding the biology underpinning microbial responses in such complex environments
is not just of scientific interest; it also offers potential insights into improving clinical

interventions.

In this project, | examine how a loss-of-function mutation in /asR (the master regulator of
guorum-sensing, and a gene that is commonly mutated in clinical isolates of P. aeruginosa in
the lungs of pwCF) impacts on inter-species interactions and dynamics in a polymicrobial

model.

Specifically, it is my thesis that loss of LasR function reshapes inter-species interactions in a

polymicrobial cystic fibrosis airway model, especially following antibiotic challenge.

The CF airway model utilised in this project enables the stable co-culture in ASM of P.

aeruginosa, S. aureus and C. albicans.

My work initially aimed to test three hypotheses (1, 3, and 4), although as the investigations

progressed, two additional ones (2 and 5) emerged and were studied.
My five hypotheses are:

1. That a loss-of-function mutation in /lasR will significantly impact the interaction

between P. aeruginosa and other species in the culture.

2. Thatin mixed populations of a PAO1 progenitor and an isogenic lasR mutant, the PAO1

will utilise a LasR-regulated T6SS effector (TseT) to constrain /asR mutant titres.

3. That P. aeruginosa will exhibit reduced susceptibility to ciprofloxacin in the presence

of co-habiting species.

49



That antibiotics will differentially impact cultures containing P. aeruginosa PAO1

compared with cultures containing a lasR variant of the organism.

That antibacterial agents may also influence fungal dynamics, and that this influence

may also involve proteins encoded by the P. aeruginosa tseT operon.

50



Chapter 3

Materials and methods

3.1. Microbial strains and routine culture conditions

The microbial strains used in this study were sourced from the Welch Laboratory collection
and are detailed in Table 3.1. All P. aeruginosa variants were derived from PAO1. The ‘wild
type’ (‘WT’) was designated as PAO1mw (Askenasy et al., 2024), and the mutants are logically

named based on their specific genetic modifications.

For routine overnight cultures, a single colony from Luria-Bertani (Lennox formulation LB,
Formedium) agar plate was inoculated into 10 mL of LB and incubated at 37°C for 16-18 hours
on a rotary drum cycling at 120 rpm. Microbial strains were kept at -80°C as glycerol stocks for
long-term storage. For antibiotic selection, the agar plates and growth media were
supplemented with antibiotics at the following final concentrations: 50 ug mL* tetracycline
for the AlasR mutant, 30 pg mL? gentamicin for the chromosomally complemented AlasR
mutants (AlasR+PA3904-08 and AlasR+Empty), 50 pg mL* ampicillin for maintaining pSB536
in the BHL biosensor strain, 10 ug mL* tetracycline for maintaining pSB1057 in the OdDHL

biosensor strain, and 15 ug mL™* fluconazole to inhibit C. albicans growth.

3.2. Growth media and solutions

Table 3.2 lists all growth media and solutions used in this study. Phosphate-buffered saline
(PBS) was utilised for serial dilution and washing steps. In mixed-species experiments,
selective agars were used to isolate P. aeruginosa, C. albicans, and S. aureus. QS molecule
stock solutions were prepared to establish the standard curves for QS measurements.
Isopropyl B-D-1-thiogalactopyranoside (IPTG) was used to induce the inserted genes in the

complemented AlasR mutants (AlasR+PA3904-08 and AlasR+Empty).

Most ingredients or solutions requiring sterilisation were autoclaved at 121°C for 15 minutes.
Exceptions included QS molecules, IPTG, and antibiotic stock solutions, which were sterilised
by filtration through a 0.22 um pore size filter units: Stericup Quick Release Vacuum Filtration

System (Millipore) or Millex-GP Filter Unit (Millipore), based on the volume.
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Table 3.1. Microbial strains used in this study. All were sourced from the Welch Laboratory collection. The
APA3904-08 mutant and the complemented AlasR mutants (AlasR+PA3904-08 mutant and AlasR+Empty

mutant) were made for this study by Rahan Nazeer.

Name

Description

Reference

P. aeruginosa
PAO1mw

P. aeruginosa PAO1, a spontaneous
chloramphenicol-resistant derivative that is used
worldwide as a laboratory reference strain.

First isolated Melbourne, Australia (1954).

Nguyen, 2011

C. albicans

C. albicans SC5314, a clinical isolate that is
commonly used as a laboratory reference strain.
First isolated in New York, USA (1980s).

Gillum, 1984

S. aureus

S. aureus Rosenbach (ATCC 25923), a methicillin
sensitive clinical isolate lacking mecA and
recombinases, that is commonly used as a
laboratory reference strain.

First isolated in Seattle, USA (1945).

Treangen,
2014

P. aeruginosa
PQS biosensor

P. aeruginosa ApgsA pqsA::luxCDABE.
Luciferase-based PQS biosensor is integrated at a
neutral site in the genome.

Fletcher, 2007

E. coli

E. coli JM109 pSB536.
Luciferase-based BHL biosensor containing an

. ) Swift, 1997
BHL biosensor ahyR+Pahyl::luxCDABE fusion.
Ampicillin resistant.
E. coli IM109 pSB1075.
E. coli Luciferase-based OdDHL biosensor containing a )
. . Winson, 1998
OdDHL biosensor | lasR+Plas!’::luxCDABE fusion.
Tetracycline resistant.
) P. aeruginosa PAO1g derivative, AlasR::TcR cassette,
P. aeruginosa Gambello &
also referred to as PAO-R1. )
AlasR mutant . ) Iglewski, 1991
Tetracycline resistant.
P. aeruginosa P. aeruginosa PAO1ww derivative, APA3904-08. Welch
elc
APA3904-08 Deletion of PA3904 (PAAR4)-tecT-PA3906 (co-tecT)-
. Laboratory
mutant tseT-tsiT.
. P. aeruginosa AlasR::TcR derivative with
P. aeruginosa . .
Plac-PA3904-3908-GmR::att Tn7 insertion. Welch
AlasR+PA3904-08 . . .
The promoter is IPTG-inducible. Laboratory

mutant

Tetracycline and gentamicin resistant.
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P. aeruginosa
AlasR+Empty
mutant

P. aeruginosa AlasR::TcR derivative with
Plac-GmR::gtt Tn7 insertion.

The promoter is IPTG-inducible.
Tetracycline and gentamicin resistant.

Welch
Laboratory
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Table 3.2. Growth media and solutions. Composition of the growth media and solutions used in this study, with

the exception of ASM, which is detailed in Table 3.3. Sterilisation methods included autoclaving at 121°C for 15

minutes or filtration, as indicated.

Media/ Solution

Composition

General

LB

20 g L' LB-broth Lennox (Formedium)
Note: sterilised by autoclaving

LB-agar

20 g L'! LB-broth Lennox (Formedium)
15 g L'! Agar Granulated, Bacteriological Grade (Formedium)
Note: sterilised by autoclaving

Glycerol stocks

800 pL overnight culture or sample
800 plL 50% sterile glycerol (Fisher Scientific)

PBS

10 x Phosphate Buffered Saline tablets (Dulbecco A, Oxoid)
forllL
Composition:
Sodium chloride 8.0 g L
Potassium chloride 0.2 g L't
Disodium hydrogen phosphate 1.15 g L!
Potassium dihydrogen phosphate 0.2 g L™
Note: sterilised by autoclaving

IPTG

100mM IPTG (Melford) in dH,0
Note: made fresh before each experiment and filter
sterilised.

Selective agars

Pseudomonas Isolation
Agar (PIA)

45.03 g L't Pseudomonas isolation agar powder (NutriSelect
Plus, Millipore)
20 mL glycerol (Fisher Scientific)
Typical composition:
Magnesium chloride 1.4 g !
Peptic digest of animal tissue 20 g L1
Potassium sulfate 10 g L!
Triclosan (Irgasan) 0.025 g L*!
Agar13.6gL?
Note: sterilised by autoclaving

Mannitol Salt Agar (MSA)

111 g L Dehydrated mannitol salt agar powder (Oxoid)
Typical composition:

‘Lab-Lemco’ powder 1.0 g L!

Peptone 10.0 g L*

Mannitol 10.0 g L*!
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Sodium chloride 75.0 g L*
Phenol red 0.025 g L!
Agar15.0gL?

Note: sterilised by autoclaving

BiGGY agar

(Bismuth Glycine Glucose
Yeast Agar; Nickerson
Agar)

45 g L'! Dehydrated BiGGY agar powder (NutriSelect® Plus,

Millipore)

Typical composition:
Yeast extract 1.0 g L'?
Glycine 10.0 g L'!
Dextrose 10.0g L*
Bismuth ammonium citrate 5.0 g L*!
Sodium sulphite 3.0 g L*!
Agar16.0g L

Note: instead of autoclaving, the solution was boiled gently
to dissolve the medium completely, as suggested by the

manufacturer

QS solutions

OdDHL stock solution

5mM OdDHL (Sigma-Aldrich) in dimethyl sulfoxide (DMSO)

Note: filter sterilised and stored at -20° C

BHL stock solution

10 mM BHL (Sigma-Aldrich) in DMSO
Note: filter sterilised and stored at -20° C

PQS stock solution

5 mM PQS (2-heptyl-3-hydroxy-4(1H)-quinolone) (Sigma-

Aldrich) in methanol
Note: filter sterilised and stored at -20° C

Antibiotics

Colistin stock solution

20 mg mL™* Colistin sulfate salt (Sigma) in dH20
Note: made fresh prior to each experiment.

Ciprofloxacin stock
solution

5 mg mL? Ciprofloxacin (Sigma) in 1% AcOH
Note: made fresh prior to each experiment.

Tetracycline stock solution

25 mg mL! Tetracycline (Sigma) in 70% ethanol
Note: filter sterilised and stored at -20° C

Gentamicin stock solution

25 mg mL! Gentamicin (Sigma) in dH20
Note: filter sterilised and stored at -20° C

Ampicillin stock solution

100 mg mL* Ampicillin sodium salt (Sigma) in dH,0
Note: filter sterilised and stored at -20° C

Fluconazole stock solution

15 mg mL* Fluconazole (Sigma) in 95% ethanol
Note: made fresh prior to each experiment.
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ASM was prepared using a combination of SCFM2 formulations from Palmer (Palmer et al.,
2007), Kirchner (Kirchner et al., 2012), and Turner (Turner et al., 2015). The same formulation
was utilised for previous projects in the host laboratory (O'Brien, 2021; O’Brien & Welch,
2019). Table 3.3 provides the detailed composition of ASM and Figure 3.1 illustrates the

preparation process used in this study.

As illustrated in Figure 3.1, ASM preparation began with the creation of mucin-DNA and stock
solutions. For the mucin-DNA solution, 5 g of mucin from porcine stomach (Type-Il, Sigma-
Aldrich) was added to 250 mL of sterile PBS and stirred overnight at 4°C. Simultaneously, 4 g
of fish sperm DNA (Sigma-Aldrich) was dissolved in 250 mL of sterile demineralised water
(dH20) in a shaking water bath set to 35°C at 180 rpm. The next day, the two solutions were
combined, and any undissolved particles were removed by centrifugation at 4000 x g for 30
minutes at 4°C. The supernatant was then filter-sterilised using a 0.22 um Stericup Quick
Release Vacuum Filtration System (Millipore) with a vacuum pump (Charles Austen DA7C or
Vacuubrand MZ 2C Diaphragm Vacuum Pump). This process — hereafter referred to as
‘Stericup filter-sterilisation” — took 1-3 days, with the filter changed as needed. The sterile
mucin-DNA solution was either used immediately or stored at room temperature in the dark

until required.

Stock solutions were prepared in 50 mL using Falcon tubes (Corning) by adding the quantities
specified in Table 3.3 and diluting with dH;0, unless otherwise noted. These stocks were
stored at 4°C for up to a month, except for certain components listed in Table 3.3, which were

freshly prepared on the day of use.

During mixing, solids were first added to a beaker containing 150 mL of dH.0, followed by the
appropriate volumes of amino acid stocks, buffered base stocks, and the mucin-DNA solution.
The pH was adjusted to 6.8 using 5M NaOH. The mixing was completed by adding the nutrient
stocks and egg yolk, with the final volume adjusted to 1 L using dH20. The ASM was then

Stericup filter-sterilised and stored at 4°C for up to a month. It was pre-warmed before use.
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Table 3.3. List of components used for preparing 1 litre of ASM. Additional notes provide clarification on specific

preparation steps where applicable.

Volume of .
Molecular Mass for 50 mL Final
. . stock to add .
Name weight stock solution . concentration
for a litre
g mol*! g mL mM
Mucin-DNA solution
Mucin from porcine
NA 5 250 1.25
stomach &
Fish sperm DNA 8 NA 4 250 1
Amino acid stocks
Ser 105.09 0.525 14.46 1.446
Glu-HClI 183.59 0.918 15.492 1.549
Pro 115.13 0.576 16.612 1.661
Gly 75.07 0.375 12.032 1.203
Ala 89.09 0.445 17.8 1.78
Val 117.15 0.586 11.172 1.117
Met 149.21 0.746 6.332 0.633
lle 131.17 0.656 11.212 1.121
Leu 131.17 0.656 16.092 1.609
Orn-HCI 168.62 0.843 6.76 0.676
Lys-HCI 182.6 0.913 21.28 2.128
Arg-HCI 210.7 1.054 3.06 0.306
Trp?@ 204.23 1.021 0.132 0.013
Asp © 133.1 0.666 8.272 0.827
Tyr « 181.19 0.906 8.02 0.802
Thrd 119.12 0.596 10.72 1.072
Cys-HCl ¢ 157.6 0.788 1.6 0.16
Phe ¢ 165.19 0.826 5.3 0.53
His-HCI-H,0 ¢ 209.6 1.048 5.192 0.519
Buffered base stocks
NaH2PO4 137.99 1.38 8.125 1.3
Na;HPO4 141.96 1.42 6.252 1.25
KNO3 101.103 5.056 0.348 0.348
K2SO04 174.259 2.178 1.084 0.271
Solids ©
NHa4Cl 53.491 0.124 NA 2.2808
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KCl 74.5513 1.116 NA 14.943
NaCl 58.44 3.032 NA 51.848
MOPS 209.2633 2.092 NA 10
Nutrient stocks
Dextrose
(D-glucose) 180.16 9.008 1.2 3
Lithium -lactate f 96.01 4.801 9.3 9.3
CaCl-2H,0 147.014 7.3507 1.754 1.754
MgCl2-6H20 203.31 10.1655 0.606 0.606
FeSO4-7H,0¢ 278.05 0.05 1 0.0036
N-acetylglucosamine 221.21 2.766 1.2 0.3
Egg yolk emulsion & NA NA 5

@ Prepared in 0.2 M NaOH
d Made fresh on the day of preparation

f Adjusted to pH 7.0 with NaOH

b prepared in 0.5 M NaOH

¢Prepared in 1 M NaOH

¢ Added directly to the mixing beaker

& Sigma-Aldrich
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Step 1: Preparation Step 3: Filtering

Mucin-DNA Stock solutions Stericup Vacuum pump Fi.tf:tf,,ﬂﬁgﬁ’em

\ J o\ J

Step 2: Mixing

( jiiug
T3 ﬁ m
Amino acid stocks E Ik Isi
Buffered base stocks gg yolk emuision
: __-W
Solids Nutrient
stocks P .
7 |—— Mucin-DNA ~—F
= F,. S
o Water
Water
Mixing . pHto 6.8 Mixing Il

Figure 3.1. Workflow for preparing artificial sputum media for this study. The mucin-DNA solution and long-
term stock solutions (stored for up to a month) were prepared in advance (Step 1). Fresh stock solutions were
made on the day of preparation, solids were measured, and all components were mixed, with pH measured and
set midway (Step 2). The final ASM mixture was filter-sterilised, with the filter replaced as necessary (Step 3).

Created with BioRender.com.
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3.3. Whole genome sequencing

Whole genome sequencing (WGS) was conducted on P. aeruginosa PAO1uw and AlasR mutant
to identify the full spectrum of differences between these strains. MicrobesNG (Birmingham,
UK) carried out the sequencing, following its established protocols (MicrobesNG Methods,

2024).

Sample preparation began with routine overnight cultures. The following day, 100 pL of each
culture was transferred into 50 mL of fresh LB broth and incubated at 37°C with shaking at
100 rpm until mid-log phase was reached, as determined by optical density at 600 nm (ODsgo).
Cells were harvested, resuspended in DNA/RNA Shield (Zymo Research, USA), and sent to

MicrobesNG for sequencing.

Genomic DNA libraries were prepared using the Nextera XT Library Prep Kit (lllumina, San
Diego, USA), and sequencing was performed on an Illumina NovaSeq 6000 platform with a
250 bp paired-end protocol. Sequencing reads were adapter-trimmed using Trimmomatic
(v0.30) with a sliding window quality cutoff of Q15 (Bolger et al., 2014). De novo assembly
was completed using SPAdes (v3.7), and the resulting contigs were annotated with Prokka
(v1.11) (Bankevich et al., 2012; Seemann, 2014). Reads were aligned to the reference genome
(GCF_000006765.1) using BWA mem (v0.7.17), and SAMtools (v1.9) was used for processing
(Stover et al., 2000). Variants were called with VarScan (v2.4.0), using thresholds of 90% for
sensitive and 10% for specific allele frequencies. Variant effects were predicted and annotated
using SnpEff (v4.3). The AlasR mutant was compared with PAO1mw to identify genetic

differences.

3.4. Growth in the continuous-flow culture model

Most experiments in this project were conducted using an in vitro continuous-flow system
with ASM as the growth medium. Developed in the host laboratory by Dr Thomas O’Brien and
adapted for this study, this model ensured a controlled environment for consistent microbial
growth (O'Brien, 2021). The experimental setup, inoculation method, and growth conditions

were standardised across all experiments, unless otherwise indicated.
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3.4.1. Setup

The continuous-flow culture system, illustrated in Figure 3.2, was centred around a 100 mL
Duran flask used as the culture vessel. This and the media reservoir were fitted with
assembled 4-port HPLC GL80 screw caps (Duran). Sterile ASM was delivered from a 1 L media
reservoir to the culture vessel via 1.5 mm bore Sterilin silicone tubing (Fisher Scientific), with
flow precisely controlled by a 24-channel IPC ISM934C standard-speed digital peristaltic pump
(Ismatec). Another channel on the pump simultaneously removed used media from the

culture vessel into a waste bottle, ensuring a balanced system and constant culture volume.

Continuous stirring within the vessel was maintained at 100 rpm to ensure homogeneity, using
a MULTISTIRRER6 multi-position magnetic stirrer (Velp Scientifica) placed beneath the culture
vessels. The entire system was housed at 37°C in a temperature-controlled environment,

providing optimal conditions for microbial growth.

The components of the continuous-flow system, excluding the media reservoir and waste

bottle, were assembled and sterilised by autoclaving prior to inoculation.

3.4.2. Inoculation and growth

Typically, six experimental setups were assembled simultaneously in a biological safety cabinet
(NU-437-400E, Nuaire) to ensure a sterile environment. This process involved filling the
culture vessels with pre-warmed ASM and connecting the sterilised systems to their
respective media reservoirs. For inoculation, routine overnight cultures were prepared and
washed three times in PBS. Each microbe was introduced into the culture vessels at ODggo of

0.05.

The setups were transferred to a warm room set to 37°C, where they were incubated with
continuous stirring for three hours before initiating the media flow. Once initiated, the media
flow remained constant at 145 pL min* for all experiments, with brief interruptions only for

sampling or the addition of antibiotics or IPTG.

Microbial cultures were sustained and followed for a total of 96 hours, after which the
experiments were stopped, and all components of the system were thoroughly cleaned with

Virkon (Rely+On).
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Digital .
peristaltic & 37°C
pump

e

ASM reservoir Culture vessel with stirring Waste bottle

Culture vessels on

magnetic stirrer

Waste bottles

Figure 3.2. lllustration of the continuous-flow system. (A) The schematic image demonstrates a single setup

with the direction of the flow. Created with BioRender.com. (B) The photo shows six setups running in parallel.

Key components of the system are labelled.
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3.5. Sample collection and processing

Two main sampling methods were utilised, differing in the volume collected and subsequent
processing steps. A smaller volume of 1-2 mL was collected when samples were intended for
downstream applications such as colony-forming unit (CFU) enumeration or imaging. In
contrast, a larger volume of 6 mL was used for CFU enumeration, imaging, and additional

processing steps.

Figure 3.3 illustrates the sampling and downstream processing protocols. Figure 3.4 outlines

the sampling regimes applied for different experiments within the continuous-flow system.

Samples were collected under sterile conditions using a portable Bunsen burner to maintain
sterility during the procedure. Each culture was accessed directly by unscrewing the cap, and
a sample was collected using a 5 mL serological pipette (Costar) with an electric pipette
controller (ErgoOne FAST, Starlab). After collection, all samples were thoroughly mixed with a

Vortex mixer (Scientific Industries) to ensure homogeneity.

3.5.1. Colony-forming unit enumeration

After thorough mixing, tenfold serial dilutions of sample aliquots were prepared with PBS.
Using the single plate-serial dilution spotting method, 20 uL of each dilution was spotted onto
selective agar plates, as described by Thomas and colleagues (Thomas et al., 2015).
Pseudomonas Isolation Agar (PIA, Millipore) was used to select for P. aeruginosa, Mannitol
Salt Agar (MSA, Oxoid) for S. aureus, and BiGGY Agar (Bismuth Glycine Glucose Yeast agar,
Millipore) for C. albicans. Plates were incubated at 37°C. Colonies of P. aeruginosa and S.
aureus were typically counted after 16-18 hours of growth, but plates were re-incubated for
up to 72 hours in cases of no or weak initial growth. This ensured that SCVs were also
captured. C. albicans colonies were counted after 24 hours. CFU counts were determined as

the average of at least two technical replicates for each biological replicate.

3.5.2. Processing and storage

Samples were processed for downstream measurements in three parallel ways to prepare

glycerol stocks, sterile supernatant aliquots, and cell pellets.

Glycerol stocks were prepared by mixing 800 uL of each sample with 800 pL of sterile 50%
glycerol. These aliquots were stored in cryotubes at -80°C until further use.
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@ Sampling

Continuous-flow system and bunsen Sampling with serological pipettes: Thorough mixing
burner for sterile environment 1-2 mL or 6mL with vortex

@ CFU enumeration
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Serial dilution performed — e ) —7

using sterile PBS, with a Isolation plates Spotting 20 pL of Incubation at 37° C
total volume of 1 mL with labelled layout each dilution for 16-24 hours

@ Imaging

J . g

L
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2 pL aliquot placed Drop of immersion oil Images captured by light microscope
onto a glass slide applied to the coverslip and subsequently pre d

@ Processing the samples

L.

Cell pellet resuspended and recentrifuged Cell
‘ for transfer to microcentrifuge tube pellet

Long-term storage
at-80°C

o = ]
Filter-sterilising the Sterile
sample supernatant supernatant

Figure 3.3. Workflow for sampling and sample processing. Sampling (1) was performed under sterile conditions,
with samples rigorously vortexed to disrupt any aggregates. Microcentrifuge tubes represent 1-2 mL samples
used for CFU enumeration (2) and potential imaging (3). Falcon tubes represent 6 mL samples, which were used
for CFU enumeration (2), imaging (3), and additional processing (4) to prepare glycerol stocks, sterile

supernatants, and cell pellets. Created with BioRender.com.
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Figure 3.4. lllustration of the different sampling regimes from the continuous-flow system. The standard
sampling timeline involved collecting samples every 24 hours post-inoculation, up to 96 hours. When co-culturing
different genetic variants of P. aeruginosa in both monospecies and polymicrobial cultures, samples were
collected every 12 hours. For antibiotic challenge experiments, samples were taken every 12 hours, with more
frequent sampling during the 24-hour period following the addition of antibiotics, which occurred 48 hours post-
inoculation. Red-marked timings represent the timeline centred around the addition of antibiotics (T=0), as used

in the graphs presented in Chapter 6. Created with BioRender.com.
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Sterile supernatant was obtained by pelleting cells from 5 mL of each sample via
centrifugation at 4000 x g for 10 minutes at 4°C. The supernatant was poured into a syringe
and filter-sterilised using 0.22 um pore size syringe filters. The filtered supernatant was mixed,

and 2 mL aliquots were stored in cryotubes at -80°C until further use.

For the cell pellets, the pelleted cells were resuspended in 900 pL PBS and transferred to 2 mL
microcentrifuge tubes. After another centrifugation at 15,000 x g for 5 minutes at 4°C, the

supernatant was removed, and the cell pellets were stored at -80°C until further use.

3.5.3. Imaging

For imaging, 2 uL aliquots were taken from thoroughly vortexed, well-mixed samples and
placed on a glass slide, which was then covered with a coverslip. A drop of immersion oil was
applied to the coverslip. An Olympus BX51 phase contrast microscope equipped with a 100X
achromatic oil-immersion objective lens, and QICAM Fast 1394 camera was used for

visualisation. The images were processed using Fiji ImageJ (v2.15.1).

3.6. Transcriptomic analysis

Samples for bulk RNA sequencing were collected at the 48-hour timepoint directly from the
culture vessel of the continuous-flow system and lysed enzymatically. RNA extraction was
performed using the Monarch Total RNA Miniprep Kit (T2010, NEB), following the "Total RNA
Purification from Tough-to-Lyse Samples" protocol provided by the manufacturer. The
extracted RNA samples were sent to the Nucleic Acid Sequencing Facility (Department of
Biochemistry) for library preparation and sequencing. The output reads were returned and
analysed using a custom pipeline developed in collaboration with a colleague, Anastasios
Galanis. The data analysis was performed by myself. The main steps of the process are

illustrated in Figure 3.5.
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Step 1:
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Figure 3.5. Workflow for RNA sequencing and transcriptomics data analysis. After collecting 2 mL sample
aliquots from the continuous-flow system, RNA was purified using the Monarch Total RNA Miniprep Kit (NEB)
following the manufacturer’s instructions optimised for ‘Tough-to-Lyse Samples’ (Step 1). The samples were
further processed by the Nucleic Acid Sequencing Facility (Department of Biochemistry), where mRNA fragments
were purified, converted to cDNA, and the library was prepared (Step 2). Sequencing was performed using the
Illumina NextSeq 500 platform (Step 3). The raw reads were then returned and analysed using a custom pipeline

(Step 4). Created with BioRender.com.
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3.6.1. RNA extraction

After collection, each 2 mL sample was pelleted by centrifugation at 15,000 x g for 5 minutes
at 4°C, and the supernatant was discarded. Enzymatic lysis of the cells was performed at room
temperature using 300 pL of 3 mg mL? lysozyme (Sigma) for 10 minutes. Then, 600 puL of RNA
Lysis Buffer was added, and the mixture was vortexed vigorously for 10 seconds. The sample
was then centrifuged at 15,000 x g for 2 minutes at room temperature to pellet cellular debris,

after which the supernatant was transferred to an RNase-free microfuge tube.

RNA binding and elution were carried out according to the manufacturer’s protocol for
Monarch Total RNA Miniprep Kit (NEB). Briefly, the sample was passed through a gDNA
removal column to eliminate genomic DNA, and the flowthrough was diluted with ethanol
before being transferred to an RNA binding column. DNase treatment was applied to ensure
complete removal of any residual gDNA. RNA Priming Buffer and Wash Buffer were used to

eliminate contaminants, and RNA was eluted with nuclease-free water.

