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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen that persists in the hypoxic and
anaerobic microenvironments characteristic of the cystic fibrosis (CF) airways, where it
often exists as part of polymicrobial communities and forms biofilms that contribute to
chronic infections. Studying P. aeruginosa under these conditions is complicated by the
limited availability of tools for monitoring bacterial behaviour and a lack of experimentally
validated in vitro models that capture relevant interspecies interactions. This thesis
addresses these gaps by developing oxygen-independent fluorescent reporters,
implementing and validating an anaerobic CF polymicrobial model, and engineering a stable
reporter strain that was used to study the spatial distribution of P. aeruginosa in multi-

species biofilm systems.

In Chapter 2, | designed a suite of fluorescent reporters, including phiLOV2.1 and FAST.
| demonstrated their functionality in monitoring P. aeruginosa under low-oxygen or
anaerobic conditions. Furthermore, | showed that phiLOV2.1 and FAST could also be used
in dual-culture imaging to monitor P. aeruginosa subpopulations. The broad host range of
these reporters allows adaptation to diverse Gram-negative bacteria to enable real-time

visualization in biofilms and other hypoxic niches.

In Chapter 3, | implemented and validated a CF polymicrobial model system
incorporating P. aeruginosa, Staphylococcus aureus, Streptococcus sanguinis, and
Prevotella melaninogenica. Using this anaerobic multi-species assay, | assessed the
persistence of six P. aeruginosa deletion mutant strains. | evaluated their susceptibility to
tobramycin across a range of concentrations in the context of complex interspecies
interactions. The mutant AtctED had the strongest phenotype, being the most susceptible
strain compared to the wild type. This finding highlights tctED as a biofilm-specific antibiotic
resistance gene under conditions that closely approximate those present in the CF lung
environment. This suggests that tctED could be a potential target in combating antibiotic

resistance in vivo.



In Chapter 4, | engineered a stable, antibiotic-independent plasmid, pCFT4.2.1,
encoding phiLOV2.1 and the VapBC toxin-antitoxin system. This construct was retained in
over 90% of P. aeruginosa PA14 WT cells for at least three days without antibiotic pressure,
maintaining detectable fluorescence. Within the CF polymicrobial assay, | have provided
evidence that P. aeruginosa harbouring pCFT4.2.1 forms both surface-attached and biofilm-

like structures resembling floating aggregates.

Collectively, this work provides novel fluorescent tools, validates a relevant CF
polymicrobial model system, substantiates tctED as a P. aeruginosa biofilm-specific
antibiotic resistance gene under multiple conditions, establishes a stable reporter strain for
tracking P. aeruginosa in anaerobic multi-species communities, and offers insights into the
nature of P. aeruginosa biofilms in this assay. Altogether, these findings advance our ability
to study the persistence, antibiotic susceptibility, and biofilm formation ability of P.

aeruginosa in clinically relevant contexts.



Résumeé

Pseudomonas aeruginosa est un pathogene opportuniste qui persiste dans les
microenvironnements hypoxiques et anaérobiques caractéristiques des voies respiratoires
des patients atteints de fibrose cystique (CF)—une maladie génétique héréditaire marquée
par la production de mucus visqueux principalement dans les poumons, ce qui conduit a
des infections respiratoires chroniques. Dans le poumon CF, P. aeruginosa coexiste
souvent au sein de communautés polymicrobiennes et forme des biofilms contribuant a ces
infections. L’étude de P. aeruginosa dans ces conditions est complexifiée par le nombre
limité d’outils permettant de suivre son comportement et par 'absence de modeles in vitro
capables de reproduire les interactions interespéces pertinentes. Cette thése vise a
combler ces lacunes en développant des rapporteurs fluorescents indépendants de
'oxygéne, en mettant en ceuvre et en validant un modéle polymicrobien anaérobique de la
CF, et en construisant une souche rapporteur stable utilisée pour étudier la distribution

spatiale de P. aeruginosa dans des systémes de biofilms multi-especes.

Au Chapitre 2, j'ai congu une série de rapporteurs fluorescents, incluant phiLOV2.1 et
FAST, et démontré leur fonctionnalité pour le suivi de P. aeruginosa en conditions
hypoxiques ou anaérobiques. J’ai également montré que phiLOV2.1 et FAST pouvaient étre
employés pour limagerie en co-culture pour observer des sous-populations de P.
aeruginosa. La large gamme d’hétes compatibles avec ces rapporteurs permet leur
adaptation a diverses bactéries a Gram-négatif, ouvrant la voie a une visualisation en temps

réel dans les biofilms et autres niches hypoxiques.

Au Chapitre 3, j’ai mis en ceuvre et validé un systéeme modele polymicrobien de la CF
intégrant P. aeruginosa, Staphylococcus aureus, Streptococcus sanguinis et Prevotella
melaninogenica. A laide de ce systéme anaérobique multi-espéces, j’ai étudié la
persistance de six souches mutantes de P. aeruginosa et évalué leur sensibilité a la
tobramycine sur une gamme de concentrations, dans ce contexte d’interactions
interespeces complexes. Le mutant AtctED a présenté le phénotype le plus marqué, se

révélant la souche la plus sensible par rapport au type sauvage. Cette découverte met en



évidence tctED comme un gene de résistance aux antibiotiques spécifique aux biofilms
dans des conditions proches de celles de l'environnement pulmonaire de la CF, suggérant
gue tctED pourrait €tre une cible thérapeutique potentielle pour lutter contre la résistance

aux antibiotiques in vivo.

Au Chapitre 4, j’ai construit un plasmide stable et indépendant des antibiotiques,
pCFT4.2.1, codant pour phiLOV2.1 et le systeme toxine—antitoxine VapBC. Ce plasmide a
été maintenu dans plus de 90% des cellules de P. aeruginosa PA14 WT pendant au moins
trois jours sans pression de sélection antibiotique, tout en conservant une fluorescence
détectable. Dans le cadre du modeéle polymicrobien CF, 'étude de P. aeruginosa porteur du
plasmide pCFT4.2.1 a permis de mettre en évidence la capacité de ce pathogene a former
des biofilms adhérents a des surfaces ainsi que des agrégats flottants assimilables a des

biofilms.

Dans ’ensemble, ce travail fournit de nouveaux outils fluorescents, valide un modeéle
polymicrobien pertinent pour la CF, confirme tctED comme un gene de résistance aux
antibiotiques spécifique aux biofilms de P. aeruginosa dans diverses conditions, établit une
soucherapporteur stable pour étudier P. aeruginosa dans des communautés multi-especes
anaérobiques, et révele des informations sur la nature des biofilms de P. aeruginosa dans
ce modele polymicrobien. Collectivement, ces résultats renforcent notre capacité a étudier
la persistance, la sensibilité aux antibiotiques et la capacité de formation de biofilms de P.

aeruginosa dans des contextes cliniques pertinents.

Vi
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Chapter1: GeneralIntroduction
1.1. Pseudomonas aeruginosa, an opportunistic pathogen
1.1.1. Overview

Pseudomonas aeruginosa is a Gram-negative, rod-shaped bacterium belonging to the
Pseudomonadaceae family. P. aeruginosa is renowned for its ability to colonize various
environments, including soil, water, plants and host tissues [1-3]. It is classified as an
aerobic organism capable of anaerobic respiration and fermentation. During aerobic
respiration, P. aeruginosa uses molecular oxygen as the terminal electron acceptor in its
respiratory chain. During anaerobic respiration, P. aeruginosa primarily uses
denitrification—a process where nitrate (NOj3) or nitrite (NOy) serves as an alternative
terminal electron acceptor [4, 5]. Although P. aeruginosa is a nonfermentative organism
incapable of sustaining growth through fermentation, it can nevertheless ferment arginine
and pyruvate for long-term survival under anaerobic, nitrate-limited conditions [3, 6]. This
versatility allows P. aeruginosa to thrive in a wide range of nutrients, oxygen availability,
temperatures, and pH [3, 7, 8]. In individuals with a healthy immune system, P. aeruginosa
is generally harmless and is infrequently found in their endogenous microbial flora [9].
However, in individuals with a weakened immune system, unable to control P. aeruginosa,

this bacterium acts as an opportunistic pathogen [9].

1.1.2. Pathogenicity and Virulence

P. aeruginosa is an opportunistic pathogen able to cause a wide range of human
infections. The World Health Organization recognizes it as an emerging threat to public
health and classifies it among a group of multidrug-resistant and highly virulent bacteria
called ESKAPE—Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, P. aeruginosa and Enterobacter spp. P. aeruginosa is particularly
detrimental to immunocompromised individuals, including those suffering from cystic
fibrosis, burn wounds, or cancer, and is also a major cause of sepsis and ventilator-
associated pneumonia, such as in COVID-19 patients [10-15]. P. aeruginosa can spread

through contact with contaminated surfaces or equipment, or exposure to soil and water.



The ability of P. aeruginosa to cause both acute and chronic infections stems from its
elaborate repertoire of virulence factors that often interact synergistically. These factors
include structural components, secreted factors, secretion systems, and regulatory
systems that facilitate adhesion, invasion, tissue damage, immune evasion, and biofilm
formation [10, 16, 17]. The structural components, also known as cell-associated virulence
factors, are integral to the bacterial surface and play a role in motility, adhesion, and
protection against host defences. They include lipopolysaccharides, Type IV pili, flagella,

and outer membrane proteins (e.g. OprF, OprH, OprD) [10, 18, 19].

The secreted virulence factors are extracellular molecules that can damage host tissues
or disrupt immune functions. They include exopolysaccharides (e.g., alginate, Pel, Psl),
proteases (e.g., LasA, LasB elastase), phenazines (e.g., pyocyanin) [10, 18, 19] and
siderophores (e.g., pyoverdine, pyochelin), which support bacterial growth and virulence

under host-imposed iron restriction [20].

Secretion systems are specialized nanomachines acting as molecular channels to
transport effector proteins or toxins into host cells or competing bacterial cells. There are
currently six types of secretion systems reported in P. aeruginosa (T1SS to T6SS) [10], with
the T3SS being the most extensively studied for its considerable role in virulence [21-23]. For
example, the T3SS injects the effectors ExoS, ExoT, ExoU, and ExoY, which are exotoxins, into
host cells via a syringe-like apparatus, thereby disrupting the cytoskeleton and inducing

apoptosis [10, 24, 25].

Lastly, there are regulatory systems that coordinate virulence factor expression in
response to environmental cues. These systems include the Quorum Sensing (QS; Las, Rhl,
Pgs)—cell-density-dependent signalling mechanism involved in biofilm maturation and
adaptation in chronic infection [26, 27] and the Two-Component Systems (TCS)—implicated

in virulence gene regulation, including T3SS and alginate production [28-31].

In summary, P. aeruginosa is an opportunistic pathogen that particularly affects
immunocompromised individuals and represents a recognized threat to public health. Its

pathogenicity arises from a multifaceted repertoire of virulence determinants, including



structural components, secreted factors, secretion systems, and regulatory systems such
as QS and TCS. These virulence factors act synergistically to promote adhesion, invasion,
immune evasion, and tissue damage, underpinning P. aeruginosa persistent infections.
Furthermore, P. aeruginosa pathogenicity culminates in its ability to form surface-attached

communities called biofilms.

1.2. Biofilms
1.2.1. Overview
Biofilms are aggregates of microorganisms embedded in a matrix composed of
extracellular polymeric substances (EPS), which include exopolysaccharides, proteins,
lipids, and DNA. The biofilm matrix provides structure to the community and protects
bacteria from stresses such as starvation, desiccation, predation, etc. [32, 33]. Importantly,
the matrix also acts as a shield to external threats, such as some antibiotics and the host's

immune system [33].

In many instances, biofilms are beneficial to humans. For example, biofilm-forming
biocontrol agents can suppress pathogen colonization by adopting a biofilm lifestyle, which
enables competitive exclusion and the localized production of antimicrobial compounds on
agriculturally important crops such as tomatoes [34]. Biofilms adherent to intestinal mucus
surfaces also support gut health by protecting beneficial bacteria, aiding in nutrient
utilization and overall maintaining the body's homeostasis [35]. Lastly, biofilms represent an
economical and environmentally friendly bioremediation technique for wastewater
treatment by effectively removing contaminants such as organic pollutants, heavy metals,

nitrates, etc. [36].

However, as discussed above, biofilms also represent a double-edged sword in the
context of P. aeruginosa pathogenicity. Indeed, biofilms developing on medical devices such
as contact lenses, urinary catheters, and implants [37] contribute to persistent infections
that remain refractory to antibiotic treatment, thereby fostering the development of

antibiotic resistance [38-44].



1.2.2. Biofilm formation

Biofilms are highly organized structures with a cyclic lifestyle that comprises five main
stages: adsorption, adhesion, microcolony formation, maturation and dispersal [45] (Figure
1.1A). During adsorption, the planktonic cells, also called free-swimming cells, attach to a
surface that could be biotic or abiotic. This initial attachment is reversible as the interaction
between cells and the surface is weak, leading to cells that can easily detach and revertto a
planktonic state. The adhesion or irreversible attachment in bacteria is generally mediated
by the loss of the expression of motility appendages, such as the flagella. At this stage,

bacteria also start secreting EPS, which reinforces their adhesion to the surface.

During microcolony formation, bacterial cells divide and multiply, forming microcolony
clusters and creating a three-dimensional structure aided by the secreted EPS that fosters
strong adhesion between the cells. This stage also involves significant growth and cell-cell
communication, such as QS systems. In addition, microcolony formation also occurs
through twitching mobility, where cells move along the surface using Type IV pili to join other
cells attached to the surface. During maturation, EPS production increases, and the
microcolonies evolve into an extensive three-dimensional mushroom-like structure. Lastly,
at the dispersal, planktonic cells detach from the biofilm and disperse to new niches to

perpetuate the biofilm cycle.
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Figure 1.1: Cycle of P. aeruginosa biofilm formation. A. The five stages are presented: 1.
Adsorption, 2. Adhesion, 3. Microcolony formation, 4. Maturation and 5. Dispersal. The
planktonic cells and the development of extracellular polymeric substances (EPS) matrix are
also presented. B. An emphasis on mature biofilm highlights the oxygen gradient from the
outer to inner layers of the matrix. This gradient ranges from aerobic (O.) to fully anaerobic
(D0,). The cells were removed for better clarity. The figure was created using Microsoft
PowerPoint.



1.2.3. Regulation of biofilm formation

Biofilm formation is tightly regulated by interconnected mechanisms responding to
environmental cues such as cell density, nutrients, iron, phosphate, and oxygen levels.
Regulation ensures adaptive responses, enhancing pathogenicity and antibiotic resistance.
Key biofilm regulators include QS systems, Cyclic di-GMP (c-di-GMP), and TCS [46]. QS is a
primary density-dependent communication system that coordinates biofilm development
through the production and detection of autoinducer signalling molecules [42]. These
molecules collectively play a role in promoting biofilm formation, matrix production, mature
biofilm maintenance, nutrient sensing and responses to iron limitation and phosphate

starvation [42].

C-di-GMP acts as a second messenger, with elevated levels promoting the sessile biofilm
lifestyle by enhancing EPS production and adhesion [46, 47]. In contrast, reduced c-di-GMP
levels facilitate dispersion and transition to planktonic growth. In addition, c-di-GMP is also

crucial for irreversible attachment and maturation [46, 47].

TCS sense environmental signals and regulate biofilm formation through sensor kinases
and response regulators. These systems influence attachment and microcolony formation
by responding to nutrients and stresses [48, 49]. Taken together, these regulatory
mechanisms, along with others not mentioned here, interconnect to allow P. aeruginosa to

adapt and regulate biofilms for survival in diverse environments.

1.2.4. O, gradient in mature biofilms
Another degree of complexity in biofilms is the varying levels of oxygen encountered
throughout the different regions of the three-dimensional architecture of mature biofilms
(Figure 1.1B). On the one hand, the outer layers are generally oxygen-rich, supporting
aerobic microorganisms' growth. On the other hand, the inner layers exhibit a restricted to
complete depletion of oxygen, creating conditions that support the growth and survival of

anaerobic organisms.

In hypoxic environments, low oxygen levels significantly influence biofilm characteristics

by promoting cell elongation [50], reducing growth rates and decreasing metabolic activity



[51], resulting in thicker and denser biofilms that exhibit enhanced resistance to traditional
antibiotics [52, 53]. The virulence of P. aeruginosa is also modulated by oxygen availability.
For instance, hypoxic conditions downregulate acute-phase virulence factors, including
alkaline protease and siderophores [54], while activating the anaerobic regulator Anr, which

in turn upregulates the T3SS [55].

In summary, O, distribution shapes biofilm structure and composition, metabolic

activity, resistance to antimicrobials and pathogenicity of the resident microbial population.

1.2.5. Biofilm-like structures (BLS)

Biofilm-like structures (BLS) are a specific sub-category of biofilms. BLS is a term coined
by Haley and colleagues in 2012 [56] to refer to P. aeruginosa structures that resemble
typical biofilms with characteristics such as the composition of the matrix and growth rate
[57] while lacking adherence to a surface. BLS were characterized as suspended bacterial
aggregates in a viscous artificial mucin-containing medium mimicking the cystic fibrosis
airway environment [56]. Additionally, the architecture and quantitative structural
characteristics of these P. aeruginosa BLS were also influenced by in vivo changes, including

environmental conditions and QS gene expression [56].

The concept of non-attached biofilms, also referred to as floating or suspended biofilms,
or non-surface attached bacterial aggregates, is not recent and has been previously
observed in freshwater and marine environments [58-61]. In clinical settings, non-attached
biofilms are often found in chronic infections, where they tend to be more resistant to
antibiotics and immune responses than surface-attached biofilms [57, 62-65]. The non-
attached biofilms form when planktonic cells cluster together and produce EPS to create a
protective matrix. These biofilms can display varying growth rates, antibiotic resistance, and

metabolic activities compared to their surface-attached counterparts [61, 66].

Although BLS were initially mainly tied to P. aeruginosa, there is no clear distinction in the
literature between non-attached biofilms formed by P. aeruginosa and BLS, as they often

refer to the same concept. Nonetheless, the consensus is that these BLS contribute directly



to persistent lung infections, chronic inflammation and progressive lung damage in cystic

fibrosis patients [67, 68].

1.3. Antibiotic resistance
1.3.1. Overview

Antibiotic resistance is a phenomenon in which bacteria evolve to withstand antibiotic
treatment that would typically kill or inhibit their growth. This makes infections more difficult
to eradicate, resulting in more prolonged illnesses, increased medical expenses, and higher
mortality rates. The causes of antibiotic resistance are commonly attributed to overuse or
misuse of antibiotics, incomplete treatment courses and the spread of resistant strains. In
addition, itis also recognized that bacteria collectively possess an antibiotic resistome—the
collective pool of genes from both pathogenic and commensal organisms related to
antibiotic resistance. The concept of the resistome was initially formalized by D'Costa et al.
in 2006 [69], providing a framework to trace the origins of antibiotic resistance genes within
environmental reservoirs, including soil and water, as well as in both pathogenic and non-

pathogenic microorganisms.

Generally, bacteria exhibit two main types of antibiotic resistance: intrinsic resistance
and acquired resistance. Intrinsic resistance is a bacterium's natural and inherent ability to
resist antibiotic treatment without prior exposure. This mode of resistance is innately
encoded in the bacterial chromosome and could entail membrane impermeability, efflux
pumps, lack of target site and enzyme inactivation. Conversely, acquired resistance occurs
after antibiotic exposure and is gained by bacteria through genetic mutation or horizontal

gene transfer.

1.3.2. Antibiotic resistance in P. aeruginosa
P. aeruginosa can exhibit both intrinsic and acquired antibiotic resistance. Its intrinsic
resistance is mediated through low outer membrane permeability, which severely restricts
the penetration of antibiotics inside the cells [70]. Additionally, intrinsic resistance can arise
from enzymatic inactivation, such as AmpC B-lactamase, which hydrolyzes specific -

lactam antibiotics, making them ineffective [70]. Furthermore, four efflux pumps in P.



aeruginosa—MexAB-OprM, MexXY, MexCD-Opr), and MexEF-OprN—actively pump

antibiotics out of the cell [70, 71].