After elution, the RNA samples were centrifuged at 15,000 x g for 2 minutes, and RNA
concentration, as well as Aze0/280 and Azso/230 ratios, were measured from a 2 pl aliquot taken
from the top of the sample using a NanoDrop (ND-1000, Thermo Scientific). Samples were

labelled and stored at -80°C until further processed externally.

The protocols were explicitly tailored for P. aeruginosa, reflecting the primary focus of this
research. The workstation was thoroughly cleaned with RNaseZap (Sigma) before starting and

between steps.

3.6.2. Library preparation and sequencing

The Nucleic Acid Sequencing Facility (Department of Biochemistry) carried out the subsequent
sample processing steps. First, RNA sample quality was assessed using an Agilent 2100
Bioanalyzer to confirm RNA integrity and provide RNA Integrity Number (RIN) values.
Ribosomal RNA was depleted from bacterial RNA samples using the Ribo-Zero rRNA Removal
Kit (lllumina) to enrich for mRNA selectively. The library was prepared using the TruSeq

Stranded mRNA Library Prep Kit (lllumina).
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Sequencing was conducted on an lllumina NextSeq 500 platform with a 150-cycle high-output
run. Paired-end sequencing generated 75 bp reads in both directions, yielding approximately

400 million total reads, with an average of 22.5 million reads per sample.

The output FASTQ files were transferred back via the lllumina BaseSpace Sequence Hub and

downloaded for data analysis.

3.6.3. Data analysis

As the first step of the data analysis, quality control (QC) of the raw reads was performed using

FASTQC (v12.0) to assess base quality scores, GC content, and other metrics (Andrews, 2023).

For the first phase of the analysis, the reads were processed with high-performance
computing (HPC) resources using a custom pipeline developed for this project. Miniconda3
(Conda v24.5.0) was used to manage the software environment and dependencies. Adapter
sequences and low-quality bases were trimmed using Cutadapt (v4.9), and QC was repeated

to confirm the integrity of the processed reads (Martin, 2011).

As the samples contained mixed reads from three microbial species — P. aeruginosa, S. aureus
and C. albicans — a ‘virtual’ genome was created by combining the genomes of all
microorganisms involved. The reads were aligned to this composite genome using Bowtie2
(v2.5.4), generating SAM files (Langmead & Salzberg, 2012). Samtools (v1.20) was used to
filter out reads mapped to the C. albicans and S. aureus genomes, resulting in BAM files
containing only reads mapped to the P. aeruginosa genome (Danecek et al., 2021; Li et al.,
2009). FeatureCounts from the Subread package (v2.0.6) was used to count reads assigned to
coding sequences (CDS) of the P. geruginosa genome (Liao et al., 2014). The results were

exported as CSV files.

For the second phase of data analysis, R (v4.4.1) was used. DESeq2 package (v1.44.0) was
utilised for normalisation and differential expression analysis (Love et al., 2014). The analysis
and visualisation pipeline were based on the "Analyzing RNA-seq data with DESeq2" protocol
available on the Bioconductor website. Principal Component(s) Analysis (PCA) was generated
to evaluate sample clustering using DESeq2 (v1.44.0) and ggplot2 (v3.5.1) packages (Love et
al., 2014).
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EnhancedVolcano was employed to define and visualise differentially expressed genes (Blighe
et al., 2018). The significance thresholds were set at |log,FC| > 1.0 and an adjusted p-value <
0.05. Functional and biological interactions between differentially expressed genes and
related proteins were investigated using STRING (v12.0) (Szklarczyk et al., 2023). Connections
and interaction networks were visualised using the Markov Cluster Algorithm (MCL) with the
inflation parameter set to 1.2, which allowed for less stringent clustering and the identification

of broader interaction groups.

3.7. Quorum sensing molecule quantification

QS signal molecules — specifically PQS, OdDHL, and BHL — were quantified using reporter
strains: P. aeruginosa PQS biosensor, E. coli OdDHL biosensors and E. coli BHL biosensor, as
detailed in Table 3.1. Sterile culture supernatants were prepared according to the procedure

described in Section 3.5.2. Samples were collected from -80°C storage and thawed on ice.

Measurements were carried out in 96-well plates with flat micro-clear bottom and black
polystyrene wells (655090, Greiner). For sample wells, 60 pL of sterile culture supernatant was
added. For controls and blanks, at least three wells contained 60 pL of sterile ASM and 120 plL
of sterile ASM, respectively. Additionally, 12 wells were reserved for QS standards, containing
60 pL solutions of the relevant QS molecule in a 1:2 serial dilution, with a maximum
concentration of 2000 nM. Stock solutions for these standards were prepared as shown in

Table 3.2 and freshly diluted to the required concentrations in sterile ASM.

Reporter strains were routinely grown as overnight cultures with the appropriate antibiotic,
as described in Section 3.1. On the day of measurement, these cultures were sub-cultured and
grown to ODego of 1.0. Subsequently, 60 uL of the normalised culture was added to each well

except the blanks.

Using the FLUOstar Omega microplate reader (BMG LABTECH), each 96-well plate was
incubated for 3.5 hours with shaking at 500 rpm, during which ODggo and luminescence
measurements were taken every 15 minutes. Growth was assessed based on OD
measurements, and only data from plates with standard growth patterns and sterile blanks

were processed further.
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Standard curves were generated and based on these, molecule concentrations in the samples
were determined where they were measurable. In cases where luminescence values
exceeded the standard curve range, the experiment was repeated with diluted samples to

ensure accuracy.

3.8. Co-culturing of Pseudomonas aeruginosa genetic variants in the
continuous-flow system

The inoculation method followed the same procedure outlined in Section 3.4.2, with both P.
aeruginosa genetic variants added simultaneously. Cultures containing two P. aeruginosa
genetic variants are referred to as monospecies, whereas those also including S. aureus and

C. albicans are classified as polymicrobial.

Samples were taken every 12 hours, as shown in Figure 3.4, and processed as described in
Section 3.5. In all pairings of genetic variants, distinct antibiotic resistance was utilised to
distinguish during CFU enumeration. When one P. geruginosa variant possessed antibiotic
resistance, and the other did not, samples were plated on two types of PIA plates: one set
containing the relevant antibiotic and the other without antibiotics. At least two technical
replicates were used for each type. The plates with antibiotics provided a direct count of the
resistant variant, whereas those without antibiotics represented the total count of both
strains combined. Subtraction of the antibiotic-resistant count from the total yielded the
viable cell count of the non-resistant strain. In cases where both P. aeruginosa variants carried
distinct antibiotic resistance cassettes, plates containing the relevant antibiotics were used to

obtain direct counts for both.

3.9. Co-culturing of microbes in microtiter plate-based cultures

For microtiter plate-based cultures, each sample well contained ASM and two microbes: a
genetic variant of P. geruginosa paired with S. aureus or with C. albicans. Overnight cultures
were prepared and washed three times in PBS before inoculation. Each species was added to

the wells at ODggo of 0.05.

A total volume of 200 pL was used per well of clear-bottom 96-well plates (Nunc, Thermo
Scientific). Cultures were incubated for 24 hours at 37°C with orbital shaking at 500 rpm using

a FLUOstar Omega microplate reader (BMG LABTECH). Each plate included control wells with
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monospecies cultures and blanks with only ASM. ODeoo measurements were taken every 30
minutes to monitor growth. After 24 hours, the samples were processed for serial dilution and
spotting, following the procedure outlined in Section 3.5.1. As before, selective agar plates

were used to differentiate between the microbial species for CFU enumeration.

3.10. Antibiotic challenge

Antibiotic challenge was applied to assess the antimicrobial susceptibility of P. aeruginosa
genetic variants in mono- and polymicrobial environments. Colistin and ciprofloxacin were
selected for this project, as both are commonly used in clinical practice to treat P. aeruginosa
lung infections. The combination of these two anti-pseudomonal drugs is frequently

employed to eradicate P. aeruginosa, as discussed in Section 1.3.2.

3.10.1. Minimum inhibitory concentration

Initially, antimicrobial sensitivity was assessed using M.Il.C.Evaluator Strips (Oxoid), where
commercially prepared antibiotic-impregnated strips were placed on agar plates with
microbial lawns. However, further usage of this method was discontinued due to the

unavailability of the strips.

Subsequently, minimum inhibitory concentration (MIC) values for colistin and ciprofloxacin
were determined using the broth microdilution method described by the Clinical and
Laboratory Standards Institute (Clsi, 2021). Briefly, a 1:2 serial dilution of the antibiotics was
prepared in ASM, with concentrations ranging from 0 pg mL?! to 256 pug mL?'. Routine
overnight cultures were washed three times in sterile PBS, and the normalised cultures were
inoculated into the wells at ODggo of 0.05, within a total volume of 150 pL per well. The plates
were sealed with a gas-permeable membrane (4TITUDE) and incubated at 37°C for 16 hours
with moderate shaking (50 rpm). The MIC was determined as the lowest antibiotic

concentration at which no visible bacterial growth was detected.

3.10.2. Antimicrobial perturbation of steady-state cultures

Before adding antibiotics, each culture was grown for 48 hours to establish steady-state
cultures. This timeline allowed to confirm that microbial populations had reached consistent
levels before introducing the antibiotics. Fresh antibiotic stock solutions were prepared on the

day of the experiment and diluted with ASM to 100 x final concentration. A 1 mL aliquot of

72



the relevant solution was added to each culture to achieve a final concentration of 5xMICpa
for the corresponding P. aeruginosa genetic variant. As shown in Figure 3.4, antibiotics were
introduced immediately after sampling at the 48-hour mark, designated as the T=0 hour
timepoint on the graphs presented in Chapter 6. Following the addition of antibiotics, media
flow was paused for one hour before being resumed. The calculated changes in antibiotic
concentration over time, taking into account media flow and replacement rates, are illustrated

in Figure 3.6.

3.10.3. Susceptibility of isolates from polymicrobial culture

To assess whether P. aeruginosa cells surviving antibiotic treatment exhibited resistance
outside the polymicrobial experimental culture, samples were plated on PIA plates with the

used anti-pseudomonal drugs. The steps of the process are illustrated in Figure 3.7.

PIA plates were prepared with colistin (20 pg mL™?) or ciprofloxacin (5 pg mL?), alongside
fluconazole (15 pg mL?) to inhibit fungal growth. Glycerol stocks, prepared as described in
Section 3.5.2, were transferred from -80°C to dry ice to maintain their frozen state. Small
aliquots from each stock were picked up with a pipette and carefully streaked onto the
prepared plates. Samples from the following time points were tested: -24, 0, +6, +12, +18, and
+24 hours. Plates were incubated at 37°C for 24 hours, after which bacterial growth was

evaluated. Control PIA plates with fluconazole but without colistin or ciprofloxacin were used.

3.11. Statistical analysis

Unless otherwise stated, all data are reported as the median with a 95% confidence interval
based on at least three independent biological replicates (N > 3). Statistical significance was
defined as p < 0.05 for all analyses. Growth data from continuous-flow cultures were analysed
using the Wilcoxon signed-rank test, conducted in either GraphPad Prism (v10.3.1) or R
(v4.4.1). Competition assay results from microtiter plates were assessed using the Kruskal-
Wallis test, conducted in GraphPad Prism (v10.3.1). The specifics of the RNA sequencing data

analysis are outlined in Section 3.6.3.
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Figure 3.6. Calculated antibiotic concentrations over time. Colistin ( ) and ciprofloxacin (blue
heptagons) were administered at 5x MICpa concentrations during the antibiotic challenge. The graph illustrates
the calculated absolute concentrations of the antibiotics over a 24-hour period, starting from the time of

administration. Concentrations drop below 1x MICpa approximately 12 hours after administration.

74



Step 1:
Preparation and labelling of PIA plates supplemented with antibiotics
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Step 2.

Collecting glycerol stock samples from -80°C and storing on dry ice
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Step 3:
Streaking a small aliquot of frozen sample onto plates using a pipette
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Step 4:
Incubating plates at 37°C and assessing growth after 24 hours

Figure 3.7. Workflow for antimicrobial susceptibility testing of isolates from polymicrobial cultures. PIA plates
were supplemented with colistin or ciprofloxacin, along with fluconazole, and labelled using a matrix as shown
(Step 1). Glycerol stock samples were transferred from -80°C to dry ice (Step 2), and small frozen aliquots were
streaked onto the plates (Step 3). Plates were incubated at 37°C for 24 hours to assess bacterial growth (Step 4).

Created with BioRender.com.
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Chapter 4

Transcriptional profile of Pseudomonas aeruginosa

genetic variants

4.1. Background and rationale

As discussed in Section 1.1.2, the CF lung environment hosts a diverse array of microbes, with
P. aeruginosa typically being the most abundant when present. Furthermore, individuals
colonised by P. aeruginosa often harbour multiple genetic variants of the bacterium (Kung et
al., 2010; Wolfgang et al., 2003). This diversity typically arises from the genetic diversification
of the infecting lineage within the airways, rather than co-colonisation by different strains

(Chung et al., 2012; Lei Yang et al., 2011).

One of the most commonly found mutations in clinical isolates is in the master regulator of
the QS system, lasR (D'Argenio et al., 2007; Jayakumar et al., 2022; Smith et al., 2006). These
lasR mutants are frequently associated with worsened disease prognosis (Hoffman et al.,
2009). However, little is known about how P. aeruginosa with such a loss-of-function mutation
behaves within a polymicrobial community and what changes occur in its transcriptional

profile.

The work presented in this chapter is about testing my first hypothesis that a loss-of-function
mutation in lasR significantly impacts the interaction between P. aeruginosa and other species

in the culture.
To address this hypothesis, the following objectives were established:

1. To evaluate the abundance of ‘wild-type’ PAO1mwand the loss-of-function lasR mutant
(AlasR mutant) in both monospecies and polymicrobial cultures.

2. To analyse the cross-sectional transcriptional profiles at the 48-hour timepoint, when
the cultures are in a steady state.

3. To measure the concentration of QS molecules in the in vitro continuous-flow system

over time.
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4.2. Non-disturbed polymicrobial cultures

As demonstrated previously, a recently developed continuous-flow model enables the stable
maintenance of long-term in vitro co-cultures containing three distinct microbial species
associated with CF airway infections: P. aeruginosa, S. aureus, and C. albicans (O'Brien, 2021).
This setup offers a significant advantage over batch cultures, particularly for investigating
steady-state scenarios. To address the first objective of this chapter — evaluating the
abundance of different genetic variants of P. aeruginosa in both monospecies and
polymicrobial cultures — this continuous-flow system was used. Initially, the reproducibility of
results from prior studies with the PAO1mw was confirmed, both in mono- and poly-species
cultures. Subsequently, the AlasR mutant was used to explore the behaviour of this common

variant in mono- and polymicrobial cultures under non-disturbed conditions.

4.2.1. ‘Wild-type’ Pseudomonas aeruginosa PAO1ww

To ensure research continuity, | first repeated previous experiments with P. aeruginosa
PAO1mw in the continuous-flow system. My findings confirm that monospecies and triple-
species co-cultures vyield highly reproducible outcomes, with no significant
differences between earlier results and my experimental repeats (p > 0.5). After
approximately 24 hours, the single-species culture of P. aeruginosa stabilised at around 102
CFU mL*! and this was maintained for the remainder of the 96-hour experiment. The
polymicrobial culture also reached and sustained stable levels, as illustrated in Figure 4.1.
Specifically, the titres of P. aeruginosa and S. aureus remained around 108 and 107 CFU mL™?,
respectively, while C. albicans was detected between 10* and 10° CFU mL? at Q = 145 pL min

! flow, consistent with expectations.

To gain deeper insights into the initial 24-hour period following inoculation, | also conducted
a sampling every three hours during the first 24 hours of a 48-hour experiment. During this
settling-in period, the viable cell counts of P. aeruginosa and S. aureus fluctuated, potentially
indicating a predominantly competitive dynamic between these species. Meanwhile, C.
albicans rarely exceeded 10° CFU mL™?, as shown in Figure 4.2. These findings provide valuable
data for a computational ecology model developed by my bioinformatician colleague, Pok-

Man Ho.
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Figure 4.1. Monoculture and polyculture with Pseudomonas aeruginosa PAO1lww in the continuous-flow
system. Viable cell counts of P. aeruginosa PAO1mw (black circle), S. aureus (pink square), and C. albicans
(turquoise triangle) in non-disturbed cultures within ASM at Q = 145 pL min! flow. CFU mL? values are plotted
on a logio scale. Data is represented as the median with a 95% confidence interval across six independent
experiments (n=6). No significant differences were found in cell counts compared with the results at the 24-hour

timepoint (p > 0.2).
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Figure 4.2. Detailed sampling of the polyculture with Pseudomonas aeruginosa PAO1ww in the continuous-
flow system. Viable cell counts of P. aeruginosa PAO1mw (black circle), S. aureus (pink square), and C. albicans
(turquoise triangle) in non-disturbed cultures within ASM at Q = 145 pL min® flow. CFU mL? values are plotted
on a logio scale. Data is represented as the median with a 95% confidence interval across three independent

experiments (n=3).
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4.2.2. AlasR mutant

Monospecies and polymicrobial cultures were made using the loss-of-function mutant of P.
aeruginosa with an inserted tetracycline resistance cassette (AlasR::Tc?, referred to as AlasR
mutant hereafter), as shown in Figure 4.3. The monospecies culture of the AlasR mutant
stabilised at approximately 108 CFU mL™}, slightly but not significantly lower than the PAO1mw
in Figure 4.1. In the triple-species culture, the steady-state levels were similar to those
observed with the PAO1wuw (Figure 4.1); however, C. albicans took longer to reach stable titres.
This suggests that the absence of /lasR function does potentially influence polymicrobial
dynamics. However, it does not necessarily have a lasting impact on the long-term stability of
the polymicrobial cultures under these experimental conditions, similar to previous findings

(Cheng et al., 2019).

4.3. Whole genome sequencing

Following best practices, WGS was performed on the strains used in this study, PAOluww and
AlasR mutant. This step was essential because the AlasR mutant had been generated
externally, and although both strains were assumed to share the same PAO1 background,
laboratory microevolution could have resulted in unexpected changes. (Askenasy et al., 2024).
Another key focus of this analysis was to determine whether any mutations existed in the
mexT gene. This was important for two reasons: firstly, as discussed in Section 1.3.1., a double
lasR and mexT mutant can exhibit partial restoration of QS features. Secondly, as described by
LoVullo and Schweizer, mutations in the mexT gene frequently occur in laboratory
environments with the PAO1 strain (LoVullo & Schweizer, 2020). This is evident in the popular
reference PAO1 genome used on pseudomonas.com (GCF_000006765.1), which contains an 8
bp insertion leading to premature termination, rendering MexT non-functional and unable to

stimulate the expression of MexEF-OprN (Maseda et al., 2000).

Based on the outcome of the WGS, both the PAO1mw and the AlasR mutant were found to
possess an intact mexT gene in the strains used for this work. Aside from the expected
difference, namely the lasR deletion, the additional mutations | identified are unlikely to have

influenced the experimental outcomes. These mutations are detailed in Table 4.1.
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Figure 4.3. Monoculture and polyculture with Pseudomonas aeruginosa AlasR mutant in the continuous-flow
system. Viable cell counts of P. aeruginosa AlasR mutant ( ), S. aureus (pink square), and C. albicans
(turquoise triangle) in non-disturbed cultures within ASM at Q = 145 pL min! flow. CFU mL? values are plotted
on a logio scale. Data is represented as the median with a 95% confidence interval across four independent
experiments (n=4). No significant differences were found in cell counts compared with the results at the 24-hour

timepoint (p > 0.2).
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Table 4.1. Additional mutations in the Pseudomonas aeruginosa AlasR mutant compared with the PAO1vw.

Position Locus Product Type Mutation Annotation
Putative peptide Frameshift
1,215,657 PA1122 A AG
deformylase mutation
N-acetyl-D-glucosamine
Missense
4,212,201 PA3760 phosphotransferase system A->G H636R
mutation
transporter
Missense
4,771,865 PA4268 30S ribosomal protein S12 T->C K88R
mutation
Conserved hypothetical In-frame triplet
5,655,220 PA5024 CCGG > C GW141wW
protein deletion
Type 4 fimbrial biogenesis
Missense
5,676,046 PA5040 outer membrane protein G->T P60O5T
mutation

PilQ precursor
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4.4. Transcriptome profiling

To address the second objective of this chapter — analysing the cross-sectional transcriptional
profiles at the 48-hour timepoint when the cultures had reached a steady state — samples
were collected for bulk transcriptomic measurements as outlined in Section 3.6. The 48-hour

timepoint was chosen because, by this stage, the population titres had stabilised.

The sequencing reads provided by the Nucleic Acid Sequencing Facility (Department of
Biochemistry) were processed using HPC and bioinformatics tools, as described in Section
3.6.3. Briefly, the reads were first trimmed (using Cutadapt) and then aligned to a combined
‘virtual’ genome of the three species to filter out reads matching the C. albicans or S. aureus
genomes (using Bowtie2 and Samtools). Feature counts were then generated from the reads
that matched the P. aeruginosa PAO1 genome, with an additional quality filter applied (using
FeatureCounts). The quality of the reads was continuously assessed throughout the process,
yielding satisfactory results, as shown in Table 4.2. The analysis pipeline concluded with

differential expression analysis (DESeq2), interpretation of the results, and visualisation.

PCA of the data revealed that the four sample groups clustered in a 2x2 pattern, as shown in
Figure 4.4. The results indicate notable differences in gene expression between the culture
types (mono- or poly-species) and between the strains (PAO1mw or AlasR mutant). Due to the
nature of the analysis, pairwise comparisons were conducted between the samples to study

transcriptional differences.
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Table 4.2. Quality control metrics and read counts across samples. This table presents essential QC metrics for

each sample, including RIN, GC content, and Base Quality Score (Phred Score), as well as read counts, such as

the total number of reads, percentage of paired reads, overall alignment rate to the combined ‘virtual’ genome

of three species, and percentage of reads mapped to the PAO1 genome.

Sample RIN cor?tcent Bassec;lr:aslity Total reads | Paired aI(i)g‘;er:!ael:lt I:ga: : g:
rate
lasR_mono_A 9.9 57 30+ 22,508,069 100% 97.63% 100%
lasR_mono_B 10 57 30+ 20,945,546 100% 97.90% 99.99%
lasR_mono_C 10 57 30+ 18,200,990 100% 97.67% 100%
WT_mono_A 9.7 56 30+ 25,078,076 100% 98.70% 100%
WT_mono_B 9.8 57 30+ 20,452,156 100% 98.51% 99.99%
WT_mono_C 8.8 58 30+ 15,248,241 100% 97.61% 100%
lasR_poly_A 10 59 30+ 15,062,703 100% 95.97% 98.98%
lasR_poly_B 9.7 59 30+ 17,906,557 100% 87.01% 99.42%
lasR_poly_C 10 58 30+ 15,566,407 100% 84.58% 98.42%
WT_poly_A 9.5 57 30+ 21,406,291 100% 98.17% 99.95%
WT_poly_B 9.6 57 30+ 24,394,084 100% 97.97% 99.89%
WT_poly_C 9.3 60 30+ 19,977,580 100% 95.09% 99.84%
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Figure 4.4. Principal components analysis of the transcriptome profiling data. This figure illustrates the variance
among transcriptomes of P. aeruginosa from mono- and polymicrobial (green and magenta) cultures, including
PAO1mw (WT; triangle) or AlasR mutant (lasR; circle) strains. The analysis was conducted on 2,606 genes with at

least ten mapped reads across all samples. Each condition comprises three biological replicates (n=3).
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4.4.1. Comparative analysis of PAO1uww mono- and polymicrobial culture

samples

Firstly, the transcriptomic profiles of ‘wild-type’ P. aeruginosa PAO1mw (WT) in mono- and
polymicrobial cultures were compared. A total of 5,574 genes were expressed in both
conditions, each with more than ten reads across all samples. Among these, 12 genes showed
significant up-regulation in the polymicrobial culture, and 61 genes were significantly down-
regulated, as shown in Figure 4.5. Detailed list of transcripts with significant differences in
abundance are provided in Supplementary Table A. As specified in Section 3.6.3, the
significance thresholds for all comparisons were set at |log,FC| > 1.0 and an adjusted p-value

< 0.05.

Relatively few transcripts were affected by growth in a polymicrobial environment cf. a
monomicrobial environment. The genes with significantly increased expression in the
polymicrobial culture were grouped based on their functional roles, as illustrated in Figure

4.6.

Notably, a subset of up-regulated genes — agtA, potB, and potC — are involved in polyamine
transport (Figure 4.6, Cluster 1). These genes are critical for regulating intracellular
concentrations of polyamines and other essential molecules, which play a crucial role in
survival and pathogenicity, particularly under stress (Long et al., 2022). Another cluster
includes genes associated with the cytochrome complexes (Figure 4.6, Cluster 2), which are
key components of the electron transport chain and are vital for cellular respiration and
bacterial adaptation to oxidative stress (Arai et al., 2014). Additional clusters include amino
acid biosynthesis, metabolism, and catabolism-related genes, such as glyA2 and gcvT2,
required for glycine and serine catabolism (Figure 4.6, Cluster 3) (Cianciulli Sesso et al., 2021).
These are essential processes for the growth and survival of P. aeruginosa. Genes coding
hypothetical proteins linked to stress responses and resistance mechanisms, including
chlorhexidine efflux, are also up-regulated (Figure 4.6, Cluster 4). Finally, another cluster of
up-regulated genes includes PA4033 and agpZ, which are related to cellular homeostasis,
particularly in maintaining water balance and responding to osmotic stress (Figure 4.6, Cluster
5). Taken together, these data suggest that the presence of other microbes creates a more

challenging environment, prompting P. aeruginosa to activate adaptive strategies.
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Figure 4.5. Enhanced volcano plot illustrating the differentially expressed genes in polymicrobial versus
monomicrobial cultures of Pseudomonas aeruginosa PAO1mw. Genes up-regulated in polymicrobial cultures are
highlighted in green, whereas those down-regulated are shown in . Thresholds for significant differential

expression are set at |log2FC| > 1.0 and an adjusted p-value < 0.05.
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Figure 4.6. Markov clustering of transcripts up-regulated in polymicrobial cultures with Pseudomonas

aeruginosa PAO1mw compared with monospecies counterparts. Clustering was performed using the STRING

database, incorporating publicly available datasets. Genes are labelled with their corresponding locus or gene

names.
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By contrast, a larger number of transcripts showed decreased abundance in the polymicrobial
cultures (cf. monomicrobial culture; Figure 4.7). Nearly half of the corresponding genes are
involved in carbon compound catabolism as well as amino acid biosynthesis, metabolism, and
transport of P. aeruginosa (Figure 4.7, Clusters 1 and 4). Examples include the liu operon
encoding enzymes of the leucine utilisation pathway, hut genes related to histidine utilisation,
bkd-Ipd genes coding a branched-chain keto acid dehydrogenase, and the hmgA-fahA-maiA
operon involved in tyrosine catabolism — a cluster that is often up-regulated during phage

activity (Aguilar et al., 2006; Blasdel et al., 2017; Hester et al., 2000; Zhang & Rainey, 2007).

Another set of genes plays a role in metabolic adaptability, particularly in nucleotide
metabolism and nitrogen utilisation (Figure 4.7, Cluster 2). A smaller group of genes is involved
in regulatory functions and fine-tuning metabolic pathways (Figure 4.7, Cluster 5). Regarding
pathogenicity and survival, two distinct clusters can be formed. One group of genes is involved
in secretion processes, potentially linked to biofilm formation or the T6SS (Figure 4.7, Cluster
3). The other set includes genes related to the chemotaxis system, enabling P. aeruginosa to
navigate effectively (Figure 4.7, Cluster 6). The broader activation of metabolic pathways in
monospecies cultures indicates greater metabolic flexibility in P. aeruginosa or a lack of cross-

feeding of nutrients, such as amino acids, from other species.

Overall, the transcriptomic analysis comparing mono- and polymicrobial cultures of P
aeruginosa PAO1ww revealed only a moderate number of changes influenced by the presence
of S. aureus and C. albicans. These findings suggest that under the studied non-disturbed,
steady-state conditions, P. aeruginosa PAO1mw remains relatively unaffected by the presence

of other species.
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Figure 4.7. Markov clustering of transcripts down-regulated in polymicrobial versus monomicrobial cultures
of Pseudomonas aeruginosa PAO1ww. Clustering was performed using the STRING database, incorporating

publicly available datasets. Genes are labelled with their corresponding codes or gene names.
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4.4.2. Comparative analysis of AlasR mutant mono- and polymicrobial culture

Following the analysis of the PAOlwmw, another comparison was performed for the
transcriptional profiles of the AlasR mutant in mono- and polymicrobial cultures. A total of
5,560 genes were expressed in both growth conditions, each with more than ten reads across
all samples. In the polymicrobial culture, 151 transcripts were significantly up-regulated, and
283 transcripts were down-regulated, as shown in Figure 4.8. Details of transcripts with
significant differences in abundance are provided in Supplementary Table B. As specified in
Section 3.6.3, the significance thresholds for all comparisons were set at |log2FC| > 1.0 and an

adjusted p-value < 0.05.

Among the transcripts up-regulated in the polymicrobial cultures of the AlasR mutant, the
largest cluster, comprising 79 genes, is associated with oxidative phosphorylation and
cytochrome c-type biogenesis — key components of aerobic respiration in P. aeruginosa
(Figure 4.9, Cluster 1). This cluster includes transcripts derived from operons such as ccm, cyo,
and nuo, as well as genes involved in transport mechanisms, siderophore synthesis, and iron
chelation, including pch and pvd genes (Cornelis et al., 2023; Ghssein & Ezzeddine, 2022;
Kawakami et al., 2010; Torres et al., 2019). Notably, the up-regulation of cytochrome-related
genes was also observed in PAO1uw polycultures. Another cluster of up-regulated genes in the
polyculture, including the cupA gene cluster, facilitates biofilm formation and plays a role in
cell adhesion (Figure 4.9, Cluster 2) (Deshamukhya et al., 2022). Three smaller clusters of up-
regulated genes related to environmental response and adaptation were identified. The first
cluster includes six genes associated with defence mechanisms, such as efflux pumps,
resistance factors, and membrane fusion proteins (Figure 4.9, Cluster 3). The second cluster
involves genes related to extracellular polysaccharide biosynthesis, which is critical for biofilm
formation and maintenance (Figure 4.9, Cluster 4). The third cluster contains genes involved
in the urea catabolic process, suggesting an environment where nitrogen is limited or must be
efficiently managed (Figure 4.9, Cluster 6). Other efflux transporter genes linked to
chlorhexidine resistance were also up-regulated, mirroring the patterns observed in the
PAO1mw polymicrobial culture (Figure 4.9, Cluster 8). This similarity is also noted with PA4033
and agpZ. Further genes involved in metal ion homeostasis, particularly those regulating
copper and iron, also showed increased expression (Figure 4.9, Cluster 5). Several up-

regulated genes code for hypothetical proteins with yet-to-be-determined functions.
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Figure 4.8. Enhanced volcano plot illustrating the differentially expressed genes in polymicrobial versus
monomicrobial cultures of the Pseudomonas aeruginosa AlasR mutant. Genes up-regulated in polymicrobial
cultures are highlighted in green, whereas those down-regulated are shown in red. Thresholds for significant

differential expression are set at |log2FC| > 1.0 and an adjusted p-value < 0.05.
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Figure 4.9. Markov clustering of transcripts up-regulated in polymicrobial versus monomicrobial cultures of
Pseudomonas aeruginosa AlasR mutant. Clustering was performed using the STRING database, incorporating

publicly available datasets. Genes are labelled with their corresponding locus codes or gene names.
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In contrast, transcripts with reduced abundance in polymicrobial cultures — indicating greater
abundance in monospecies cultures — highlight a broad range of functional responses, with a
strong emphasis on general metabolic processes, environmental adaptation, and stress
responses. Specifically, in the AlasR mutant monocultures, many genes associated with
organic acid catabolic processes were up-regulated (Figure 4.10, Cluster 1). Genes related to
stress responses and Pf1 bacteriophage were also expressed at a significantly higher level in
monocultures (Figure 4.10, Clusters 2 and 6), indicating that the lasR mutant might encounter
or prepare for stressful conditions in ASM (Secor et al., 2020). Transcriptional regulators,
including those from the XRE and LysR families, were also affected. These regulators are
known for controlling a wide range of metabolic processes, including amino acid synthesis,
degradation pathways, and the regulation of virulence genes (Figure 10.8, Clusters 3, 4, 8, and
12). Interestingly, genes coding structural elements of T6SS and linked to biofilm formation

were also up-regulated (Figure 4.10, Cluster 7).

Transcriptomic analysis reveals distinct gene expression patterns in the AlasR mutants
between mono- and polymicrobial cultures. In polymicrobial settings, the AlasR mutant up-
regulates pathways involved in oxidative phosphorylation, cytochrome biogenesis, iron
chelation, and stress responses, suggesting an adaptive strategy for competition and survival.
In contrast, monocultures show increased expression of genes related to nutrient acquisition,
phage elements, different stress responses and biofilm formation, reflecting a focus on

resource utilisation without competition being present.

The most striking finding from the transcriptomic analysis is the markedly higher number of
changes in the AlasR mutant compared with the ‘wild-type’ PAOlumw when analysing
differences between mono- and polymicrobial conditions. This indicates that the AlasR
mutant undergoes more extensive transcriptional reprogramming to adapt to the
polymicrobial environment. The larger number of differentially expressed genes suggests that
the AlasR mutant requires a wider range of metabolic and regulatory adjustments to cope
with the complexities of inter-species interactions, increased stress responses, and greater

competition for resources than the PAO1mw does in similar conditions.
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Figure 4.10. Markov clustering of transcripts down-regulated in Pseudomonas aeruginosa AlasR mutant
polymicrobial versus monomicrobial cultures. Clustering was performed using the STRING database,
incorporating publicly available datasets. Genes are labelled with their corresponding locus codes or gene names.

The inflation parameter was set at 1.2.
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4.4.3. Comparative analysis of PAOlww and AlasR mutant cultures

The PAO1mw and AlasR mutant transcriptomes were compared to identify the main
differential gene expression patterns. In both mono- and polymicrobial cultures, 5,571 genes
were consistently expressed in the two genetic variants, each with more than ten reads across
all samples. Genes with significant differences in expression are detailed in Supplementary
Tables C and D. As specified in Section 3.6.3, the significance thresholds for all comparisons

were set at |log2FC| > 1.0 and an adjusted p-value < 0.05.

When comparing mono-species cultures, only four transcripts displayed significant differences
in abundance. These genes — lasR, rasL, lasl, and PA1433 — are all linked to the las regulatory
system and had increased expression levels in the PAO1ww, as anticipated. However, further

differences were likely obscured due to variability within the PAO1mw samples themselves.

In contrast, the comparison of polymicrobial cultures revealed a more complex picture, with
112 genes significantly up-regulated in the PAO1mw and 96 genes significantly up-regulated in
the AlasR mutant, as illustrated in Figure 4.11. As anticipated, several clusters of up-regulated
genes in PAO1uw belong to the lasR regulon (Figure 4.12. Clusters 3, 6, 11, and 13) (Schuster
et al., 2003). For instance, the main genes of the las system — lasR, rasL, and lasl — as well as
those they regulate, such as rhll, pqgsH, and aprL, were differentially expressed in the PAO1mw
(Figure 4.12, Cluster 3). Additionally, the ambBCDE operon was up-regulated. Although several
studies have suggested that the ambBCDE operon codes a fourth QS signal molecule, recent
findings indicate it is not responsible for such biosynthesis (Cornelis, 2020; Rojas Murcia et al.,
2015). Many other up-regulated genes, partially or fully uncharacterised, are related to
metabolic adaptation and regulatory changes (Figure 4.12, Clusters 1, 2, 4, 5, 8, 11, and 12).
For example, genes in the dauBAR operon are associated with the racemisation and
catabolism of D-arginine and D-lysine (Figure 4.12, Cluster 12). Other examples include genes
encoding transcriptional regulators, such as pcaR, PA1884, and PA0535, featuring XRE-cupin
architecture (Trouillon et al., 2021). Defence and resistance mechanisms were also up-
regulated in PAO1mw, such as efflux systems and antibiotic resistance proteins (Figure 4.12,
Clusters 6, 7, and 9). Notably, genes in the tseT operon, which encodes proteins associated
with the H2-T6SS, showed up-regulated expression (Figure 4.12, Cluster 13). While this operon
has been investigated, its specific target or function is yet to be determined (Burkinshaw et
al., 2018; Haas et al., 2023).
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Figure 4.11. Enhanced volcano plot illustrating the differentially expressed genes in polymicrobial PAO1mw
cultures versus polymicrobial AlasR mutant cultures. Genes up-regulated in PAO1mw cultures are highlighted in
, Whereas those in AlasR cultures are shown in magenta. Thresholds for significant differential expression
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Figure 4.12. Markov clustering of transcripts down-regulated in PAO1mw polymicrobial cultures compared with

AlasR mutant polymicrobial cultures. Clustering was performed using the STRING database, incorporating

publicly available datasets. Genes are labelled with their corresponding locus codes or gene names. The inflation

parameter was set at 1.2.
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In contrast, in the AlasR mutant grown in polymicrobial culture, a third of the up-regulated
genes are associated with siderophore biosynthesis and iron acquisition (Figure 4.13, Cluster
1). This includes genes from the pvd and pch operons, which are central to producing
siderophores like pyoverdine and pyochelin, as well as the cyo operon encoding a bos-type
oxidase, which is up-regulated during iron starvation (Arai et al., 2014; Cornelis et al., 2023;
Ghssein & Ezzeddine, 2022; Kawakami et al., 2010). The up-regulation of siderophore
biosynthesis in the AlasR mutant suggests a compensatory mechanism for iron acquisition,
potentially critical for survival in a competitive polymicrobial environment with S. aureus and
C. albicans (Sanchez-liménez et al., 2023). Other up-regulated genes in the AlasR mutant are
associated with modifying surface structures and maintaining structural integrity. Specifically,
Cluster 2 is involved in defence mechanisms and surface modifications, Cluster 3 contributes
to membrane integrity and potentially novel stress responses, and Cluster 4 supports nutrient

acquisition and metabolic flexibility (Figure 4.13).

Further clusters are associated with the ability to compete, survive, and influence the
microbial community. For instance, genes in the SiaABC threonine phosphorylation pathway
control aggregate/biofilm formation in response to carbon availability (Figure 4.13, Cluster 6).
Up-regulated transporters, such as dctA and dctAl, are linked to dicarboxylate transport
(Figure 4.13, Cluster 8), whereas opdC and two neighbouring hypothetical proteins are
associated with the transport of small molecules (Figure 4.13, Cluster 5). The high number of

uncharacterised genes may represent novel roles in P. aeruginosa physiology or pathogenicity.

In summary, this comparative analysis underscores distinct differences in gene expression
between the AlasR mutant and PAOlww strains in polymicrobial environments. While many
of the up-regulated genes in PAO1mw samples are part of the /asR regulon, others are not (yet)
associated with lasR, suggesting areas for further investigation. Conversely, the increased
siderophore production in the AlasR mutant indicates a possible compensatory mechanism,

potentially influenced by interactions with other microbes.
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Figure 4.13. Markov clustering of transcripts down-regulated in AlasR mutant polymicrobial cultures compared
with PAO1vw polymicrobial cultures. Clustering was performed using the STRING database, incorporating
publicly available datasets. Genes are labelled with their corresponding locus codes or gene names. The inflation

parameter was set at 1.2.
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4.4.4. Transcriptomic landscape in the literature

The findings of this study were compared with the relevant literature to further understand
the characteristics of the continuous-flow system used. Unfortunately, direct comparisons
were not always feasible; thus, normalised count values were used when needed for

comparison.

The continuous-flow system can be positioned on the spectrum between traditional in vitro
models and human samples based on a comparative framework suggested by Cornforth and
colleagues (Cornforth et al., 2020). They compared P. aeruginosa transcriptomes from human
infections with those from laboratory conditions. They found lower expression of QS genes
and higher expression of antibiotic tolerance determinants during human infection. They also
identified a set of genes that can differentiate between human and in vitro samples. In my
study using the continuous-flow system, approximately half of these distinguishing genes
across all three categories showed expression patterns resembling those observed in human
samples, setting them apart from in vitro samples. This indicates that the continuous-flow
system may capture a broader spectrum of the Pseudomonas transcriptome compared to
traditional in vitro methods, positioning it as an intermediary model between conventional in
vitro setups and human samples. However, to quantify this distinction and assess how closely
it reflects in vivo conditions, comparative transcriptomic analyses between traditional in vitro

and continuous-flow system samples are essential, an aspect beyond the scope of this project.

Interestingly, based on their transcriptomic analysis of monospecies and polymicrobial
cultures, Kesthely and colleagues reported that P aeruginosa exhibits community
agnosticism, showing no differential expression in response to the number of species or the
genetic variants present (Kesthely et al., 2023). Their study, which employed a four-species
polymicrobial community including P. aeruginosa, S. aureus, Streptococcus sanguinis, and
Prevotella melaninogenica, was conducted under anoxic conditions using a 96-well-plate-
based biofilm model. They also used ‘WT’ and lasR mutant, but these were based on the PA14
background rather than PAO1. Interestingly, my findings somewhat differ from theirs.
However, my significance thresholds were less conservative, and if the cutoff is increased, the
PAO1mw in my experiments would also appear community agnostic. Although, the AlasR

mutant would still show differential expression of most genes discussed above. This
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discrepancy is likely due to differences in experimental setups, oxygen levels, and variations

in microbial compositions, like the presence of fungi.

4.5. QS molecules

The concentration of the three key QS molecules produced by P. aeruginosa — OdDHL, BHL,
and PQS — was measured in the culture supernatant from the in vitro continuous-flow system,
as detailed in Section 3.7. This analysis aimed to track the variations in their concentrations

over time, providing insights into the dynamics of QS during the experimental conditions.

The absolute concentrations of these molecules remained in the nanomolar range, not
exceeding 500 nM, as shown in Figure 4.14. These results align with previous observations for
P. aeruginosa PAOlww, indicating that QS may play a less significant role in populations

maintained under continuous-flow conditions than in batch cultures (O'Brien, 2021).

Although the changes over time were not significantly different, some noteworthy biological
trends can be observed. In PAOl1uww monocultures, there was a decrease in OdDHL
concentration with time, whereas BHL concentrations remained relatively constant, and PQS
concentrations showed a slight increase. In PAO1mw polymicrobial cultures, OdDHL and BHL
concentrations stayed consistently low, near the detection limit, whereas PQS levels were
slightly elevated compared with monospecies cultures. As expected, in AlasR mutant
monocultures, none of the three QS molecules were detectable. Interestingly, in AlasR mutant
polymicrobial cultures, PQS concentration increased over time, surpassing the levels observed

in PAO1mw cultures. OdDHL remained low, and BHL was essentially undetectable.

These findings suggest that QS molecule concentrations, particularly OdDHL and BHL, remain
relatively low in the continuous-flow system used in this study, implying that they probably
have only a limited impact on the observed microbial dynamics. However, the slightly (not
significantly) elevated PQS concentration in polymicrobial cultures, especially in the AlasR
mutant, hints at a potential — direct or indirect — contribution of PQS to inter-species
interactions in this experimental setup. The expression of PQS in AlasR mutant may point to a
bypass mechanism. The exact mechanism behind this requires further investigation to

understand fully. However, this lies beyond the scope of the current work.
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Figure 4.14. Quantification of quorum sensing molecule concentrations in the continuous-flow system. The
concentration (nM) of the indicated QS molecules was measured in the supernatants of different culture
conditions after 24, 48, 72, and 96 hours of incubation. (A) N-(3-oxododecanoyl)-L-homoserine lactone (OdDHL);
(B) N-butanoyl-L-homoserine lactone (BHL); (C) Pseudomonas quinolone signal (PQS). Data are represented as

median £ 95% confidence interval from three independent experiments.
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4.6. Discussion

The results presented in this chapter focused on the influence of genetic variation on the
polymicrobial ecosystem. The consistency of findings regarding ‘wild-type’ P. aeruginosa
PAO1mvw with previous measurements using the same experimental setup showcases the

reproducibility and reliability of the system.

Comparisons between population dynamics within mono- and polymicrobial cultures
revealed only slight differences between the presence of a functional or a non-functional LasR.
The population abundance of P. aeruginosa remains consistent, regardless of whether the
PAO1mw or AlasR mutant are present. In line with the findings by Cheng and colleagues, this
reinforces the significance of LasR-independent mechanisms in maintaining population

stability (Cheng et al., 2019).

Cross-sectional bulk transcriptomic analyses at the 48-hour timepoint revealed the differences
in gene expression under the studied conditions. In monocultures, both the PAO1uwand AlasR
mutant exhibited increased metabolic activity, likely due to the absence of inter-species
competition. This included increased expression of genes involved in carbon and organic acid
metabolism, alongside elevated activity in biofilm formation and some stress response
pathways compared with their polymicrobial counterparts. Similarly, other studies with
various microbes have shown increased metabolic activity in monocultures (Mould et al.,

2024; Vandecandelaere et al., 2017; Yasir et al., 2024).

In the presence of neighbouring species, the PAO1mw and AlasR mutant exhibited up-
regulation of genes associated with terminal oxidases, enhanced energy production and
cellular respiration. This response may be driven by fluctuating oxygen concentrations or
limitations in alternative electron acceptors (Arai et al., 2014). Simultaneously, these cultures
activated different stress responses and resistance mechanisms, improving their ability to
withstand challenges such as osmotic stress and exposure to toxic or antimicrobial agents.
These findings align with previous ex vivo transcriptomic studies, indicating that P. aeruginosa
adapts its gene expression profile to maintain competitiveness and resilience in a

polymicrobial environment (Théming & Haussler, 2022).

Comparing the PAO1mw and AlasR mutant revealed several intriguing findings. Notably, the

AlasR mutant exhibited a significant up-regulation of genes involved in siderophore
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biosynthesis, highlighting increased competition for iron in polymicrobial cultures.
Additionally, measurable levels of PQS were present in the AlasR mutant-containing
polymicrobial culture. While these observations align with some studies in the literature, they
contrast with others, highlighting that this remains an area of ongoing research with mixed

and sometimes contradictory outcomes.

On the one hand, my results differed from the previously reported down-regulation of
siderophore production in /asR mutants (Chadha et al., 2021). Additionally, siderophore
production has been shown to be down-regulated by both S. aureus and C. albicans in dual-

species cultures (Chadha et al., 2021; Cugini et al., 2007; Lopez-Medina et al., 2015).

On the other hand, it has also been demonstrated that C. albicans-produced farnesol can
stimulate PQS production in LasR-defective P. aeruginosa strains (Cugini et al., 2010; Tognon
et al.,, 2019). Cugini and colleagues proposed that ROS are responsible for activating
downstream portions of this QS pathway, which aligns with the observed increase in PQS
production in the continuous-flow system. Moreover, studies also showed that /asR mutants
can produce low levels of PQS and accumulate high concentrations of HHQ due to low PgsH
activity (Dekimpe & Déziel, 2009; Diggle et al., 2003). Furthermore, a recent publication
showed that /asR mutants increase pyoverdine production under certain conditions,
especially in environments where QS-controlled traits are unnecessary (Figueiredo et al.,
2021). In line with these findings, my observations emphasise the increased need for iron

chelation by the lasR mutant during polymicrobial growth.

The elevated siderophore production in AlasR mutant can be attributed to two potential
explanations. Firstly, PQS has a high affinity for iron and can stimulate the expression of genes
involved in siderophore biosynthesis, as suggested by several studies (Bredenbruch et al.,
2006; Diggle et al., 2007). However, this link is not universally accepted and has been
challenged in the literature (Rampioni et al., 2010). Secondly, the increase may result from the
loss of alternative iron acquisition strategies available to ‘wild-type’ P. aeruginosa. For
example, S. gureus can serve as an iron source for P. geruginosa in co-cultures due to lysis
mediated by staphylolysin (LasA), which is regulated by the LasR system (Mashburn et al.,

2005). Additional, as yet unidentified, mechanisms may also play a role in this process.
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| propose that LasR plays a significant role in enhancing survival and virulence in competitive
environments. When /asR is defective, alternative strategies allow AlasR mutants to adapt and

maintain similar abundance to ‘wild-type’ strains within polymicrobial cultures.

In the PAO1mw (WT) cultures, compared with their AlasR mutant counterparts, as expected,
the most highly-up-regulated genes were central components of the QS system, regardless of
the presence of other species. Activation of these QS systems in P. aeruginosa can lead to the
production of several virulence factors that inhibit the growth of S. aureus and modulate
interactions with C. albicans. For instance, QS molecules like OdDHL are involved in binding to
C. albicans filaments and inhibiting its yeast-to-hyphae transition, while PQS and its precursor
HHQ have been shown to repress C. albicans biofilm formation (Biswas & Gotz, 2022; Hogan
etal., 2004; Kaleli et al., 2007; Ovchinnikova et al., 2012; Phelan et al., 2014; Reen et al., 2011).
However, the actual concentrations of QS molecules in the cultures were relatively low,
suggesting that their effects are likely localised rather than impacting the entire culture. Taken
together, these results indicate that QS may play some role in shaping inter-species

interactions but on a more confined, local scale.

Moreover, many other up-regulated genes in the PAO1mw (WT) strain remain partially or fully
uncharacterised, indicating the potential for understanding unknown biological mechanisms.
An intriguing example is the tseT operon, which was up-regulated in P. aeruginosa PAO1uw
compared with AlasR mutants. This operon carries an upstream LasR binding site, indicating
that LasR likely controls its expression and is part of the /asR regulon (Haas et al., 2023). The
tseT operon encodes proteins involved in the H2-T6SS that can be used as a contact-based
weapon in microbial interactions (Filloux, 2024). Given that AlasR mutants — often referred to
as 'social cheaters' — do not express this operon, it raises the possibility that the ‘wild-type’ P
aeruginosa PAO1umw may use the tseT operon to manage or suppress the growth of AlasR
mutants in polymicrobial environments. This potential regulatory role could be key to the
PAO1mw maintaining dominance and stability in mixed microbial communities. Consequently,
the next chapter is dedicated to a detailed exploration of the tseT operon, aiming to uncover

its specific functions and contributions to microbial interactions and community structure.
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Several limitations of the experiments presented in this chapter should be acknowledged.

Firstly, bulk transcriptional profiles provide an aggregated view of gene expression, which may
mask distinct transcriptional signatures of individual cells within the heterogeneous
population. Future studies employing single-cell RNA sequencing could offer more detailed

insights into these nuanced expression patterns.

Secondly, the limited sample size introduces constraints and potential biases, including batch
effects, which could influence the results. Thirdly, the RNA purification methods were
explicitly optimised for P. aeruginosa, restricting comprehensive gene expression analysis of

other species in the polymicrobial community, particularly C. albicans.

The fourth limitation of this study is the selection of the significance threshold for log, Fold
Change (FC), which was set at one. This threshold was chosen to allow for a broader
exploration of potential differences across various scenarios, facilitating the identification of
patterns specific to the PAO1mw and AlasR mutant, as well as between mono- and
polymicrobial cultures. While a more conservative threshold could theoretically increase
statistical power, it would also limit the detection of more nuanced yet potentially biologically
significant changes. By maintaining the threshold at one, this study aims to balance sensitivity
and specificity, ensuring that a wide range of gene expression differences are captured for

analysis without excessively narrowing the dataset.

Another limitation was that, despite thorough efforts to contextualise these findings within
the existing literature, discrepancies in experimental approaches, microbial species, and
strains posed challenges. Furthermore, the absence of directly comparable samples, such as
human tissue or traditional batch cultures, limited the scope of comparative analysis and

broader generalisations.

Lastly, a limitation is related to potential variations caused by using a semi-complex medium
such as ASM. As previously noted, undefined components, such as commercial porcine gastric
mucin or egg yolk, may lead to differences in microbial adaptation, behaviour, and
transcriptional profile in the cultures (Neve et al., 2021). Although an alternative approach like
proteomics could have been considered, it was estimated to be more challenging given the

complexity of ASM and the polymicrobial nature of the experiments.
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Overall, the experiments presented in this chapter showed that the abundance of P
aeruginosa in polymicrobial cultures remains constant, regardless if PAO1uw or the AlasR
mutant is present. This stability, however, is facilitated by distinct transcriptional profiles that
adapt, as much as needed, to the inter-species interactions within the community. Thus, the
findings support my hypothesis that a loss-of-function mutation in /asR significantly impacts
the interactions between P. aeruginosa and other species by altering the transcriptional
profile. The observed differences in gene expression have been comprehensively discussed,

leading to the development of a novel hypothesis explored in detail in the next chapter.
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Chapter 5

Polyclonal co-cultures of Pseudomonas aeruginosa

strains

5.1. Background and rationale

In this chapter, co-cultures of different P. aeruginosa strains are studied to investigate a
potential mechanism(s) responsible for constraining AlasR mutant titres or, in other words,

‘policing cheaters’.

In microbial systems, ‘cheating’ refers to the behaviour of individuals that exploit a communal
trait, such as public goods, while contributing less or not at all to the associated costs (Sandoz
et al., 2007; Ozkaya et al., 2018; Ozkaya et al., 2017). This can result in a fitness advantage for
cheaters over cooperators, leading to an increased frequency of cheaters within the
population. Over time, this imbalance can deplete public goods, potentially causing the
collapse of the entire population (Ozkaya et al., 2018). AlasR mutants, common across
different environments and associated with CF lung disease progression, are often considered
cheaters (Hoffman et al., 2009; O’Connor et al., 2022; Smith et al., 2006). Several studies have
shown that they do not contribute to producing QS-regulated shared goods (D'Argenio et al.,
2007; Kostylev et al., 2019; Wang et al., 2018; Whiteley et al., 2017).