P. aeruginosa acquired resistance can occur through upregulation of those efflux pumps
due to mutations of their regulators [72, 73] and horizontal gene transfer, through which P,
aeruginosa acquires resistance genes from other bacteria [74]. This type of resistance

contributes to the rise of multidrug-resistant strains.

1.3.2.1. Antibiotic resistance in P. aeruginosa biofilms
P. aeruginosa biofilm cells can be up to 1,000 times more resistant to antimicrobial
compounds than planktonic cells [75-80]. This finding underlined why the concepts of
antibiotic resistance and biofilm formation are intertwined. Several factors explain the
increase in resistance noted for biofilm cells. Examples are listed in the following sentences,
and Section 1.3.2.2 emphasizes the identification of biofilm-specific antibiotic resistance

genes.

Contrary to planktonic cells, the biofilm extracellular matrix represents a physical barrier
restricting the penetration of some antibiotics and inhibiting phagocytosis by immune cells,
including neutrophils and macrophages [81-84]. Furthermore, biofilm cells often upregulate
efflux pumps [74], exhibit reduced metabolic activity that promotes the persistence of
dormant cells, which are inherently less susceptible to antibiotics [74, 85], and exhibit an
elevated frequency of horizontal gene transfer, facilitating the dissemination of resistance
traits [86]. Collectively, these features confer superior antibiotic resistance to biofilm cells

relative to their planktonic counterparts.

1.3.2.2. Biofilm-specific antibiotic resistance genes in P. aeruginosa
1.3.2.2.1. Overview
In an effort to thwart antibiotic resistance as it pertains to P. aeruginosa biofilms, several
studies have identified genetic determinants specifically related to biofilms and studied how
these genes contribute to the increased resistance. The efflux pump systems listed above

have been reported to confer antibiotic resistance in biofilms, notably MexAB-OprM [72],



MexXY-OprM and MexEF-OprN [87]. One well-characterized regulator that upregulates these

efflux pumps in biofilms is BrlR [88].

In addition to these efflux pumps and their regulators, the Mah laboratory has also
identified six genetic loci that are important for biofilm-specific antibiotic resistance in P.
aeruginosa: PA2070, PA5033, ndvB, PA1874-77, tssC1 and tctED [40, 76-78, 89]. PA2070 and
PA5033 encode putative proteins whose roles remain under investigation [78]. However, the

other four loci are currently the best characterized and thus will be the next topic discussed.

1.3.2.2.2. ndvB

The ndvB gene in P. aeruginosa encodes a glucosyltransferase essential for synthesizing
cyclic-B-(1,3)-glucans [40]. Cyclic glucans synthesized by the ndvB gene product sequester
antibiotics, such as the aminoglycoside tobramycin, in the periplasm, preventing them from
reaching their cytoplasmic target, which is the ribosome [40, 90]. Furthermore, NdvB plays
a crucialrole in modulating the expression of biofilm-specific genes associated with ethanol
oxidation [91]. Although the precise mechanism linking ethanol-oxidation genes to biofilm-
associated antibiotic resistance remains unresolved, current evidence indicates that their
activity contributes to enhanced tolerance by modulating intracellular redox balance. In
particular, the reduction of reactive oxygen species (ROS)—which are known to damage
essential cellular components and potentiate antibiotic lethality—represents a plausible

mechanism underlying this association [92, 93].

Work in the Mah laboratory has found that ndvB is highly expressed in biofilms and that
deletion of this gene did not affect biofilm formation nor antibiotic resistance in planktonic
cultures, but increased the susceptibility of biofilm cultures to antibiotics such as
tobramycin, gentamycin and ciprofloxacin [40, 76, 90]. Hence, ndvB was coined as a biofilm-

specific antibiotic resistance gene.

1.3.2.2.3. PA1874-77
PA1874-PA1875-PA1876-PA1877 (PA1874-77) is a four-gene operon that codes for a
multidrug efflux pump associated with aminoglycoside resistance in biofilms [40, 78, 90]. As

mentioned above, efflux pumps contribute to antibiotic resistance by expelling antimicrobial
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substances outside of the cell, hampering their interaction with their targets. Similar to
ndvB, deletion of PA1874-77 does not affect biofilm formation nor antibiotic resistance in
planktonic cultures, but an elevated susceptibility of biofilm cultures to the same subset of
antibiotics was observed [40, 76, 90, 94]. Therefore, the PA1874-77 operon in P. aeruginosa

plays a role in biofilm-specific antibiotic resistance.

1.3.2.2.4. tssC1

The tssC1 gene encodes the core sheath protein of the Type VI secretion system (T6SS),
which is essential for the assembly and contraction of the T6SS apparatus. This system
mediates the delivery of toxins and effector proteins into both prokaryotic competitors and
eukaryotic host cells, contributing to interbacterial competition and virulence [95]. In
addition, tssC17 expression is upregulated in biofilms, giving P. aeruginosa a competitive
advantage [77]. Congruent with the biofilm-specific resistance phenotype of the two
previous genetic loci, deletion of tssC7 does not affect biofilm formation or antibiotic
susceptibility in planktonic cultures, but its loss results in decreased resistance in biofilm
cultures for tobramycin, gentamicin and ciprofloxacin [77]. However, the precise resistance

mechanism of tssC7 remains under investigation.

1.3.2.2.5. tctED
The tctD-tctE (tctED) operon encodes a TCS essential for the uptake of tricarboxylic acid
in P. aeruginosa, thereby providing substrates to be used as carbon and energy sources. In
line with the previous genetic loci, deletion of tctED resulted in a significant decrease in
biofilm bactericidal concentrations of aminoglycoside antibiotics such as tobramycin and
gentamicin [89]. The resistance mechanism of tctED also remains a matter of active

research.

1.3.3. Other genes of interest related to biofilm antibiotic resistance
1.3.3.1. PA1759-60
One of the research pillars in the Mah laboratory is the identification and characterization
of transcription regulators (TRs) implicated in biofilm antibiotic resistance in P. aeruginosa.

In support of that quest, a genetic screen designed to identify TRs involved in biofilm
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antibiotic resistance was carried out by Dr. C. Hall (a former PhD student in the Mah
laboratory). This screen resulted in the identification of PA7759 and PA1760 as TRs
potentially involved in biofilm antibiotic resistance. The genes are components of a
bicistronic operon, which is predicted to encode two proteins associated with the MalT-type
transcription factor [96]. However, their exact functions have yet to be determined. The
deletion of PA1759 and PA1760 genes in PA14 resulted in a biofilm with enhanced
susceptibility to tobramycin compared to the wild type isogenic strain, although the exact
mechanism remains unknown (Hall, CW et al.; manuscript in preparation). In addition, the
PA1759-60 operon is essential for persistence in the C. elegans slow-killing model (Hall, CW
et al.; manuscript in preparation). These findings underscored PA71759-60 as relevant in

antibiotic resistance, which warrants further investigation.

1.3.3.2. flgKk

The flgK gene encodes a flagellar hook-filament junction protein, which is a structural
component of the flagellum and plays a crucial role in the assembly and stability of the
flagellum. Flagella are essential for bacterial motility and are also involved in biofilm
formation [97]. P. aeruginosa mutants lacking flgK showed impaired motility [98]. The flgk
mutant also displayed altered biofilm formation because of the non-functional flagellum
[97]. Although flgK is not directly linked to biofilm-specific antibiotic resistance, its
involvement may rather be indirect through mechanisms such as the regulation of QS
signalling and efflux pumps [53]. More importantly, this mutant is of interest in this project
because of the prevalence of P. aeruginosa mutants deficient in flagellar motility in cystic

fibrosis lung infections [99].

1.4. Genetically encoded reporters
1.4.1. Overview of tools for studying biofilms
Due to the inherently complex nature of biofilms, an array of methodologies, often used
in combination, have been developed to study their formation, structure, and behaviour
[100-102]. Some commonly used methods to study biofilms are molecular and genetic
techniques, which facilitate the analysis of specific genes related to their formation,

development and dynamics [103-105]; biochemical and analytical techniques, which help
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in biofilm quantification and viability [106]; mechanical and physical analysis, which
provides insights into biofilm formation and stability [107-109]; computational and
bioinformatics tools which assess and predict pathways associated with different biofilm
phenotypes [110, 111]; and finally, microscopy, which allows imaging and the analysis of
their architecture [112, 113]. This latter tool is of interest in this project and will be explored

in more detail.

Microscopy techniques to study biofilms encompass scanning electron microscopy,
which reveals structural details; atomic force microscopy, which provides the surface
properties and mechanical characteristics of biofilms; and confocal laser scanning
microscopy (CLSM), which gives 3D imaging of biofilms for analyzing the spatial-temporal
distribution of biofilm cells. CLSM uses fluorescence to enable high-resolution visualization
of samples under the microscope. For imaging living bacterial cells, fluorescent reporter
systems such as dyes (SynaptoRed, CellTrace, etc.) or fluorescent proteins (GFP, mCherry,

etc.) have been developed.

In this project's scope, emphasis will be placed on fluorescent proteins applied to the
study of P. aeruginosa. To address the key question of the oxygen gradient that creates
normoxic, hypoxic and even anoxic conditions in biofilms as described in Section 1.2.4, the
fluorescent reporters used to study biofilms could be oxygen-dependent or oxygen-

independent. Their respective advantages and limits are presented in the following sections.

1.4.2. Aerobic fluorescent reporters
1.4.2.1. Green fluorescent proteins (GFPs) and blue-shifted alternatives
The green fluorescent protein (GFP) is the most used fluorescent reporter for cell biology,
microbial quantification, bacterial physiology, environmental interactions and protein
dynamics in live cells [114-118]. When excited, GFP emits light with a peak near 509 nm,
which falls within the green region of the visible spectrum. In P. aeruginosa, GFP has been
used to study gene expression, biofilm formation, host-pathogen interactions, and the

tracking of bacteria in biofilm and host tissues [119-121].
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GFP is thermostable and resistant to proteases. Various GFP variants have been re-
engineered throughout the years to improve their brightness, photostability or pH sensitivity
[122, 123]. For example, the enhanced GFP (eGFP) variant exhibits a 35-fold increase in
brightness and greater photostability than the WT GFP [124, 125]. The GFPmut2 variant
demonstrates 7-fold faster maturation than WT GFP, coupled with enhanced brightness and

photostability, enabling the observation of fast-paced cellular processes [126].

Some GFP variants with shifted spectral characteristics, such as blue-shifted
fluorescent proteins which emit at shorter wavelengths than GFPs, have been described to
create different colours like blue (emission ~440-460 nm), cyan (emission ~470-495 nm),
and violet (emission <440 nm) ranges. These alternatives are useful for dual-imaging
applications and to capture intracellular events such as protein-protein interactions [127,

128].

However, despite their broad spectrum of applications, GFP and its variants are pH
sensitive ( pH < 5), relatively large (~27 kDa) [129, 130], and they are restricted to aerobic
systems since the reaction required for the maturation of their chromophore involves O,
[131]. For instance, Monmeyran et al. found that, in an E. coli biofilm model, the
fluorescence kinetics of the GFP was inconsistent with the biomass development, and that
was strongly correlated to the depleted oxygen environment at the core of a mature biofilm
[132]. This restricts the use of GFP and its variants in the context of low-oxygen environments
like biofilms. In addition to this drawback, GFPs have relatively short emission wavelengths,
which limits deep tissue penetration while also suffering from autofluorescence, which

could interfere with proper imaging.

1.4.2.2. Red Fluorescent Proteins
Red fluorescent proteins (RFPs), emitting at longer wavelengths across yellow (~520-550
nm), orange (~550-580 nm), red (~580-620 nm), and far-red (>620 nm) ranges, serve as fitting
alternatives to GFPs. This is due to their chromophores’ extended N-acylimine group, which
enhances electronic conjugation, enabling fluorescence at longer wavelengths [133-135],

and mitigating several limitations associated with GFPs.
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DsRed was the first RFP discovered, but due to slow maturation and low photostability,
engineered variants like mCherry with improved photostability and maturation rate are
preferred. For instance, mCherry has successfully been used for labelling P. aeruginosa in
dual-species biofilms [136]. Despite advancements in improving the maturation kinetics of
RFPs, they generally mature more slowly than GFPs due to structural differences in their
chromophores [137-139]. Consequently, using RFPs may restrict the temporal accuracy of
dynamic processes. Although RFPs and GFPs revolutionized fluorescence imaging, they
both belong to the same family and have limited use in hypoxic or anaerobic settings
because of their strict O, requirement. An emerging category of oxygen-independent

fluorescent reporters has been developed to address this limitation.

1.4.3. Anaerobic reporters for studying bacterial species
1.4.3.1. Flavin-based fluorescent proteins

Flavin-based fluorescent proteins (FbFPs) are derived from the light-oxygen-voltage
(LOV) domain and are characterized mainly by their independence from environmental O,
for fluorescence [140]. Examples of FbFPs are iLOV (improved-LOV) [141], phiLOV2.1
(photostable improved-LOV) [131] and evoglow-Bs2 [140]. These proteins are significantly
smaller than GFP; they mature fast, and shortly after folding can bind to flavin
mononucleotide (FMN), which acts as a chromophore for fluorescence [131, 141]. FMN is
abundant in bacteria as an essential enzymatic cofactor involved in metabolic pathways,
respiratory chains, etc. [142]. Therefore, no addition of exogenous molecules is required for

fluorescence.

One potential disadvantage of using these fluorescent proteins is the lower brightness
that they exhibit compared to GFP [143, 144]. Individually, iLOV is reported to be brighter but
less photostable than phiLOV2.1, and both were developed for broader applications,
including plant and mammalian systems [144, 145]. In contrast, evoglow-Bs2 is part of a
commercial kit (evoglow®) optimized for specific bacterial hosts. LucY (Lucigen Yellow) is
another FbFP which, instead of FMN, uses flavin adenine dinucleotide (FAD) as a

chromophore [129]. LucY possesses the same advantages as the LOV-based fluorescent
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proteins, except it is slightly brighter [129]. In addition, Lucy is also bigger (33.2 kDa) than
GFP (~27 kDa) [129].

The characteristics of the fluorescent proteins described above are presented in
Chapter 2 - Table 2.1. While the FbFPs bind endogenous chromophores, another category

of fluorescent proteins uses an exogenous ligand as their chromophore.

1.4.3.2. Fluorescent proteins requiring an exogenous chromophore

Analogous to the FbFPs that emit light upon binding to an endogenous chromophore, the
proteins in this category become fluorescent when provided with an exogenous
chromophore. The chromophore could be a commercially available synthetic dye or probe,
or it might be a compound not naturally present in bacteria. Examples of such fluorescent
proteins include UnaG, Fluorescence-Activating and Absorption-Shifting Tag (FAST), and
SNAP;, which rely respectively on bilirubin, a synthetic fluorogenic analog of 4-
hydroxybenzylidene-rhodanine, and a fluorogenic benzylguanine probe for fluorescence

[143, 146, 147)].

UnaG is small and reported to be extremely bright upon bilirubin binding [143]. FAST has
been shown to outcompete GFP in an E. coli biofilm model substantially [132]. As could be
predicted, one potential drawback of these fluorescent proteins is their dependence on an
exogenous molecule not inherently found in bacteria to be used as a chromophore to
achieve fluorescence. Moreover, the exogenous molecules may be autofluorescent or have
limited permeability to the bacterial cell membrane, resulting in less bioavailability in the
cytosol. These factors potentially add some complexity to using these reporters. The

characteristics of UnaG and FAST are also presented in Chapter 2-Table 2.1.

1.4.3.3. Near-infrared fluorescent proteins
The emergence of near-infrared fluorescent proteins (NIR-FPs) is attributable to the need
for a non-invasive method to image deep tissue, especially in live mammal studies [148].
NIR-FPs typically emit beyond 650 nm and have been engineered using bacterial
phytochromes [149]. Phytochromes are photosensory receptors that absorb light in the red

(600 — 700 nm) and far-red (700 — 900 nm) ranges [150]. Consequently, NIR-FPs are more
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effective at penetrating tissue at wavelengths near the infrared (650-900 nm). An example of

an NIR-FP is iRFP670 [151] whose features are also listed in Chapter 2 - Table 2.1.

Besides their deep-tissue penetration advantage due to reduced light scattering, NIR-
FPs are renowned for minimal autofluorescence [148, 152]. NIR-FPs use biliverdin as their
chromophore to generate fluorescence. Although biliverdin is endogenous to mammalian
cells as a natural product of heme metabolism, it is not nearly as abundant, if at all present,
in bacteria. NIR-FPs are theoretically valuable in studying bacteria and precisely mature
biofilms. Indeed, the deep light penetration across the biofilm layers could facilitate imaging

and minimize autofluorescence.

1.4.4. Plasmids
1.4.4.1. Overview
Plasmids are self-replicating DNA molecules found in microorganisms that are distinct
from chromosomal DNA [153]. They can confer competitive advantages such as antibiotic
resistance, virulence factors or metabolic versatility to their host [154]. In addition, some
plasmids are mobilizable genetic elements that can be transferred between different
organisms [155, 156]. In bacteria, plasmids are often horizontally transferred through
conjugation, transduction or transformation. This transfer capability with bacteria has been

the workhorse of experimental genetic engineering and biotechnology [155].

For instance, transformation is a central technique in genetic engineering for gene
cloning, where a foreign gene—such as one encoding a fluorescent protein—is inserted into
a synthetic plasmid, which is then introduced or more accurately "transformed" into
competent cells. The plasmid is subsequently replicated during bacterial division,
producing multiple copies of the gene and enabling expression of the protein of interest, as
evidenced here by cellular fluorescence. This is just one example of how plasmids are used

to express fluorescent reporters when studying bacteria.

One challenge in utilizing artificial plasmids as expression vectors in bacteria is to ensure
their maintenance and stable segregation during cell division. Traditionally, this challenge is

tackled by incorporating a selective marker, such as an antibiotic resistance gene, into the
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plasmid, coupled with the addition of the corresponding antibiotic to the culture medium to
ensure plasmid retention. Though this is an excellent solution, it is not always appropriate to
use antibiotics in certain contexts, such as in multispecies biofilms, where the presence of
an antibiotic may adversely affect susceptible species. As an alternative, endogenous

plasmid maintenance mechanisms in bacteria are often exploited.

1.4.4.2. Plasmid maintenance tools
Naturally occurring plasmids in bacteria are maintained through three main mechanisms,
namely, multimer resolution systems [157], partition systems [158] and post-segregational
killing (PSK) systems [159]. In the multimer system, plasmid multimers are generated during
the replication and recombination of sister plasmids, thereby improving the availability of
plasmid copies for segregation [157]. Partition systems separate sister plasmids between
daughter cells via a process akin to chromosome segregation during mitosis [158]. Lastly,
daughter cells that lose the plasmid are selectively killed by toxins in PSK systems, ensuring
plasmid maintenance in the bacterial population [159]. This last mechanism will be

elaborated further as it is important in this thesis.

1.4.4.2.1. Toxin-Antitoxin systems

Toxin-Antitoxin (TA) systems generally consist of a bicistronic operon where one gene
encodes a stable toxin and the other gene produces a labile antitoxin that inhibits the toxin,
ensuring a specific equilibrium of the two within the bacterial cell [160]. Although the first
characterized TA system was associated with plasmid maintenance through PSK of plasmid-
free cells [161], subsequent studies have revealed that TA systems also play crucialroles in
bacterial physiology, including adaptation to environmental stresses, biofilm formation and
virulence [162]. TA systems are categorized into eight types (I-VIII) based on the nature of the
antitoxin and its mechanism of action in neutralizing the toxin—whether as RNA, protein,
enzyme, adaptor, or post-translational modifier [163], since toxins are invariably proteins
[164]. Type Il systems are the most extensively studied and feature a proteinaceous antitoxin

that directly binds and inhibits the toxin protein.
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Regarding plasmid maintenance through PSK, there is a selective pressure for a
bacterium to keep the plasmid encoding the TA. Indeed, in plasmid-free cells, the intrinsic
instability of the antitoxin leads to its rapid degradation, whereas the more stable toxin
persists longer. Consequently, the sustained presence of the toxin induces cell death,
thereby enforcing the PSK mechanism. An illustration of this PSK mechanism by Type Il TA

systems is presented in Figure 1.2.
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Figure 1.2: Plasmid maintenance of Type Il TA systems via post-segregational killing
mechanism. The parental cell harbours a plasmid encoding both the toxin (blue rectangle)
and its cognate antitoxin (pink circle), with the latter binding to and neutralizing the toxin to
prevent cytotoxicity. Upon cell division, the plasmid-bearing daughter cell continues to
proliferate, giving rise to subsequent generations. In contrast, the plasmid-free daughter cell
rapidly degrades the unstable antitoxin, leaving the stable toxin in this example to bind
genomic DNA (gDNA) and induce cell death. The figure was created with Biorender.