‘Policing’ is a mechanism through which cooperators suppress the fitness of cheaters to
maintain cooperation within a population. Such policing strategies ensure that cheaters do
not dominate cooperators, preserving cooperative traits and preventing population collapse
(Mould et al., 2022). It has been demonstrated that this policing by P. aeruginosa can involve
the production of toxic compounds such as hydrogen cyanide, rhamnolipids, or pyocyanin,
which disproportionately affect cheaters (Castafieda-Tamez et al., 2018; Garcia-Contreras et
al., 2020). However, most of these studies have focused on single traits and specific, often
resource-limited, environments. In contrast, natural environments are complex, presenting
multiple constraints and allowing microbes to rely on various resources for survival. The CF
lung is one such complex environment, and ASM was created to closely mimic the broad range

of resources available to microbes (specifically, P. aeruginosa) in this setting (Fung et al., 2010;
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Palmer et al., 2007). Moreover, clinical observations and laboratory experiments suggest that
strains with intact and defective lasR can coexist stably, with the proportion of cheaters
typically ranging between 10-40% (Asfahl et al., 2015; Dandekar et al., 2012; Robinson et al.,
2020; Sandoz et al., 2007). This range suggests the presence of policing mechanisms to
prevent the dominance of /asR mutants or, alternatively, indicates that cheating may not be

necessary in a nutrient-rich environment (Luo et al., 2024; Mould et al., 2022).

Based on my RNA sequencing findings, | hypothesised that policing could involve the tseT
operon (PA3904-08). This idea is based on the possibility that if AlasR mutants are indeed
cheaters, they would be policed by a mechanism they cannot evade. The tseT operon
comprises five genes preceded by an upstream LasR binding site. The operon encodes a PAAR4
protein, a chaperone and co-chaperone (TecT and co-TecT), a TOX-REase-5 domain-containing
effector with nuclease activity (TseT), and an immunity protein (TsiT) (Burkinshaw et al., 2018;
Haas et al., 2023; Wen et al., 2021; Wood et al., 2019). Due to the inability to produce the
immunity protein, AlasR mutants would not be recognised as ‘kin,” making them vulnerable
to the nuclease effect of the TseT toxin. Moreover, the T6SS has previously been associated
with policing mechanisms in Burkholderia thailandensis and Yersinia pseudotuberculosis,
raising the potential for similar roles in other organisms as well (Filloux, 2024; Majerczyk et

al., 2016; Song et al., 2024; Whiteley et al., 2017)

| hypothesised that in polyclonal populations of P. aeruginosa ‘wild-type’ PAO1mw and AlasR
mutant, the PAO1wuw strain utilises the tseT operon, a component of the T6SS within the lasR

regulon, to constrain the abundance of AlasR mutants.
To test this hypothesis, | pursued the following experimental objectives:

1. To co-culture PAOlww and AlasR mutant strains in both mono- and polymicrobial
environments to assess their relative abundances/behaviours.

2. To investigate co-cultures of PAO1mw and APA3904-08 mutant as well as AlasR mutant
and APA3904-08 mutant in both mono- and polymicrobial environments to assess
their relative abundances.

3. To evaluate the impact of complementing the tseT operon in a AlasR background

(AlasR+PA3904-08 mutant).
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5.2. Co-cultures of ‘wild-type’ PAO1mw and AlasR mutant

The continuous-flow system was extended to explore co-culturing not only different species
but also two genetic variants of P. aeruginosa: the ‘wild-type’ PAOlvww and AlasR mutant
strains. These experiments were designed to begin investigating the impact of intra-species

diversity on microbial dynamics in mono- and polymicrobial environments.

In the monospecies setup, AlasR mutants constituted around 10% (8.9 + 7.9%) of the P.
aeruginosa population, as shown in Figure 5.1.A-B. This suggests that a mechanism for
constraining AlasR mutants is present and independent of input from other species. When co-
cultured with two additional species (S. aureus and C. albicans), the ratio of AlasR mutants in
the P. aeruginosa population remained similar (7.4 £ 6.7%), as shown in Figure 5.1.C-D. These
findings suggest that in an environment that chemically mimics the CF airways, AlasR mutant
titres are constrained in both mono- and polymicrobial conditions. This observation aligns
with clinical data from samples collected during the early and middle stages of chronic airway
infection in individuals with CF (Asfahl et al., 2015; Dandekar et al., 2012; Robinson et al.,
2020; Sandoz et al., 2007). Additionally, the overall P. aeruginosa titres remained consistent
with those described in Section 4.2. Having established that co-cultures of different genetic
variants can be effectively studied in the continuous-flow system, the next step was to

investigate whether the tseT operon plays a role in regulating co-culture titres.

5.3. Role of the tseT operon in co-cultures

To test my hypothesis about the involvement of the tseT operon in policing, a mutant deleted
for the entire tseT operon (referred to hereafter as APA3904-08 mutant) was generated by my
colleague, Rahan Nazeer. All five ORFs (PA3904 - PA3908) of the operon were deleted in this
mutant. Initially, mono- and polymicrobial cultures containing only the APA3904-08 mutant
(no PAOlmw P. aeruginosa) were established to assess its baseline behaviour in the
continuous-flow system. Subsequently, co-cultures were created by pairing the PAO1mw strain
with the APA3904-08 mutant, as well as the AlasR mutant with the APA3904-08 mutant, to
investigate how the absence of the tseT operon affects inter-species dynamics and to test for

evidence of policing mechanisms.
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Figure 5.1. Polyclonal cultures of Pseudomonas aeruginosa PAO1mw and AlasR mutant in monoculture and
polyculture using the continuous-flow system. ASM was continuously supplied at a flow rate of 145 uL min™. (A
and C) The co-culturing results of PAO1mw (black circle) and AlasR mutant ( ) P. aeruginosa, showing
consistent ratios of the variants in both monospecies and polymicrobial cultures. Data are presented as the
median with 95% confidence intervals, based on six independent experiments. CFU mL values are plotted on a
logio scale. (B and D) Detailed ratios over time. In monospecies cultures, AlasR mutants constitute an average of
8.9% (+ 7.9%) of the total P. aeruginosa population, while in polymicrobial cultures, they make up an average of

7.4% (£ 6.7%).
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The hypothesis is proven if the APA3904-08 mutant mirrors the behaviour of the AlasR mutant
in these co-culture experiments. Specifically, if the tseT operon is involved in policing, then in
the co-culture with the ‘wild-type’ PAO1mw, the APA3904-08 mutant would be expected to
constitute approximately 10% of the total P. aeruginosa population, similar to the proportion
observed in co-cultures of the PAO1mw and AlasR mutant. However, in co-cultures of the
APA3904-08 mutant with the AlasR mutant, both strains would be expected to be present in

roughly equal proportions, indicating no fitness advantage for either variant.

5.3.1. APA3904-08 mutant

First, the behaviour of the APA3904-08 mutant within the continuous-flow system was
examined. In the monospecies cultures, the APA3904-08 mutant reached the same titre as the
PAO1mw or the AlasR mutant, as shown in Figure 5.2.A. This indicates that the APA3904-08
mutant does not exhibit a fitness defect per se. In the poly-species culture, the APA3904-08
mutant had the highest abundance among the species, reaching titres comparable to those
of the AlasR mutant or PAO1mw (when grown in mono-culture). However, | noted that the
dynamics of the other species present appeared to be moderately, although not significantly,
shifted, as shown in Figure 5.2.B. S. aureus settled at around 10® CFU mL?, approximately 5-
10-fold lower than that previously observed in the presence of ‘wild-type’ P. aeruginosa. Also,
| noted that C. albicans initially maintained slightly higher titres, at around 10° CFU mL? (cf in
the presence of P. aeruginosa PAO1mw, Where titres reached 10* CFU mL™). However, these
titres slowly declined over time below the steady-state levels seen with the PAO1mw. A similar
pattern for C. albicans was observed with the AlasR mutant in poly-species culture, as detailed
in Section 4.2.2. Overall, | conclude that the APA3904-08 mutant grows well in both mono-

and polymicrobial cultures, and that it may moderately alter community dynamics.

5.3.2. Little role in policing mechanisms

After confirming the viability of the APA3904-08 mutant in the continuous-flow system, it was
co-cultured with PAO1ww P. aeruginosa. The APA3904-08 mutant consistently maintained
equal titres with the PAO1mw in both mono- and polymicrobial setups, with no statistically
significant differences, as shown in Figure 5.3 A-D. In monospecies culture, the mean
proportion of APA3904-08 mutant cf. the PAOlmw was 49.1 + 12.9%, whereas, in the

polymicrobial environment, it was 44.6 + 14.4%.
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Figure 5.2. Dynamics of the Pseudomonas aeruginosa APA3904-08 mutant in monoculture and polyculture.
Viable cell counts of P. aeruginosa APA3904-08 mutant (purple circle), S. aureus (pink square), and C. albicans
(turquoise triangle) in non-disturbed cultures of ASM at Q = 145 pL min flow. CFU mL? values are plotted on a
logio scale. Data is represented as the median with a 95% confidence interval across three independent
experiments. No significant differences were found in cell counts compared with the results at the 24-hour

timepoint (p > 0.05).
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Figure 5.3. Polyclonal cultures of Pseudomonas aeruginosa PAO1mw and AlasR mutant in monoculture and
polyculture using the continuous-flow system. ASM was continuously supplied at a flow rate of 145 uL min*. (A
and C) The co-culturing results of PAO1mw with gentamicin resistance (black circle) and APA3904-08 mutant
(purple circle) P. aeruginosa, show consistent ratios of the variants in both monospecies and polymicrobial
cultures. Data are presented as the median with 95% confidence intervals based on four independent
experiments. CFU mL™? values are plotted on a logio scale. (B and D) Detailed ratios over time. In monospecies
cultures, APA3904-08 mutants constitute an average of 49.1 + 12.9% of the total P. aeruginosa population, while

in polymicrobial cultures, they make up an average of 44.6 + 14.4%.

118



Taken together, these results challenge my hypothesis that the tseT operon is involved in
policing the appearance of /asR “cheats”, since the APA3904-08 mutant exhibited different
behaviour compared with the AlasR mutant. However, and as previously noted, S. aureus and
C. albicans population dynamics appeared different in these experiments compared with my
previous findings with cultures containing only the PAO1mw. Given the extremely reproducible
nature of the experimental setup, these differences suggest that the presence of the APA3904-

08 mutant is associated with a less stable polymicrobial community.

Next, | co-cultured the APA3904-08 mutant with the AlasR mutant. In monospecies cultures
containing the APA3904-08 mutant and the AlasR mutant together, AlasR mutant titres were
again constrained to ca. 8.9 + 5.8% of the population (Figure 5.4.A-B), similar to the dynamics
seen when the AlasR mutant and PAO1uw were co-cultivated. These data collectively indicate
that (i) the tseT operon is not involved in policing per se, or that (ii) additional policing
mechanisms may be involved in suppressing the appearance of cheaters, even in the absence
of the tseT operon. In the triple-species culture containing both the APA3904-08 mutant and
AlasR mutant, a similar pattern was observed, with the APA3904-08 mutant behaving like the
PAO1mw (Figure 5.4.C-D). Here, the mean titre of the AlasR mutant was 10.2 = 7.3%.
Furthermore, S. aureus and C. albicans exhibited population fluctuations similar to those seen
when grown alongside the APA3904-08 mutant alone (Figure 5.2 B). These findings collectively
suggest that the tseT operon is not involved in AlasR mutant policing under the studied

conditions but that it may play a role in inter-species interactions.

To confirm these results, another mutant was made to investigate the effects of restoring the
tseT operon in the lasR background. Here, the tseT operon was inserted into a neutral site in
the chromosome under the control of an IPTG inducible promoter (referred to as
AlasR+PA3904-08 mutant). After verifying the fitness of this AlasR+PA3904-08 mutant in the

continuous-flow system, it was co-cultured with ‘wild-type’ P. aeruginosa.

The results further challenged my hypothesis, as shown in Figure 5.5. Contrary to
expectations, IPTG-induced expression of the tseT operon did not significantly increase the

proportion of the mutant.
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Figure 5.4. Polyclonal cultures of Pseudomonas aeruginosa APA3904-08 mutant and AlasR mutant in

monoculture and polyculture using the continuous-flow system. ASM was continuously supplied at a flow rate

of 145 puL min. (A and C) The co-culturing results of APA3904-08 mutant (purple circle) and AlasR mutant (

) P. aeruginosa, show consistent ratios of the variants in both monospecies and polymicrobial cultures. Data

are presented as the median with 95% confidence intervals based on four independent experiments. CFU mL™

values are plotted on a logio scale. (B and D) Detailed ratios over time. In monospecies cultures, AlasR mutants

constitute an average of 8.98 + 5.77% of the total P. aeruginosa population, whereas in polymicrobial cultures,

they make up an average of 10.15 + 7.31%.
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Figure 5.5. Polyclonal cultures of Pseudomonas aeruginosa PAOlww and AlasR+PA3904-08 mutant in
monoculture using the continuous-flow system. (A) Co-culturing results of PAO1mw (black circle) and
AlasR+PA3904-08 mutant (green circle) P. aeruginosa. IPTG was supplied from 48 hours of co-culturing onwards
at a final concentration of 1 mM. CFU mL? values are plotted on a logio scale and data are presented as the
median with 95% confidence intervals based on four independent experiments. ASM was continuously supplied
at a flow rate of 145 pL min. (B) Detailed ratios over time. The mean ratio of AlasR+PA3904-08 mutant was 8.22
+ 4.46% before the induction of the tseT operon and 12.00 + 7.32% after induction, with no significant difference

between the two datasets.
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As shown in Figure 5.5, when | induced expression of the tseT operon (after 48 hours of co-
culturing alongside the "WT’) with IPTG (itself, continuously added to the system via the
medium feed), there was no significant effect on the titres of either the PAOlww or
AlasR+PA3904-08 mutant. The mean ratio of AlasR+PA3904-08 mutant was 8.22 + 4.46%
before switching on expression of the tseT operon and 12.00 + 7.32% after, with no significant

difference between the datasets (p > 0.2).

Overall, these results indicate that neither the absence of the tseT operon, nor its activation
(via IPTG induction) had any significant influence on intra-species competition/dynamics.
However, some of my observations did point toward a potential role for the tseT operon in

dictating polymicrobial community dynamics.

5.4. tseT operon affecting polymicrobial dynamics

To further investigate the involvement of the tseT operon in polymicrobial interactions, the
next step focused on examining its specific effects in greater detail. In the polymicrobial
culture, S. aureus titres were notably lower when tseT was absent in a PAO1mw background, a
phenomenon not observed in the AlasR background (where presumably, tseT function is also
absent due to lack of LasR-induced tseT operon expression). However, in both the APA3904-
08 mutant and the AlasR mutant, C. albicans displayed altered behaviour compared with poly-
species cultures containing PAO1mw. These effects could result from direct dual-species

interactions or arise indirectly from the more complex dynamics in the triple-species system.

To explore this, a further mutant was generated to assess the effects of restoring the tseT
operon in the AlasR background. In addition to the previously introduced AlasR+PA3904-08
mutant, a control mutant (referred to as AlasR+Empty mutant) was generated by inserting an
empty IPTG-inducible vector (without the cloned tseT operon) into a neutral site in the
chromosome. Both mutants were co-cultured with the other species, with IPTG added 48-
hours after inoculation and continuously supplied to observe the effects of activating the tseT
operon in a AlasR mutant background. As shown in Figure 5.6.A-B, the most notable difference
between these cultures was the behaviour of C. albicans. Following IPTG addition, the decline
in C. albicans populations was halted and even moderately reversed in the culture with the
restored tseT operon. While the values were not significantly different from the C. albicans

titres when the AlasR+Empty mutant was present (p=0.1), they displayed a distinct trend.
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Figure 5.6. Polymicrobial cultures of Pseudomonas aeruginosa AlasR+PA3904-08 and AlasR+Empty mutants in
the continuous-flow system. Viable cell counts of P. aeruginosa AlasR+PA3904-08 mutant (king blue circle), P.
aeruginosa AlasR+Empty mutant ( ), S. aureus (pink square), and C. albicans (turquoise triangles)
are shown. CFU mL? values are plotted on a logio scale, and data are presented as the median with 95%
confidence intervals based on three independent experiments. IPTG was supplied from 48 hours of co-culturing
onwards at a final concentration of 1 mM for both setups. ASM was continuously supplied at a flow rate of 145
uL min. No significant differences were observed in P. aeruginosa or S. aureus cell counts compared with the
values at the 24-hour timepoint (p > 0.4). (A) C. albicans cell counts within the AlasR+PA3904-08 culture were
significantly different at the 48-hour and 60-hour timepoints compared with those at 24 hours (p < 0.05), but not
at later timepoints (p > 0.05). (B) In the AlasR+Empty culture, C. albicans cell counts significantly differed from

the 48-hour timepoint onwards compared with the 24-hour timepoint (p < 0.05).
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The presence or absence of tseT operon in the AlasR background did not significantly affect
the population size of S. aureus. This suggests that the tseT operon may influence interactions

specifically with C. albicans, although this effect was only observed in the AlasR background.

[Due to technical challenges with cloning, it was not feasible to restore the tseT operon in the

APA3904-08 mutant within the scope of this project.]

Pairwise competition assays were conducted using a 96-well plate format to test for direct
interactions, as outlined in Section 3.9. This approach aimed to determine whether the
observed changes in the continuous-flow system were due to direct pairwise interactions
between P. aeruginosa and S. aureus or P. aeruginosa and C. albicans, or if they arose only
within the more complex triple-species community. Co-culturing lasted for 24 hours before

processing the samples for CFU enumeration.

As shown in Figure 5.7.A, no significant differences were observed in the population sizes of
the different P. aeruginosa genetic variants when cultured alone or in dual-species setups with
other microbes (p > 0.5). However, in co-culture with P. aeruginosa PAOlww, the S. aureus
population was significantly smaller compared with its growth in monoculture, in co-culture
with C. albicans, or in co-cultures with P. aeruginosa variants carrying the AlasR mutation (p <
0.01) (Figure 5.6.B). These results are consistent with the expected role of QS mechanisms in
mediating interactions between P. ageruginosa and S. aureus (Hotterbeekx et al., 2017,
Magalhdes et al., 2019). Interestingly, the APA3904-08 mutant did not exhibit significant
differences in S. aureus population size compared with other strains, suggesting it falls
between the effects seen with the PAO1uw and genetic variants of AlasR background. This
contrasts with the continuous-flow system results, where S. aureus titres notably declined in
the presence of the APA3904-08 mutant (Figure 5.4C), indicating that the tseT operon may
manifest its function differently in more complex multi-species environments compared with
simpler pairwise interactions. As for C. albicans (Figure 5.7.C), its population size was similarly
affected by all P. aeruginosa genetic variants, with levels consistently lower than those
observed in C. albicans monocultures (p < 0.02). These findings support the notion that

interactions between P. ageruginosa and C. albicans are generally negative.
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Figure 5.7. 96-well plate-based competition assay results evaluating dual-species cultures after 24 hours in
ASM. CFU mL? values are plotted on a logio scale, and data are presented as the median with 95% confidence
intervals based on three independent experiments. IPTG was supplied for AlasR+PA3904-08 mutant and
AlasR+Empty mutant cultures at a final concentration of 1 mM. ASM was continuously supplied at a flow rate of
145 pL min. (A) Viable cell counts of different P. aeruginosa genetic variants in monoculture, and in co-culture
with S. aureus or C. albicans. No significant differences were observed between the three culture conditions for
the same genetic variant (p > 0.5). (B) Viable cell counts of S. aureus in monoculture and co-culture with different
P. aeruginosa genetic variants or C. albicans. The co-culture with P. aeruginosa PAO1mw resulted in significantly
lower S. aureus counts compared with monoculture, co-culture with C. albicans, or co-culture with any AlasR
mutant variant (p < 0.01). (C) Viable cell counts of C. albicans in monoculture and co-culture with different P.
aeruginosa genetic variants or S. aureus. Compared with co-culture with P. aeruginosa PAOlmw, only the

monoculture showed significant differences (p < 0.02).
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Overall, the results indicate that the tseT operon plays some role in polymicrobial interactions
in the continuous-flow system. For example, when the AlasR mutant background was
complemented with the tseT operon (AlasR+PA3904-08 mutant) and induced by IPTG, it
positively impacted C. albicans titres. However, these effects were not evident in dual-species
cultures in 96-well plates. Potentially factors such as the constant media supply, extended time
frames (96 hours vs. 24 hours), and the differences in spatial organisation of microbial sub-
populations, such as aggregates commonly found in the continuous-flow system, likely
contribute to these observed effects. These results highlight the increased complexity of

microbial interactions in dynamic environments.

5.5. Discussion

In this chapter, | investigated my second hypothesis regarding the role of the tseT operon in
intra-species interactions. The hypothesis arose from the RNA sequencing data discussed in
Chapter 4, which indicated that ‘wild-type’ P. aeruginosa PAO1mw expresses the elements of
the tseT operon in the continuous-flow system, compared with the transcriptome of a AlasR
mutant. The tseT operon encodes a nuclease effector (TseT) and associated proteins (PAAR4,
chaperone, co-chaperone, and immunity proteins) that are exported via the H2-T6SS. Since
AlasR mutants cannot utilise the tseT operon due to its LasR-driven regulation, | hypothesised
that this operon might play a role in constraining AlasR mutant titres within the P. aeruginosa
population. However, my data do not support this conclusion. The APA3904-08 mutant, in
which the tseT operon was deleted in a PAO1uw background, behaved more like the PAO1ww
than like a AlasR mutant in polyclonal culture. Specifically, in co-culture experiments, titres of
the APA3904-08 mutant and PAO1uw remained equal, whereas titres of the AlasR mutant with
either the APA3904-08 mutant or the PAO1mw were maintained at around 10% of that of the

co-habiting strain.

Several theoretical explanations for these results can be drawn from the literature. First, the
T6SS is a contact-dependent mechanism requiring close physical proximity between cells —
typically less than 500 nm (Ho et al., 2017). In the continuous-flow system, there is likely a mix
of sessile and motile cells, with some forming visible aggregates observed under the
microscope and occasionally with the naked eye. Combined with constant stirring, this

variation could lead to greater distances and distinct subpopulations where contact-based
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weaponry like T6SS becomes less effective. Unfortunately, the used experimental setup does
not allow for the study of cellular spatial organisation, so it remains untested whether PAO1mw
and AlasR mutant cells were sufficiently close to enable effective T6SS-mediated policing. A
similar outcome has been described by Majerczyk and colleagues, who observed that B.
thailandensis used a T6SS toxin activated by QS to constrain QS mutants, but only in agar plate

colony co-cultures, not in broth (Majerczyk et al., 2016).

Second, other limiting factors might prevent the tseT operon from being effectively
transcribed or deployed. Haas and colleagues recently showed that low iron levels lead to
reduced TseT production and prevent TseT-mediated competition (Haas et al., 2023). They
demonstrated that P. geruginosa responds to increased iron levels, such as those occurring
during viral infections and PEx, by up-regulating TseT expression to enhance competitiveness.
However, the precise mechanism behind the effect of iron on TseT production remains
unclear. In my study, the ASM used had lower iron concentrations (3.6 UM FeSO4) compared
with those used in the Haas study to induce TseT expression (25 uM FeCl3) (Haas et al., 2023).
Such elevated iron levels do not typically reflect the lung environment under normal
conditions, though they may occur during exacerbations (Gifford et al., 2012; Gifford et al.,
2021; Zhang et al., 2019). This difference in iron availability could have prevented the full
expression or function of the tseT operon in my system. Moreover, even when the tseT operon
was artificially ‘switched on’” with IPTG induction, it is a formal possibility that the lower iron

levels may have impaired necessary steps for effectively loading or firing it via H2-T6SS.

Third, AlasR mutants may have an immunity-independent protection mechanism that
mitigates the effects of weaponry systems and toxins, such as T6SS and TseT. A comparable
phenomenon has been demonstrated in Escherichia coli and Vibrio cholerae, where envelope
stress responses provide defence against T6SS attacks without the need for immunity proteins
(Hersch et al., 2020). Theoretically, a similar mechanism could function in AlasR mutants,

enabling them to survive T6SS-mediated attacks even without the TsiT immunity protein.

Although the tseT operon was hypothesised to constrain AlasR mutants, the results disproved

this theory under the studied conditions.

Nevertheless, my experimental data do suggest that tseT plays a role in inter-species

interactions. When the tseT operon was deleted in a PAO1ww background, S. aureus titres
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were 5-10-fold lower compared with growth in the presence of P. geruginosa PAO1mw.
Similarly, C. albicans titres in the APA3904-08 mutant displayed a progressive instability,
declining over time; a pattern also observed in the presence of the AlasR mutant. Although
the 96-well plate-based competition assays did not verify these findings, this discrepancy can
likely be explained by the differences between the 96-well plate setup (which favours
interactions between sessile cells) and the continuous-flow system (which favours the
planktonic lifestyle). For example, the continuous-flow system provides a constant supply of
media, creating a more nutrient-rich environment that allows for long-term monitoring of
population sizes — up to 96 hours in this project — with most changes appearing after 24 hours.
The 96-well plates are limited to shorter time frames. After approximately 24 hours of co-
culturing, fatal competition is manifested, with P. aeruginosa typically eliminating S. aureus or

C. albicans from the dual-species cultures.

Based on my data, | speculated that the tseT operon plays a role in stabilising the triple-species
culture. However, it remains unclear which species are affected and whether these
interactions are direct or indirect. While my earlier results point to an interaction between P,
aeruginosa and C. albicans mediated through LasR, this interaction may not be strictly routed

through the tseT operon.

Several potential explanations can be drawn from the literature to better understand the
direct or indirect involvement of TseT. Firstly, TseT is a nuclease that can kill target cells during
competition. However, Basler and colleagues proposed that Tse effectors might be more
crucial for lysing target species to release cytoplasmic contents, positioning T6SS effectors as
nutrient scavengers rather than primarily mediators of lethality per se (Basler et al., 2013).
Based on this concept, it is theoretically possible that TseT could be deployed by P. aeruginosa
when local nutrient availability is suboptimal, allowing the bacterium to access additional
resources from lysed cells in its environment. Secondly, it is also worth considering whether
the T6SS might benefit neighbouring microbes. While direct evidence supporting this
hypothesis is currently lacking, it has been suggested in the literature that the T6SS could have
a more intricate role in microbial communities than previously recognised (Chen et al., 2015).
Thirdly, an indirect effect is also plausible if TseT is not causing the observed modulation of
inter-species dynamics, but rather, acts to limit the loading of other effectors into the H2-T6SS

(a “molecular congestion” effect). Previous studies have reported competition between

128



effectors for loading into the T6SS machinery (Burkinshaw et al., 2018). This means that the
presence of TseT and its associated proteins may prevent the loading and firing of other
molecules, such as PIdA, PIdB, Tle3, Tle4, and Tlel proteins, all of which are transported via
H2-T6SS (Wettstadt et al., 2019). Notably, these are lipases that can target both eukaryotic

and prokaryotic cells, which could contribute to the dynamics of a polymicrobial environment.

The work presented in this chapter has several limitations that impact the interpretation of
the outcomes. One limitation is the small number of samples, ranging between 3-6 biological
replicates. Despite efforts to conduct as many experiments as possible, a larger sample size
would have improved the precision of the outcomes and potentially led to more robust
interpretations. Additionally, a relevant mutant — the chromosomally-complemented version
of the APA3904-08 mutant — could not be produced due to time constraints and challenges
with cloning. Including this mutant would have helped to confirm further the impact of the
tseT operon deletion on inter-species dynamics. Another limitation stems from the nature of
the sampling process, which represents overall population sizes but does not account for
spatial organisation and differences between sub-communities. Moreover, previous studies
have indicated that ASM can lead to metabolic and potentially genetic changes, which may
introduce further variability (Neve et al., 2021; Turner et al., 2015). The method used to
differentiate genetic variants in this study relies on the ‘inbuilt’ antibiotic resistance of the
mutants. However, it has been demonstrated that spontaneous AlasR mutants can emerge
during growth in rich media, like ASM, and these variants would not be accounted for using
this approach (D'Argenio et al., 2007). Importantly, a project is currently underway in the host
laboratory that uses WGS to investigate mutations arising during microbial adaptation to ASM,
both before and after cultivation in the experimental setup used in this study. Regarding
comparisons with the literature, differences in species variants used across studies limit the
ability to compare findings. Lastly, CFU measurements, while widely used, inherently carry a
degree of error. In my experiments, this error typically averaged around 10%, adding an
additional layer of uncertainty to the data. Although this level of variation is common in CFU
assays, it must be considered when interpreting the results, particularly when differences

between experimental groups are subtle.

Overall, | believe that | have eliminated the possibility that the tseT operon plays a key role in

constraining the appearance/domination of AlasR mutants. However, the findings suggest
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that the tseT operon does play a role in inter-species interactions, either directly or indirectly.
Given the contact-dependent nature of T6SS, the tseT operon might be more relevant in
scenarios where cell aggregation is enhanced, such as during antibiotic treatments. This

potential role was explored further in the final part of this project, as detailed in the next

chapter.
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Chapter 6

Polymicrobial cultures and anti-pseudomonal

challenge

6.1. Background and rationale

P. aeruginosa poses a significant challenge, particularly for individuals with CF, as it frequently
causes chronic infections that are difficult to manage with antibiotics. These infections lead to
a decline in lung function, increased morbidity, and a shortened life expectancy. A key issue in
treatment failure is the discrepancy between in vitro antimicrobial susceptibility testing and
the actual clinical response (Reece et al.,, 2021). While this is partly due to the rapid
development of antibiotic resistance, the polymicrobial nature of infections also plays a crucial
role (Anju et al., 2022; Filkins & O’Toole, 2015; Orazi & O’Toole, 2019). Increasing evidence
shows that microorganisms within polymicrobial environments can interact synergistically,
resulting in altered antimicrobial susceptibility through resistance and tolerance mechanisms
(Little et al., 2021). This is especially concerning as current clinical protocols for determining
antimicrobial susceptibility focus exclusively on monospecies samples, despite evidence that
mixed-species communities are generally more tolerant to antimicrobials than their

monospecies counterparts (De Wit et al., 2022; O'Brien et al., 2022; Orazi & O’Toole, 2017).

In a previous project of the host laboratory, O’Brien and colleagues demonstrated in the
continuous-flow system that growth within a polymicrobial environment protects P
aeruginosa from the effects of colistin (O'Brien et al., 2022). Building on these findings, |
developed two hypotheses. First, | speculated that this protective effect would extend beyond
colistin to another commonly used antibiotic, ciprofloxacin. Second, | hypothesised that these
protective mechanisms may be linked with QS, and therefore, loss of the master QS regulator,

lasR, in P. aeruginosa would alter polymicrobial dynamics during antibiotic treatment.

While testing these two hypotheses, a third one emerged, prompted by the observed changes
in C. albicans ftitres following antibiotic treatment with a combination of colistin and

ciprofloxacin (referred to hereafter as combined treatment). Building on the results discussed
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in the previous chapters, | speculated that this increase in C. albicans titres after antibiotic

exposure may be linked to the activity of the tseT operon in P. aeruginosa.
To test these ideas, the following objectives were established:

1. To determine how ciprofloxacin affects ’'wild-type’ P. aeruginosa PAOlmw in

monospecies and polymicrobial cultures.

2. To test if the presence of S. aureus and C. albicans also confers protection to a AlasR

mutant of P. aeruginosa against colistin or ciprofloxacin.

3. To investigate whether the protective effect conferred by growth in a polymicrobial
environment also extends to combinations of antibiotics, for both ‘wild-type’ PAO1yww

and AlasR mutant P. aeruginosa.

4. To explore whether the observed fungal blooming is linked to expression or function

of the ORFs encoded by the tseT operon.

6.2. Antibiotics and minimal inhibitory concentration

Colistin and ciprofloxacin were selected for three reasons. First, these antibiotics are
frequently used in combination to target P. aeruginosa, particularly in early to mid-stage
infections of pwCF. Second, colistin is considered a last-resort antibiotic, making it valuable to
study its effectiveness in polymicrobial cultures. Third, this project aimed to build on previous

colistin-related findings from the host laboratory, ensuring continuity in the research.

The minimal inhibitory concentration (MIC) of the two antimicrobials, colistin and
ciprofloxacin, was determined separately in ASM for each species and/or genetic variant used
in the experiments. MIC values were established using the broth microdilution method
described in Section 3.10.1. The MIC was defined as the lowest antimicrobial concentration
that inhibited visible microbial growth after overnight incubation. MIC measurements were
repeated before each experiment for accuracy and reproducibility, with no changes observed.
The results are summarised in Table 6.1. The MICpa of colistin for all genetic variants of P.
aeruginosa was 4 ug mL™', whereas the MICpa for ciprofloxacin was 1 ug mL™". The MICsa of S.
aureus for ciprofloxacin was 16 ug mL™. This means that the concentration used in this project
(5xMICpa) was less than a third of the MICsa. As anticipated from previous studies, colistin did
not affect S. aureus or C. albicans, and ciprofloxacin did not affect C. albicans.
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Table 6.1. Minimum inhibitory concentration of colistin and ciprofloxacin. MIC values were determined using

the broth microdilution method. P. aeruginosa genetic variants consistently showed susceptibility to colistin and

ciprofloxacin, with MICs of 4 ug mL? and 1 pg mL™, respectively. As anticipated, S. aureus was not sensitive to

colistin and had an MIC of 16 pg mL™ for ciprofloxacin. C. albicans displayed no sensitivity to either antibiotic, as

expected.
Minimum Inhibitory Concentration
Species Strain (ug mL)

Colistin Ciprofloxacin

PAO1mw 4 1

AlasR mutant 4 1

P. aeruginosa

APA3904-08 mutant 4 1

AlasR+PA3904-08 mutant 4 1

S. aureus ATCC 25923 >256 16

C. albicans SC5314 >256 >256
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6.3. Antibiotic monotherapy

Before working on the first objective of this part of the project, initial experiments on ‘wild-
type’ PAO1mw cultures were conducted with colistin to replicate previous measurements. This
ensured reproducibility and established a reliable benchmark for subsequent combination
therapy experiments. Afterwards, ciprofloxacin was tested on PAO1mw cultures, followed by

monotherapy with both antibiotics separately on AlasR mutant polymicrobial cultures.

Polymicrobial cultures were grown in ASM under continuous-flow conditions for 48 h prior to
the addition of the antibiotic. The antibiotic treatment was applied as a pulse of 5xMIC for P.
aeruginosa (5xMICpa). This timing enabled me to monitor population dynamics in the pre-
established cultures to evaluate pre-treatment stability. The details of the antibiotic dosing
are described in Section 3.10.2. The results are displayed with the addition of antibiotics
indicated as T=0 hour, which occurred 48 hours after inoculation. Sampling at T=0 hour was

performed immediately before the antibiotics were administered.

6.3.1. Pseudomonas aeruginosa PAO1uw

Previously reported outcomes with colistin treatment on PAO1mw cultures were reproducible.
There was no noticeable difference in CFU mL? counts during the stable, non-disturbed
period, between the -24-hour and 0-hour timepoints (p > 0.75). Colistin had a pronounced
effect on monospecies cultures, causing viable P. aeruginosa cells to become undetectable for
several hours, as illustrated in Figure 6.1.A. This 8-log fold reduction was statistically significant
comparing the stable titres before the antibiotic was added to the 1, 3, 5, and 8-hour
timepoints post-treatment (p < 0.04). Interestingly, as reported previously, 48 hours after the
addition of the antibiotics, there was an increase in population size compared with pre-

antibiotic levels.

In contrast, the polymicrobial culture exhibited a smaller response to colistin, with a less than
2-log fold decrease in P. aeruginosa titres, as shown in Figure 6.1.B. This change was not
significantly different from stable levels (p > 0.3). No significant change was observed in S.
aureus or C. albicans titres throughout the sampling period (p > 0.3). To gain more insight, the
3-hour sampling routine was introduced for 24 hours following the antibiotic treatment to

capture more detailed fluctuations in the polymicrobial response.
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Figure 6.1. Effect of 5xMICpa colistin on Pseudomonas aeruginosa PAO1mw mono- and polycultures in the
continuous-flow system. CFU mL? values for P. aeruginosa PAO1mw (black circles), S. aureus (pink squares), and
C. albicans (turquoise triangles) are plotted on a logio scale. Data is presented as the median with a 95%
confidence interval across six (A) and four (B) independent experiments. Cultures were grown in ASM with a
continuous Q = 145 pL min™ flow rate. Colistin was added at a final concentration of 5xMICra after 48 hours of
co-culturing, which is indicated as T=0 hours on the graph. Before antibiotic addition, the cultures were stable,
with no significant differences between timepoints in cell counts (p > 0.75). (A) Colistin significantly reduced the
P. aeruginosa titre in the monospecies culture (p < 0.04). (B) In the polymicrobial environment, P. aeruginosa
showed a more moderate response, with no significant change in population size (p > 0.3). No significant change

in S. aureus or C. albicans titres was observed throughout the sampling period (p > 0.3).
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The outcomes of the measurements with ciprofloxacin were similar. As before, there was no
noticeable difference in CFU mL™? counts during the stable, non-disturbed period, between

the -24-hour and 0-hour timepoints (p > 0.9).

Ciprofloxacin had a robust impact in monospecies cultures, resulting in a significant 5-log fold
decrease in P. aeruginosa titres compared with the stable levels before treatment (p < 0.05),
as shown in Figure 6.2.A. In polymicrobial cultures, as shown in Figure 6.2.B, the community
was stable prior to addition of the antibiotic, but upon treatment with ciprofloxacin, the P.
aeruginosa levels declined slightly (less than 2-log fold), much like with colistin. This change
was not statistically significant (p > 0.15). No significant changes were observed in S. aureus

or C. albicans titres throughout the sampling period (p > 0.25).

To determine whether the observed resistance was phenotypic or genetic, samples were
streaked on P. geruginosa isolation plates containing either colistin or ciprofloxacin, as detailed
in Section 3.10.3. No growth was observed, indicating that the resistance was situational
rather than genetically inherited. While this does not rule out the possibility of genetic
variations with resistance arising, such mutations did not dominate the population, as they

would have been evident through growth on the antibiotic plates.

6.3.2. Pseudomonas aeruginosa AlasR mutant

The observed differences between PAO1mw mono- and polymicrobial cultures prompted me
to investigate whether these effects are linked to the /asR regulon. | hypothesised that AlasR
mutants may lack key traits needed to provide the same level of protection. Therefore,
antibiotics would differentially impact cultures containing P. aeruginosa PAO1uyw compared
with those containing AlasR mutants. To test this hypothesis, | applied antimicrobial

monotherapy to polymicrobial cultures containing the AlasR mutant.

The outcome was considerably different for P. aeruginosa when the polymicrobial culture
containing the AlasR mutant was treated with colistin, as shown in Figure 6.3.A. While no
noticeable difference in viable cell counts was observed before the antibiotic was added (p >
0.25), the P. aeruginosa titre rapidly dropped by 8-log fold upon colistin treatment. This
decrease was significant up to the 36-hour timepoint compared with pre-antibiotic levels (p <
0.05). Although there was a slight increase in the population sizes of S. aureus and C. albicans,

these changes were not statistically significant (p > 0.1).
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Figure 6.2. Effect of 5xMICpa ciprofloxacin on Pseudomonas aeruginosa PAO1vw mono- and polycultures in the
continuous-flow system. CFU mL? values for P. aeruginosa PAO1mw (black circles), S. aureus (pink squares), and
C. albicans (turquoise triangles) are plotted on a logio scale. Data is presented as the median with a 95%
confidence interval across six (A) and four (B) independent experiments. Cultures were grown in ASM with a
continuous Q = 145 pL min! flow rate. Ciprofloxacin was added at a final concentration of 5xMICea after 48 hours
of co-culturing, which is indicated as T=0 hours on the graph. Before antibiotic addition, the cultures were stable,
with no significant differences between timepoints in cell counts (p > 0.9). (A) Ciprofloxacin significantly reduced
the P. aeruginosa titter in the monospecies culture (p < 0.05). (B) In the polymicrobial environment, P. aeruginosa
showed a more moderate response, with no significant change in population size (p > 0.15). No significant change

in S. aureus or C. albicans titres was observed throughout the sampling period (p > 0.25).
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Figure 6.3. Effect of 5xMICpa colistin or ciprofloxacin on polycultures with Pseudomonas aeruginosa AlasR
mutant in the continuous-flow system. CFU mL™ values for P. aeruginosa AlasR mutant ( ), S. aureus
(pink squares), and C. albicans (turquoise triangles) are plotted on a logio scale. Data is presented as the median
with a 95% confidence interval across three independent experiments. Cultures were grown in ASM with a
continuous flow rate of Q = 145 pL mint. Both antimicrobial compounds were added at a final concentration of
5xMICpa after 48 hours of co-culturing, indicated as T=0 hours on the graph. Before antibiotic addition, cultures
were stable with no significant differences in cell counts between timepoints (p > 0.25). (A) Colistin significantly
reduced P. aeruginosa titres (p < 0.05), while S. aureus titres showed a slight, non-significant increase during
treatment (p > 0.1). (B) Ciprofloxacin treatment resulted in a more moderate response in P. aeruginosa, with no
significant change in population size (p > 0.55), while S. aureus titres exhibited a substantial reduction (p < 0.04).
No significant changes in C. albicans titres were observed throughout the sampling period, though a slight

increase was noted during colistin treatment (p > 0.15).
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When the stable community was treated with ciprofloxacin, the P. aeruginosa AlasR mutant
population responded similarly to the PAO1mw, with a less than 2-log fold decrease, as shown
in Figure 6.3.B. This change was moderate but not statistically significant (p > 0.55).
Intriguingly, a substantial reduction in S. aureus titres was observed, significantly different
from pre-antibiotics levels (p < 0.04). Given that MICsp measurements indicated a higher
required concentration, as detailed in Table 6.1, these results suggest that S. aureus becomes
more susceptible to ciprofloxacin in the presence of the AlasR mutant and C. albicans. No

significant change was observed in the size of the C. albicans population (p > 0.15).

When samples were grown on P. geruginosa isolation plates containing ciprofloxacin, no
growth was observed, similar to the PAO1mw. This suggests that the resistance is likely

phenotypic rather than genetic.

6.4. Combined antibiotic therapy

As outlined in Section 1.3.2, combination antibiotic therapy is often preferred over
monotherapy in clinical practice. This guided my approach in the continuous-flow system,
where a combination of colistin and ciprofloxacin was applied to polymicrobial cultures
containing either PAO1mw or AlasR mutant P. aeruginosa. For consistency, the concentrations

of both antibiotics were maintained at 5xMICpa throughout the experiments.

6.4.1. Changing community dynamics

First, the combination of antibiotics was applied to polymicrobial cultures containing PAO1mw
P. aeruginosa, as shown in Figure 6.4. The combined treatment had a greater effect on P
ageruginosa. It reduced P. ageruginosa titres by 4-log fold, with the change remaining
statistically significant up to 15 hours post-treatment compared with pre-antibiotic levels (p <
0.04). S. aureus experienced a non-significant decline (p > 0.07). Remarkably, C. albicans titres
began to increase a few hours after the treatment, in line with the recovery pattern of P.
aeruginosa. The fungal population grew significantly larger than pre-treatment levels (p <
0.05). Given the physical size difference between C. albicans and the other two species, this
increase also represented a substantial rise in biomass. This prompted me to observe the
cultures under a microscope and visually compare the effects of monotherapy versus

combined antibiotic treatment.
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Figure 6.4. Effect of 5xMICpa combined antibiotic treatment on polycultures with Pseudomonas aeruginosa
PAO1mw in the continuous-flow system. CFU mL? values for P. aeruginosa PAO1mw (black circles), S. aureus (pink
squares), and C. albicans (turquoise triangles) are plotted on a logio scale. Data is presented as the median with
a 95% confidence interval across six independent experiments. Cultures were grown in ASM with a continuous
flow rate of Q = 145 pL mint. Both antimicrobial compounds were added simultaneously at a final concentration
of 5xMICpa after 48 hours of co-culturing, indicated as T=0 hours on the graph. Before antibiotic addition, cultures
were stable with no significant differences in cell counts between timepoints (p > 0.2). Following treatment, P.
aeruginosa titres were significantly reduced (p < 0.04), while the S. aureus population showed a moderate
decline (p >0.07). In contrast, C. albicans titres increased substantially, with a statistically significant rise observed

between 18- and 24-hours post-treatment compared with pre-treatment levels (p < 0.05).
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6.4.2. Fungal bloom

C. albicans can transition between three biological forms: yeast, pseudohyphae, and hyphae.
In LB overnight cultures, it predominantly appears in the yeast form, even at 37°C, as shown
in Figure 6.5.A. However, in ASM, due to the presence of GIcNAc, C. albicans mainly shifts to
the hyphal form, with a smaller proportion of cells in the yeast or pseudohyphae forms, as
seen in Figure 6.5.B. P. aeruginosa in ASM maintains its well-known rod-shaped morphology,

whereas spherical S. aureus cells form grape-like clusters, as shown in Figure 6.5.C-D.

In mixed cultures within the continuous-flow system, P. aeruginosa and S. aureus dominate in
cell numbers, while C. albicans predominantly displays hyphal and pseudohyphal forms, as
shown in Figure 6.6. Importantly, some cell aggregation was seen to occur in the non-
perturbed cultures, with free-floating cells surrounding aggregated clusters of cells, as
illustrated in Figure 6.7 A-B. Following antibiotic treatment, this aggregation was considerably

enhanced, leaving few or no free-floating planktonic cells, as shown in Figure 6.7 C-D.

The observed increase in aggregation, and potentially in biofilm formation, creates a physical
barrier that can hinder the penetration of antibiotics, contributing to the increased resistance
observed (Lewis, 2008; Patel, 2005; Secor et al., 2018). These aggregates are typically
composed of a few hundred to a few thousand cells, making it challenging to differentiate
between living and dead cells. Although LIVE/DEAD staining was attempted on the samples to
gain more insight, the method proved ineffective for P. aeruginosa due to known staining

difficulties, which | also experienced (Lewenza et al., 2018; Stiefel et al., 2015).

The primary finding from the microscopic examination was the notable change in the
response of C. albicans following combined antimicrobial treatment, as illustrated in Figure
6.8. After monotherapy, aggregates mainly consisted of bacterial cells, with only occasional
pseudo-hyphal or hyphal C. albicans present. Conversely, following combined treatment,
hyphal cells became more prominent and present in most visual fields, which corresponded
with a rise in CFU titres. Aggregates formed around these filamentous fungal cells, suggesting
that they may play a central role in the structural organisation of the mixed-species
communities under increased antibiotic stress. Notably, whereas the aggregates began to
disassemble ca. 24 hours after monotherapies, those formed in the cultures treated with

combined antibiotics remained intact for longer, indicating a more resilient structure.
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Figure 6.5. Phase-contrast microscopy images of overnight cultures. C. albicans predominantly exists in yeast
form when grown in LB (A), whereas, in ASM, it primarily displays hyphal forms with some yeast cells present
(B). P. aeruginosa has a rod-shaped morphology (C). S. aureus forms spherical cells that cluster in grape-like
arrangements (D). Images were taken using an Olympus BX51 microscope equipped with a QICAM Fast 1394

camera. Scale bars represent 10 um.
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Figure 6.6. Phase-contrast microscopy images of samples taken during steady-state growth in the in vitro
continuous-flow system. Planktonic P. aeruginosa and S. aureus dominate the cultures, consistent with the
viable cell count results (A-B). C. albicans predominantly exists in hyphal or pseudohyphal forms (C-D). Images
were taken using an Olympus BX51 microscope equipped with a QICAM Fast 1394 camera. Scale bars represent

10 pm.
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Figure 6.7. Phase-contrast microscopy images of aggregates formed during steady-state growth in the in vitro
continuous-flow system. Aggregate formation was observed in non-antibiotic perturbed cultures, with free-
living cells typically surrounding the structures (A-B). Following antibiotic treatment, this aggregation was visibly
enhanced, leading to larger aggregates with fewer free-floating cells around them (C-D). Images were taken using

an Olympus BX51 microscope equipped with a QICAM Fast 1394 camera. Scale bars represent 10 pum.
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Figure 6.8. Matrix of phase-contrast microscopy images of polymicrobial cultures following antibiotic
treatment. Images are organised into three columns according to the antibiotics used for treatment, as indicated
for each column. The antibiotics were added as the dark pink arrows indicate (T=0). The rows represent different
time points post-antibiotic addition, as marked on the graphs: 18 hours (green), 21 hours (red), and 24 hours
( ), from top to bottom. Aggregation of cells is observed in all treatment scenarios; however, the combined
antibiotic treatment induces visible fungal blooming, with hyphae providing additional surface area, as seen in

the right column.
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From this point forward, the phenomenon of increase in C. albicans titre will be referred to as

"blooming" in accordance with the terminology used in the literature (Savage et al., 2024).

Two additional cultures were treated with the combined antibiotics to understand the
conditions necessary for fungal blooming better. First, a monospecies culture of C. albicans
was tested to determine whether C. albicans alone reacted to the combined antibiotic
treatment. Second, a dual-species culture of P. aeruginosa PAO1mw and C. albicans was used
to assess if the blooming phenomenon results from interactions between the two species or

if the presence of S. aureus is also required.

As shown in Figure 6.9.A, C. albicans monocultures do not react to antibiotic treatment, and
the titres maintain a statistically stable level between 10°-10% CFU mL™ (p > 0.45). As noted
earlier, these levels are higher than those in the polymicrobial cultures, suggesting that
antagonistic mechanisms between the bacteria and fungi may constrain titres (O'Brien, 2021).
Taken together, these data indicate that the observed blooming is not due to the fungi reacting
to antibiotics; however, it has to be noted that the monoculture titres are the same as the
highest levels achieved during fungal blooming in the polymicrobial cultures following

combination treatment.

As shown in Figure 6.9.B, a more modest, not statistically significant increase of fungal titres
was observed in the dual-species culture of P. aeruginosa PAO1mw and C. albicans from 15-
hour timepoint onwards (p > 0.1). This smaller change may be partially attributable to the
slightly higher pre-antibiotic titre for C. albicans in this setup. Taken together, these data
indicate that the fungal bloom is likely driven by interactions between P. geruginosa and C.
albicans, but that the presence of S. aureus enhances its magnitude. Consequently, the triple-

species polymicrobial culture was used for further investigation.

6.4.3. Impact of AlasR mutants

In previous experiments, C. albicans showed less stability when co-cultured with AlasR
mutants compared with cultures involving PAO1ww, and the AlasR mutants demonstrated a
distinct response to colistin. Therefore, as the next step, | tested whether the extensive lasR

regulon might play a role in causing the fungal bloom.
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Figure 6.9. Effect of 5xMICpa combined antibiotic treatment on C. albicans monoculture and dual-species
culture with Pseudomonas aeruginosa PAOlww in the continuous-flow system. CFU mL? values for P
aeruginosa PAO1mww (black circles) and C. albicans (turquoise triangles) are plotted on a logio scale. Data is
presented as the median with a 95% confidence interval across three independent experiments. Cultures were
grown in ASM with a continuous flow rate of Q = 145 uL mint. Both antimicrobial compounds were added
simultaneously at a final concentration of 5xMICpa after 48 hours of co-culturing, indicated as T=0 hours on the
graph. Before antibiotic treatment, cultures were stable with no significant differences in cell counts between
timepoints (p > 0.3). (A) Post-treatment, the C. albicans population in monoculture remained relatively stable,
showing no significant changes (p > 0.45). (B) In the co-culture, P. aeruginosa titres were significantly reduced,

while C. albicans titres increased, although this increase was not statistically significant (p > 0.1).
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As shown in Figure 6.10, the polymicrobial culture with P. aeruginosa AlasR mutant exhibited
a somewhat different response to the combined antibiotic treatment compared with cultures
containing the ‘wild-type’ PAO1mw. The P. aeruginosa titres initially dropped from stable levels
to ca. 10* CFU mL™" and, up to 18 hours post-treatment, remained significantly low (p < 0.05),
similar to what was observed in PAO1mw cultures. However, as titres gradually recovered as
the antibiotic was diluted out due to the continuous flow, titres settled out at higher levels

than in the pre-treatment condition.

The most notable difference between the polycultures containing the AlasR mutant compared
with cultures containing the PAO1mw was that S. aureus titres declined sharply, consistent with
the results from polymicrobial AlasR mutant cultures treated with ciprofloxacin alone (p <
0.05). This finding supports the notion that S. aureus is more susceptible to ciprofloxacin in
the presence of the AlasR mutant. Notably, in samples taken from co-cultures with P.
aeruginosa PAO1mw, S. aureus colonies predominantly appeared as SCVs with extended
growth time on isolation plates throughout the project. However, in the presence of the AlasR
mutant, most S. aureus colonies were normal, in line with QS mechanisms inducing SCVs, as
previously reported (Hotterbeekx et al., 2017). The C. albicans titres remained stable
throughout the experiment (p > 0.05), without the blooming phenomenon observed in the
‘wild-type’ PAO1mw co-cultures. These results suggest that the absence of /asR function alters

the polymicrobial dynamics during antibiotic treatment.

6.5. Investigating the background of the blooming phenomenon

Based on the results just outlined, | speculated that a LasR-regulated mechanism might be
responsible for the observed fungal bloom following combination antibiotic treatment. |
further speculated that this mechanism might involve direct cell-cell contact, given my
observations indicating that bacterial cells cluster around the fungal hyphae, allowing for
potential contact-based communication. The link to /asR was assumed based on the findings

in Section 6.4, showing intact /asR is necessary for this phenomenon to occur.