Some examples of Type Il TA systems with reported evidence of plasmid maintenance

include CcdAB, VapBC and PumAB.

CcdAB (Control of Cell Death) was the first Type Il TA involved in PSK ever discovered
[161] and the best-characterized TA system [165]. It was originally identified on the E. coli F-
plasmid and is involved in plasmid maintenance [165]. The toxin CcdB targets the DNA
gyrase, which proceeds with the formation of a covalent GyrA-DNA complex that prevents
DNA replication and leads to cell death, whereas the antitoxin CcdA directly binds to and

neutralizes CcdB [166-168].

VapBC (Virulence-associated proteins B and C) is a representative of the largest and
most diverse family of Type Il TA systems, ubiquitous in both bacterial and archaeal genomes
[169-171]. The bicistronic operon encodes VapC, a toxin with a PIN-domain ribonuclease
activity that cleaves specific RNA targets such as tRNA, mRNA, or rRNA, thereby inhibiting
translation and halting cell growth [172-174]. The VapB antitoxin counteracts VapC activity
by functioning as a transcription regulator and binding to VapB, thereby inhibiting its
enzymatic function [175, 176]. In Shigella flexneri, for example, VapBC is crucial in

maintaining its virulence plasmid [177-179].

The PumAB system is encoded on plasmid pUM505 isolated from a clinical strain of P.
aeruginosa [180]. The toxin PumA possesses an endoribonuclease that cleaves mRNA,
thereby inhibiting cell growth and potentially modulating virulence, whereas the antitoxin
PumB neutralizes PumA by binding to it and acting as a transcriptional regulator [180, 181].

PumAB has demonstrated plasmid stability in E. coli[180].

Although CcdAB, VapBC and PumAB are known for their roles in plasmid stabilization,
their functions extend beyond this phenomenon. Indeed, CcdAB also contributes to stress
responses, antibiotic tolerance, and persistence [165, 182, 183]; VapBC supports stress
adaptation, persistence, and increasing virulence [170, 184, 185], while PumAB is involved
in virulence enhancement and stress regulation [180, 181, 186]. Notably, although the TA
systems discussed herein have been primarily characterized within bacterial contexts, the

CcdAB system has also been adapted as a selectable marker in synthetic plasmids to confer
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stability in laboratory strains such as E. coli BL21(DE3), an approach commercialized as the

Staby® system by Delphi Genetics [187].

1.5. Cystic Fibrosis (CF)
1.5.1. Etiology
Cystic fibrosis (CF), a fatal genetic disease with an incidence of approximately 1in 3,848
live births in Canada and a median age of survival of 62.3 years as of 2023, manifests as a
multi-system disease, with its most severe impacts in the lungs, where pulmonary

complications contribute to nearly 80% of mortality among affected individuals [188].

CF is a genetic disorder caused by mutations in the CF transmembrane conductance
regulator (CFTR) gene. CFTR protein is a chloride channel, and its dysfunction creates an
imbalance in ion and water transport across epithelial cells. This results in a failure to
properly hydrate airway secretions and a reduction in mucociliary clearance, particularly in
the airways, leading to a thick and sticky mucus build-up in the lungs [189]. The mucus build-
up and impaired immune response favour recurrent microbial colonization and airway
infections. In addition, CF is punctuated with episodes of pulmonary exacerbations
characterized by worsening respiratory symptoms (increased cough and mucus, difficulty
breathing, reduced appetite, etc.). The exacerbation events are associated with declining

lung function, decreased quality of life, hospitalizations, and lower survival rates [190].

Unfortunately, CF has no cure. Therefore, treatment and management therapies consist
of airway clearance by physiotherapy and mucolytics, inhaled antibiotics to target P.
aeruginosa particularly, and CFTR modulators to improve the function of the malfunctioning
CFTR protein [188]. For example, Trikafta is a triple-combination CFTR modulator therapy
composed of two correctors, elexacaftor and tezacaftor, and one potentiator, ivacaftor. The
correctors facilitate proper processing and trafficking of the defective CFTR protein to the
cell surface, while the potentiator enhances the gating activity of the protein once localized
at the membrane. This combined mechanism increases both the quantity and functional
activity of CFTR at the cell surface, thereby restoring chloride and water transport and

alleviating CF symptoms. Trikafta represents a significant therapeutic advancement,
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particularly for individuals harbouring the prevalent F508del mutation. As of 2023, 2,761 out
of the 4,513 Canadians living with CF, i.e., 61%, were on the Trikafta CFTR modulator [188].
However, asitis not curative, ongoing investigations are directed toward CRISPR-Cas-based
approaches that aim to achieve permanent correction of CFTR mutations through targeted

gene editing.

Improving CFTR function addresses only one facet of the CF pathology; however, the
chronic, polymicrobial infections characteristic of the CF lung, driven by P. aeruginosa and
other pathogens, also represent a critical challenge. This challenge necessitates targeted
investigations into their polymicrobial dynamics to develop novel therapeutic interventions

that complement CFTR-focused strategies.

1.5.2. CF lung microbiota

The diversity of microbes inhabiting the thick mucus layers lining the airways of
individuals with CF constitutes the CF lung microbiota. This microbiota is composed
predominantly of bacteria, but also includes fungi (e.g., Aspergillus fumigatus, Candida
albicans), viruses (e.g., rhinovirus, adenovirus, influenza), and bacteriophages (e.g.,
filamentous bacteriophage [Pf phage]) [191-193]. While the bacterial population
composition varies considerably among individuals with CF, a core community—comprising
taxa consistently detected at high relative abundance across many patients may act as

opportunistic pathogens alongside the so-called classical CF pathogens.

In the core community, genera such as Streptococcus, Prevotella and Veillonella are
prevalent [194, 195]. Among the classical pathogens, there are species such as P.
aeruginosa, Staphylococcus aureus, Stenotrophomonas maltophilia and species belonging
to the Burkholderia cepacia complex [195-198]. Although these taxa influence CF disease
to varying degrees, a recent report highlights P. aeruginosa, S. aureus, Streptococcus spp.,
and Prevotella spp. as key determinants of health outcomes in CF, as demonstrated by

studies employing both culture-dependent and culture-independent approaches [199].
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1.5.2.1. Pseudomonas aeruginosa
P. aeruginosa is notably the most common pathogen responsible for chronic CF
infection, especially in the adult CF population [188, 200, 201]. Chronic lung colonization by
P. aeruginosa is also associated with worse clinical outcomes, notably the deterioration of
lung function, quality of life and premature death [13, 202]. As a result, P. aeruginosa is of
primary importance in the CF disease. Because P. aeruginosa can form biofilm within the

mucus layers in the CF lung, CF is considered a biofilm-based infection.

As mentioned in Section 1.5.1, the treatment regimen for CF patients is mainly based on
a cocktail of antibiotics depending on the disease progression. In acute P. aeruginosa
infection, the CF Foundation in the USA currently recommends the use of inhaled
tobramycin (300 mg twice daily) for 28 days [203]. As infection becomes chronic and
eradication is unlikely, therapeutic goals shift toward preserving lung function and reducing
pulmonary exacerbations. This long-term management relies on inhaled antibiotics such as
tobramycin, colistin, and aztreonam lysine, and may also include fosfomycin, ciprofloxacin,
or levofloxacin [204, 205]. Despite these strategies, eradication therapies fail in 10-40% of
CF patients [206]. An emerging therapeutic approach uses phage therapy and has
demonstrated promising results in the treatment of P. aeruginosa infections, particularly of

multidrug-resistant strains [207].

1.5.2.2. Staphylococcus aureus
S. aureus is a Gram-positive, facultative anaerobe and another prominent member of the
CF lung microbiota with a higher prevalence in children [188]. In children with CF, S. aureus
is linked to heightened inflammatory activity in the airways and poorer nutritional status

[208-212].

Currently, the specific role of S. aureus in morbidity and mortality remains unclear,
potentially since it is often outcompeted by P. aeruginosa during the later stages of the
disease [211]. However, the ability of S. aureus to form biofilms is a significant virulence trait
that enables its adaptation to grow in CF airways, as it promotes immune evasion and aids

in protecting the pathogen from antibiotic treatment [213, 214]. Furthermore, the extent of
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S. aureus pathogenicity is dependent on its related strains, isolates or clones, as some tend
to be more virulent than others [215]. Indeed, bearing some exceptions, strains like
methicillin-resistant S. aureus (MRSA) are associated with more significant lung damage,
increased hospitalization and premature death [216, 217]. There is no clear consensus for
the treatment of S. aureus infections, but a combination of prophylaxis and antibiotics (e.g.

tetracycline, ceftaroline) is a common practice [211, 217].

1.5.2.3. Other examples

While P. aeruginosa and S. aureus are considered classical CF pathogens due to their
direct contribution to morbidity and mortality [218], emerging bacteria such as some
Streptococcus spp. and Prevotella spp. have also been identified as relevant members of
the CF lung microbiota [218-224]. Members of the Streptococcus genus are Gram-positive
and facultative anaerobes, whereas Prevotella spp are Gram-negative and obligate
anaerobes. Contrastingly, both species have been alternatively associated with positive and
negative impacts in CF patients [222, 225-229]. Despite these conflicting findings, these
bacteria influence health outcomes in CF, according to studies utilizing both culture-
dependent and culture-independent methods [221, 230, 231]. However, their specific

clinical relevance remains an active area of research.

1.5.3. Model systems to study cystic fibrosis
CF is a multi-system disorder that affects the respiratory, digestive, and reproductive
systems; however, its most devastating effects occur in the lungs, where infections are

characteristically polymicrobial.

While some models focus on studying and improving CFTR function, others concentrate
on lung infections. Although no model is perfect, the pig and ferret CFTR-knockout models
most accurately recapitulate the human CF phenotype [232]. However, their widespread use
is restricted because they are costly to maintain. Given the microbiology focus of this thesis,
emphasis will be placed on CF microbial model systems with P. aeruginosa as the focal
point. It is a long-standing issue that antimicrobial susceptibility observed in studying a

singular bacterium does not lead to better outcomes in the clinic [233-235]. Therefore,
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several groups have worked to create a representative model of the CF polymicrobial
community, aiming to bridge the gap between in vitro antimicrobial susceptibility profiles

and clinical outcomes.

For example, in 2020, Vandeplassche and colleagues created a microaerophilic
multispecies biofilm model made of six members of the CF microbiota [236]. The authors
demonstrated that the impact of antibiotics targeting P. aeruginosa within a multispecies
biofilm on microbial community evenness—reflected in the relative abundances of
community members—varies depending on the specific antibiotic used. Since this model
used arich medium and aerobic conditions, Jean-Pierre and colleagues designed a different
CF polymicrobial model to mimic the CF lung environment more closely [199]. In this model,
the authors used an artificial sputum CF medium under anaerobic conditions and focused

on four members of the CF microbiota.

In summary, while no single model fully captures the complexity of the CF lung disease,
advances in animal and in vitro systems—particularly those focusing on polymicrobial
communities—have improved our ability to study P. aeruginosa within the context of the CF
microbiota. These models help bridge the gap between traditional antimicrobial
susceptibility testing and clinical outcomes, providing more physiologically relevant

platforms for investigating microbial interactions and therapeutic strategies.

1.6. Rationale, hypotheses and objectives
1.6.1. Rationale
It has been established that 1) P. aeruginosa is a highly resilient pathogen during CF lung
infections; 2) The intricate architecture of biofilms, especially mature ones, exhibits spatially
heterogeneous oxygen levels; and 3) CF is a biofilm and polymicrobial-based disease. To
connect these three aspects and get a better insight into P. aeruginosa within the context of
CF, specialized tools need to be developed. This development requires that important

questions be addressed.

For instance, are there fluorescent tools that are suitable to investigate P. aeruginosa

under oxygen-limited conditions, such as in biofilms? Or within a multispecies
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environment? In this context, what do we understand about the persistence of P. aeruginosa
and the notable mutants previously linked to biofilm antibiotic resistance, as discussed in
Section 1.3? Additionally, what is their status regarding antibiotic susceptibility in a
polymicrobial environment? And lastly, what about the nature and the spatial distribution of
P. aeruginosa biofilm in a CF-like environment? These questions are central to the work

presented in this thesis.

1.6.2. Hypotheses

With the appropriate tools to study P. aeruginosa in an anaerobic and polymicrobial
environment, 1) | hypothesize that in this setting, P. aeruginosa will exhibit heightened
antibiotic resistance, potentially accounting for its persistence observed in vivo. This
enhanced resistance is likely mediated by biofilm-specific genetic loci, including ndvB,
PA1874-77, tssC1, and tctED, which are hypothesized to have evolved to confer protection
againstdiverse environmental antimicrobials. 2) | also hypothesize that the deletion mutants
AndvB, APA1874-77, AtssC1, AtctED, APA1759-60, and AflgK will exhibit reduced survival in
a polymicrobial setting due to the disruption of the protective mechanisms provided by
these genes in the wild type strain. 3) Lastly, | hypothesize that, in a polymicrobial setting, P.
aeruginosa biofilms will exhibit increased biomass and enhanced resilience compared to
those formed in a monospecies context, correlating with heightened antibiotic resistance.
This observation will be congruent with the persistence of P. aeruginosa biofilms in the CF
airway environment, reinforcing the protective role of biofilm architecture in antimicrobial

resistance.

1.6.3. Objectives
My thesis project has four objectives. 1) Construct fluorescent reporters to study P.
aeruginosa under anaerobic conditions. 2) Improve the best fluorescent reporter from 1) so
that it can be expanded to be used in a multispecies system. 3) Evaluate the persistence of
several P. aeruginosa strains in a CF polymicrobial assay, as well as assessing their antibiotic
susceptibility. 4) Investigate P. aeruginosa biofilm spatial distribution in the CF polymicrobial

assay.
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Together, these four objectives were designed to generate tools and insights for studying
P. aeruginosa under conditions of increasing biological complexity, ranging from restricted
oxygen environments to multispecies communities that mimic more closely the conditions
in the CF lung. The fluorescent reporters developed here are intended not only to facilitate
investigations of P. aeruginosa physiology but also to be adaptable for use in other Gram-
negative bacteria that may cause similar infections and colonize comparable environments.
In parallel, evaluating the persistence and antibiotic susceptibility of wild type and mutant
P. aeruginosa strains in a CF polymicrobial assay provides an opportunity to understand how
strain-specific traits influence treatment outcomes—knowledge that could ultimately
inform clinical decision-making. Finally, characterizing the spatial distribution of P.
aeruginosa biofilms in both mono- and mixed-culture contexts will shed light on how biofilm
architecture may impact antibiotic treatment—a factor that is central to biofilm-associated
infections [237-239]. Collectively, this work aims to advance our understanding of P.
aeruginosa pathogenesis in the CF lung and to contribute to the broader effort of unravelling

the complexities of CF disease.
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Chapter2: Construction of anaerobic fluorescent reporters for P. aeruginosa
2.1. Preface

The work presented in this chapter has been published in the journal Frontiers in
Microbiology.

Tchagang CF, Mah T-F and Campbell-Valois F-X (2023). Anaerobic fluorescent
reporters for live imaging of Pseudomonas aeruginosa. Front. Microbiol. 14:1245755.
doi: 10.3389/fmicb.2023.1245755

The journal grants copyright under the Creative Commons Attribution License (CC BY)

(https://creativecommons.org/licenses/by/4.0/ ):

COPYRIGHT © 2023 Tchagang, Mah and Campbell-Valois. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is

permitted which does not comply with these terms.

Author contributions

Tchagang CF contributed to the study's design, performed the experiments, analyzed the
data, and wrote the manuscript.
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2.2. Abstract

Pseudomonas aeruginosa thrives in the airways of individuals with cystic fibrosis, in part
by forming robust biofilms that are resistant to immune clearance or antibiotic treatment. In
the cystic fibrosis lung, the thickened mucus layers create an oxygen gradient, often
culminating with the formation of anoxic pockets. In this environment, P. aeruginosa can use
nitrate instead of oxygen to grow. Current fluorescent reporters for studying P. aeruginosa are
limited to the GFP and related analogs. However, these reporters require oxygen for the

maturation of their chromophore, making them unsuitable for the study of anaerobically
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grown P. aeruginosa. To overcome this limitation, we evaluated seven alternative fluorescent
proteins, including iLOV, phiLOV2.1, evoglow-Bs2, LucY, UnaG, Fluorescence-Activating and
Absorption-Shifting Tag (FAST), and iRFP670, which have been reported to emit light under
oxygen-limiting conditions. We generated a series of plasmids encoding these proteins and
validated their fluorescence using plate reader assays and confocal microscopy. Six of these
proteins successfully labelled P. aeruginosa in anoxia. In particular, phiLOV2.1 and FAST
provided superior fluorescence stability and enabled dual-colourimaging of both planktonic
and biofilm cultures. This study provides a set of fluorescent reporters for monitoring P.
aeruginosa under low-oxygen conditions. These reporters will facilitate studies of P.
aeruginosa in biofilms or other contexts relevant to its pathogenesis, such as those found in
cystic fibrosis airways. Due to the broad host range of our expression vector, the phiLOV2.1
and FAST-based reporters may be applicable to the study of other Gram-negative bacteria

that inhabit similar low-oxygen niches.

2.3. Introduction

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen causing hospital-
acquired diseases and infecting the lungs of cystic fibrosis patients. Itis the most commonly
isolated cystic fibrosis pathogen [200, 201] and is associated with worse clinical outcomes
by accelerating the deterioration of pulmonary function [202]. Therapeutic interventions
against P. aeruginosa are complicated by its high level of resistance to multiple antibiotics

and its ability to form biofilms [75, 240].

Biofilms constitute a physical barrier to the host defence system [192]. Moreover, P.
aeruginosa cells within the biofilm are up to 1,000 times more resistant to antimicrobial
compounds than their planktonic counterparts [75, 90]. There is a steep O, gradient within
the cystic fibrosis airways caused by the accumulation of mucus that restrains O, diffusion
and the consumption of O, by host cells and bacteria [241-243]. Thus, the oxygen
concentration ranges from aerobic to anaerobic levels in cystic fibrosis lungs, and P.
aeruginosa can thrive under all these conditions. In fact, although P. aeruginosa is an
obligate aerobe, it can also grow anaerobically through denitrification using nitrate instead

of O, as an electron acceptor in the respiratory chain [4, 5]. Strikingly, the capacity of P.
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aeruginosa to form biofilms is superior in anoxia than in normoxia [244], but tools to reliably

study biofilms under low O, are lacking.

Genetically encoded fluorescent reporters have revolutionized the imaging of dynamic
processes in living cells, including in bacterial pathogens [245, 246]. The green fluorescent
protein (GFP), with its high brightness and robustness to various environmental conditions,
was instrumental in this endeavour. In addition, some variants, such as GFPmut2 [126],
rapidly mature their chromophore, allowing for the monitoring of fast-paced cellular
processes. However, GFP and related variants have drawbacks, notably their strict O,
requirement [118]. This property has limited their applications in living biofilms where O.is

low [132].

By contrast, several alternative fluorescent proteins (FPs) are functional under oxygen-
limiting conditions. However, to our knowledge, none of these FPs have been tested in P.
aeruginosa. We thus selected seven FPs that spanned a wide range of excitation and
emission spectra (Table 2.1). The first group evaluated was the light, oxygen or voltage
proteins (LOV): iLOV [141], phiLOV2.1 [131] and evoglow-Bs2 [140]. These FPs are
significantly smaller and mature faster than GFP, and they use flavin mononucleotide (FMN)
as their chromophore [131, 141]. One potential disadvantage of using these FPs is their low
brightness [143]. In addition, we selected LucY, which is brighter than many LOV and uses
flavin adenine dinucleotide (FAD) as its chromophore [129]. It is noteworthy that both FMN
and FAD are abundant in the bacterial cytosol; thus, LOV and LucY spontaneously emit light

in bacteria.

The Fluorescence-Activating and absorption-Shifting Tag (FAST) emits light when bound
to a synthetic fluorogenic analog of 4-hydroxybenzylidene-rhodamine (HBR) [146]. The
application of FAST in P. aeruginosa is promising because it was shown to outcompete the
GFP in Escherichia coli biofilms [132]. UnaG and iRFP670 fluoresce when they form a
complex with bilirubin [143] and biliverdin [247], respectively. UnaG is characterized by its
brightness and wavelengths similar to the GFP. Finally, the red-shifted emission of iRFP670

may address the auto-fluorescence of P. aeruginosa at shorter wavelengths, which is
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detrimental to the analyses of thick biofilms. It is important to note that bilirubin is not
naturally present in P. aeruginosa and related bacteria, so it must be added to the growth
medium. Similarly, free biliverdin is restricted in bacteria as its production is tightly
dependent oniron availability. Therefore, it must be produced endogenously through the co-

introduction of a heme oxygenase into the bacterial host [247].

Here, we report a panel of fluorescent proteins that successfully monitor P. aeruginosa
in planktonic and biofilm cultures under anoxia. We demonstrate that phiLOV2.1 and FAST
can be combined to track dual subpopulations of P. aeruginosa in microscopy experiments.
This study provides tools that will be useful to researchers studying the behaviour of P.
aeruginosa when the concentration of oxygen is too low to use the GFP. The broad host range
plasmid used to develop these reporters suggests that their use could be readily extended

to other Gram-negative bacteria.

Table 2.1: Characteristics of the different fluorescent proteins used in this project

Molecular e . 0O,
. Excitation Emission
FP acronym weight Chromophore (nm) (nm) depen-
(kDa) dence
p_
GFPmMut2 26.9 hydroxybenzylidene 480 511 Yes
imidazole

iLOV 11.3 450 495
phiLOV2.1 11.3 *FMN 450 495 No
evoglow-Bs2 19 448 496
LucY 33.2 **FAD 276, 377, 460 530 No
FAST (green 14 T Amber 499 558 No
channel)
FAST (red 14 TCoral 516 600 No
channel)
UnaG 15.6 Bilirubin 498 527 No
iRFP670 34.5 Biliverdin 643 670 *No

*FMN, Flavin Mono Nucleotide. **FAD, Flavin Adenine Dinucleotide. *As initially described
in Escherichia coli [151]. "Amber (HBR-3,5DM). ™Coral (HBR-3,5D0OM). GFPmut2, iLOV,
phiLOV2.1, evoglow-Bs2 and LucY use an endogenous chromophore; FAST, UnaG and
iRFP670 use an exogenous chromophore.
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2.4. Materials and methods
2.4.1. Construction of plasmids

pSMC21, a derivative of pSMC2 [120], allowing the constitutive expression of the
GFPmut2 under the tacp promoter, was used to derive several new plasmids. First, GFPmut2
was excised by PCR-mediated deletion mutagenesis with the High fidelity Phusion DNA
polymerase (ThermoFisher) and recircularized with the T4 DNA ligase (New England Biolabs)
to yield the resulting empty vector control pCFT1. Second, the coding sequences of seven
alternative fluorescent proteins were amplified by PCR with the Phusion DNA polymerase
and introduced independently into pCFT1 by combining PCR-mediated deletion
mutagenesis and isothermal cloning with the NEB Gibson assembly master mix (NEB,
#E2611), thus yielding pCFT2 - 8. The coding sequence of the fluorescent proteins iLOV,
phiLOV2.1, evoglow-Bs2, LucY, FAST (Bio Basic Markham, ON) and UnaG (Integrated DNA
Technologies, |A) was obtained by gene synthesis. iRFP670 and the heme oxygenase (HO)
from Bradyrhizobium sp. ORS 278 were a kind gift from Vladislav Verkhusha [247]. The HO
gene was cloned downstream of iRFP670 to generate a bicistronic gene. Both open reading
frames were separated by two stop codons, a Shine-Dalgarno sequence AAUGGAGGAAU
[248] and a 5-adenine spacer [249]. The sequence of the cloned fragment in each resulting
plasmid was confirmed by Sanger sequencing. The tacp (empty vector control), iLOV,
phiLOV2.1, FAST and GFPmut2 were inserted by isothermal cloning into pUdO4a [250], as
described above, thus yielding pCFT1.2, pCFT3.2, pCFT7.2 and pCFT9.2 (Addgene plasmids
#208975, #208806, #208807, #208808 and #208809, respectively). pUdO4a is a small
plasmid (~2.8 kbp) that possesses strong transcription terminators L3S2P21, thrLABC and
arcA, an ampicillin resistance gene and a BBR1 origin of replication, which can be
maintained in Pseudomonas spp. ([251]; Supplementary Figure S2.1 - plasmid maps).

Table 2.2 and Supplementary Table $2.1 list the plasmids and primers used in this study.
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Table 2.2: Plasmids used and generated in this study

Plasmid name

Fluorescent protein

Antibiotic resistance Reference

pSMC21 GFP Ap, Cb, Km [120]
pCFT1 Empty Vector (EV) Ap, Cb, Km This study
pCFT2 evoglow-Bs2 Ap, Cb, Km This study
pCFT3 iLOV Ap, Cb, Km This study
pSMC21 pCFT4 phiLOV2.1 Ap, Cb, Km This study
derivatives  pCFT5 UnaG Ap, Cb, Km This study
pCFT6 iRFP670 Ap, Cb, Km This study
pCFT7 FAST Ap, Cb, Km This study
pCFT8 LucY Ap, Cb, Km This study

pUdO4a Empty Vector (EV) Ap, Cb [250]
pCFT9.2 GFP Ap, Cb This study
pUdO4a pCFT3.2 iLOV Ap, Cb This study
derivatives  pCFT4.2 phiLOV2.1 Ap, Cb This study
pCFT7.2 FAST Ap, Cb This study

Ap, Ampicillin; Cb, Carbenicillin; Km, Kanamycin.

2.4.2. Bacterial strains and growth conditions

The Escherichia coli strain DH10B was used for plasmid propagation. The wild type
Pseudomonas aeruginosa str. PA14 was used in the fluorescence experiments [252]. Unless
otherwise stated, the culture medium was LB supplemented with ampicillin (100 pg/ml) or
carbenicillin (100 or 200 pg/ml) for DH10B and PA14 transformants, respectively. Anaerobic
culturing of PA14 was performed in LB supplemented with carbenicillin, and 100 mM KNO;
(LBN) to allow anaerobic respiration. Anaerobic planktonic cultures were incubated in
anaerobic Hungate culture tubes with butyl rubber stoppers and screwcaps (Hungate, #CLS-
4208). Biofilm anaerobic cultures were incubated in a BactronEZ chamber (Sheldon
Manufacturing. Inc, Cornelius, OR) under an anaerobic atmosphere of 5% H», 5% CO,, 90%
N, that contained fewer than 4.7 parts per million O, per the manufacturer specifications. All

incubations were performed at 37°C.
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2.4.3. Growth curves under anaerobic conditions

PA14 strains harbouring one of the pCFT plasmids were grown on LB agar carbenicillin
plates. A single colony from each plate was used to inoculate 5 mL of LB carbenicillin. These
cultures were aerobically grown for ~ 18 h with shaking (250 rpm), then subcultured for 5h,
and their optical density at 600 nm (OD600) was adjusted to 1. The cultures were next
transferred in the anaerobic chamber and diluted 1:100 in 5 mL LBN in anaerobic Hungate
culture tubes. These sealed tubes were then incubated at 37°C for ~ 24 h with shaking (250
rom) in an incubator located in a room with normal oxygen levels. Following this first
incubation, the cultures were transferred back into the anaerobic chamber and diluted 1:10
in LBN. Finally, 100 pL of the resulting inoculates were dispensed in a flat black bottom 96-
well plate (Greiner bio-one, #655096). The samples were overlaid with Johnson and Johnson
® oil, as described [253]. Subsequently, the plate was sealed with an adhesive film (BioRad,
#MSB1001), then wrapped with parafilm to prevent O, exposure prior to exiting the anaerobic
chamber. The plate was then incubated with medium shaking in a Hybrid Synergy H4 plate
reader (BioTeK), where the absorbance at 600 nm was continuously tracked and recorded
every hour for 24 h. The fluorescence signal of PA14 cells expressing the GFP (excitation:
480+9.0 nm, emission: 511£9.0 nm) was recorded at 0 and 24 h to ensure anoxia was
maintained throughout the experiment. A sample of the 24 h culture was exposed to O, for 2

h prior to the measurements to allow for the maturation of the GFP.

2.4.4. Fluorescence plate reader assay

PA14 cultures harbouring pCFT plasmids were grown anaerobically in LBN at 37°C for 24
h in anaerobic Hungate culture tubes as described above. Depending on the fluorescent
proteins assayed, the samples were treated as follows. First, PA14 expressing the flavin-
binding fluorescent proteins iLOV, phiLOV2.1, evoglow-Bs2 and LucY were processed
immediately. Second, PA14 carrying pCFT1 (empty vector) or pCFT5 (UnaG) were grown in
LBN = 10 pyM bilirubin (Merck) and processed immediately. Third, after the anaerobic
incubation in the regular anaerobic medium, 1.5 mL of PA14 cultures with pCFT1 (empty
vector) or pCFT7 (FAST) were transferred to a microfuge tube with their cap tightly wrapped

with parafilm inside the anaerobic chamber. These cultures were then centrifuged (2400xg,
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10 min) and resuspended in PBS = 10 uM "Amber (4-hydroxy-3,5-dimethyl benzylidene, The
Twinkle Factory, Paris, France) [254] as described [255]. As described above, GFP-expressing
cells were included in every assayed plate to confirm that anoxia was maintained during the
experiment. The light emitted by the GFP-expressing cells exposed (or not) to O, was
measured along with the assayed FP at their optimal excitation and emission wavelengths
(Table 2.1) using a Hybrid Synergy H4 Hybrid plate reader (BioTeK). The data were normalized
according to the OD600.

2.4.5. Live fluorescence imaging by microscopy

Experiments with PA14 planktonic cultures were carried out using the pSMC21
derivatives, whereas experiments with PA14 biofilm cultures were conducted with the
pUdO4a derivatives. Aerobic PA14 cells carrying either phiLOV2.1, FAST or the empty vector
were incubated in LB media supplemented with carbenicillin for 16 h to 18 h. These cultures
were then diluted to an OD600 of 1 and used as inocula for anaerobic cultures. A 1:1000
dilution of this inoculum was made for planktonic cultures that were subsequently grown
anaerobically for 18 hin LBN. A 1:100 dilution of the inoculum was made for biofilm cultures
grown anaerobically in a 35 mm glass-bottom dish (Cellvis, #D35-20-1.5H) underneath a 2%
agarose pad in the anaerobic chamber. Biofilms were incubated in M63 minimal media
supplemented with 1 mM MgS0,, 0.4% L-arginine, 100 mM KNOj; and carbenicillin (M63N)
for 24 h. After the incubation, cells were prepared for imaging as follows. For planktonic cell
imaging, the anaerobic cultures were centrifuged (2400xg, 10 min) and resuspended in
M63N; for FAST imaging, this medium was supplemented with 5 uM ™ Coral (4-hydroxy-3,5-
dimethoxy benzylidene, The Twinkle Factory) [254]. For biofilm imaging, the culture medium
was removed, and the attached cells were washed once in PBS before adding a 200 pL
solution of M63N = 10 uM ™Coral. Both planktonic and biofilm cells were blanketed with a
2% agarose pad in a 35 mm glass-bottom dish (Cellvis, #D35-20-1.5H) for fluorescence
imaging. The glass-bottom dish was then covered with a 35 mm glass-top cover (Cellvis,
#D35-20-0-TOP) for differential interference contrast (DIC) imaging. To curtail O, infiltration
during imaging, the edges of the dishes were tightly wrapped in parafilm before exiting the

anaerobic chamber for microscopy. It is noteworthy that although cells were incubated
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anaerobically and specific measures were taken to minimize O, exposure during the imaging
setup, the strict control of anoxia could not be warranted throughout the entire imaging
process. Micrographs were acquired on a Zeiss LSM 880 AxioObserverZ1 confocal
microscope equipped with an EC Plan-Neofluar 100x/1.3 oil M27 objective. Fluorescence
was captured using the argon laser at 458 nm for phiLOV2.1 [excitation: 458 nm; emission:
466 — 544 nm (monocultures) and 466 — 522 nm (dual cultures)] and at 514 nm for
FAST:™Coral [excitation: 514 nm; emission: 555-722 nm (monocultures) and 586 - 722 (dual
cultures)]. The photostability of iLOV and phiLOV2.1 in planktonic PA14 was evaluated by
performing time-lapse acquisition every 30 seconds for three minutes under the conditions
described above. All micrographs were collected with the ZEN software (Zeiss) and prepared
with the Imagel software [256]. The single cell quantitation of the fluorescence intensity from
the planktonic micrographs was performed with Image) as previously described [257]. The
total number of bacteria measured in these analyses was: 126 (empty vector, EV), 262
(LucY), 111 (UnaG), 218 (phiLOV2.1) and 168 (FAST:™Coral), and were collected from four

biological replicates.

2.4.6. Statistical analysis
For the plate assay experiments, three biological replicates are presented. The
micrographs shown are representative of four biological replicates. The single-cell
fluorescence intensity analyses were performed on micrographs of four biological
replicates. Statistical analyses were computed with GraphPad Prism 8 (GraphPad Software,
La Jolla, CA). Plate reader assay data are presented as mean * standard deviation. The

confidence level was set at 95% (p < 0.05).

2.5. Results
2.5.1. Construction of plasmid-borne fluorescent reporters
To study P. aeruginosa under anaerobic conditions, we picked the FPs iLOV, phiLOV2.1,
evoglow-Bs2, LucY, UnaG, FAST and iRFP670 whose fluorescence is in principle
independent of O, (Table 2.1). The open reading frame of each of these proteins was cloned

into the vector pCFT1 to generate pCFT2 - 8 (Supplementary Figure S2.1 and Table 2.2).
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pCFT6 included a bicistronic operon of iRFP670 and HO to produce the biliverdin by heme
degradation, a strategy that yielded functional iRFP670 in E. coli [247].

2.5.2. Anaerobic growth of P. aeruginosa is not impinged by the expression of

the fluorescent proteins

To test the effects of the expression of the FPs on the growth of PA14, strains carrying the
different plasmid were incubated in LB supplemented with carbenicillin and nitrate (LBN)
under anaerobic conditions. Most strains carrying the plasmids containing the FPs grew
similarly to the empty vector (Figure 2.1A). A notable exception was the strain carrying
pCFT6, which contained iRFP670 and the HO, and appeared to grow at a slower rate.
However, the statistical analyses of the growth rate during the exponential phase indicated
this change was not significant (Supplementary Table $2.2). There was no increase in the
fluorescence of the GFP between the beginning and the end of the measurements (Figure
2.1B), indicating that anoxia was maintained throughout the experiment. By contrast,
exposure of the 24 h sample to O, during 2 h increased fluorescence by approximately 20-
fold, confirming that immature GFP had indeed accumulated during anaerobic growth
(Figure 2.1B). Taken together, these results suggest that when cultured anaerobically, the
viability and the growth of PA14 are unaffected by the expression of our collection of FPs,

except perhaps for the iRFP670-HO bicistronic gene.
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Figure 2.1: Fitness evaluation of Pseudomonas aeruginosa PA14 expressing different
fluorescent proteins under anoxia. A. Growth curves of PA14 carrying the plasmids pCFT1-
8 and pSCM21 (Table 2.2) and incubated in LB supplemented with KNO; and carbenicillin at
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37°C under anaerobic conditions. The growth rate constant for each strain during the
exponential phase was calculated and compared to the control empty vector (EV). The
statistical significance of the change in exponential growth rate between the control EV and
the strains expressing the fluorescent proteins was assessed by a two-tailed unpaired
Student’s t-test (p < 0.05); none of the variations observed were significant. B. The
fluorescence of PA14 cells expressing GFP was measured at the beginning (0 h, anaerobic)
and the end of the experiment (24 h, anaerobic), and after a subsequent exposure to oxygen
(24 h, aerobic). Statistical analysis was performed using a paired Student’s t-test.
Fluorescence was normalized with the OD600, and the means with standard deviations as
error bars are shown (ns = nonsignificant; n = 3).

2.5.3. AU FPs butiRFP670 are functional under anoxia
Since the fluorescent proteins had little to no impact on growth, we proceeded to
compare their signal intensity. We assumed that their fluorescent signal would be
representative of their overall behaviour in PA14 and used it as a proxy that integrated their
unique critical properties such as their expression level, maturation and brightness. This is
a practical solution that circumvented the challenges arising from comparing a diverse set
of proteins. Therefore, to evaluate the functionality of the FPs under anoxia, we first

measured their fluorescence in PA14 using a plate reader assay.

In this context, we grew planktonic PA14 cultures harbouring the plasmids pCFT1 - 8
under anoxia and distributed them in 96-well plates under the anoxia-preserving conditions
described above. PA14 expressing the LOV FPs showed a robust fluorescence signal
compared to cells carrying the empty vector (Figure 2.2A), with iLOV showing the highest
signal, followed by evoglow-Bs2 and phiLOV2.1. PA14 cells expressing LucY also displayed
strong fluorescence relative to those carrying the empty vector (Figure 2.2B). Similarly, PA14
cells expressing UnaG (Figure 2.3A) and FAST (Figure 2.3B) exhibited a substantial
fluorescence increase in the presence of 10 uM bilirubin and 10 pM FAmber, respectively. In

contrast, the fluorescence of cells harbouring the empty vector was negligible.
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Figure 2.2: Fluorescence of PA14 expressing the flavin-based fluorescent proteins in
anoxia. A. Fluorescence of PA14 cells carrying plasmids allowing the expression of iLOV
(pCFT3), phiLOV2.1 (pCFT4) and evoglow-Bs2 (pCFT2) compared with those carrying the
empty vector (pCFT1). Fluorescence was recorded at excitation 450 nm and emission 495
nm. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed
by Bonferroni’s multiple comparisons test. B. Fluorescence of PA14 cells carrying plasmids
allowing the expression of LucY (pCFT8) expressed in PA14 cells compared with those
carrying the empty vector (pCFT1). Fluorescence was recorded at excitation 460 nm and
emission 530 nm. Statistical analysis was done using an unpaired Student’s t-test.
Fluorescence was normalized with the OD600, and the means with standard deviations as
error bars are shown (**p <0.07; **p <0.001; **p <0.007; n=3).
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Figure 2.3: Fluorescence of PA14 expressing UnaG and FAST in anoxia. A. Fluorescence

FAST

of PA14 cells carrying plasmids allowing the expression of UnaG (pCFT5) compared with
those carrying the empty vector (pCFT1) in absence and presence of 10 uM bilirubin (BR).
Fluorescence was recorded at excitation 498 nm and emission 527 nm. B. Fluorescence of
PA14 cells carrying plasmids allowing the expression of FAST (pCFT7) compared with those
carrying the empty vector (pCFT1) in the presence and the absence of 10 uM TAmber.
Fluorescence was recorded at excitation 482 nm and emission 536 nm. In both panels,
statistical analysis was executed using two-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparisons test. Fluorescence was normalized with the OD600, and
the means with standard deviations as error bars are shown (ns, nonsignificant; **p < 0.07;
n=3).
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iRFP670 did not fluoresce when co-expressed with the HO in PA14 under anoxia
(Supplementary Figure S$2.2). In order to emit light, iRFP670 must form a complex with its
chromophore biliverdin, which can be derived from heme in the presence of HO. Although
this enzymatic reaction requires O,, previous data suggested that fluorescent protein related
to iRFP670 can emit light in anaerobically grown E. coli, simultaneously expressing the HO
[151]. Our data indicated this is not possible in PA14. We reasoned that providing biliverdin,
excess hemin or both in the growth medium might rescue the fluorescence. Unfortunately,
these additives did not increase iRFP670 emission under anoxia. By contrast, iRFP670
fluoresced when co-expressed with the HO in aerobically incubated PA14, independent of
exogenous additives (Supplementary Figure S$2.2). Altogether, these data suggested that
HO and O are required to yield enough biliverdin to produce functional iRFP670 in PA14.
Hence, we did not investigate iRFP670 further. On the other hand, we pursued our
investigation of the six FPs that emitted light under anoxia according to this plate reader

assay.