Given these observations, | hypothesised that the LasR-regulated tseT operon, which encodes
a contact-dependent T6SS effector, may play a role in regulating the blooming phenomenon.
To test this hypothesis, | examined the response of the APA3904-08 mutant in polymicrobial

culture to the combined treatment.
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Figure 6.10. Effect of 5XxMICpa combined antibiotic treatment on polycultures containing Pseudomonas
aeruginosa AlasR mutant in the continuous-flow system. CFU mL™ values for P. aeruginosa AlasR mutant
( ), S. aureus (pink squares), and C. albicans (turquoise triangles) are plotted on a logio scale. Data
is presented as the median with a 95% confidence interval across six independent experiments. Cultures were
grown in ASM with a continuous flow rate of Q = 145 uL min. Both antimicrobial compounds were added
simultaneously at a final concentration of 5xMICra after 48 hours of co-culturing, indicated as T=0 hours on the
graph. Before antibiotic addition, cultures were stable with no significant differences in cell counts between
timepoints (p > 0.4). Following treatment, P. aeruginosa titres showed a significant reduction (p < 0.05) but later
recovered to levels higher than the pre-treatment titres. The S. aureus population also experienced a sharp
decline, though its recovery was only partial (p < 0.05). Meanwhile, C. albicans titres remained relatively stable

throughout the experiment, with no significant fluctuations observed (p > 0.05).
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6.5.1. Absence of tseT operon prevents Candida blooming

When the polymicrobial culture containing the APA3904-08 mutant was treated with colistin
and ciprofloxacin, the P. aeruginosa population responded similarly to both the PAO1mw and
AlasR mutant strains, as shown in Figure 6.11. The P. aeruginosa titre initially dropped to 10*
CFU mL?! but subsequently recovered (p < 0.05). The S. aureus population appeared less stable
than when grown in the presence of P. aeruginosa PAO1mw even during the pre-antibiotic
treatment regime and experienced a considerable decline following antibiotic treatment (p >
0.05). Meanwhile, the C. albicans titre exhibited minor fluctuations but no significant increase
between pre- and post-antibiotic levels (p > 0.5). The absence of a fungal bloom in the
APA3904-08 mutant polycultures indicates that the tseT operon normally plays some

functional role in stimulating the bloom.

6.5.2. Verification of results using AlasR+PA3904-08 mutant

To confirm the involvement of the tseT operon in the blooming phenomenon, the
AlasR+PA3904-08 mutant was tested under the same conditions within the polymicrobial
culture. As described earlier, this mutant carries the AlasR::TcR mutation and has the entire
tseT operon inserted into a neutral site in the chromosome under IPTG-inducible regulation.
The culture was treated with a pulse of combined antibiotics, and with IPTG continuously
supplied at a concentration of 1 mM. | speculated that if the tseT operon is indeed responsible
for the blooming phenomenon, restoring its expression, even in a lasR background, should

provoke similar blooming.

As shown in Figure 6.12, P. aeruginosa exhibited the same significant decrease in titre, slightly
below 10* CFU mL* (p < 0.04). However, its recovery was somewhat slower than other genetic
variants, potentially due to the increased metabolic burden caused by IPTG-induced
transcription of the tseT operon. There was greater variance between biological replicates
during the recovery period. S. aureus levels showed a decline, consistent with previous
observations in AlasR backgrounds (p < 0.04). Most notably, C. albicans titres increased
significantly (p £0.04), similar to what was observed with the ‘wild-type’ PAO1mw background,
beginning at 15 hours post-treatment. This confirms the involvement of the tseT operon in

the blooming phenomenon.
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Figure 6.11. Effect of 5xMICpa combined antibiotic treatment on polycultures with Pseudomonas aeruginosa
APA3904-08 mutant in the continuous-flow system. CFU mL™ values for P. aeruginosa APA3904-08 mutant
(purple circles), S. aureus (pink squares), and C. albicans (turquoise triangles) are plotted on a logio scale. Data is
presented as the median with a 95% confidence interval across six independent experiments. Cultures were
grown in ASM with a continuous flow rate of Q = 145 uL mint. Both antimicrobial compounds were added
simultaneously at a final concentration of 5xMICpa after 48 hours of co-culturing, indicated as T=0 hours on the
graph. Prior to antibiotic addition, P. aeruginosa populations were stable with no significant differences in cell
counts between timepoints (p > 0.5). Following treatment, P. aeruginosa titres were significantly reduced (p <
0.05) but later recovered to pre-treatment levels. The S. aureus and C. albicans titres showed a pre-treatment
decline, and while they exhibited some fluctuation after antibiotics were added, these changes were not

statistically significant (p > 0.05).
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Figure 6.12. Effect of 5xMICpa combined antibiotic treatment on polycultures with Pseudomonas aeruginosa
AlasR+PA3904-08 mutant in the continuous-flow system. CFU mL? values for P. aeruginosa AlasR+PA3904-08
mutant (burgundy circles), S. aureus (pink squares), and C. albicans (turquoise triangles) are plotted on a logio
scale. Data is presented as the median with a 95% confidence interval across six independent experiments.
Cultures were grown in ASM with a continuous flow rate of Q = 145 pL min™. IPTG was continuously supplied at
a final concentration of 1 mM starting at 24 hours of co-culturing, indicated as T=-24 hours on the graph. Both
antimicrobial compounds were added simultaneously at a final concentration of 5xMICea after 48 hours of co-
culturing, indicated as T=0 hours on the graph. Before antibiotic addition, P. aeruginosa and S. aureus titres were
stable, with no significant differences in cell counts between timepoints (p > 0.1). C. albicans titres fluctuated
slightly after IPTG addition but stabilised 12 hours prior to antibiotic treatment (p > 0.1). Following treatment, P.
aeruginosa titres were significantly reduced, with a slow but complete recovery (p < 0.04). S. aureus showed a
sharp decline with only partial recovery (p <0.04). C. albicans titres increased substantially, showing a statistically

significant rise from 15 hours post-treatment onwards, compared with pre-treatment levels (p < 0.04).

152



6.6. Discussion

Alexander Fleming’s discovery of penicillin and the subsequent introduction of antibiotics are
among the most groundbreaking advancements in medical history. However, the growing
prevalence of treatment failures is now a major concern in the fight against infections.
Multiple factors contribute to this problem, including the rise of antibiotic resistance and
uncertainty surrounding optimal treatment protocols. A crucial yet often overlooked factor of
this is the presence of non-pathogenic microbes that, while not directly responsible for
infections, can alter the efficacy of antibiotics. Investigating these complex microbial
interactions has historically been challenging, but recent research is beginning to unravel how

microbes influence one another during antibiotic treatments.

Many studies have reported that the presence of cohabiting microbial species can significantly
alter antimicrobial susceptibility (Bottery et al., 2022; Mitra et al., 2022). For instance, P.
aeruginosa and S. aureus co-cultures have shown increased tolerance to various antibiotics,
including tobramycin, rifamycin, vancomycin, penicillin, cycloserine, gentamicin, and
tetracycline (Beaudoin et al., 2017; DelLeon et al., 2014; Hoffman et al., 2006; Lebrun et al.,
1978; Orazi & O’Toole, 2017). Conversely, P. aeruginosa has been reported to increase the
sensitivity of S. aureus to antimicrobials, like chloroxylenol (Orazi et al., 2019). In another
pairing, S. aureus and C. albicans co-cultures have been associated with extended biofilm
formation and exhibit increased tolerance to oxacillin, vancomycin, ciprofloxacin, delafloxacin,
and rifampicin compared with S. aureus monocultures (Harriott & Noverr, 2009; Little et al.,

2021; Nabb et al., 2019).

The aim of this part of my project was to deepen our understanding of polymicrobial
behaviour in response to antibiotic treatment, explicitly focusing on the effects of genetic
variation and combined antibiotic therapies. To the best of my knowledge, the latter aspect
has not been previously explored, especially under continuous-flow conditions. Building on
earlier work conducted in the host laboratory, the focus was on using colistin and ciprofloxacin

on the triple-species model (O'Brien et al., 2022).

The results of the experiments supported my third hypothesis, stating that P. aeruginosa will
exhibit reduced susceptibility to ciprofloxacin in the presence of co-habiting species. |

demonstrated that the triple-species polymicrobial culture provided protection for P

153



aeruginosa against not only colistin but also ciprofloxacin. Interestingly, this protective effect
extended to the AlasR mutant for ciprofloxacin but not for colistin. Given that the MICs were
identical for both strains, this suggests that inter-species interactions influence antimicrobial
susceptibility differently, depending on the genetic variants involved. It has been previously
suggested that current MIC measurements may fall short in capturing the true antimicrobial
susceptibility profile, partly because they do not account for the polymicrobial or polyclonal
nature of infections (Little et al., 2021; Syal et al., 2017). My findings strongly support this
view, as they underscore the complexity of microbial interactions in shaping antibiotic efficacy.
However, developing and implementing a more accurate alternative poses significant
challenges. Future research should aim to improve antimicrobial susceptibility testing by
incorporating the effects of polymicrobial and polyclonal infections. This could involve
adapting current MIC measurements or developing new models, such as continuous-flow
systems, to reflect better the complex dynamics observed in clinical settings. Such
advancements would provide a more realistic understanding of antimicrobial efficacy and

resistance, leading to more effective and potentially personalised treatment strategies.

One phenomenon likely contributing to the observed resistance is the formation of microbial
aggregates. Such formations, exhibiting diverse structures and sizes, have been shown to
demonstrate enhanced resistance to antibiotics (Secor et al., 2018). This effect is particularly
significant when aggregation coincides with increased biofilm production (Lewis, 2008; Patel,
2005). Further testing of the project samples on antibiotic plates revealed that the observed
resistance is phenotypic rather than genetic, strengthening the idea that aggregation and
physical barriers play a critical role in antibiotic resistance. However, the differing outcomes
between ‘wild-type’ PAO1mw and AlasR mutant strains suggest that these protective
mechanisms may be activated through distinct pathways. The precise mechanisms driving the
increased antimicrobial resistance in polymicrobial cultures remain unclear and warrant

further investigation, which falls outside the scope of this project.

Another intriguing finding from my work was the observation that S. aureus became more
sensitive to ciprofloxacin in the polymicrobial environment containing the AlasR mutant
compared with polycultures containing the PAO1mw or monospecies cultures. Although | did
not directly explore the molecular mechanism behind this, a plausible explanation can be

drawn from existing literature. Several studies, along with my observations, have shown that
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P. aeruginosa PAO1mw induces the formation of S. aureus SCVs, whereas AlasR mutants do not
stimulate SCV formation (Hoffman et al., 2006; Wolter et al., 2013). SCVs are known to be
more resistant to various stressors, including antibiotics (Loss et al., 2019; Melter & Radojevic,
2010). | suggest that this resistance provided by the ‘wild-type’ PAOluw extends to
ciprofloxacin. Conversely, in co-cultures with AlasR mutants, where SCVs are either absent or
present in only small proportions, S. aureus becomes more susceptible to ciprofloxacin. From
an ecological perspective, it can be speculated that in situations when AlasR mutants
potentially dominate the CF lung, S. aureus receives less protection, resulting in reduced
microbial diversity following treatment with ciprofloxacin or other broad-spectrum

antibiotics.

In line with clinical outcomes, the combined anti-pseudomonal treatment was significantly
more effective against P. aeruginosa, even in polymicrobial cultures. However, the dynamics
of the polymicrobial community shifted compared with monotherapy in the PAO1mw.
Intriguingly, a marked increase in C. albicans titres was observed. A similar phenomenon, often
referred to as "fungal blooming," has been documented in clinical cases following antibiotic
treatment (Sidransky & Pearl, 1961; Spatz et al., 2023). Traditionally, this increase in fungal
population has been attributed to the availability of space and resources following bacterial
death. However, recent studies suggest that antibiotics can also impair the antifungal immune
response, particularly in the gut, leading to fungal infections (Drummond et al., 2022). Based
on the findings of this study, | propose that there may also be direct microbial interactions
contributing to the increase in fungal population size following antibiotic treatment. This
conclusion is supported by further investigation into the mechanisms behind the blooming

phenomenon.

It was hypothesised in this work that the loss of LasR function alters polymicrobial community
dynamics. Evidence for that was demonstrated during combined antibiotic treatment, where
C. albicans did not exhibit blooming in polymicrobial cultures containing the AlasR mutant,
unlike in cultures containing the ‘wild-type’ PAO1mw progenitor. Based on these experimental
outcomes, | propose that lasR is a keystone gene for P. aeruginosa in polymicrobial

interactions.

It was further hypothesised that a contact-based mechanism drives this fungal blooming
phenomenon, with the LasR-regulated tseT operon being a strong candidate for direct
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mechanistic involvement. Moreover, it has been previously shown that P. aeruginosa
expresses TseT in response to increased iron, which becomes available during the massive cell
death of P. aeruginosa following combined antibiotic treatment (Ganne et al., 2017; Haas et
al.,, 2023; Moreno-Fenoll et al.,, 2024). The idea was tested using APA3904-08 and
AlasR+PA3904-08 mutants, and the results supported the hypothesis. Based on the outcomes,
the tseT operon appears to drive C. albicans blooming in the triple-species culture of P.
aeruginosa, S. aureus, and C. albicans. However, it is likely that additional mechanisms are

also involved in this process.

Like other parts of this work, this segment has several limitations to consider when
interpreting the outcomes. Firstly, the sample size was limited to 3 to 6 biological replicates
per scenario. While these results provide valuable insights, additional repeats would enhance
their statistical power. Secondly, the use of laboratory strains rather than clinical isolates may
affect the clinical relevance of the results. Although these strains were selected for
comparability with previous studies, further validation with clinical isolates is necessary to
confirm the broader applicability of the outcomes. Another limitation lies in the duration of
the experiments. Though 96 hours is a reasonable timeframe from a laboratory perspective,
it may not fully capture the long-term effects seen in clinical infections. Alongside this, the
labour-intensive nature of the 24-hour sampling schedule restricted the project to a single
round of antibiotic treatment rather than allowing for a repeated regime that better reflects
clinical practice. Finally, although IPTG should not theoretically affect any of the species used,

its potential impact per se on the polymicrobial system cannot be entirely dismissed.

Overall, | believe this work provides valuable insights into polymicrobial interactions,
particularly in the context of antibiotic treatment. Naturally, further research is needed to
determine whether these findings extend to other isolates and antimicrobial compounds.
Additionally, exploring repeated dosing regimens and alternative antibiotic combinations,
such as incorporating antifungal treatments, could provide valuable insights into how
polymicrobial systems respond to antimicrobial therapies. Furthermore, the role of the host
environment in shaping these interactions remains a critical factor. Future investigations
should focus on this aspect to better understand how complex microbial communities behave

in real-world infection scenarios.
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Chapter 7

Final conclusion

The microbial world is full of intricate interactions. In many ways, microbial communities
mirror human societies, where communication and a spectrum of relationships — from
cooperation to competition — govern dynamics (Al-Wrafy et al., 2023). Much like human
interactions, microbes can adapt their behaviour based on who else is present in the
environment. A population may exhibit a particular pattern of behaviour when surrounded by
‘kin’, but that behaviour can shift significantly when other species or strains appear. This
complexity adds layers to infection scenarios, especially those where multiple species coexist,
influencing disease and treatment outcomes (Fourie et al., 2017; Fourie et al., 2016). Such
dynamics are especially prominent in chronic CF lung infections, where a variety of microbial
species co-habit in the same niche and interact with one another (Briaud et al., 2019; Limoli

etal., 2017).

Techniques and approaches for studying polymicrobial scenarios are constantly advancing,
expanding our understanding of these complex microbial communities (Bényei et al., 2024).
However, many mysteries remain, particularly regarding how microbes influence one another,
how their biological processes differ in polymicrobial settings compared with monospecies
scenarios, and how they respond to external challenges such as antimicrobial treatments.
Additionally, adaptation to specific surroundings can result in widespread genomic diversity
(Chungetal., 2012; Lei Yang et al., 2011). Thus, beyond the polymicrobial nature of infections,
the polyclonal aspect also becomes crucial, adding another layer of complexity to

understanding these environments.

7.1.lasR is a keystone gene for P. aeruginosa

Over the past three decades, research on /asR has significantly expanded our understanding
of its role in P. aeruginosa biology. It is well-established as a master regulator of QS, and over
300 genes belong to the /asR regulon (Balasubramanian et al., 2013; Gambello & Iglewski,
1991; Gilbert et al., 2009; Pesci et al., 1997). Interestingly, loss-of-function /asR mutations are
frequently identified in clinical isolates, particularly in chronic infections of pwCF (Chen et al.,
2019; Cruz et al., 2020; Feltner et al., 2016; Kostylev et al., 2019; Marvig et al., 2015; Smith et
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al., 2006; Zhao et al., 2023). Several studies have shown that such mutations play a role in
adaptation to the CF lung environment and are associated with worsened disease prognosis
(Harrison et al., 2014; Hoffman et al., 2009; LaFayette et al., 2015). However, despite this
wealth of knowledge, significant gaps remain — for example in understanding how the loss of

LasR function affects P. aeruginosa and other species in polymicrobial communities.

Much of the current work has centred around my thesis that the loss of LasR function reshapes
inter-species interactions in a polymicrobial CF airway model, especially following antibiotic
challenge. | investigated the behaviour of two genetic variants of P. aeruginosa — the 'wild-
type' PAO1luww and a AlasR mutant — across various conditions, focusing on polymicrobial

interactions, polyclonal dynamics, and the impact of antibiotic treatment.

In the first part of my study, | compared the population sizes and transcriptional profiles of P.
aeruginosa PAOluw and the AlasR mutant in both mono- and polymicrobial cultures. |
observed that the overall population abundance of P. aeruginosa remained remarkably stable,
irrespective of whether lasR was functional. However, the AlasR mutant displayed extensive
transcriptional changes (presumably, in an effort to maintain this stability), whereas the ‘wild-
type’ PAO1uww needed far fewer adjustments when transitioning from a monospecies to
polymicrobial environment. These findings suggested that a functional LasR plays a crucial role
in maintaining dominance in competitive environments. Without a functioning LasR protein,
mutants must use alternative strategies to adapt and sustain their population levels similar to
that of the "WT’ in polymicrobial cultures. Interestingly, several differentially regulated genes
are currently uncharacterised, offering further avenues for exploring novel biological

mechanismes.

In the second part of this project, | examined intra-species dynamics in both monospecies and
polymicrobial cultures. | specifically investigated my hypothesis that in mixed populations of
PAO1mw and a AlasR mutant, PAO1mw would use a LasR-regulated T6SS effector (TseT) to limit
the growth of the AlasR mutant. Although the results ruled out a key role for the tseT operon
in constraining AlasR mutants, several noteworthy findings emerged. First, PAO1mw does
encode mechanisms that effectively restrict the AlasR mutant titres in the population, since
these consistently remained around 10% (cf. the "WT’), in spite of the nutrient-replete growth
conditions. Second, my findings suggest that the tseT operon might still play a role in inter-
species interactions, either directly or indirectly.
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In the final part of this work, | focused on understanding how antibiotics impact monospecies
and polymicrobial communities, where each culture contained either PAOluw or a AlasR
mutant of P. aeruginosa. Intriguingly, the presence of neighbouring species provided
protection for PAO1mw against anti-pseudomonal drugs, colistin and ciprofloxacin. However,
antibiotics had distinct effects on cultures containing the AlasR mutant, which benefited from
protection only against ciprofloxacin but not colistin. Notably, S. aureus exhibited increased
sensitivity to ciprofloxacin in polymicrobial cultures with the AlasR mutant, compared with
polymicrobial cultures containing PAOluw or with S. aureus monocultures. These findings
suggest that the presence or absence of LasR function reshapes the effectiveness of antibiotics
in polymicrobial cultures. The study was further extended to examine combined treatment
with both antibiotics. This combined treatment was more effective against P. aeruginosa but
unexpectedly, led to a bloom of C. albicans in polymicrobial cultures with PAO1uw. However,
this fungal bloom was not observed when the "WT’ was replaced with a AlasR mutant. Further
investigation revealed that the fungal bloom was influenced by proteins encoded by the P.

aeruginosa tseT operon, which is under LasR regulation.

Altogether, the results presented in this work support my thesis that the loss of LasR function
reshapes inter-species interactions in a polymicrobial CF airway model, particularly following
antibiotic challenge. This illustrates how a single gene can disproportionately influence
polymicrobial interactions — it seems that /asR is indeed a “keystone gene.” This notion
originates from the ecological term "keystone species", which was first introduced in the late
1960s by zoologist Robert Paine. He described such species as pivotal in shaping their entire
ecosystem and maintaining its structure (Paine, 1966; Paine, 1969). His work on the starfish
Pisaster ochraceus demonstrated that “keystone species” play a crucial role in influencing the
diversity and characteristics of species within their communities (Montefalcone et al., 2011).
Building on this idea, and more recently, Barbour and colleagues introduced the concept of a
"keystone gene," where changes in just one gene of one species can significantly alter the
dynamics of the broader ecosystem, as they showed in Arabidopsis thaliana (Barbour et al.,

2022).

In line with these concepts, | propose that /asR is an ecological "keystone gene" in cystic

fibrosis-associated polymicrobial airway infections.
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7.2. Limitations of the project

As with any scientific investigation, this project has several limitations to consider when
interpreting the results. Given specific limitations for individual experiments were discussed
in detail in Chapters 4-6, whereas this section addresses broader constraints and

methodological decisions that have shaped the project.

As mentioned in Chapter 1, O'Toole and colleagues noted that "all models are wrong, but
some can be useful" (O’Toole et al., 2021). This statement holds particular relevance for the
in vitro continuous-flow system used in this study (O’Brien & Welch, 2019). This model was
chosen specifically for its remarkable reproducibility and its ability to maintain polymicrobial
cultures in a steady state, making it well-suited for studying microbial interactions. However,
it is essential to acknowledge that, as an in vitro system, it inherently lacks host factors that

can significantly influence inter-species dynamics (Baishya et al., 2021).

The growth medium used in this study, ASM, also posed several challenges. Firstly, preparing
the large volumes required for the project was both time-consuming and labour-intensive.
Secondly, variations in ASM formulations have been shown to cause significant differences in
secondary metabolite production, which may influence experimental results (Neve et al.,
2021). Furthermore, the extended stability associated with the setup offers the possibility that
spontaneous mutations might also arise during the course of the experiments, potentially
affecting outcomes (D'Argenio et al., 2007). These factors might introduce variability that

could impact the interpretation of the findings.

This study used both monospecies and polymicrobial cultures, with the latter consisting of
three species: P. aeruginosa, S. aureus, and C. albicans. Conducting triple-species experiments
presented challenges, particularly due to the lack of optimised methods for processing such
complex samples. Nonetheless, this experimental design served as a valuable foundation for
exploring microbial interactions within a controlled environment. However, expanding the
number of species in future experiments could provide a broader understanding of dynamics

within the CF lung microbiome. Work towards this outcome is currently ongoing in the team.

Each microbe used in this study was a well-characterised, domesticated laboratory '"WT' or a
genetic variant of such strains. This approach aligns with standard laboratory research

practices and ensures better reproducibility as well as easier maintenance. However, clinical
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isolates could reflect better the microbial behaviour of real-world infections. Therefore,
further experiments involving clinical isolates will be necessary to assess whether the findings
from this study are applicable to clinical contexts. Again, efforts in this regard are ongoing in

the lab.

It is also important to recognise that the experimental setup and sampling methods did not
capture the spatial organisation and unique characteristics of sub-populations within the
cultures. Additionally, although sampling was carried out with reasonable frequency,

interesting details could have been missed due to the limited temporal resolution of sampling.

Moreover, as with most experimental studies, the number of biological replicates was limited
to just 3-6 per time point examined. Such constraints are typical due to finite time and
resources but can potentially lead to biologically significant processes not reaching statistical
significance. Therefore, careful consideration was given to balancing conservative statistical

thresholds with biological relevance to ensure robust and meaningful insights.

7.3. Future directions

This study emphasised the importance of investigating polymicrobial and polyclonal scenarios,
as they can alter antibiotic efficacy and reshape microbial behaviour. However, beyond this
work, numerous interactions remain to be explored, and many questions are yet to be

answered.

Future research using the in vitro continuous-flow system should expand beyond laboratory
strains by incorporating clinical isolates, which may reveal additional interactions and novel
mechanisms. Moreover, exploring a broader range of antibiotics could offer deeper insights
into how neighbouring microbes confer protection. Repeated antibiotic dosing would be
particularly valuable in assessing the durability of the observed protection and the impact of
reshaped microbial dynamics. Such advancements could ultimately help refine antibiotic

dosing strategies in clinical settings.

Additionally, introducing more microbial species into this or other experimental platforms is
crucial for accurately representing the CF lung. However, a step-by-step approach is
recommended to carefully delineate the specific outcomes of polymicrobial interactions and

their impact on microbial dynamics. Methods such as microfluidics or single-cell approaches
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could also further enhance our understanding by providing insights into microbial
subpopulations, their spatial organisation, and the distinct lifestyles of planktonic and biofilm-

associated cells within polymicrobial setups.

Further research into the influence of growth media and the impact of environmental changes
on microbial behaviour is essential. Ongoing work in the host laboratory is exploring microbial
evolution in ASM, focusing on mutations that arise in this nutrient-rich environment.
Additionally, with the introduction of CFTR modulators, there may be a need for new ASM
formulations that more accurately reflect the lung environment of CF patients receiving these
treatments. Moreover, limited knowledge exists regarding the impact of other common
clinical mutants, such as auxotrophs and hypermutators, as well as physiological factors like

sex hormones. These are important areas for future exploration.

Computational modelling also offers a promising avenue for advancing our understanding of
inter-species interactions. For instance, current research in the host laboratory employs Lokta-
Volterra-based ecological models to analyse microbial behaviour, yielding valuable insights
into microbial dynamics and relationships. Such models can complement experimental work
by simulating complex interactions, predicting outcomes in different environmental

conditions and guiding future experimental designs.

By integrating these efforts, we are advancing towards a more profound understanding of
microbial behaviour in polymicrobial environments. In the future, along with enhanced
sampling techniques and clinical advancements, such progress could lead to the
development of "personalised infection models" using direct inoculation from sputum or BAL
samples. Such models can potentially revolutionise the treatment of complex infections by

enabling therapies tailored to the unique dynamics of the actual polymicrobial communities.
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Appendix

Supplementary Table A.