2.5.4. Live fluorescent confocal microscopy imaging

As previously reported [131], we found phiLOV2.1 to be more photostable than iLOV
(Supplementary Figure S2.3) and thus selected it for microscopic analyses of PA14. Next,
we evaluated the other FPs to identify a suitable co-imaging partner for phiLOV2.1. Bacteria
expressing LucY and UnaG were both visible in fluorescent microscopy (Supplementary
Figure S2.4). The fluorescence of bacteria expressing LucY was bright and homogenous
(Supplementary Figure S2.4A). By contrast, the fluorescence of bacteria expressing UnaG
was heterogenous, with only a small subpopulation of strongly fluorescent cells.
(Supplementary Figure S2.4B). Subsequent single-cell analyses of the fluorescent
intensity confirmed these observations (Supplementary Figure $2.4C). Thus, the use of
UnaG in PA14 was complicated by the heterogeneity of its signal. Our attempts to resolve

this issue failed and led us to discard UnaG.

While the use of LucY seemed promising, it was not ideal for use in combination with
phiLOV2.1 because their emission spectra overlap. The emission spectrum of FAST:""Amber

used in the plate reader assay also overlaps with phiLOV2.1. Hence, we turned our attention
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to FAST:"Coral to cover the red region left unoccupied by the exclusion of iRFP670 as we
reasoned it would combine well with phiLOV2.1. Indeed, planktonic PA14 cells carrying the
empty vector were invisible (Figure 2.4A), whereas those expressing phiLOV2.1 or
FAST:"Coral were fluorescent (Figure 2.4B). The single-cell analyses of the fluorescent
intensity showed that phiLOV2.1 yielded a homogenous and strong signal. By contrast,
FAST:™Coral resulted in a heterogenous and overall lower signal (Supplementary Figure
S$2.5). The heterogeneity of the signal observed with FAST:™Coral is reminiscent of that of
UnaG and may be attributable, at least in part, to their use of an exogenous chromophore.
This hypothesis is supported by the homogenous signal of LucY and phiLOV2.1 who use an
endogenous chromophore. Next, we tested the combined use of phiLOV2.1 and FAST:""Coral
toimage dual cultures of P. aeruginosa. In brief, the strains used in monocultures were mixed
and imaged. To avoid spectral bleed through, the span of wavelengths collected was
narrowed for both fluorescent proteins. Once analyzed with these new acquisition
parameters, the phiLOV2.1 and FAST:™Coral subpopulations were distinguishable (Figure
2.4C). However, due to adjusting the acquisition parameters, the signal of both fluorescent

proteins was dimmer than under the acquisition parameters used in the monocultures.
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Figure 2.4: Fluorescence imaging of planktonic PA14 with phiLOV2.1 and FAST. A.
Micrograph of PA14 harbouring the empty vector (pCFT1). B. Micrograph of PA14 expressing
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phiLOV2.1 (pCFT4) and FAST:™Coral (pCFT7) in the top and bottom panel, respectively. C.
Micrograph of a mix of PA14 cells expressing phiLOV2.1 or FAST:™Coral (1:1 inoculation
ratio). From left to right: differential interference contrast (DIC), single channel fluorescence
and overlay (scale bar=5 pm).

Preliminary microscopy observations indicated that light emitted by phiLOV2.1 and
FAST:"Coral decreased beyond detection limits in PA14 biofilms (data not shown). This
decrease may be due to a reduction of the activity of the tac promoter or a reduction in the
number of plasmid copies in biofilms. To address this pitfall, we subcloned the original
tacp::phiLOV2.1 and tacp::FAST reporters into pUdO4a [250]. This synthetic plasmid
harbours a broad host range BBR1 origin, which is functional in Pseudomonas spp. and
differs from that used in pSMC21 (Supplementary Figure S2.1B) [251]. In addition, the
strong transcriptional terminators flanking the multiple cloning sites of pUdO4a may
contribute to increasing gene expression [250]. Indeed, we found that the pUdO4a derivative
pCFT4.2 expressing phiLOV2.1 produced higher fluorescence levels in planktonic PA14 than
its pPSMC21-derived counterpart pCFT4 (Supplementary Figure S2.6).

Fortunately, the increased fluorescent signal of the FPs from the pUdO4a derivatives
allowed the imaging of PA14 biofilms (Figure 2.5). Biofilm cultures carrying the empty vector
were included as negative control (Figure 2.5A). In comparison with this control, biofilm
monocultures of PA14 cells expressing phiLOV2.1 and FAST:™Coral emitted light upon
excitation at the expected wavelength (Figure 2.5B). Akin to the mixed planktonic cultures
described above (Figure 2.4C), PA14 subpopulations expressing either of the two FPs were
distinguishable in biofilm micrographs (Figure 2.5C). However, the signal distribution in the
dualcultures appeared more scattered, with the appearance of a higher proportion of weakly
non-fluorescent cells than in the monoculture. This could result from the adjustment of the
acquisition parameters required for dual imaging, as described above. It is noteworthy that
the optimal concentration of the ™Coral chromophore was higher in biofilm than in

planktonic cultures. This is likely due to the higher cell density in biofilms.
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Figure 2.5: A new expression system allows fluorescence imaging of PA14 biofilms with
phiLOV2.1 and FAST. A. Micrograph of PA14 harbouring the empty vector (pUdO4a). B.
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Micrograph of PA14 expressing phiLOV2.1 (pCFT4.2) and PA14 expressing FAST:""Coral
(pCFT7.2) in the top and bottom panel, respectively. C. Micrograph of co-cultured PA14 cells
expressing phiLOV2.1 or FAST:™Coral (1:1 mix ratio). From left to right: differential
interference contrast (DIC), single channel fluorescence and overlay (scale bar =5 pm).

2.6. Discussion

In this study, we demonstrated that the fluorescent proteins iLOV, phiLOV2.1, evoglow-
Bs2, LucY, UnaG and FAST allowed for the monitoring of live P. aeruginosa in plate reader
assays under anaerobic conditions. In addition, we showed that phiLOV2.1, LucY and
FAST:™Coral are practical solutions for confocal microscopy. We characterized further the
use of phiLOV2.1 and FAST:™Coral and showed that they allowed for co-monitoring of dual
subpopulations of P. aeruginosa by fluorescence microscopy. In summary, this study
identified alternative fluorescent proteins for plate reader and microscopy assays when O,

levels are insufficient for the maturation of the GFP chromophore.

Our initial analyses included iRFP670. However, co-expressing this fluorescent protein
and the heme oxygenase required to produce its biliverdin chromophore yielded no
fluorescence under anaerobic growth. In mammalian tissue culture cells, biliverdin-binding
fluorescent proteins such as iRFP670 could work under low oxygen conditions by scavenging
biliverdin, which is ubiquitous in their cytosol [247, 258]. In several pathogenic bacteria,
including P. aeruginosa, heme oxygenases are expressed under iron starvation conditions
[259-264], limiting the natural production of biliverdin in the growth conditions used here.
Therefore, a Bradyrhizobium heme oxygenase was introduced to increase the endogenous
production of biliverdin [247]. However, in anaerobically grown P. aeruginosa, these heme
oxygenases did not yield sufficient biliverdin to produce a detectable iRFP670 signal. This
issue was not resolved by exogenous biliverdin, probably because of its lack of membrane
permeability or accumulation in the cytosol. Conversely, the same strain grown in nhormoxia
fluoresced. This suggests that cytosolic iRFP670 can function in P. aeruginosa, but the

paucity of intracellular biliverdin precludes its use under anoxia.

UnaG has been used under aerobic and anaerobic conditions in Bacteroides

thetaiotaomicron, Bacteroides ovatus and E. coli by adding bilirubin in the growth media
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[265, 266]. Here, we observed that P. aeruginosa expressing UnaG was also fluorescent
when grown in the presence of bilirubin. Nevertheless, the signal was heterogeneous, with
only a small fraction of the population emitting a high fluorescent signal. When averaged
over the whole population in the plate reader assay, the signal of UnaG seemed inferior to
the LOV proteins. Poor membrane permeability [267] and efflux pumps, such as MexAB-
OprM [268, 269], may contribute to limiting the amount of bilirubin available to UnaG in the

cytosol of P. aeruginosa.

Regarding the LOV fluorescent proteins, our data were congruent with previous studies.
The signal of iLOV was the strongest, whereas the signal of phiLOV2.1 was the weakest, and
the signal of evoglow-Bs2 was intermediate [145, 270, 271]. However, the photostability of
phiLOV2.1 [131] likely explains its superior performance in fluorescence microscopy of P.
aeruginosa, which has also been observed in Clostridium species [272]. Although the
fluorescence intensity of LucY was similar to iLOV as reported [129, 140], we did not
investigate LucY in depth because phiLOV2.1 was a more practical option to use in
combination with FAST. Indeed, the efficiency of FAST:HBR as fluorescent reporters has
been previously described in several microorganisms, including E. coli [132, 255],
Clostridium acetobutylicum [255], Listeria monocytogenes [273] and in the archaea
Methanococcus maripaludis [274]. Likewise, we showed that FAST:HBR is suitable for
monitoring P. aeruginosa in plate reader assays (""TAmber) and by confocal light microscopy
(fCoral). Taken together, these data suggest that phiLOV2.1 and FAST:HBR are currently the

best candidates forimaging dual cultures of P. aeruginosa under anaerobic conditions.

The dual imaging of P. aeruginosa subpopulations with phiLOV2.1 and FAST:""Coral was
straightforward in planktonic cells. Upon switching to biofilms, we observed a substantial
reduction in the fluorescence signal that was detrimental to imaging. We hypothesized that
this phenomenon could stem from the downregulation of the promoter or a reduction of the
number of copies of the plasmid when P. aeruginosa formed biofilms. This first generation of
reporters was derived from pSMC21, a historical P. aeruginosa expression plasmid [120,
275]. It previously worked to monitor biofilm in aerobic conditions with the bright GFPmut2

[276]. The low brightness of phiLOV2.1 and FAST:™Coral revealed previously hidden
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suboptimal performance of pSMC21 as an expression vector. We, thus, switched these
reporter genes to a novel plasmid called pUdO4a. This plasmid is maintained by a BBR1
origin, its sequence is fully known, much smaller than that of pSMC21, and its multiple
cloning site is flanked by strong transcription terminators that may contribute to increasing
the expression levels of a gene of interest. Indeed, the brightness of P. aeruginosa harbouring
the pUdO4a derivatives pCFT4.2 (phiLOV2.1) and pCFT7.2 (FAST:"Coral) allowed the
imaging of individual cells in the biofilms. Moreover, it also distinguished the two
subpopulations in dual-culture biofilms. It is noteworthy that during co-imaging, the span of
wavelengths collected was narrowed to avert signal overlap. This put some cells under the
threshold of detection, thereby unveiling the limitation in the compatibility of phiLOV2.1 and
FAST:""Coral. Fluorescent proteins with brighter emission and more widely separated
emission peaks would likely improve the imaging performance. Nevertheless, this study
paves the way to monitoring dual P. aeruginosa populations in a variety of genetic
background and environmental conditions. The broad host range of the BBR1 origin suggests
that the second generation of pCFT reporters derived from pUdO4a could be seamlessly

transferred to several other Gram-negative bacteria.

This study identified six fluorescent proteins that are functional under anoxia in P.
aeruginosa. However, their brightness is only a small fraction of that of the GFP under
aerobic conditions. Therefore, discovering brighter and complementary O.-independent
fluorescent proteins will drive future development by improving our capacity to monitor
multiple P. aeruginosa subpopulations. For example, three brighter variants of phiLOV2.1
were recently described — phiLOV3, mini-GFP1 and mini-GFP2 [277, 278]. Secondly, FAST
derivatives such as FAST2 and tdFAST2 have improved brightness in their HBR-bound state
[279]. Moreover, frFAST bound a different chromophore that extended the fluorescence
emission palette toward the far-red [280]. Alternative self-labeling proteins not tested here,
such as SNAPy, CLIP; and Halo-tag, yielded excellent anaerobic reporters [147, 281]. Finally,
pUdO4a and its derivatives described above provide an excellent platform to expand the
fluorescent tools for studying microbes under oxygen-limited conditions in a variety of

environmental and physiological settings.
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2.7. Supplementary Materials
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Figure S2.1: Plasmid maps of pCFTx and pCFTx.2. A. pCFTx derived from pSMC21, where
the GFP has been removed or replaced by the fluorescent proteins listed in Table 1. B.
pCFTx.2 derived from pUdO4a where tacp::GFPmut2, tacp::iLOV, tacp::phiLOV2.1 and
tacp::FAST were subcloned. The maps are not to scale and were prepared using SnapGene
Viewer v.6.2.2.
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Figure S2.2: Comparison of fluorescence level of P. aeruginosa PA14 expressing iRFP670
in normoxia versus anoxia. Fluorescence of PA14 cells expressing iRFP670 was recorded
at 643 nm excitation and 670 nm emission wavelengths in the presence or absence of 10 uM
biliverdin and 10 pM hemin. Fluorescence was normalized to OD600. Statistical analysis
was computed using two-way analysis of variance (ANOVA) followed by Bonferroni's
multiple comparisons test. The means with standard deviations as error bars are shown (**,
p<0.01; n=23).
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Figure S2.3: Comparison of photostability between iLOV (pCFT3) and phiLOV2.1 (pCFT4)
using time-lapse imaging of P. aeruginosa PA14 cells. Micrographs were acquired every
30 seconds for 3 minutes at excitation 458 nm and emission 505 nm. Far-left panels are
differential interference contrast (DIC), and the others are single channel fluorescence
(scale bar=5um).
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Figure S2.4: Fluorescence of LucY and UnaG in anaerobic planktonic cultures of P.
aeruginosa PA14 cells. A. Micrograph of PA14 expressing LucY (pCFT8) recorded at
excitation 488 nm and emission 558 nm. B. Micrograph of PA14 expressing UnaG (pCFT5) in
the presence of 10 uM bilirubin (BR) recorded at excitation 488 nm and emission 539 nm.
From left to right: differential interference contrast (DIC), single channel fluorescence and
overlay (scale bar = 5um). C. Single-cell fluorescence quantification of LucY and UnaG
compared to EV, the empty vector (pCFT1) used as the control for background fluorescence.
Mean brightness intensities were measured with Image) and statistical analysis was
performed using an unpaired T-test (****, p <0.0001; n =4).
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Figure S2.5: Single-cell fluorescence quantification of phiLOV2.1 (pCFT4) and FAST
(pCFT7) compared to EV, the empty vector (pCFT1) used as the control for background
fluorescence. Mean brightness intensities were measured with Imagel) and statistical
analysis was assessed using an unpaired T-test (****, p <0.0001; n = 4).
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Figure S2.6: PA14 carrying pCFT4.2 produced higher phiLOV2.1 fluorescence than
pPCFTA4. Fluorescence of PA14 expressing phiLOV2.1 in two different plasmids background.
Fluorescence was recorded at excitation 450 nm and emission 495 nm and normalized to
OD600. Statistical analysis was performed using an unpaired T-test. The means with
standard deviations as error bars are shown (**** p <0.0001; n = 3).

Table S2.1: List of primers used in this study

Long name

Primers sequences

pSMC21_rev_ctr
pSMC21_fwd_ctr
pSMC21_rev
evoglowBS2_fwd

evoglowBS2_rev

pSMC21_fwd
phiLOV2.1_fwd
phiLOV2.1_rev
iLOV_fwd

iLOV_rev
UnaG_fwd

UnaG_rev
iRFP670_fwd
iRFP670_rev

GTCTGGACATATGTATATCTCCTTCTTAAATCTAGAG
AGATATACATATGTCCAGACCTGCAGCAATG
ATGTATATCTCCTTCTTAAATCTAGAG
TTTAAGAAGGAGATATACATATGAAAGCATCTTTCCAG

ATTGCTGCAGGTCTGGACATTCAGTTACTCGAGCAGCTTTTC

CTGAATGTCCAGACCTGCAGCAATG
TTTAAGAAGGAGATATACATATGAAAATCGAGAAATCGTTC
ATTGCTGCAGGTCTGGACATTCAGTTACACGTGATCAGACCC
TTTAAGAAGGAGATATACATATGAAAATCGAGAAGAACTTC

ATTGCTGCAGGTCTGGACATTCAGTTACACATGATCCGAACC

TTTAAGAAGGAGATATACATATGGTGGAAAAATTCGTCGGCAC

ATTGCTGCAGGTCTGGACATTCAGTTATTCGGTGGCGCGCCG
TTTAAGAAGGAGATATACATATGGCGCGTAAGGTCGATC

TTTTATTCCTCCATTTCAGTTAGCGTTGGTGGTGGGC
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CCAACGCTAACTGAAATGGAGGAATAAAAAATGTTGGACCGAGTTGATTC
heme_fwd_670

CAATCACGTC
heme_rev ATTGCTGCAGGTCTGGACATTTAGTCAGCGGCCGAGCCCCGC
pSMC21_fwd_heme CTAAATGTCCAGACCTGCAGCAATG
pUdO4a_noMCS_fwd CGACACGGTCTCTGAGAG
pUdO4a_noMCS_rev CGAAGACACTCGGCTCTTC

pUdO4a_FP_orf_revseq_fwd CGAAGAGCCGAGTGTCTTCGCGGTAACGACGTCCAGAC

pUdO4a_FP_orf_revseq_rev TTCTCTCAGAGACCGTGTCGCACTTAACATTATGCTGAGTGATATC

Table S2.2: Comparison of growth rates of P. aeruginosa PA14 expressing different
fluorescent proteins in anoxia with EV (empty vector) as the control.

EV ~ GFP iLOV phiLOV2.1 evoglow-Bs2 LucY UnaG FAST iRFP 670

Slopes 0.43 0.43 0.45 0.42 0.44 04 0.42 0.42 0.38
P values - 1.00 0.52 0.86 0.73 048 0.8 0.87 0.16
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Chapter 3: Characterization of P. aeruginosa strains in a CF polymicrobial assay
3.1. Preface

All experiments, data collection, and analyses presented in this chapter were performed
by me. This work was carried out in collaboration with Dr. George O'Toole (Dartmouth
College, Hanover, NH, USA) and Dr. Fabrice Jean-Pierre (Université de Sherbrooke,
Sherbrooke, QC, Canada). At the outset of the collaboration, Dr. Jean-Pierre was a
postdoctoral fellow in Dr. O'Toole’s laboratory, where | spent a week learning the
polymicrobial model system under his guidance. Following this training, | independently
established and implemented the system in Ottawa, where | conducted the entirety of the

experimental work described in this chapter.