Detailed list of PAO1mw transcripts with significant differences in abundance: polymicrobial cultures (+)
versus monospecies conditions (-)

oxidoreductase

oxidoreductase

Gene Name Product log, FC Adjusted p-value
PA0OO75 PPPA PppA -1.046 4.13E-03
PA0079 tssk1 TssK1 -1.120 7.48E-05
PA0080O tssJ1 TssJ1 -1.299 1.94E-04
PA0083 tssB1 TssB1 -1.284 3.58E-07
PA0089 tssG1 TssG1 -1.179 4.75E-03
probable
PA0120 transcriptional NA -1.189 1.60E-04
regulator
PA0121 hypothetical NA -1.213 6.16E-07
protein
PA0534 pauB1 NA -1.237 2.78E-05
PA0603 agtA AgtA 1.523 4.19E-10
PA0907 alpA NA -1.038 3.32E-06
branched-chain
PA1072 braE aminoacid | 01 6.37E-05
transport protein
Brak
branched-chain
PA1073 braD aminoacid | 4 g9 1.74E-05
transport protein
BraD
PA1260 IhpP NA -1.134 4.98E-05
cytochrome o
PA1320 cyoD ubiquinol oxidase | 1.024 7.26E-03
subunit IV
probable cation-
PA1429 transporting P- NA -1.072 1.78E-07
type ATPase
PA1500 probable probable -1.319 2.29E-04
oxidoreductase oxidoreductase
ureidoglycolate ureidoglycolate
PA1514 hydrolaseYbbT hydrolaseYbbT -1.053 3.64£-07
PA1515 alc allantoicase -1.351 4.19E-10
PA1516 hypothetical NA -1.207 3.82E-10
protein
conserved
PA1517 hypothetical NA -1.286 2.86E-13
protein
PA1602 probable probable -1.009 3.77E-06
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Gene Name Product log, FC Adjusted p-value
conserved
PA1854 hypothetical NA 1.675 9.82E-09
protein
probable probable
PA1856 cytochrome cytochrome 1.854 4.03E-02
oxidase subunit oxidase subunit
probable
PA1864 transcriptional NA -1.054 4.26E-04
regulator
PA2007 maiA maleylacetoaceta | ) 121 7.13E-04
te isomerase
PA2008 fahA ';‘;;narylacetoacet -1.413 1.22E-05
PA2009 hmgA homogentisate 1 | -1.415 4.87E-02
putative 3-
PA2013 liuC methylglutaconyl | -1.104 4.84E-03
-CoA hydratase
PA2014 liuB methylcrotonyl- -1, 50, 1.38E-06
CoA carboxylase
putative
PA2015 liuA isovaleryl-CoA -1.418 4.74E-09
dehydrogenase
PA2016 liuR NA -1.197 5.69E-05
PA2081 kynB kynurenine -1.146 1.39E-04
formamidase
2-oxoisovalerate
PA2247 bkdA1 dehydrogenase -2.149 4.27E-18
(alpha subunit)
2-oxoisovalerate
PA2248 bkdA2 dehydrogenase -2.209 6.45E-21
(beta subunit)
branched-chain
alpha-keto acid
PA2249 bkdB dehydrogenase -1.763 1.75E-10
(lipoamide
component)
lipoamide
PA2250 IpdV dehydrogenase- | -1.547 1.36E-09
Val
glycine cleavage
PA2442 gevT2 system protein 1.159 6.59E-06
T2
serine
PA2444 glyA2 hydroxymethyltra | 1.069 1.26E-03
nsferase
PA2756 hypothetical NA 1.145 3.96E-05
protein
PA2757 hypothetical NA 1.405 2.53E-06
protein
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Gene Name Product log, FC Adjusted p-value
PA2937 hypothetical NA -1.003 1.32E-04
protein
probable probable
PA3415 dihydrolipoamide | dihydrolipoamide | -1.034 1.06E-02
acetyltransferase | acetyltransferase
probable probable
PA3416 pyruvate pyruvate 1.212 1.01E-03
dehydrogenase dehydrogenase
E1 component E1 component
probable probable
PA3417 pyruvate pyruvate -1.261 2.29E-04
dehydrogenase dehydrogenase
E1l component E1 component
polyamine
PA3608 potB transport protein | 1.015 1.66E-04
PotB
polyamine
PA3609 potC transport protein | 1.102 1.97E-05
PotC
putative putative
PA3865 periplasmic periplasmic -1.106 1.40E-08
lysine- lysine-
conserved
PA3919 hypothetical NA -1.107 6.79E-07
protein
PA4033 mucE NA 1.079 7.83E-06
PA4034 aqgpZ NA 1.051 6.63E-06
PA4181 hypothetical NA -1.263 2.82E-04
protein
PA4182 hypothetical NA -1.162 1.02E-05
protein
probable
PA4288 transcriptional NA -1.363 7.37E-11
regulator
probable probable
PA4290 chemotaxis chemotaxis -1.076 1.07E-03
transducer transducer
PA4309 pctA chemotactic -1.104 2.30E-07
transducer PctA
PA4364 hypothetical NA -2.044 5.48E-09
protein
PA4365 lysE NA -1.861 5.48E-09
PA4596 esrC NA -1.225 2.76E-04
probable probable
PA4633 chemotaxis chemotaxis -1.310 9.14E-08
transducer transducer
conserved
PA4828 hypothetical NA -1.163 2.02E-04
protein
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Gene Name Product log, FC Adjusted p-value
PA4829 Ipd3 dihydrolipoamide |, /. 1.02E-04
dehydrogenase 3

probable binding | probable binding

PA4913 protein protein -1.049 5.31E-07
component of component of
ABC transporter ABC transporter

PA4916 nrtR NA -1.120 1.51E-04

PA4918 pchA nicotinamidase -1.094 5.92E-09

PA5098 hutH histidine -1.155 9.81E-05

ammonia-lyase

PA5099 probable NA -1.342 1.46E-06
transporter

PA5100 hutU urocanase -1.430 5.48E-09
conserved

PA5104 hypothetical NA -1.216 4.60E-04
protein

PA5105 hutC NA -1.182 4.74E-09
conserved conserved

PA5106 hypothetical hypothetical -1.646 3.63E-14
protein protein

PA5112 estA NA -1.056 5.48E-09

PA5401 hypothetical NA -1.229 3.09E-05
protein

PA5507 hypothetical NA -1.021 6.97E-07
protein

Supplementary Table B.

Detailed list of AlasR mutant transcripts with significant differences in abundance: polymicrobial cultures (+)
versus monospecies conditions (-)

Gene Name Product log, FC Adjusted p-value
PA0050 hypothetical NA -1.385 1.74E-06
protein
PA0O080 tssJ1 TssJ1 -1.551 2.35E-04
PAO083 tssB1 TssB1 -1.327 1.74E-03
PA0O089 tssG1 TssG1 -1.354 2.10E-02
PAO090 clpV1 Clpv1l -1.592 4.12E-03
PAO108 colll cytochrome ¢ 141 4.92E-04
oxidase
PA0109 hypothetical NA -1.359 1.52E-05
protein
probable
PA0120 transcriptional NA -1.542 9.19E-03
regulator
PAO121 hypothetical NA -1.749 1.23E-03
protein
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Gene Name Product log, FC Adjusted p-value
PAO134 proba.ble guanine proba'ble guanine 1754 6.46E-05
deaminase deaminase
PAO160 hypothetical NA 2.793 5.81E-06
protein
PAO171 siaB NA 1.408 9.20E-05
PA0172 SiaA NA 1.962 5.45E-08
probable two- probable two-
PA0179 component component 1714 1.13E-08
response response
regulator regulator
hypothetical
PA0200 ) NA -1.898 2.81E-03
protein
probable probable
PA0205 permease of ABC | permease of ABC | -1.56 5.62E-04
transporter transporter
probable
PA0207 transcriptional NA -1.308 1.26E-03
regulator
probable
PA0218 transcriptional NA -1.826 8.52E-06
regulator
PA0359 hypothetical NA -1.587 2.84E-11
protein
PA0365 laoB NA -1.467 4.50E-08
PA0O366 laoC NA -2.07 1.29E-13
PA0382 micA NA 1.65 2.12E-06
PA0388 hypothetical NA -1.406 4.69E-07
protein
PAO416 chpD NA 1.471 5.01E-04
multidrug
PA0424 mexR resistance -1.423 3.53E-04
operon repressor
MexR
probable
PA0491 transcriptional NA -1.724 3.37E-04
regulator
conserved
PA0492 hypothetical NA -1.463 2.67E-03
protein
nitric-oxide
PA0523 norC reductase -1.385 1.45E-02
subunit C
conserved
PA0529 hypothetical NA 1.641 3.43E-03
protein
probable class lll | probable class Il
PA0530 pyridoxal pyridoxal 1.757 1.87E-04
phosphate- phosphate-
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Gene Name Product log, FC Adjusted p-value
dependent dependent
aminotransferase | aminotransferase
probable

PAO531 glutamine NA 1.682 7.81E-05
amidotransferase

PA0O534 pauBl1 NA -2.997 1.57E-06

PA0535 transcriptional | 2112 5.70E-06
regulator
conserved

PA0O578 hypothetical NA 1.469 7.24E-07
protein
conserved

PA0586 hypothetical NA -1.486 2.10E-16
protein
conserved

PA0587 hypothetical NA -1.704 8.51E-16
protein
conserved

PA0588 hypothetical NA -1.987 1.29E-13
protein

PAQ596 hypothetical hypothetical -1.415 2.01E-05
protein protein

PA0603 agtA AgtA 1.92 3.55E-04
probable probable

PA0608 phosphoglycolate | phosphoglycolate | 1.385 1.84E-06
phosphatase phosphatase

PA0610 prtN NA -1.715 7.07E-07

PAO656 probable HIT NA -1.442 2.05E-06
family protein

PAO673 hypothetical NA -1.495 3.95E-03
protein

PA0716.2 XisF4 NA -3.047 3.00E-02
hypothetical

PAQ717 protein of NA -3.067 2.88E-02
bacteriophage
Pfl
hypothetical

PAO718 protein of NA -3.609 7.90E-03
bacteriophage
Pf1
hypothetical

PAO719 protein of NA -4.641 6.71E-04
bacteriophage
Pfl
helix destabilizing

PA0720 proteln of NA 5.979 7.84E-05
bacteriophage
Pfl

PA0721 PfsE NA -4.546 4.45E-03
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hypothetical
PA0722 protein of NA -4.251 1.98E-03
bacteriophage
Pf1
PA0723 coaB NA -5.476 5.98E-04
probable coat
PA0724 protein A of NA 3.227 2.22€-03
bacteriophage
Pf1
hypothetical
PA0725 protein of NA -2.148 9.79E-04
bacteriophage
Pf1
hypothetical
PA0726 protein of NA 2313 1.48E-04
bacteriophage
Pf1
PA0727 Pfreplication 1\ -2.284 3.32E-04
initiator protein
probable
PAQ0728 bacteriophage NA -1.577 2.43E-03
integrase
PA0830 hypothetical NA -1.764 5.95E-10
protein
PA0836 ackA acetate kinase -1.847 5.44E-05
PA0840 probable NA 1.431 5.66E-07
oxidoreductase
hypothetical
PA0862 ) NA -1.437 4.00E-11
protein
4-
PA0S6S5 hpd hydroxyphenylpy |, 124 1.85E-04
ruvate
dioxygenase
PAO871 phhB NA -1.475 3.19E-05
PA0872 phhA phenylalanine-4- |, ;- 3.59E-11
hydroxylase
PA0907 alpA NA -2.372 6.52E-05
PA0914 hypothetical NA 1.611 5.03E-05
protein
conserved
PA0915 hypothetical NA 1.337 3.15E-04
protein
PA0918 cytochrome b561 | NA -1.424 3.25E-07
probable
PA0942 transcriptional NA -1.384 3.75E-09
regulator
conserved
PA0978 hypothetical NA 1.579 6.84E-04
protein
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PA0984 colicin immunity |\ -1.439 1.12E-03
protein
conserved
PA0986 hypothetical NA -1.744 5.52E-10
protein
Transcriptional
PA1003 mvfR regulator MvfR -1.492 8.86E-12
hypothetical
PA1029 . NA -1.739 1.80E-04
protein
PA1030 hypothetical NA -1.804 1.97E-05
protein
branched-chain
PA1073 braD aminoacd | 4 31 8.30E-04
transport protein
BraD
branched-chain
PA1074 braC aminoacid | _j g5 2.97E-08
transport protein
BraC
probable
PA1137 ) NA -1.664 1.61E-04
oxidoreductase
probable
PA1138 transcriptional NA -1.352 3.26E-05
regulator
PA1151 imm2 NA -1.544 8.68E-06
PA1183 dctA Cé-dicarboxylate |, /g 1.37E-08
transport protein
PA1194 probable amino |\ 1.4 2.95E-05
acid permease
PA1196 ddaR NA -1.695 2.03E-03
conserved
PA1210 hypothetical NA -1.854 3.81E-07
protein
probable
PA1223 transcriptional NA -1.323 6.30E-05
regulator
probable
PA1229 transcriptional NA -1.412 1.72E-04
regulator
PA1239 hypothetical NA -1.636 5.84E-05
protein
probable enoyl-
CoA
PA1240 . NA -1.738 1.66E-04
hydratase/isomer
ase
PA1256 IhpO NA -1.565 5.02E-04
PA1260 lhpP NA -2.695 2.46E-09
PA1261 IhpR NA -1.564 1.76E-04
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PA1265 hypothetical NA 1.782 4.08E-02
protein
D-hydroxyproline
PA1267 IhpB dehydrogenase 1.894 3.03E-02
beta-subunit
probable
PA1285 transcriptional NA -2.64 1.04E-08
regulator
probable major
facilitator
PA1286 superfamily NA -2.44 2.09E-08
(MFS)
transporter
PA1289 hypothetical NA -1.907 1.00E-05
protein
probable
PA1290 transcriptional NA -1.726 2.06E-03
regulator
conserved
PA1299 hypothetical NA 1.493 1.57E-06
protein
PA1300 hxul NA 1.719 1.19E-05
PA1301 hxuR NA 1.598 3.21E-03
cytochrome o
PA1317 CyoA ubiquinol oxidase | 2.541 8.93E-07
subunit Il
cytochrome o
PA1318 cyoB ubiquinol oxidase | 2.494 9.54E-08
subunit |
cytochrome o
PA1319 cyoC ubiquinol oxidase | 2.603 3.09E-08
subunit Il
cytochrome o
PA1320 cyoD ubiquinol oxidase | 2.706 1.13E-07
subunit IV
cytochrome o
PA1321 cyoE ubiquinol oxidase | 2.693 3.75E-09
protein CyoE
probable
PA1413 transcriptional NA -1.439 7.66E-04
regulator
PA1414 hypothetical NA -1.808 3.16E-04
protein
PA1421 gbuA g“a"'d'mb”tyras -1.304 6.04E-06
PA1423 bdlA BdIA -2.094 1.73E-08
PA1479 ccmE NA 1.342 5.49E-04
PA1480 ccmF NA 1.708 4.30E-05
PA1481 ccmG NA 1.556 1.49E-04
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PA1482 ccmH NA 1.769 3.11E-05
PA1483 cycH NA 1.876 8.83E-05
conserved conserved
PA1499 hypothetical hypothetical -1.375 1.86E-02
protein protein
PA1500 probable probable -1.96 9.22€-06
oxidoreductase oxidoreductase
PA1502 gel glyoxylate -1.843 4.16E-06
carboligase
PA1515 alc allantoicase -1.793 2.05E-05
PA1516 hypothetical NA 2213 7.39E-05
protein
conserved
PA1517 hypothetical NA -2.535 4.63E-06
protein
conserved conserved
PA1518 hypothetical hypothetical -1.777 4.78E-05
protein protein
PA1519 probable NA -1.357 3.21E-08
transporter
PA1531 hypothetical NA 1.561 2.46E-09
protein
probable short-
PA1537 chain NA -1.766 3.27E-06
dehydrogenase
probable flavin-
PA1538 containing NA -1.927 2.75E-09
monooxygenase
PA1553 cco01 Cytochrome ¢ 1.326 1.18E-03
oxidase
Cytochrome c
PA1554 ccoN1 . 1.435 5.95E-10
oxidase
PA1561 aer aerotaxis -1.454 5.98E-04
receptor Aer
probable
PA1601 aldehyde NA -1.815 9.72E-05
dehydrogenase
PA1602 probable probable -2.185 2.02E-07
oxidoreductase oxidoreductase
probable
PA1603 transcriptional NA -2.183 1.25E-11
regulator
PA1604 hypothetical NA -2.035 7.62E-12
protein
probable 3- probable 3-
PA1628 hydroxyacyl-CoA | hydroxyacyl-CoA | -1.525 3.69E-05
dehydrogenase dehydrogenase
PA1629 probable enoyl- |\, -1.566 1.30E-06

CoA
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hydratase/isomer
ase

PA1639 hypothetical NA 1.4 2.95E-04
protein
probable short-

PA1649 chain NA 1.569 3.07E-03
dehydrogenase

PA1673 mhr NA -1.572 2.69E-03

PA1688 hypothetical NA 1.775 7.78E-06
protein
conserved

PA1689 hypothetical NA 1.464 2.02E-04
protein

PA1766 hypothetical NA 1.451 1.07E-04
protein

PA1771 estX NA 1.895 5.63E-06

PA1774 criX NA 1.329 8.55E-07

PA1775 cmpX NA 1.47 4.50E-06

PA1789 hypothetical NA -1.689 4.08E-04
protein
conserved

PA1824 hypothetical NA 1.319 2.35E-03
protein

PA1835 hypothetical NA -1.595 2.83E-06
protein
probable major
facilitator

PA1848 superfamily NA 1.51 4.54E-03
(MFS)
transporter
probable

PA1853 transcriptional NA 2.22 5.20E-09
regulator
conserved

PA1854 hypothetical NA 3.305 2.21E-21
protein

PA1855 hypothetical NA 3.48 6.05E-06
protein
probable probable

PA1856 cytochrome cytochrome 2.219 6.70E-06
oxidase subunit oxidase subunit
probable

PA1864 transcriptional NA -2.308 2.49E-05
regulator
probable NADH- | probable NADH-

PA1883 ubiquinone/plast | ubiquinone/plast 1.509 1.85E-04

oquinone
oxidoreductase

oquinone
oxidoreductase
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PA1884 transcriptional |\ -1.303 2.77E-02
regulator
conserved
PA1885 hypothetical NA -2.436 8.10E-08
protein
PA1888 hypothetical NA -1.431 1.78E-09
protein
PA1926 Uncharacterized |\, 1.326 1.736-08
protein
probable probable
PA1930 chemotaxis chemotaxis -1.308 1.02E-05
transducer transducer
binding protein
component
PA1946 rbsB precursor of ABC | -2.024 1.08E-18
ribose
transporter
PA1947 rbsA ribose transport | 355 8.12E-12
protein RbsA
quinoprotein
PA1982 exaA ethanol 1.561 4.32E-02
dehydrogenase
PA2008 fahA ziemary'acemaca -1.561 3.44E-03
PA2009 hmgA homogentisate 1 | -2.619 2.40E-07
PA2012 liuD methylcrotonyl-—| , 5, 2.57E-04
CoA carboxylase
putative 3-
PA2013 liuC methylglutaconyl | -1.631 1.19E-05
-CoA hydratase
PA2014 liuB methylcrotonyl- |, ¢, 1.99E-07
CoA carboxylase
putative
PA2015 liuA isovaleryl-CoA -2.6 6.32E-07
dehydrogenase
PA2016 liuR NA -2.618 1.53E-05
probable
PA2042 transporter NA 1.916 1.19E-05
(membrane
subunit)
PA2043 hypothetical NA 1.635 5.62E-04
protein
PA2064 pcoB NA 1.565 5.02E-03
probable short-
PA2099 chain NA -1.41 2.21E-03
dehydrogenase
probable
PA2100 transcriptional NA -1.502 4.02E-03
regulator
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PA2102 hypothetical NA -1.559 2.54E-04
protein
probable probable
PA2103 molybdopterin | molybdopterin |y 4o, 4.23E-04
biosynthesis biosynthesis
protein MoeB protein MoeB
PA2118 ada NA 1.549 4.25E-04
PA2128 CcupAl NA 3.605 5.39E-03
PA2129 CUpA2 NA 5.186 1.88E-04
PA2130 CUpA3 NA 3.85 3.26E-03
PA2131 cupA4 NA 4.902 6.17E-04
PA2132 CupA5 NA 5.203 2.35E-05
Cyclic-guanylate-
PA2133 specific NA 4.303 1.68E-03
phosphodiestera
se
PA2134 hypothetical NA 3.191 7.34E-03
protein
PA2136 hypothetical NA -1.854 1.40E-06
protein
PA2187 hypothetical NA -1.362 2.34E-03
protein
PA2202 probable amino |\ \ 1.621 1.20E-04
acid permease
probable
PA2220 transcriptional NA -1.378 3.02E-03
regulator
conserved
PA2221 hypothetical NA -1.64 9.93E-04
protein
PA2238 pslH PsIH 1.645 8.63E-06
PA2239 psll Psll 1.505 4.04E-05
PA2240 pslJ PslJ 1.758 5.95E-10
PA2242 psilL hypothetical 1.403 3.40E-07
protein
PA2245 pslO NA -1.627 2.32E-03
2-oxoisovalerate
PA2247 bkdA1 dehydrogenase -3.924 1.91E-21
(alpha subunit)
2-oxoisovalerate
PA2248 bkdA2 dehydrogenase -3.636 3.64E-12
(beta subunit)
branched-chain
alpha-keto acid
PA2249 bkdB dehydrogenase -2.92 4.22E-10
(lipoamide
component)
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lipoamide
PA2250 lpdV dehydrogenase- -2.529 1.63E-12
Val
PA2277 arsR NA -1.804 2.18E-06
PA2292 hypothetical NA -1.687 5.24E-05
protein
PA2297 probable NA -1.306 2.47E-03
ferredoxin
PA2298 probable NA -1.702 1.05E-04
oxidoreductase
probable
PA2299 transcriptional NA -1.639 5.71E-05
regulator
PA2322 gntP NA -2.197 6.49E-04
PA2323 gapN GapN -2.236 4.49E-04
PA2372 hypothetical NA -1.336 6.43E-06
protein
probable
PA2411 . NA 2.592 4.91E-02
thioesterase
PA2413 pvdH L-2 2.306 1.95E-02
PA2424 pvdl NA 1.601 3.76E-02
PA2440 hypothetical NA 1.347 4.00E-02
protein
glycine cleavage
PA2442 gevT2 system protein 1.532 1.85E-03
T2
PA2443 sdaA Lserine 1.345 8.06E-03
dehydratase
serine
PA2444 glyA2 hydroxymethyltr | 1.703 8.82E-04
ansferase
PA2479 dsbR NA -1.343 4.50E-06
PA2485 hypothetical NA -1.355 2.28E-03
protein
probable
PA2497 transcriptional NA -1.302 3.67E-06
regulator
PA2501 hypothetical NA -1.417 2.97E-02
protein
PA2521 czcB NA -1.443 3.48E-02
PA2531 probable probable 1.445 5.53E-04
aminotransferase | aminotransferase
probable acyl- probable acyl-
PA2550 CoA CoA 1.859 2.54E-06
dehydrogenase dehydrogenase
PA2555 probable AMP- | probable AMP- | , 5o, 6.10E-06
binding enzyme binding enzyme
PA2557 probable AMP- | -1.32 4.31E-05

binding enzyme
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PA2566.1 Uncharacterized |\, -1.348 2.24E-04
protein
probable
PA2577 transcriptional NA -1.407 1.07E-05
regulator
PA2589 hypothetical NA -1.574 1.15E-05
protein
PA2590 hypothetical NA 16 4.51E-07
protein
PA2611 cysG siroheme 135 4.11E-05
synthase
NADH
PA2645 nuoJ dehydrogenase | | 1.355 1.17E-05
chain J
NADH
PA2646 nuoK dehydrogenase | | 1.321 1.50E-05
chain K
NADH
PA2647 nuol dehydrogenase | | 1.437 3.90E-06
chain L
NADH
PA2648 nuoM dehydrogenase | | 1.506 3.51E-07
chain M
NADH
PA2649 nuoN dehydrogenase | | 1.548 5.63E-06
chain N
PA2665 fhpR NA -1.853 3.18E-07
PA2729 hypothetical NA 1.44 4.92E-06
protein
PA2753 hypothetical NA -1.605 3.60E-03
protein
conserved
PA2754 hypothetical NA -1.503 1.59E-03
protein
PA2756 hypothetical NA 2.535 1.25E-11
protein
PA2757 hypothetical NA 2.329 2.98E-08
protein
PA2769 hypothetical NA 1.597 9.75E-05
protein
PA2805 hypothetical NA -1.643 8.63E-06
protein
PA2825 0spR NA -2.125 1.15E-04
probable probable
PA2826 glutathione glutathione -2.463 3.34E-04
peroxidase peroxidase
conserved
PA2827 hypothetical NA -1.332 6.33E-04
protein
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probable ATP- probable ATP-
PA2840 dependent RNA dependent RNA 1.742 4.11E-05
helicase helicase
PA2845 hypothetical NA -1.403 4.06E-02
protein
probable
PA2846 transcriptional NA -1.517 2.08E-09
regulator
PA2878 hypothetical NA -1.335 4.12E-05
protein
PA2886 atuA NA -1.319 1.85E-03
conserved
PA2910 hypothetical NA 1.782 8.64E-05
protein
PA2931 cifR NA -1.888 2.37E-05
PA2932 morB morphinone -1.995 3.63€-03
reductase
PA2937 hypothetical NA -2.853 2.72E-14
protein
probable
PA2938 NA -1.961 2.54E-10
transporter
PA2941 hypothetical NA 18 1.95E-05
protein
4-amino-4-
PA2964 pabC deoxychorismate | 1.612 2.75E-04
lyase
malonyl-CoA-
PA2968 fabD [acyl-carrier- 1.481 4.63E-04
protein]
transacylase
fatty acid
PA2969 plsX biosynthesis 1.7 4.15E-11
protein PlsX
PA2998 nqrB NA 1.427 4.48E-05
PA3063 pelB PelB 1.589 8.40E-04
PA3066 hypothetical NA -1.335 2.04E-04
protein
probable
PA3067 transcriptional NA -1.56 4.17E-04
regulator
PA3123 RidA subfamily | -1.539 1.05E-03
protein
probable
PA3124 transcriptional NA -1.371 1.39E-03
regulator
PA3132 probable NA -1.641 3.02E-05
hydrolase
PA3133 sawR NA -1.584 4.47E-05
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histidinol-
PA3165 hisC2 phosphate 1.439 7.40E-06
aminotransferase
probable ATP- probable ATP-
PA3187 binding binding -1.564 4.32E-03
component of component of
ABC transporter ABC transporter
probable binding | probable binding
protein protein
PA3190 component of component of -2.1 2.53E-03
ABC sugar ABC sugar
transporter transporter
PA3225 transcriptional | 11371 2.04E-06
regulator
PA3306 hypothetical NA -1.39 9.64E-08
protein
PA3307 hypothetical NA -1.546 5.88E-08
protein
PA3308 hepA NA 1.319 2.88E-11
conserved
PA3309 hypothetical NA -1.665 9.93E-05
protein
conserved conserved
PA3310 hypothetical hypothetical -1.359 1.48E-04
protein protein
probable
PA3321 transcriptional NA -1.331 1.26E-04
regulator
conserved
PA3323 hypothetical NA -1.333 6.03E-06
protein
ADP-L-glycero-D-
PA3337 rfaD mannoheptose 6- | -1.382 4.35E-03
epimerase
PA3367 hypothetical NA 1.337 9.93E-05
protein
PA3394 nosF NosF protein 1.318 1.05E-02
PA3395 nosY NosY protein 1.752 4.51E-04
PA3396 noslL NA 1.992 9.91E-04
probable probable
PA3415 dihydrolipoamide | dihydrolipoamide | -1.864 5.06E-09
acetyltransferase | acetyltransferase
probable probable
PA3416 pyruvate pyruvate -2.244 8.84E-14
dehydrogenase dehydrogenase
E1l component E1l component
probable probable
PA3417 -2.477 1.29E-13
pyruvate pyruvate
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dehydrogenase dehydrogenase
E1l component E1 component
PA3418 Idh leucine 2,519 4.22E-22
dehydrogenase
hypothetical
PA3424 . NA 1.384 3.32E-02
protein
PA3572 hypothetical NA -1.778 5.83E-06
protein
PA3581 glpF NA -1.352 3.35E-07
PA3582 glpK glycerol kinase -1.864 1.19E-08
glycerol-3-
PA3584 glpD phosphate -2.202 3.65E-12
dehydrogenase
hypothetical
PA3614 . NA -1.536 7.25E-05
protein
PA3630 gfnR NA -1.349 1.47E-05
PA3635 eno enolase 1.476 4.17E-04
2-dehydro-3-
PA3636 kdsA deoxyphosphooc | 1.469 1.62E-06
tonate aldolase
PA3677 mexJ NA -2.069 1.19E-16
conserved
PA3693 hypothetical NA 1.345 1.88E-04
protein
probable major
facilitator
PA3718 superfamily NA -1.6 2.09E-09
(MFS)
transporter
PA3719 armR antirepressor for | ) oo 1.42E-12
MexR
PA3720 hypothetical NA -2.701 2.92E-45
protein
PA3721 nalC NalC -1.48 2.33E-08
PA3723 probable FMN | -1.449 1.64E-06
oxidoreductase
PA3820 secF secretion protein | 54q 3.55E-05
SecF
PA3821 secD secretion protein | ; 4 2.38E-07
SecD
NAD(P)H-
dependent
PA3862 dauB anabolic L- -1.5 2.99E-04
arginine
dehydrogenase
FAD-dependent
PA3863 dauA catabolic D- -1.603 2.43E-06
arginine
dehydrogenase
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PA3864 dauR NA -1.632 4.88E-05
putative putative
PA3865 periplasmic periplasmic -2.762 4.71E-09
lysine- lysine-
PA3865.1 pyocin >4 | 1371 3.67E-05
immunity protein
PA3877 nark1 nitrite extrusion | 1663 3.90E-04
protein 1
PA3885 tpbA NA 1.399 1.53E-02
conserved
PA3892 hypothetical NA 1.582 5.48E-04
protein
conserved
PA3893 hypothetical NA 1.793 1.94E-05
protein
probable outer
PA3894 membrane NA 1.74 7.05E-04
protein precursor
PA3904 PAAR4 NA 2.426 2.12E-06
molybdenum
PA3914 moeA1 cofactor -1.48 1.10E-02
biosynthetic
protein Al
conserved
PA3919 hypothetical NA -2.073 2.83E-06
protein
probable acyl- probable acyl-
PA3925 CoA thiolase CoA thiolase LS 1.44-11
PA3971 hypothetical NA -1.554 3.25E-04
protein
probable acyl-
PA3972 CoA NA -1.677 5.15E-07
dehydrogenase
probable
PA3973 transcriptional NA -1.874 4.68E-06
regulator
PA3988 IptE NA 1.372 1.20E-04
PA3993 probable NA 1.543 1.63E-02
transposase
probable
PA3995 transcriptional NA -1.68 1.07E-06
regulator
nicotinate
PA4006 nadD1 mononucleotide | ; 5, 2.62E-05
adenylyltransfera
se NadD1
PA4033 mucE NA 2.155 5.95E-10
PA4034 aqpZ NA 2.23 8.58E-08
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phosphatidylglyc
PA4050 PgpA erophosphatase 1.4 7.91E-08
A
probable
PA4070 transcriptional NA -1.735 1.57E-12
regulator
PA4071 hypothetical NA -1.482 3.17E-03
protein
PA4090 hypothetical NA -1.384 9.13E-03
protein
PA4107 efhP NA -1.34 8.31E-03
cyclic di-GMP
PA4108 phosphodiestera | NA -1.998 5.93E-08
se
PA4139 hypothetical NA 2.098 9.46E-06
protein
PA4181 hypothetical NA 2.15 2.40E-09
protein
PA4182 hypothetical NA -1.997 4.59E-13
protein
PA4196 bfiR NA -1.318 7.01E-03
PA4197 bfiS NA -1.553 1.18E-03
PA4198 probable AMP- | -1.904 2.14E-04
binding enzyme
nitronate
PA4202 nmoA monooxygenase | -1.582 5.51E-09
NmoA
PA4203 nmoR NA -1.706 2.01E-04
PA4204 ppgl NA -1.319 8.37E-03
pyochelin
PA4224 pchG biosynthetic 2.369 1.87E-02
protein PchG
PA4229 pchC NA 2.786 9.98E-03
salicylate
PA4230 pchB biosynthesis 2.915 1.41E-02
protein PchB
salicylate
PA4231 pchA biosynthesis 1.667 1.01E-02
isochorismate
synthase
DNA-directed
PA4238 rpoA RNA polymerase | 1.337 1.83E-04
alpha chain
PA4243 secY secretion protein |4 405 1.13E-04
SecY
probable
PA4288 transcriptional NA -2.898 4.04E-08
regulator
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PA4289 probable NA -2.189 1.39E-12
transporter

chemotactic

PA4309 pctA transducer PctA -2.05 7.11E-14
conserved

PA4353 hypothetical NA -1.313 9.57E-06
protein
conserved

PA4354 hypothetical NA -2.001 3.87E-03
protein
conserved

PA4359 hypothetical NA -1.692 3.26E-05
protein

PA4363 iciA NA -1.489 1.13E-04

PA4364 hypothetical NA 471 4.20E-24
protein

PA4365 lysE NA -3.258 3.12E-20

PA4368 hypothetical NA -1.45 1.16E-10
protein

PA4428 SSPA NA 1.444 4.51E-06
conserved

PA4463 hypothetical NA -1.54 3.97E-04
protein

PA4479 mreD NA 1.57 7.93E-05

PA4480 mreC NA 1.563 5.59E-11
conserved

PA4485 hypothetical NA 1.332 2.67E-03
protein

PA4523 hypothetical NA -1.893 7.83E-08
protein

PA4535 hypothetical NA 1.34 2.64E-06
protein

PA4577 hypothetical NA -1.498 3.90E-04
protein

PA4596 esrC NA -3.021 2.64E-11

PA4610 hypothetical NA -1.797 7.61E-04
protein

PA4611 hypothetical NA -2.017 9.49E-04
protein
probable probable

PA4633 chemotaxis chemotaxis -2.122 5.19E-20
transducer transducer

PA4G57 hypothetical NA -1.649 5.13E-05
protein

PA4G58 hypothetical NA -1.978 9.17E-05
protein

PA4664 prmC NA 1.634 5.55E-05

PA4672 peptidyl-tRNA |\ 1.63 1.60E-14
hydrolase
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conserved
PA4673 hypothetical NA 1.404 2.52E-07
protein
PA4674 Antitoxin HigA NA -1.883 6.08E-04
PA4674.1 higB NA -1.802 1.19€-04
PA4683 hypothetical NA 1.748 5.85E-08
protein
conserved
PA4739 hypothetical NA 1.64 5.98E-04
protein
PA4809 fdhE NA 1.347 1.09E-03
nitrate-inducible
PA4810 fdnl formate 1.485 1.18E-04
dehydrogenase
conserved
PA4828 hypothetical NA -2.289 5.23E-04
protein
PA4829 Ipd3 dihydrolipoamide | , /g 4.16E-06
dehydrogenase 3
PA4830 hypothetical NA -1.973 9.82E-04
protein
probable
PA4831 transcriptional NA -1.387 2.39E-02
regulator
probable short-
PA4832 chain NA -1.883 6.02E-04
dehydrogenase
PA4837 cntO NA -1.315 5.78E-05
3-
PA4846 aroQ1 dehydroquinate 1.594 3.54E-12
dehydratase
biotin carboxyl
PA4847 accB carrier protein 1.496 7.65E-04
(BCCP)
PA4848 accC biotin 1.338 2.06E-03
carboxylase
phosphoribosyla
minoimidazoleca
PA4854 purH rboxamide 1.323 5.81E-06
formyltransferas
e
phosphoribosyla
PA4855 purD mine--glycine 1.386 6.25E-04
ligase
PA4865 ureA urease gamma 4 4 1.03E-02
subunit
putative putative
PA4866 phosphinothricin | phosphinothricin | 2.15 3.05E-05

acetyltransferase

acetyltransferase
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Gene Name Product log, FC Adjusted p-value
PA4867 ureB urease beta 2.105 7.91E-06
subunit
PA4868 ureC urease alpha 1.681 1.62E-04
subunit
PA4898 opdK NA -2.269 3.45E-11
probable
PA4902 transcriptional NA -1.906 3.62E-12
regulator
probable major
facilitator
PA4903 superfamily NA -2.028 4.01E-05
(MFS)
transporter
vanillate O-
demethylase
PA4904 vanA -1.332 4.16E-03
oxygenase
subunit
branched chain branched chain
amino acid ABC amino acid ABC
PA4910 transporter ATP | transporter ATP -1.46 >-09E-06
binding protein binding protein
probable probable
permease of ABC | permease of ABC
PA4911 branched-chain branched-chain -1.599 5.96E-05
amino acid amino acid
transporter transporter
probable binding | probable binding
PA4913 protein protein -2.196 5.72E-13
component of component of
ABC transporter ABC transporter
PA4916 nrtR NA -1.314 9.98E-03
PA4965 hypothetical NA 1.339 4.37E-04
protein
PA4966 hypothetical NA 1.681 1.69E-04
protein
probable acyl-
PA4979 CoA NA -1.766 4.13E-05
dehydrogenase
probable enoyl- probable enoyl-
CoA CoA
PA4980 hydratase/isomer | hydratase/isomer -1.961 1.52E-05
ase ase
PA5002 dnpA NA 1.364 2.85E-05
PA5027 hypothetical NA -1.854 9.15E-04
protein
conserved
PA5071 hypothetical NA 1.418 1.02E-08
protein
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probable probable

PA5095 permease of ABC | permease of ABC | -1.471 5.82E-07
transporter transporter
probable binding | probable binding

PA5096 protein protein -1.556 5.48E-08
component of component of
ABC transporter ABC transporter

PA5097 probable amino |\, -1.676 1.64E-09
acid permease

PAS098 hutH histidine -2.104 4.51E-14

ammonia-lyase

PA5099 probable NA -3.097 1.326-17
transporter

PA5100 hutU urocanase -3.415 4.89E-35
conserved

PA5104 hypothetical NA -2.011 5.92E-07
protein

PA5105 hutC NA -2.492 5.50E-22
conserved conserved

PA5106 hypothetical hypothetical -3.476 1.51E-42
protein protein

PA5112 estA NA -1.636 2.83E-06

PA5117 typA NA 1.371 1.08E-06
amino acid
(lysine/arginine/
ornithine/histidin

PA5153 e/octopine) ABC | NA -1.563 4.31E-06
transporter
periplasmic
binding protein

PA5183.1 rsmN NA -1.419 1.20E-03

PA5220 hypothetical NA 1.469 2.27E-04
protein
probable FAD- probable FAD-

PA5221 dependent dependent 1.44 1.16E-03
MONOOXygenase | Monooxygenase
conserved

PA5232 hypothetical NA -1.681 1.88E-03
protein

PAS5264 hypothetical NA -1.417 5.91E-07
protein
conserved

PA5275 hypothetical NA -1.431 1.40E-05
protein

glycolate oxidase

PA5354 glcE cubunit GIcE -1.658 3.67E-02

PA5356 glcC NA -1.377 2.09E-04

PA5400 probable NA -1.682 4.62E-02

electron transfer
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flavoprotein
alpha subunit

PA5401 hypothetical NA -1.954 8.01E-05
protein

PA5475 hypothetical NA -1.817 4.22E-05
protein

PA5506 hypothetical NA -1.338 5.23E-03
protein

PA5507 hypothetical NA -1.662 4.92E-05
protein
conserved conserved

PA5568 hypothetical hypothetical 1.498 3.00E-12
protein protein

Supplementary Table C.

Detailed list of transcripts with significant differences in abundance: monospecies PAO1vw cultures (+)
versus monospecies AlasR mutant cultures (-)

Gene Name Product log2 FC Adjusted p-value
PA1430 lasR transcriptional | ¢ oc 0/ 3.26E-45
regulator LasR
PA1431 rsal NA 1.767839 0.022466
autoinducer
PA1432 lasl synthesis protein | 3.591374 6.13E-11
Lasl
conserved
PA1433 hypothetical NA 1.696242 0.006615
protein
Supplementary Table D.

Detailed list of transcripts with significant differences in abundance: polymicrobial PAO1wmw cultures (+)
versus polymicrobial AlasR mutant cultures (-)

Gene Name Product log, FC Adjusted p-value

PA0039 hypothetical NA 1,071 3.82E-03
protein

PA0046 hypothetical NA 1.022 3.98E-05
protein

PA0O085 hepl Hepl -1.367 7.35E-03
probable probable

PA0119 dicarboxylate dicarboxylate -1.279 1.63E-02
transporter transporter
probable ATP-

PA0136 binding NA 1.232 1.31E-02
component of
ABC transporter
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Gene Name Product log, FC Adjusted p-value

PAO155 pcaR NA 1.412 1.07E-05

PAO160 hypothetical NA -2.585 7.99E-07
protein

PAO161 hypothetical NA -2.048 6.36E-12
protein

PA0162 opdC NA -1.518 6.27E-06

PA0169 siaD SiaD -1.260 8.23E-06

PA0170 siaC NA -1.050 1.20E-03

PAO171 siaB NA -1.493 7.29E-08

PA0173 probable probable 1.478 1.76E-02
methylesterase methylesterase

PA0227 probable CoA probable CoA 1.483 1.97E-02
transferase transferase

PA0359 hypothetical NA 1.003 1.33E-05
protein
conserved

PAO451 hypothetical NA 1.103 2.58E-02
protein
probable biotin probable biotin

PA0O503 synthesis protein | synthesis protein | 1.715 2.33E-07
BioC BioC
probable acyl-

PAO506 CoA NA 1.125 7.01E-03
dehydrogenase
conserved

PA0529 hypothetical NA -1.062 4.14E-04
protein

PA0532 hypothetical NA 1278 3.02E-04
protein

PAO535 transcriptional |\ 1.636 1.97E-03
regulator
conserved

PA0563 hypothetical NA -1.118 2.67E-07
protein

PA0604 agtB AgtB -1.081 6.25E-04

PA0672 hemO NA -1.225 3.94E-02
hypothetical

PAO717 protein of NA -1.014 1.55E-02
bacteriophage
Pf1

PA0S26 hypothetical NA -1.227 4.68E-08
protein
probable

PA0839 transcriptional NA -1.052 9.67E-05
regulator

PA0S59 hypothetical NA 1.171 9.67E-05
protein

PA0S74 hypothetical NA -2.284 6.27E-06
protein
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Gene Name Product log, FC Adjusted p-value
PA0SS7 acsA acetyl-coenzyme | ; o4 5.22E-03
A synthetase
PA0913 mgtE NA -1.063 3.80E-03
PA0922 hypothetical NA -1.197 4.59E-07
protein
conserved
PA0978 hypothetical NA -1.755 8.05E-06
protein
probable
PA1051 NA -1.012 7.69E-03
transporter
PA1159 probable cold- | \ -1.041 2.55E-05
shock protein
PA1183 dctA Ca-dicarboxylate |y ), 5.15E-04
transport protein
probable
PA1235 transcriptional NA 1.246 3.00E-02
regulator
PA1239 hypothetical NA 1.618 2.11E-05
protein
probable enoyl-
CoA
PA1240 . NA 1.567 9.22E-04
hydratase/isomer
ase
PA1250 aprl NA 1.190 2.08E-03
probable
PA1251 chemotaxis NA 1.048 1.44E-02
transducer
cytochrome o
PA1317 cyoA ubiquinol oxidase | -1.917 5.83E-06
subunit I
cytochrome o
PA1318 cyoB ubiquinol oxidase | -1.758 2.12E-05
subunit |
cytochrome o
PA1319 cyoC ubiquinol oxidase | -1.660 2.33E-04
subunit Il
cytochrome o
PA1320 cyoD ubiquinol oxidase | -1.683 4.03E-04
subunit IV
cytochrome o
PA1321 cyoE ubiquinol oxidase | -1.230 1.52E-02
protein CyoE
putative acidic
amino acid ABC
PA1342 aat) transporter -1.072 1.86E-03
substrate-binding
protein
PA1369 hypothetical NA -1.126 4.91€-07
protein
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probable
PA1413 transcriptional NA 1.111 6.65E-04
regulator
PA1430 lasR transcriptional | o o 5.61E-90
regulator LasR
PA1431 rsal NA 1.493 1.37E-03
autoinducer
PA1432 lasl synthesis protein | 3.607 4.33E-17
Lasl
conserved
PA1433 hypothetical NA 2.338 1.27E-09
protein
PA1445 flio ':ﬁge”ar protein 14 h3g 2.73E-03
PA1494 muiA NA 1.289 2.61E-03
PA1539 hypothetical NA -1.239 6.33E-04
protein
conserved
PA1540 hypothetical NA -1.048 1.34E-03
protein
PA1541 probable drug NA -1.729 1.58E-09
efflux transporter
hypothetical
PA1545 . NA -1.180 5.00E-03
protein
probable
PA1601 aldehyde NA 1.031 1.93E-02
dehydrogenase
beta-
PA1610 fabA hydroxydecanoyl | -1.412 7.10E-13
-ACP dehydrase
probable major
facilitator
PA1626 superfamily NA 1.165 1.85E-03
(MFS)
transporter
PA1713 exsA transcriptional | ;g 1.79E-03
regulator ExsA
PA1785 nasT NA 1.035 2.95E-02
PA1835 hypothetical NA 1.082 9.91E-07
protein
probable probable
PA1856 cytochrome cytochrome -1.012 2.33E-04
oxidase subunit oxidase subunit
PA1884 transcriptional | 1.396 1.92E-02
regulator
conserved
PA1885 hypothetical NA 1.314 6.28E-03
protein
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PA1942 hypothetical NA 1.032 2.02E-05
protein
PA1947 rbsA ribose transport | ) g, 8.06E-04
protein RbsA
PA1970 hypothetical NA 1.195 7.44E-09
protein
quinoprotein
PA1982 exaA ethanol -1.917 4.79E-03
dehydrogenase
PA1983 exaB NA -1.872 3.53E-02
PA2109 hypothetical NA 1.833 1.85E-02
protein
probable probable
PA2217 aldehyde aldehyde 1.044 3.14E-03
dehydrogenase dehydrogenase
PA2268 hypothetical NA 1.995 4.52E-04
protein
PA2277 arskR NA 1.246 6.85E-03
PA2302 ambE NA 1.293 1.62E-04
PA2303 ambD NA 2.227 1.09E-04
PA2304 ambC NA 1.452 6.85E-03
PA2305 ambB NA 1.464 5.12E-04
probable
PA2355 FMNH2- NA 1.083 2.91E-02
dependent
monooxygenase
PA2386 pvdA NA -2.763 1.80E-02
PA2392 pvdP NA -1.320 1.85E-02
PA2393 zi”;:;'t‘;zase NA -1.873 3.89E-03
PA2394 pvdN NA -1.476 1.80E-02
PA2396 pvdF NA -1.456 3.38E-03
PA2398 fpvA NA -1.717 1.86E-03
PA2402 pvdl NA -1.106 4.19E-02
conserved conserved
PA2412 hypothetical hypothetical -3.471 2.25E-02
protein protein
PA2425 pvdG NA -1.616 3.88E-02
PA2426 pvdS NA -2.459 1.45E-03
PA2462 hypothetical NA 11.037 4.80E-04
protein
PA2478 dsbD NA 1.027 6.01E-03
PA2485 hypothetical NA 1.004 5.03E-04
protein
PA2487 hypothetical NA 1.196 1.25E-05
protein
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probable
PA2488 transcriptional NA 1.085 2.19E-04
regulator
PA2521 czcB NA 1.614 2.86E-02
conserved
PA2539 hypothetical NA -1.131 3.50E-03
protein
conserved
PA2540 hypothetical NA -1.022 1.72E-04
protein
PA2570 lecA LecA -1.548 1.24E-06
probable FAD-
PA2587 pqsH dependent 1.881 2.31E-06
monooxygenase
conserved conserved
PA2605 hypothetical hypothetical 1.212 2.84E-02
protein protein
PA2667 mvaU NA -1.137 1.07E-05
PA2668 hypothetical NA -1.108 3.98E-05
protein
PA2716 probable FMN - 1.031 1.14E-02
oxidoreductase
hypothetical
PA2729 . NA -1.056 1.44E-04
protein
PA2730 hypothetical NA -1.021 1.75E-06
protein
PA2731 Uncharacterized | -1.053 1.42€-04
protein
PA2756 hypothetical NA 1216 4.33E-04
protein
PA2762 hypothetical NA -1.076 8.58E-04
protein
PA2819 hypothetical NA -1.961 3.01E-06
protein
PA2825 ospR NA 1.224 1.29E-02
PA2880 hypothetical NA -1.060 5.07E-04
protein
geranyl-CoA
PA2891 atuF 1.270 1.78E-05
carboxylase
precorrin-3
2 1. .36E-02
PA2903 cobJ methylase Cob) 088 3.36E-0
precorrin-2
PA2904 cobl methyltransferas | 1.188 1.97E-02
e Cobl
conserved
PA2910 hypothetical NA -1.571 1.96E-04
protein
PA2933 probable major |\ 1.671 1.90E-02
facilitator
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superfamily
(MFS)
transporter
PA2935 hypothetical NA 1.477 2.86E-02
protein
PA2937 hypothetical NA 1.086 2.31E-02
protein
PA2947 cobE CobE 1.343 2.77E-02
probable probable
PA3035 glutathione S- glutathione S- 1.579 5.51E-04
transferase transferase
PA3037 hypothetical NA 1.020 9.45E-04
protein
PA3063 pelB PelB -1.150 1.29E-02
probable
PA3067 transcriptional NA 1.081 6.61E-03
regulator
PA3132 probable NA 1.309 3.55E-05
hydrolase
PA3133 sawR NA 1.182 9.67E-05
PA3140 hypothetical NA -1.156 4.90E-09
protein
PA3143 transposase NA -1.091 3.18E-08
PA3145 wbpl NA -1.134 4.54E-09
PA3146 wbpK NA -1.075 6.97E-07
PA3147 wbpJ NA -1.096 4.41E-06
UDP-N-
PA3148 whpl acetylglucosamin | ; o0 2.42E-05
e 2-epimerase
Whbpl
PA3149 wbpH NA -1.042 6.77E-04
2-keto-3-deoxy- 2-keto-3-deoxy-
6- 6-
PA3181 phosphogluconat | phosphogluconat 1.404 2.30E-03
e aldolase e aldolase
6-
PA3182 pgl phosphogluconol | 1.711 8.06E-04
actonase
PA3193 glk glucokinase 1.146 1.43E-03
PA3291 tlil NA -1.013 1.60E-02
conserved
PA3309 hypothetical NA 1.038 2.14E-02
protein
probable ATP- probable ATP-
PA3314 binding binding 1.265 5.83E-03
component of component of
ABC transporter ABC transporter
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probable
PA3321 transcriptional NA 1.421 2.24E-03
regulator
PA3410 hasl NA -1.373 2.92E-04
probable probable
PA3415 dihydrolipoamide | dihydrolipoamide | 1.130 4.95E-02
acetyltransferase | acetyltransferase
PA3436 hypothetical NA 2.278 1.92E-17
protein
autoinducer
PA3476 rhll synthesis protein | 1.553 2.46E-05
Rhll
conserved
PA3493 hypothetical NA 1.082 3.19E-02
protein
PA3530 bfd NA -1.245 2.08E-03
PA3575 hypothetical NA 1.059 1.04E-03
protein
PA3677 mexJ NA 1.370 5.45E-09
PA3681 hypothetical NA 1.001 2.08E-03
protein
probable major
facilitator
PA3718 superfamily NA 1.251 2.51E-07
(MFS)
transporter
PA3719 armR antirepressor for | , 2, 2.14E-09
MexR
PA3720 hypothetical NA 1.385 4.37E-09
protein
PA3727 hypothetical NA -1.056 2.29E-02
protein
conserved
PA3729 hypothetical NA -1.270 4.03E-06
protein
PA3730 hypothetical NA -1.019 5.15E-03
protein
PA3765 hypothetical NA 1.344 2.03E-02
protein
NAD(P)H-
dependent
PA3862 dauB anabolic L- 1.670 1.24E-06
arginine
dehydrogenase
FAD-dependent
PA3863 dauA catabolic b- 1.672 1.35E-08
arginine
dehydrogenase
PA3864 dauR NA 1.139 9.67E-05
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putative putative
PA3865 periplasmic periplasmic 1.817 8.18E-09
lysine- lysine-
PA3905 tecT NA 1.967 2.09E-04
PA3907 tseT NA 1.308 3.19E-02
PA3908 tsiT NA 1.661 9.22E-04
probable acyl- probable acyl-
PA3925 CoA thiolase CoA thiolase 1.254 1.80E-08
PA3928 hypothetical NA 1.079 3.06E-02
protein
PA3933 betT3 NA -1.064 1.63E-02
PA4033 mucE NA -1.053 9.88E-04
PA4139 hypothetical NA -1.065 3.26E-02
protein
PA4181 hypothetical NA 2.365 6.36E-12
protein
PA4182 hypothetical NA 2.170 2.87E-16
protein
PA4183 hypothetical NA 1.026 5.36E-03
protein
PA4197 bfiS NA 1.117 1.28E-02
nitronate
PA4202 nmoA monooxygenase 1.515 8.91E-10
NmoA
PA4203 nmoR NA 1.334 1.95E-03
PA4219 ampO NA -5.000 1.71E-02
PA4229 pchC NA -3.392 2.54E-04
salicylate
PA4230 pchB biosynthesis -3.801 1.53E-02
protein PchB
salicylate
PA4231 pchA piosynthesis -1.387 1.75E-02
isochorismate
synthase
conserved
PA4357 hypothetical NA 1.538 5.70E-03
protein
PA4362 hypothetical NA 1.066 4.86E-02
protein
PA4363 iciA NA 1.414 4.58E-03
PA4364 hypothetical NA 3.270 1.03E-08
protein
PA4365 lysE NA 2.440 3.81E-08
PA4467 hypothetical NA -1.021 3.01E-03
protein
PA4468 sodM NA -1.138 2.10E-02
PA4495 hypothetical NA 1.451 8.91E-10
protein
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PA4581 rtcR NA 1.040 1.56E-05
PA4623 hypothetical NA 1.324 1.96E-05
protein
conserved
PA4746 hypothetical NA -1.074 9.17E-07
protein
PA4829 Ipd3 dihydrolipoamide |, ;) 1.64E-02
dehydrogenase 3
hypothetical
PA4830 . NA 1.210 3.97E-02
protein
probable short-
PA4832 chain NA 1.195 1.44E-02
dehydrogenase
3_
PA4846 aroQ1 dehydroquinate | -1.057 1.24E-06
dehydratase
probable probable
PA4859 permease of ABC | permease of ABC | 1.099 1.16E-02
transporter transporter
3-deoxy-D-
manno-
PA4988 waaA octulosonic-acid | 1.195 1.86E-03
(KDO)
transferase
probable acyl- probable acyl-
PA5020 CoA CoA -1.065 4.52E-04
dehydrogenase dehydrogenase
PA5042 pilO NA -1.133 1.27E-03
imidazolone-5-
PA5092 hutl propionate 1.008 6.06E-03
hydrolase Hutl
PA5098 hutH histidine 1.299 9.22E-04
ammonia-lyase
two-component
PA5125 ntrC response 1.123 2.14E-09
regulator NtrC
probable
PA5157 transcriptional NA 1.146 1.37E-03
regulator
probable outer
PA5158 membrane NA 1.186 3.02E-03
protein precursor
PA5291 betT2 NA -1.337 3.42E-05
PA5374 betl NA -1.193 2.09E-04
PA5375 betT1 NA -1.094 2.03E-07
PA5408 hypothetical NA 1.342 2.71E-02
protein
PA5553 atpC ATP synthase | g3 4.16E-02

epsilon chain
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