3.2. Introduction

Advances in culture-targeted and culture-independent approaches have revealed
tremendous diversity in the microbial population of the cystic fibrosis (CF) airway. In that
environment, P. aeruginosa is significantly less susceptible to antibiotics than when it exists
in traditional in vitro monocultures [233, 235, 282]. To reduce the gap between in vitro
antimicrobial susceptibility and clinical responses, arecent report employed computational
approaches to develop an in vitro CF polymicrobial assay comprising four important CF
pathogens: P. aeruginosa, Staphylococcus aureus, Streptococcus sanguinis, and Prevotella
melaninogenica [199]. In their report, the authors employed 16S rRNA sequencing libraries,
clinical metadata, and metabolic modelling to define a prevalent bacterial community found
in about 34% of airway infections among individuals with CF [199]. Furthermore, stemming
from numerous previous studies [230, 231, 283-288], the authors also argued that these four
bacteria significantly influence the health outcomes in CF patients [199]. Consequently,
these four bacteriarepresent anin vitro CF polymicrobial model system that is implemented
under anaerobic conditions. This model proved valuable in improving the understanding of

microbial interactions and responsiveness to antimicrobial treatment.

In Chapter 1 — Section 1.3, | introduced six genetic loci of P. aeruginosa, five of which
have been directly linked to antibiotic resistance. The six isogenic P. aeruginosa deletion

mutants derived from these genetic loci were divided into two groups. The first group

54



comprises AndvB, APA1874-77, AtssC1 and AtctED, which have been characterized in the
Mah laboratory as biofilm-specific antibiotic resistance genes [40, 76-78]. That is, each of
these mutants can form a biofilm and displays equal susceptibility to antibiotics as the wild
type strain when grown as planktonic cultures [40, 76-78]. However, these mutants exhibit

a heightened susceptibility to antibiotics when cultivated as biofilms [40, 76-78].

The second group of P. aeruginosa mutants includes APA71759-60 and AflgK. APA1759-60
association with antibiotic resistance is currently under active research. For instance, the
two-gene operon PA1759-60 is being investigated in the Mah laboratory as a potential
transcriptional regulator implicated in biofilm antibiotic resistance. Indeed, deleting PA7759
and PA1760 genes in PA14 produced a biofilm with increased susceptibility to tobramycin
when compared to the wild type isogenic strain (Hall, CW et al.; manuscript in preparation).
In addition, APA71759-60 exhibits a significantly slower growth under anaerobic conditions
compared to the wild type [96]. The AflgK mutant, on the other hand, forms altered biofilms
due to its flagellum deficiency [97, 98]. P. aeruginosa mutants with this deficiency are
prevalent in the CF microbiota, having evolved as an adaptation mechanism [98, 99].
Therefore, itis of interest to characterize AflgK in CF-like conditions within the polymicrobial

assay.

Notably, the importance of these genetic loci regarding P. aeruginosa antibiotic
resistance has been elucidated in in vitro aerobic mono-species biofilm models. However, |
alluded earlier to the disconnect between P. aeruginosa in vitro antimicrobial susceptibility
and clinicalresponses. Therefore, | aimed to 1) Characterize P. aeruginosa strains harbouring
mutations on these loci by assessing their ability to persistin a CF polymicrobial assay, and

2) Evaluate their responses to tobramycin, an antibiotic generally used to treat CF infections.

| hypothesized that these genes would be essential for P. aeruginosa survival in this more
complex system. As a widespread environmental bacterium, P. aeruginosa encounters
numerous antimicrobial compounds in the soil [289-292], and these genes likely provide
some form of protection against these compounds, thus allowing for persistence in the

environment. Therefore, deleting them would impact P. aeruginosa ability to thrive in a

55



polymicrobial setting. Thus, the findings presented in this chapter aim to deepen our
understanding of P. aeruginosa responses to antibiotic treatment and may help inform the

development of new strategies for managing CF infections.

3.3. Materials and Methods
3.3.1. Bacterial strains and growth conditions

In this chapter, all the strains are listed in Table 3.1, and the culture media are listed in
Table 3.2. PA14 WT, S. aureus Newman and S. sanguinis SK36 were obtained from the
O'Toole laboratory. P. melaninogenica strain ATCC25845 was purchased from ATCC. All
mutant strains are from our laboratory. The growth conditions were prepared as described in
[199] with minor exceptions. Briefly, each bacterium frozen stock was routinely streaked on
its respective agar medium (see Table 3.2). P. aeruginosa and S. aureus solid cultures were
incubated aerobically for 16 — 18 h at 37°C. Plates with S. sanguinis and P. melaninogenica
were incubated for 24 — 48 h at 37°C in a BactronEZ chamber (Sheldon Manufacturing. Inc.,
Cornelius, OR) under an anaerobic atmosphere of 5% H,, 5% CO,, 90% N, that contained
fewer than 4.7 parts per million O, per the manufacturer's specifications. A single axenic
colony of each bacterium was used to inoculate its respective liquid media (see Table 3.2)
and was incubated under the same conditions as mentioned above, except that aerobic
cultures were placed in a shaking incubator (250 rpm). These cultures were then used as
inocula for subsequent assays. In those assays, the culture media was the Artificial Sputum
Media (ASM), which mimics the nutritional content of the CF lung [293, 294] and was
prepared as described in [199]. In this chapter, ASM media without the addition of mucin (5
mg/mL) will be referred to as ASM. ASM media supplemented with mucin (5 mg/mL) will be
referred to as ASM+. All anaerobic incubations were carried out in the aforementioned

BactronEZ chamber.
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Table 3.1: Bacterial strains used in this chapter.

Species Strains Phenotype/Genotype Reference
PA14 WT Laboratory reference strain [252]
PA14::AndvB In-frame deletion of ndvB gene [40]
PA14:-APA1874-77 In-frame deletion of PA1874-77 [76]
genes
. PA14::AtssC1 In-frame deletion of tssC1 gene [77]
P. aeruginosa .
PA14::AtctED In-frame deletion of tctED gene [89]
Hall, CW et

PA14::APA1759-60

In-frame deletion of PA1759-60
genes

al.;
manuscriptin
preparation

PA14::AflgK In-frame deletion of figK gene [97]

S. aureus Newman Methicillin-susceptible [295]
Staphylococcus aureus

S. sanguinis Strain SK36 - [296]

P. melaninogenica ATCC25845 - [297]

Table 3.2: Culture media used in this chapter.

Bacterial strains

Solid media

Liquid media

P. aeruginosa

Tryptic Soy Broth - TSB +

strains i
1.5% agar (TSA) Tryptic Soy Broth (TSB)
. S. aureus
Routine Todd Hewitt Broth +
culture . sanguinis 0050/ Zv:st e;'?ract (THBY)
. 0
TSA + 5% sheep blood (BA) Y ,
P. melaninogenica Prevotella growth medium
' g (PGM)*
P. aeruginosa Pseudomonas Isolation Agar
strains (PIA)
) S. aureus Mannitol Salt Agar (MSA)
Selective Strept Selective A
culture S. sanguinis reptococcus Selective Agar

P. melaninogenica

(SSA)**

(PSA)***

Prevotella Selective Agar

* PGM =TSB + 0.5% yeast extract + 5 pg/mL hemin + 2.85 mM L-cysteine hydrochloride +

1 ug/mL menadione.

** SSA =BA + 10 ug/mL polymyxin B + 10 yg/mL oxolinic acid.
*** PSA = PGM + 1.5% agar + 100 ug/mL kanamycin + 7.5 yg/mL vancomycin + 5 ug/mL

polymyxin B.
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3.3.2. Colony forming units assay to assess the ability of P. aeruginosa to

persist in a multi-species setting

The colony forming units (CFU) assay was performed as previously reported in [199]. In
brief, using the overnight liquid cultures described in Section 3.3.1, P. aeruginosa, S. aureus,
and P. melaninogenica were washed twice in sterile 1 mL PBS by centrifugation at 10,000 x
g for 2 min, while S. sanguinis was washed once. Cell pellets were resuspended in ASM and
diluted to a concentration equivalent to an optical density (OD600) of 0.2 in ASM+. Mono-
and mixed-cultures were adjusted to a final concentration of 0.01 in ASM+ using cell
suspensions with a starting concentration of 0.2. The mixed cultures consist of equal ratios
of each bacterial suspension, initially at a concentration of 0.2. The average starting CFU of
each bacterial suspension corresponding to an OD600 of 0.01 is presented in Table 3.3. A
volume of 100 L of each bacterial suspension was dispensed in a polystyrene flat-bottom
96-well plate, and each sample was assayed in triplicate. The plate was then incubated

anaerobically for 24 h at 37°C.

After the first 24 h incubation period, the spent supernatant containing planktonic cells
was removed, and 100 pL of ASM+ media were loaded onto each well. The incubation was
pursued for another 24 h. After 48 h of incubation, the planktonic fraction was collected, 10-
fold serially diluted and plated on selective plates (see Table 3.2). The attached cells were
washed in PBS to remove residual planktonic cells and then resuspended in 50 uL PBS using
a multiprong device. This resuspension was transferred to a clean 96-well plate, then 10-fold

serially diluted and finally plated on selective media (see Table 3.2).

Pseudomonas lIsolation Agar (PIA), Mannitol Salt Agar (MSA), Streptococcus Selective
Agar (SSA), and Prevotella Selective Agar (PSA) are solid media selective for P. aeruginosa,
S. aureus, S. sanguinis and P. melaninogenica, respectively. PIA and MSA plates were
incubated aerobically for 16 — 18 h, while SSA and PSA plates were incubated anaerobically
for 24 - 48 h. Allincubations were conducted at 37°C, followed by colony counting. For each
bacterial strain, the CFU/mL was determined by averaging counts from a technical triplicate.
Each experiment was performed with at least three independent biological replicates. The

results were tabulated and plotted, and statistical analyses were computed with GraphPad
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Prism 8 (GraphPad Software, La Jolla, CA). Data are presented as mean * standard deviation,

with a 95% confidence level (p < 0.05).

Table 3.3: Average starting bacterial concentration at an OD600 of 0.01

Bacterial strains

Average starting CFU*

PA14 WT 6.7 x 10° CFU/mL
PA14::AndvB 5.7 x 108 CFU/mL
PA14::APA1874-77 4.5 x 105 CFU/mL
PA14::AtssC1 5.4 x 108 CFU/mL
PA14::AtctED 5.2 x 108 CFU/mL
PA14::APA1759-60 3.4 x 105 CFU/mL
PA14::AflgK 5.5 % 10° CFU/mL
S. aureus 7.3 % 10° CFU/mL

S. sanguinis

2.6 x 10° CFU/mL

P. melaninogenica

2.5x10° CFU/mL

*The standard deviation for all the CFU was = 1.

3.3.3. Minimal bactericidal concentration assay

To determine the minimal bactericidal concentration (MBC), the assay was prepared as

follows: overnight cultures of all P. aeruginosa strains (Table 3.1) were diluted to a final

OD600 of 0.01 in ASM+, and 100 pL of these cell cultures were distributed in triplicate in a

96-well plate. The plate was then incubated anaerobically for 24 h at 37°C. After the first 24

h incubation period, the spent supernatant was removed, and 100 pL of ASM+ media

containing or not tobramycin (TOB) at different concentrations ranging from 0 to 250 pg/mL

(Table 3.4) were loaded onto each well. Anaerobic incubation was continued for an

additional 24 h at 37°C. Following this incubation, the cultures containing both planktonic

and biofilm cells were disrupted using a multiprong device. Three microliters of these cell

suspensions were spotted on TSA plates, which were subsequently incubated aerobically at

37°C for 16 to 18 h. The viability was assessed by the presence or absence of growth.

Table 3.4. Final concentrations of tobramycin (TOB) in each cell suspension

[TOB]
(ug/mlL)

0 0.24 0.49 0.98

1.95 3.91 7.81 15.63 31.25 62.5

125 250
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3.3.4. Tobramycin susceptibility assay of P. aeruginosa strains in a CF

polymicrobial assay

The multi-species system was implemented as described in Section 3.3.2. PA14 WT,
and the six P. aeruginosa deletion mutant strains were assayed as mono- and mixed-
cultures. After 24 h of incubation, the spent supernatant was removed and replaced with
100 L of fresh ASM+, and the incubation was pursued for another 24 h. After 48 h of
incubation, the spent supernatant was removed once again and replaced with 100 pL of
fresh ASM+ supplemented with TOB 50 pg/mL or TOB 100 pg/mL. Controls with only ASM+
and no TOB were also assayed. The incubation was pursued for another 24 h. After a total of
72 h of incubation, the planktonic portion was transferred to a 96-well plate, 10-fold serially
diluted, and plated on selective media (Table 3.2). The biofilm portion or attached cells were
washed in PBS and resuspended in 50 pL PBS using a multiprong device. This resuspension
was transferred to a clean 96-well plate, 10-fold serially diluted and finally plated on
selective media (Table 3.2). Following the incubation, the colony count and data analysis

were performed as described in Section 3.3.2.

3.4. Results
3.4.1. P. aeruginosa strains in the CF polymicrobial model assay
3.4.1.1. PA14 WT is stably maintained in a CF polymicrobial assay

Using PA14 WT, the first goal was to reproduce the CF polymicrobial assay developed by
Jean-Pierre et al. [199], specifically Figure 1C in their article. In their assay, the authors
modelled an in vitro mixed community of P. aeruginosa, S. aureus, S. sanguinis, and P.
melaninogenica that can be stably maintained for up to two weeks [199]. Overall, the CFU
counts for each species presented in Figure 3.1 are relatively similar to the results in [199]
except for the results with P. melaninogenica.

The PA14 WT biofilm population exhibited no significant difference in CFU counts when
grown as mono- or mixed-culture (Figure 3.1, first two green bars). In contrast, the PA14 WT
planktonic population showed a slight decrease in the mixed- compared to the mono-
culture (Figure 3.1, last two green bars). This finding is identical to the one in [199]. For S.

aureus, biofilm and planktonic populations showed a slight decrease in CFU in the mixed-
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compared to mono-culture (Figure 3.1, orange bars). The result for the biofilm population
(Figure 3.1, first two orange bars) differs slightly from the one in [199], as the authors
described no statistically significant changes in both culture conditions. For S. sanguinis
(Figure 3.1, blue bars), no substantial changes in CFU counts were noted for biofilm or
planktonic populations regardless of the mode of culture (mono or mixed). As noted similarly
for S. aureus biofilm, the result for S. sanguinis biofilm also diverges slightly from [199].
Indeed, the authors found a statistically significant difference between mono- and mixed-
culture. Lastly, P. melaninogenica mixed culture showed a moderate ~ 1 log decrease
compared to the monoculture in biofilm and planktonic populations (Figure 3.1, grey bars).
This result is the most different from [199] as the authors reported no detectable growth of
P. melaninogenica in monocultures. In the discussion (Section 3.5), | will explore plausible
reasons for these discrepancies.

Taken together, the data presented in Figure 3.1 showed that the different bacterial taxa
remained relatively stable in specific culture conditions (mono vs. mixed) and growth mode
(planktonic vs. biofilm). This also demonstrates that | was able to reproduce the

polymicrobial assay developed by Jean-Pierre et al. [199].
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Logqo(CFU/mL)

Figure 3.1: Colony forming units (CFU) counts of each bacterial strain grown
anaerobically as a monoculture and in a mixed culture (Mix) for biofilm (B) and
planktonic (P) fractions. CFU analysis was performed by plating on a medium selective for
the growth of each species. The histogram represents the average of six biological replicates
(n=6), and each data point represents the average of three technical replicates. Statistical
analysis was performed using ordinary one-way ANOVA and Tukey's multiple comparisons
post-test *p<0.05, **p < 0.07 and ns = non-significant. Error bars represent SD. Pa (green
bars) = Pseudomonas aeruginosa, Sa (orange bars) = Staphylococcus aureus, St (blue bars)
= Streptococcus sanguinis, Pr (grey bars) = Prevotella melaninogenica.

3.4.1.2. P. aeruginosa mutant strains AndvB, APA1874-77, AtssC1 and
AtctED are stably maintained in the CF polymicrobial assay
In the general introduction (Chapter 1 — Section 1.3.2.2), | described ndvB, PA1874-77,
tssC1, and tctED as genetic loci important for biofilm-specific antibiotic resistance in P.
aeruginosa. These genetic loci have been characterized in mono-species studies under
aerobic culture conditions. However, CF is a mixed-species and biofilm-based infection

where P. aeruginosa, as a major CF pathogen, thrives in various O, concentrations. Prior to
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evaluating the antibiotic responses of the mutants within the complex CF polymicrobial
assay under anaerobic conditions, an initial step involved confirming the ability of these
deletion mutants to persist in the assay. This was undertaken to ensure that the targeted
gene deletions in PA14 did not compromise the mutant strains competitive fitness against

other bacterial species within this model system.

To that end, | replaced PA14 WT in the mixed population (composed of S. aureus, S.
sanguinis and P. melaninogenica) with four isogenic mutants: AndvB, APA1874-77, AtssC1,
and AtctED, and assessed whether the CFU counts for each strain mirrored those of the wild
type strain or differed. Because of the emphasis on P. aeruginosa in this thesis, only the

results pertaining to this species are presented here.

The results for this first group of P. aeruginosa mutants are presented in Figure 3.2.
Similar to the wild type strain, AndvB biofilm and planktonic populations showed no
statistically significant differences in CFU counts when grown either as a mono- or mixed-
culture (Figure 3.2A, blue bars). This finding also applies to the biofilm populations of
APA1874-44 (Figure 3.2B, first two red bars), AtssC17 (Figure 3.2C, first two green bars) and
AtctED (Figure 3.2D, first two pink bars). In contrast, the CFU counts for planktonic cultures
exhibited a small but significant 0.5 log decrease in mixed cultures compared to
monocultures for APA1874-44 (Figure 3.2B, last two red bars), AtssC1 (Figure 3.2C, last two
green bars) and AtctED (Figure 3.2D, last two pink bars).

Altogether, the deletion of these different genetic loci in PA14 did not impede the mutant
strains’ ability to persist in a mixed community when grown as biofilms. However, a small but
significant 0.5 log decrease was noted in the mixed-species for planktonic cells, except for

the AndvB strain, which had consistent CFU counts between mono- and mixed-cultures.
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Figure 3.2: Colony forming units (CFU) counts of four P. aeruginosa mutant strains grown
anaerobically as a monoculture and in a mixed culture (Mix) for biofilm (B) and
planktonic (P) fractions. CFU of (A) AndvB (blue bars), (B) APA1874-77 (red bars), (C)
AtssC1(green bars), and (D) AtctED (pink bars). The histogram represents the average of
three biological replicates (n=3), and each data point represents the average of three
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technical replicates. Statistical analysis was performed using ordinary one-way ANOVA and
Tukey's multiple comparisons post-test with *p<0.05, **p < 0.07 and ns = non-significant.
Error bars represent SD.

3.4.1.3. P. aeruginosa mutant strains APA1759-60 and AflgK are stably
maintained in a CF polymicrobial assay
The second group of P. aeruginosa mutants assessed included APA71759-60 and AflgK.
While PA1759-60 are predicted to encode transcription regulators implicated in antibiotic
resistance, AflgK mutants are flagellar-deficient and commonly found in CF. To evaluate the
persistence of both APA71759-60 and AflgK mutants in a CF polymicrobial context, | once
again performed a CFU assay as described in Section 3.3.2. The results are presented in

Figure 3.3.

The CFU counts of biofilm and planktonic populations of APA71759-60 were not statistically
different regardless of culture setting (mono vs. mixed), as observed in Figure 3.3A, purple bars.
Although the AflgK biofilm populations exhibited comparable CFU counts in both mono- and mixed-
cultures (Figure 3.3B, first two blue bars), a modestreduction (about 1 log) in planktonic populations
was noted in the mixed culture when compared to the monocultures (Figure 3.3B, last two blue
bars). Overall, the ability of APA7759-60 to persist was not hindered in the polymicrobial assay. This
observation also held for Aflgk when the bacteria were cultured as a biofilm. By contrast,
planktonic cultures of AflgK experienced a slight but significant reduction in CFU in the mixed

community.
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Figure 3.3: Colony forming units (CFU) counts of two P. aeruginosa mutant strains grown
anaerobically as a monoculture and in a mixed culture (Mix) for biofilm (B) and
planktonic (P) fractions. CFU of (A) APA71759-60 and (B) AflgK. The histogram represents the
average of three biological replicates (n=3), and each data point represents the average of
three technical replicates. Statistical analysis was performed using ordinary one-way
ANOVA and Tukey's multiple comparisons post-test with **p < 0.07 and ns = non-significant.
Error bars represent SD.

In conclusion, only AndvB and APA1759-60 unequivocally persisted in the mixed
community, suggesting that ndvB and PA71759-60 are unlikely to play critical roles in the
ability of P. aeruginosa to persist in this specific environment. The other mutants persisted
only in biofilm conditions with reduced planktonic populations in the mixed community,
highlighting the context-specific role of these genes. These results offer insights into the
differing genetic needs for survival in a microbial context like CF. These findings establish a

basis for future studies on the molecular mechanisms of community persistence.
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3.4.2. Minimal bactericidal concentration assay

All the PA14 deletion mutant strains studied in this chapter have been linked to biofilm
antibiotic resistance. For instance, ndvB encodes a glucosyltransferase essential for the
synthesis of cyclic-B-(1,3)-glucans, which in turn prevents tobramycin from reaching the
ribosome, by sequestering it in the bacterial periplasm [40, 90]. PA1874-77 is a four-gene
operon that codes for an ABC (ATP-binding cassette) multidrug efflux pump associated with
aminoglycoside resistance in biofilms [40, 78, 90]. While the molecular mechanisms
governing the antibiotic resistance characteristics related to the other genetic loci, namely
tssC1, tctED, PA1759-60, and flgk, remain elusive, studies probing those genes have
reported or implied increased biofilm antibiotic susceptibility when those genes were

deleted [77, 78, 298, 299].

Tobramycin is an antibiotic routinely prescribed for treating infections in CF [188]. It was
also one of the antibiotics previously used to characterise these deletion mutants under
monoculture aerobic conditions. Therefore, tobramycin was the antibiotic of choice to
assess the susceptibility of these mutants in a CF polymicrobial context. | started with the
classic minimal bactericidal concentration (MBC) assay [300] with a few modifications. This
was to evaluate the MBC values for all the P. aeruginosa strains in anaerobic ASM+ compared
to the previous values reported in aerobic studies [40, 77, 78, 90]. The results revealed that,
except for APA1874-77 and AtctED, with an MBC of 125 ug/mL, the WT and the other four
mutant strains obtained an MBC value of 62.5 pg/mL (Table 3.5). Therefore, these data
indicate that, under anaerobic conditions in ASM+, the MBC of the mutants is comparable
to that of the WT, which contrasts with previously reported data obtained under aerobic

conditions.
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Table 3.5: Minimal Bactericidal Concentration (MBC) values for the different PA14 strains
following 24 h of tobramycin (TOB) treatment in ASM+ media under anaerobic conditions (n =
3).

. MBC
PA 14 strains TOB (ug/ml)
WT 62.5
AndvB 62.5
APA1874-77 125
AtssC1 62.5
AtctED 125
APA1759-60 62.5
AflgK 62.5

3.4.3. Susceptibility of different P. aeruginosa strains to tobramycinin a CF

polymicrobial assay

As outlined in the previous section, the P. aeruginosa strains examined to this point have
been associated with antibiotic resistance. However, none of the reports about the antibiotic
susceptibility of these strains have encompassed the complexity of a mixed community in
an anaerobic environment, which is characteristic of typical CF lung infections. | began by
demonstrating in Section 3.4.1 that all these strains can persist in the CF polymicrobial
assay (Figures 3.1 - 3). Next, based on the MBC values calculated in Table 3.5 and clinically
relevant concentration of tobramycin used in CF infections [301, 302], | aimed to evaluate
the susceptibility responses of the P. aeruginosa strains in the CF polymicrobial assay. To
achieve this goal, each P. aeruginosa strain was challenged with tobramycin at 50 pg/mL and

100 pg/mL in a CF polymicrobial assay, and their response profiles were analyzed.

3.4.3.1. PA14 WT susceptibility to tobramycin is unaltered in the CF
polymicrobial assay
The data for PA14 WT are presented in Figure 3.4. In the presence of tobramycin, a
reduction of CFU was observed in biofilm and planktonic populations. The reduction was
greater in planktonic cultures compared to biofilms, as previously reported [39, 90, 303]. The
presence or absence of other bacteria did not affect the antibiotic susceptibility of PA14 WT,

as the same results were observed in both mono- and mixed-culture conditions.

68



Additionally, there was no significant difference between tobramycin at 50 or 100 pg/mL in
biofilm cells, highlighting the ability of the bacteria to tolerate both concentrations of the
antibiotic equally. As expected, at a concentration of 100 pg/mL, tobramycin completely

eradicated planktonic cells, demonstrating substantial susceptibility compared to biofilm

cells.
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Figure 3.4: PA14 WT responses to tobramycin when grown anaerobically in a
monoculture and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions.
Colony forming units (CFU) of the non-treated sample (NT, green bars); sample treated with
50 pg/mL of tobramycin (TOB50, blue bars) and sample treated with 100 pg/mL of
tobramycin (TOB100, red bars). The histogram represents the average of three biological
replicates (n=3), and each data point represents the average of three technical replicates.
Statistical analysis was performed using ordinary two-way ANOVA and Tukey's multiple
comparisons post-test with *p<0.05, ***p < 0.001, ****p < 0.0007, ns = non-significant and
bd = below detection. Error bars represent SD. Pa = Pseudomonas aeruginosa str. PA14 WT.

3.4.3.2. P. aeruginosa mutant strains AndvB, A1874-77, AtssC1 and AtctED
are differentially susceptible to tobramycin in the CF polymicrobial assay
In the presence of tobramycin, the mutant AndvB exhibited a similar pattern to that of

PA14 WT for biofilm cells but was noticeably different for planktonic cells, where it was more

69



susceptible than the wild type cells (Figure 3.5). Indeed, at tobramycin 50 pyg/mL, AndvB
planktonic cells in the mixed culture were not detectable as opposed to their monoculture
counterpart. This reveals AndvB heightened susceptibility to tobramycin, particularly for
planktonic cells in a mixed-species environment. With tobramycin 100 pg/mL, both the wild
type (Figure 3.4) and AnvdB planktonic cells yielded no detectable counts, which was

indicative of the increased killing at that tobramycin concentration.
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Figure 3.5: AndvB responses to tobramycin when grown anaerobically in a monoculture
and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions. Colony forming
units (CFU) of the non-treated sample (NT, green bars); sample treated with 50 pg/mL of
tobramycin (TOB50, blue bars) and sample treated with 100 pg/mL of tobramycin (TOB100,
red bars). The histogram represents the average of three biological replicates (n=3), and each
data point represents the average of three technical replicates. Statistical analysis was
performed using ordinary two-way ANOVA and Tukey's multiple comparisons post-test with
*p<0.05, ns = non-significant and bd = below detection. Error bars represent SD.

For APA1874-77, the tobramycin response was comparable to that of PA14 WT and
AndvB, specifically concerning biofilm cells. However, a striking susceptibility was observed

for APA1874-77 planktonic cells, where there were no detectable counts at 50 and 100
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pg/mL of tobramycin (Figure 3.6). In line with PA14 WT and AndvB, APA1874-77 showed a
decrease in CFU when tobramycin was present, but with the complete eradication of its
planktonic cells, demonstrating their higher sensitivity. The polymicrobial context did not

affect its susceptibility.
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Figure 3.6: APA1874-77 responses to tobramycin when grown anaerobically in a
monoculture and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions.
Colony forming units (CFU) of the non-treated sample (NT, green bars); sample treated with
50 pg/mL of tobramycin (TOB50, blue bars) and sample treated with 100 pg/mL of
tobramycin (TOB100, red bars). The histogram represents the average of three biological
replicates (n=3), and each data point represents the average of three technical replicates.
Statistical analysis was performed using ordinary two-way ANOVA and Tukey's multiple
comparisons post-test with *p<0.05, ***p < 0.007, ns = non-significant and bd = below
detection. Error bars represent SD.

The response of the AtssC17 deletion mutant to tobramycin was similar to that of PA14
WT. There was an increased susceptibility to tobramycin at 50 pg/mL, with an even greater

susceptibility observed at the highest concentration of 100 pg/mL, where complete
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eradication of planktonic cells was achieved (Figure 3.7). Furthermore, the polymicrobial

context did not appear to affect the observed outcomes.
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Figure 3.7: AtssC1responses to tobramycin when grown anaerobically in a monoculture
and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions. Colony forming
units (CFU) of the non-treated sample (NT, green bars); sample treated with 50 pg/mL of
tobramycin (TOB50, blue bars) and sample treated with 100 pg/mL of tobramycin (TOB100,
red bars). The histogram represents the average of three biological replicates (n=3), and each
data point represents the average of three technical replicates. Statistical analysis was
performed using ordinary two-way ANOVA and Tukey's multiple comparisons post-test with
*p<0.05, **p < 0.01, ***p < 0.001, ns = non-significant and bd = below detection. Error bars
represent SD.

The AtctED mutant exhibited the most divergent results compared to the wild type strain.
Interestingly, there were no detectable viable counts for AtctED biofilm cells in either a
mono- or mixed-culture in the presence of 100 pyg/mL of tobramycin (Figure 3.8), which
contrasted with the counts noted with the wild type. This observation extended to planktonic
cells that all vanished in the presence of tobramycin at 50 or 100 pg/mL (Figure 3.8). The

AtctED mutant demonstrated the greatest susceptibility to tobramycin treatment, and the
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polymicrobial environment did not influence this result. Moreover, the difference in biofilm
susceptibility at 100 pg/mL tobramycin between AtctED and PA14 WT was statistically
significant (Supplementary Figure $3.1). A similar trend was observed for the other mutant
tested (Supplementary Figure $3.1), further confirming AtctED as the most susceptible

strain among those examined.
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Figure 3.8: AtctED responses to tobramycin when grown anaerobically in a monoculture
and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions. Colony forming
units (CFU) of the non-treated sample (NT, green bars); sample treated with 50 pg/mL of
tobramycin (TOB50, blue bars) and sample treated with 100 pg/mL of tobramycin (TOB100,
red bars). The histogram represents the average of three biological replicates (n=3), and each
data point represents the average of three technical replicates. Statistical analysis was
performed using ordinary two-way ANOVA and Tukey's multiple comparisons post-test with
*p<0.05, **p < 0.01, ***p < 0.001, ns = non-significant and bd = below detection. Error bars
represent SD.
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3.4.3.3. P. aeruginosa mutant strains APA71759-60 and AflgK have different
responses to tobramycin in the CF polymicrobial assay

The susceptibility responses to tobramycin of the APA71759-60 and AflgK were evaluated

in the same polymicrobial context as the set of experiments described above. For APA1759-
60, the results showed a statistically significant decrease in viable cells in the presence of
tobramycin for biofilm and planktonic populations (Figure 3.9A). Moreover, while there was
no difference between the CFU counts for tobramycin 50 and 100 pug/mL in biofilm cells,
there was a substantial killing of planktonic cells precisely in the mixed cultures at 100
pg/mL (Figure 3.9A). This indicates that at this concentration of tobramycin, APA1759-60
were considerably more susceptible within the mixed community. In comparison to the wild
type, this strain exhibited the same susceptibility profile for biofilm cultures. However, for
planktonic cells, tobramycin at 100 pg/mL was detrimental to the wild type in both mono-
and mixed-cultures, with no CFU counts recorded. In contrast, APA1759-60 monocultures

showed some tolerance, with a detectable number of CFU counts.
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Figure 3.9: APA1759-60 and AflgK responses to tobramycin when grown anaerobically in
a monoculture and in a mixed culture (Mix) for biofilm (B) and planktonic (P) fractions.
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Colony forming units (CFU) of (A) APA1759-60 and (B) AflgK. CFU of the non-treated sample
(NT, green bars); sample treated with 50 pyupg/mL of tobramycin (TOB50, blue bars) and
sample treated with 100 pg/mL of tobramycin (TOB100, red bars). The histogram represents
the average of three biological replicates (n=3), and each data point represents the average
of three technical replicates. Statistical analysis was performed using ordinary two-way
ANOVA and Tukey's multiple comparisons post-test with *p<0.05, **p < 0.01, ***p < 0.001,
ns = non-significant and bd = below detection. Error bars represent SD.

Lastly, Aflgk biofilm cells showed increased susceptibility to tobramycin, as
demonstrated by a decreased CFU count compared to tobramycin absence (Figure 3.9B).
This susceptibility was even more pronounced for planktonic cells, where no detectable
counts were observed in the presence of tobramycin except for the mixed population at
tobramycin 50 pyg/mL (Figure 3.9B). This points to an advantage for planktonic AflgK cells to
withstand the tobramycin treatment when other members of the community are present.
This advantage, however, seems to vanish at a higher concentration of tobramycin.
Compared to the wild type strain, AflgK exhibited similar responses to tobramycin when
grown as a biofilm, although its planktonic cells showed slight differences from the wild type.
Indeed, planktonic cells of both strains have identical responses when exposed to
tobramycin 100 pg/mL. However, the wild type seemed to tolerate tobramycin 50 pg/mL
better, as some counts were observed, whereas AflgK appeared more susceptible at that

concentration of tobramycin, especially in the monocultures, as previously mentioned.

3.5. Discussion

In this chapter, | implemented the CF polymicrobial assay composed of P. aeruginosa, S.
aureus, S. sanguinis, and P. melaninogenica developed by Jean-Pierre et al. [199] in order to
1) Reproduce and validate the model with PA14 WT strain, 2) Assess whether six P.
aeruginosa mutant strains can persist in this multi-species setting under anaerobic
conditions, and 3) Evaluate their susceptibility profiles at different tobramycin
concentrations, within this same multi-species setting, under anaerobic conditions. While

many studies have assessed the contribution of various genes to antibiotic resistance in P.
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aeruginosa [40, 76-78, 89, 94, 304-306], this is the first study to determine the contribution
of these genes to antibiotic resistance under conditions that more closely mimic those

encountered in vivo in CF infections.
PA14 WT is stably maintained in a CF polymicrobial assay

The initial assessment with PA14 WT in the CF polymicrobial assay, composed of S.
aureus, S. sanguinis, and P. melaninogenica, showed a successful reproduction of the
model described by Jean-Pierre et al. [199] with minor differences in CFU counts that will be
discussed below. PA14 WT CFU counts exhibited the same trend and identical statistics as
reported in the original article, confirming the validity of this implementation for this strain

(Figure 3.1).

The CFU counts for S. aureus and S. sanguinis were relatively similar to those in the
original article, though there was a slight difference in biofilm populations. Indeed, for S.
aureus, | reported a small but statistically significant ~ 0.5 log reduction between mono- and
mixed species while the original report showed no differences (Figure 3.1). On the contrary,
for S. sanguinis, | found no differences between mono- and mixed-species, while the original
report showed a small but statistically significant ~ 0.5 log reduction between the two

settings (Figure 3.1).

These differences could stem from the inherent variability of the bacterial CFU assay.
Indeed, this assay is performed with manual colony counting. Inconsistent colony
identification from high cell densities causes colony overlap, complicating enumeration,
while low cell densities result in sampling errors (e.g., uneven distribution of bacteria in the
cell suspension and inaccurate sample volume). Furthermore, inconsistent dilution
techniques and pipetting errors also add to the variability in bacterial counts. Numerous
studies have highlighted these drawbacks and limitations, and various solutions have
emerged to address the variability, such as automating the CFU counting through image
acquisition and analysis [307-309]. Unfortunately, none of these solutions were utilized here
due to time, financial, and expertise limitations. Despite the differences noted between my

data and the original report for S. sanguinis and S. aureus, they remain modest. With the
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focus on P. aeruginosa, these differences were acknowledged but not intensively

investigated.

Lastly, the most considerable discrepancy was observed with P. melaninogenica. While
| obtained a similar number of CFU for planktonic and biofilm in the mixed cultures, as
reported in the original study, | also counted some colonies in the monocultures (Figure 3.1).
However, this last observation conflicted with other studies that highlighted the inability of
P. melaninogenica to grow as a monoculture in ASM with or without mucin [199, 310, 311]. |
decided to investigate the possible reasons behind this discrepancy between my data and

published reports.

| started by ruling out the possibility of contamination of the P. melaninogenica culture
stock at -80°C. To this end, | inoculated colonies of P. melaninogenica in anaerobic ASM
without mucin. Indeed, given that 2X ASM and 2X mucin solutions were prepared and stored
independently before being freshly combined on the day of the experiment to produce the
ASM+ culture media, it was deemed appropriate to investigate each solution separately.
After 48 h of incubation, there was no visible growth in the ASM culture tube. Next, | focused
on the mucin stock used to prepare ASM+ media. Mucin is a complex glycoprotein with
varying glycosylation patterns across sources [312]. Hypothetically, although P
melaninogenica is not typically regarded as a mucin degrader, it may produce glycoside
hydrolases or other enzymes that enable it to break down specific mucin components, such
as sialic acids, N-acetylglucosamine or fucose [312, 313]. Therefore, the differences in
mucin composition from various sources could potentially support the growth of P
melaninogenica as a monoculture. Testing different mucin stocks from various providers
would have been insightful to verify this hypothesis. However, due to time constraints, | did
not perform such a comparative analysis. | also considered the possibility of a batch effect
in different ASM+ preparations. My reasoning was that since ASM+ contains approximately
20ingredients, any imbalance in preparation, especially with mucin, could potentially trigger
the growth of this bacterium as a monoculture. Nonetheless, all my ASM+ batches resulted

in the growth of P. melaninogenica in monoculture.
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These investigations on the growth of P. melaninogenica monoculture in ASM with mucin
lead me to conclude that the problem could be the mucin sterilization technique. The
sterilization process likely requires re-evaluation and improvement because autoclaving
alone may not be as effective. Acknowledging this setback and limitation, | chose to move
forward with the experiments, prioritizing the emphasis on P. aeruginosa in this study. This
decision hinged on the requirement that the growth levels or CFU counts for other species,
along with the growth of P. melaninogenica in the mixed culture, alighed with published
reports.

P. aeruginosa mutant strains in the CF polymicrobial assay and their susceptibility
responses to tobramycin

In biofilms, similar levels of CFU counts for all six P. aeruginosa deletion mutant strains
(AndvB, APA1874-77, AtssC1, AtctED, APA1759-60 and AflgK) were recorded in mono- versus
mixed-culture (Figures 3.2 and 3.3). A modest decrease of ~ 0.5 log in the mixed- compared
to the mono-culture was recorded for all these strains in the planktonic growth, except for
AndvB and APA1759-60, which showed no reduction (Figures 3.2 and 3.3). Of note, outside
of their increased antibiotic sensitivity in biofilm, the mutants AndvB, APA1874-77, AtssC1
and AtctED were characterized as behaving identically to the wild type strain [40, 76-78, 89].
These observations are also echoed here in the CF polymicrobial assay. In summary, all six
deletion mutants persisted in the CF polymicrobial assay, despite the genetic loss of

function incurred by each strain.

The minimal bactericidal concentration (MBC) of tobramycin, calculated for PA14 WT
and the six PA14 deletion mutant strains, under anaerobic conditions, revealed that
APA1874-77 and AtctED had the highest values at 125 pg/mL (Table 3.5). In comparison, the
other five mutants had a value of 62.5 pg/mL. The tobramycin MBC value of 62.5 pug/mL
observed for PA14 WT aligns with previous findings [199]; however, the one-fold difference

across species is insufficient to define a distinct phenotype for any mutant.

Upon treatment with tobramycin 50 and 100 pg/mL, PA14 WT and the six PA14 deletion

mutants showed increased susceptibility in the CF polymicrobial assay (Figures 3.4 — 3.9).
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Except for AndvB and AflgK planktonic cells, the polymicrobial context does not seem to

drive the overall susceptibility responses observed.

Aside from the AtctED mutant, biofilm cultures of AndvB, APA1874-77, and AtssC1
exhibited the same susceptibility profile as PA14 WT. It is worth remembering that the
genetic loci ndvB, PA1874-77, and tssC1 are predominantly expressed in biofilms and have
previously been associated with biofilm-specific antibiotic resistance in PA14 WT in mono-
species studies using M63 minimal media in an aerobic environment [76-78, 91]. In other
words, AndvB, APA1874-77 and AtssC71 showed increased susceptibility to tobramycin
compared to PA14 WT only when cultivated as biofilms in aerobic M63 media. These
observations were not verified here in the CF polymicrobial assay, which was performed in
anaerobic ASM+, which contains mucin. Previous reports indicate that components of the
biofilm matrix, such as mucin and extracellular DNA, can bind to tobramycin [98]. This
binding reduces the antibiotic's bioavailability, thereby diminishing its effectiveness in killing
bacteria [98]. Since ASM+ contains both DNA and mucin, this may explain why tobramycin
susceptibility reported in M63 media for AndvB, APA1874-77, and AtssC1 biofilms was not

observed in the CF polymicrobial context assay.

Beyond the composition of the culture media, the oxygen level in the incubation
atmosphere, the size of the inoculum and the experimental technique (such as dilution) are
known to impact antibiotic susceptibility to varying degrees [314-317]. Therefore, the
discrepancy between my findings and previous reports could potentially be explained by
differences in culture conditions, which may influence gene expression, impact biofilm

formation, and affect the response to tobramycin.

Regarding the gene expression, to my knowledge, no studies have reported the level of
expression of ndvB, PA1874-77, and tssC1 under anaerobic conditions compared to aerobic
conditions. However, alongside the slower bacterial metabolism under anaerobic
conditions, numerous studies have highlighted a notable variation in gene expression and
regulation that occurs when oxygen levels are low or absent, affecting bacteria broadly and

particularly P. aeruginosa [6, 318, 318-322]. This begs the questions, are those genes even
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expressed under anaerobic conditions? What about their regulation? Indeed, if they are not
expressed under anaerobic conditions in the PA14 WT strain, it is unsurprising to observe
that the deletion of those genes makes no difference when it comes to antibiotic
susceptibility. The same conclusion could be drawn for the deletion mutants APA71759-60
and AflgK, which biofilm cultures also have the same phenotype as PA14 WT in response to
tobramycin treatment. In light of these observations, several assays, including
transcriptomic analysis, RT-qPCR, reporter gene assays and fluorescent protein tagging,
among others, could help assess the expression level of these different genes in the

experimental conditions outlined here and answer the aforementioned questions.

Another factor affecting the transferability of the susceptibility responses reported for
aerobic studies to the results reported in this study is that the oxygen level vastly influences
the quality of biofilm formed during incubation and the length of the incubation. Indeed,
under anaerobic conditions, the growth is considerably slower with reduced metabolic rates
[84, 323]. Arguably, due to this slow growth in a short 24 to 48 h time frame, biofilms formed
anaerobically may be less robust and more susceptible to antibiotic treatment compared to
aerobic biofilms. In contrast, an extended incubation time results in more robust biofilms
under anaerobic conditions due to the production of viscous exopolysaccharides such as
alginates [56, 243, 244]. Moreover, other factors like the composition of the culture media or
incubation surface could significantly influence the nature or robustness of the biofilm
formed. In the specific context of the CF microbial assay, | demonstrate in the next chapter
(Chapter 4) that biofilms formed in anaerobic ASM+ versus aerobic M63 minimal media are

structurally different.
A Focus on the AtctED Mutant

Among all the mutants, biofilm culture of AtctED exhibited a heightened 4-fold
susceptibility to tobramycin 100 pyg/mL compared to the PA14 WT (Figures 3.4 and 3.8).
Furthermore, | performed a statistical analysis to substantiate that this difference is
significant, not only for PA14 WT but also for all the other mutants in this study

(Supplementary Figure S3.1). Previous work from the Mah laboratory conducted under

81



aerobic conditions in M63 minimal media demonstrated that the deletion mutant AtctED
was also 4-fold more susceptible to tobramycin compared to PA14 WT when cultivated as a
biofilm [78]. In other words, despite the difference in culture conditions (aerobic vs.
anaerobic, M63 vs. ASM+ media), this mutant consistently proved more susceptible to
tobramycin than the wild type strain. These observations reinforce the finding that tctED is

an antibiotic resistance gene in a wide array of environmental conditions.

The tctED operon encodes a two-component system consisting of TctE as the histidine
sensor kinase and TctD as the corresponding response regulator, both of which are essential
for the uptake of tricarboxylic acid (TCA) in P. aeruginosa [89]. The tctED system senses and
responds to TCA cycle intermediates, such as citrate, which is an important metabolite and
preferred carbon source for P. aeruginosa [324-327]. In addition, P. aeruginosa also secretes
citrate [327, 328]. However, previous work in our laboratory found that in the presence of
exogenous citric acid (conjugate acid of citrate), AtctED formed poor biofilms and exhibited
anincreased susceptibility to tobramycin [89]. Therefore, to justify the increased tobramycin
sensitivity of AtctED noted in my experiments, | speculate that although both PA14 WT and
AtctED can secrete citrate, only the wild type strain can also uptake it as a part of its

regulation of extracellular citrate/citric acid.

In contrast, AtctED, because of its inability to sense or uptake citric acid, would end up
with an accumulation of that molecule extracellularly. In this context, the addition of
tobramycin would lead to heightened accumulation of tobramycin in the biofilm matrix of
the AtctED mutant, resulting in increased killing, as previously reported [89]. To test this
hypothesis, | could start by confirming that both PA14 WT and AtctED secrete citrate but
differ in citrate uptake, and that AtctED accumulates extracellular citrate due to defective
uptake. Mould and colleagues performed a similar experiment [327]. Next, | could show that
tobramycin treatment results in greater accumulation in the AtctED biofilm matrix and

enhanced killing, as performed in our laboratory [89].

In the broader context of antibiotic resistance involving adaptive mechanisms, a study

published by Bielecki et al. demonstrated that TctED participates in crosstalk with another
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two-component system called PhoBR [329]. This system responds to phosphate limitation,
with PhoR as the sensor kinase and PhoB as the response regulator. Bielecki et al.
demonstrated a crosstalk between TctD and PhoB, which amplifies citrate uptake when
phosphate is scarce, allowing P. aeruginosa to integrate citrate and phosphate signals.
Although the precise molecular mechanism remains underexplored, this regulatory
interplay enhances metabolic flexibility in nutrient-limited environments like CF. In my
experiments using a CF polymicrobial assay that approximates the conditions in vivo, it
would be interesting to evaluate the responses of AtctED in varying conditions of phosphate
concentrations and the presence of tobramycin. The goal would be to decipher how
phosphate and citrate concurrently affect the tobramycin susceptibility of this mutantin a

CF model of infection.
Limits and Future Directions

The tobramycin susceptibility profiles of the P. aeruginosa strains reported here in the CF
polymicrobial assay are unique and cannot be directly comparable to those reported in
previous studies [40, 76-78]. This divergence can be attributed to differences in
experimental parameters, including media composition (ASM+ versus M63) and oxygen
availability (aerobic versus anaerobic), both of which influence gene expression, biofilm
architecture, and antimicrobial responses. Given the physiological relevance of the CF
polymicrobial assay to the CF lung environment, it is plausible that the mutant-specific
responses to tobramycin reported here may reflectin vivo behaviour. Nonetheless, while this
model provides a robust framework for studying polymicrobial interactions in a CF-like

context, its limitations cannot be overlooked.

I mentioned earlier that the incubation duration of 24 to 48 h may be problematic and
does not ensure that mature and robust biofilms are formed under anaerobic conditions.
Extending the incubation period over multiple days may offer a more representative model
of the chronic infection dynamics, which is characteristic of the CF lung environment,
thereby yielding more physiologically relevant data. The nature of the biofilm in the assay

appears to consist more of floating BLS than solely surface-attached aggregates. This means
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that refreshing the culture media daily by discarding the spent supernatant eliminates a
sizeable portion of those BLS. Therefore, the experiment should be adapted and tailored for
BLS studies because, as currently performed, itis more suited for surface-attached biofilms.
One way to achieve this is to promote the adhesion of those BLS to the surface by coating or
priming the bottom of the well with mucin before adding the bacterial suspension in ASM.
Indeed, growing biofilm cells tend to attach more easily to a mucin layer at the bottom rather
than floating residues in the liquid medium. Landry and colleagues developed such a model
of mucin-coated surfaces and showed that specific adhesin-mucin interaction blocked
surface motility, resulting in a highly structured, heterogeneous biofilm that had increased
tolerance to tobramycin in P. aeruginosa [98]. Hence, by uniformizing the experimental
model, it would be objectively more accurate to delineate particular phenotypes associated

with specific strains.

Lastly, CF infections are notoriously polymicrobial in nature and although Jean-Pierre et
al. provided solid evidence of restricting their CF model to four species [199], multiple
strains or subpopulations of the same species with various pheno- and genotypic traits can
colonize the CF lung at the same time [330-335]. However, the assay as presently
constructed does not allow the simultaneous study of strains from the same species. One
way to address this for P. aeruginosa, is to use the fluorescent reporter tools described in
Chapter 2 of this thesis. Indeed, using fluorescent reporters that are compatible with one
another to mark different strains from the same species in the assay would allow the
assessment of individual strains and how they co-evolve. This way, the readout would be

fluorescence rather than CFU.

In this discussion, | have focused mainly on the biofilm cultures because they are the
bottleneck of CF infections and are much more challenging to eradicate. However, the CF
polymicrobial assay yielded notable differences in tobramycin susceptibility with regard to
the planktonic cultures of the various P. aeruginosa strains (Figures 3.4 — 3.9). In those
planktonic cultures, for example, the polymicrobial context seemed to have a greater
influence on the tobramycin responses on strains like AndvB and AflgK, which might be of

interest and could be explored further. While there may be multiple reasons for these
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differences in this specific experimental setup, one possibility is that, unlike in biofilm
cultures, these genes could be more actively expressed in planktonic cultures, which could

then explain the observations noted here.

3.6. Conclusions

In summary, my initial hypothesis stated that P. aeruginosa deletion mutants would not
be able to persist in a mixed-species environment because the loss of specific genes may
impair their competitive fitness against other species. However, this hypothesis was
unverified. Indeed, to some degree, all the mutants persisted in the CF polymicrobial assay.
Theirresponses to tobramycin treatment for biofilm cells were equivalent to those of the wild
type, with the exception of AtctED, which was more susceptible. Conversely, theirresponses
to tobramycin for planktonic cells are more divergent from those of the wild type, with
different tolerance levels noted, especially at a subinhibitory concentration of the antibiotic.
While this study highlighted different responses to the antibiotic tobramycin of several P.
aeruginosa strain, in a context relevant to their pathogenic in vivo mechanisms, these
responses were evaluated in a relatively short time span, where the bacteria were exposed
to the antibiotic for only 24 h. To emulate chronic levels of infection and understand, for
instance, adaptability, a more extended timeframe of 3 days to weeks could be explored.
Tweaking the delivery of mucin by coating the surface of the well could yield a more
homogeneous and uniform biofilm that could be used to probe antibiotic susceptibility

response.

In addition, all the genes studied are severely lacking information about their expression
or regulation under anaerobic or polymicrobial conditions and no molecular mechanisms
were examined. Gene expression assays could help fill some of these knowledge gaps.
Furthermore, the responses of the three other bacterial species were not investigated.
Indeed, it is possible that upon tobramycin treatment, a seemingly minor observation on a
P. aeruginosa mutantrepresented a substantial shift in antibiotic susceptibility for a different
species. Lastly, the co-incubation of two or more P. aeruginosa strains could not be assessed

using this CF polymicrobial assay because the readout using CFU on selective media could
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not differentiate between strains of the same species. Shifting to a readout based on

fluorescence rather than CFU could help mitigate this limitation.

Notwithstanding these limitations, the CF polymicrobial assay provides valuable insights
into P. aeruginosa responses to antibiotics in a context relevant to its pathogenicity. This
enhances our understanding of potential target genes such as tctED, and more broadly,

marks a significant step forward in the fight against antibiotic resistance.

3.7. Supplementary materials
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Figure S3.1: Comparison of tobramycin susceptibility of AtctED relative to PA14 WT (Pa)
and the other mutant strains in a monoculture and a mixed culture (Mix) for biofilm
cultures (B). The graph summarizes the CFU results of Figures 3.4 — 3.9 for 100 pg/mL of
tobramycin (TOB100). Statistical analysis was performed using ordinary one-way ANOVA
and Tukey's multiple comparisons post-test with ****p <0.00017, ns = non-significant and bd
= below detection. Error bars represent SD.

86



Chapter 4: Spatial distribution of P. aeruginosa biofilms in mono- and mixed-
cultures
4.1. Preface

All experiments and analyses presented in this chapter were performed by me, except
where otherwise noted. | put together all the figures and designed all the experiments,
including those involving plasmid construction, stabilization assay, and flow cytometry.
These specific experiments were carried out by Olivier Chagnon-St-Amour, an
undergraduate student whom | trained and directly supervised. Under my guidance, Olivier
constructed the plasmids, conducted the plate reader-based stabilization assay, and
collected the flow cytometry data. | ensured the experimental design was implemented
correctly and maintained rigorous oversight of data quality. | am also grateful to France
Manigat, who taught me how to analyze flow cytometry data, a skill | applied throughout this

study.

4.2. Introduction

In Chapter 2, several plasmids were built for the purpose of labelling and imaging P.
aeruginosa under anaerobic conditions. The plasmids were maintained in the bacteria by
antibiotic selection (ampicillin and carbenicillin). However, for these tools to be amenable
to a multi-species system, ensuring the plasmids are stably maintained without any
antibiotic selection is essential. One method for maintaining plasmids in bacteria without
using antibiotics is through toxin-antitoxin (TA) systems. A TA system consists of two genes in an
operon, where one encodes a stable toxin and the other produces its labile antitoxin to ensure a
specific equilibrium of the two within the bacterial cell [185, 336]. Beyond plasmid stabilization,
TA systems play crucial roles in bacterial physiology, adaptation to environmental stresses, and
virulence [162]. Regarding plasmid maintenance, there is a selective pressure for a bacterium to
keep the plasmid encoding the TA. Indeed, in plasmid-free cells, the antitoxin is rapidly degraded
due to its instability, resulting in the killing of the cell by the toxin—a phenomenon called post-

segregational killing [164, 185, 337].

Among TA systems, | have selected three with reported evidence of plasmid stability in Gram-

negative bacteria: CcdAB, VapBC and PumAB. The CcdAB system is based on the E. coli F-
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plasmid and is known to be involved in plasmid maintenance [165]. VapBC is a TA system found
in S. flexneri, which is vital in maintaining its virulence plasmid [177, 178]. A report on the TA
system PumAB has demonstrated its ability to stabilize the plasmid pUM505 of P. aeruginosa in
E. coli[180]. Akey advantage of employing a P. aeruginosa reporter strain thatdoesn't depend
on antibiotic selection is its versatility across different settings, including multi-species

environments, to analyze its biofilm spatial distribution.

Investigating the spatial distribution of biofilms is important, as the organization of cells
within these communities directly impacts their exposure to antimicrobial agents and
nutrient availability, thereby shaping both treatment efficacy and bacterial behaviour [237-
239]—an aspect that forms a central focus of my research. For instance, cells in deeper
biofilm layers often experience hypoxia, reducing their metabolic activity and making them
less susceptible to antibiotics [51]. The spatial structure of biofilms also shields inner
bacterial populations from immune responses. For example, the extracellular polymeric
matrix and outer cell layers act as physical barriers, limiting penetration by immune cells like
neutrophils and reducing phagocytosis [82]. Furthermore, the spatial arrangement of cells
within biofilms affects quorum sensing. Indeed, high-density regions within biofilms could
enhance quorum-sensing signals, which may lead to increased virulence [338]. Altogether,
these studies underscore that understanding how cells are spatially distributed within a

biofilm is essential for managing biofilm-related infections like CF.

The objectives in this chapter are twofold: 1) Construct a plasmid that can be stably
maintained in P. aeruginosa without antibiotic selection, and 2) Use this plasmid to
transform P. aeruginosa into a reporter strain for studying its biofilm spatial distribution in
the CF polymicrobial assay using microscopy. The spatial distribution in this instance entails
the characterization of both the number and size of biofilm aggregates in mono- compared
to mixed-species communities. It also encompasses the analysis of potential clustering
patterns in the presence of other bacterial species—for instance, whether P. aeruginosa
biofilms are uniformly distributed or exhibit spatial segregation. The findings in this chapter
aim to characterize P. aeruginosa biofilms in the CF polymicrobial assay and to contrast the

distribution of P. aeruginosa biofilm in mono- versus mixed-species communities. A long-
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term goal is to provide spatially informed therapeutic strategies essential for the treatment

of CF.

4.3. Materials and Methods
4.3.1. Construction of plasmids

The plasmids harbouring the TA systems (VapBC, CcdAB and PumAB) were constructed
usingthe same methodology described in Chapter 2—Section 2.4.1. Briefly, the expression
vector pCFT4.2 encoding the fluorescent protein phiLOV2.1 [144] was used to clone each of
the TA systems downstream of the ampicillin gene and using the arcA transcription
terminator (Figure 4.2). The vapBC and ccdAB genes were directly amplified from the
virulence plasmid pINV of Shigella flexneri M90T by PCR with the high-fidelity Phusion DNA
polymerase (ThermoFisher). The pumAB genes were synthesized (Integrated DNA
Technologies, IA). The amplified vapBC and ccdAB genes and the synthetic pumAB were
cloned into the pCFT4.2 vector using the NEB Gibson assembly master mix (NEB, #E2611).
Sanger sequencing (Génome Québec) confirmed the cloned fragments in each plasmid.
Table 4.1 and Supplementary Table S$4.1 list the plasmids and primers used in this study,

respectively.

4.3.2. Bacterial strains and Growth conditions
For plasmid construction, the strains and growth conditions are identical to Chapter 2
— Section 2.4.2, except that only planktonic cultures were assayed. Briefly, E. coli strain
DH10B was used for plasmid propagation, and PA14 WT was used in the fluorescence
experiments. The culture medium was LB supplemented with ampicillin (100 pg/mL) or
carbenicillin (100 or 200 pg/mL) for DH10B and PA14 transformants, respectively. All
incubations were performed at 37°C in a shaker incubator set at 250 rpm in an aerobic

atmosphere.

All the assays requiring anaerobic incubation were performed at 37°C in a BactronEZ
chamber (Sheldon Manufacturing, Inc., Cornelius, OR) under an anaerobic atmosphere of

5% H,, 5% CO,, 90% N, that contained fewer than 4.7 parts per million O, per the
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manufacturer's specifications. The bacterial strains for each assay and specific culture

conditions are listed in their respective sections.

4.3.3. Plasmid stability assays
4.3.3.1. Fluorescence plate reader assay
PA14 harbouring each of the plasmids encoding the TA systems (VapBC, CcdAB and
PumAB) was grown aerobically at 37°C with shaking (250 rpm), and the cultures were
subsequently subcultured in LB * carbenicillin 100 pg/mL every 24 h to an OD600 of 0.3. The
fluorescence was recorded over five days on a Hybrid Synergy H4 Hybrid plate reader
(BioTeK). The data were normalized according to the OD600 and correlated to the loss or
maintenance of the plasmid in the absence of antibiotic selection. Controls were also
assayed, including the expression vector pCFT4.2/phiLOV2.1 and an empty plasmid with no

fluorescent protein (pUdO4a/EV). Three biological replicates were assessed.

4.3.3.2. Flow cytometry experiments

The PA14 cultures mentioned above that were used for the fluorescence plate reader
assay were simultaneously used for the flow cytometry experiment, but only during the first
three days of the experiment. Thus, for each of the three days of the experiments, the cell
culture was diluted 1/4 in TmL PBS. These dilutions were centrifuged at 2,500xg for 3 min
and resuspended in 1TmL PBS. This cell resuspension was washed three more times using
1mL PBS at the same centrifugation settings. The last resuspension was further diluted to
1/50 in TmL PBS in flow cytometer tubes. The fluorescence intensities of the samples were
measured with a Gallios Flow cytometer (Beckman Coulter): BFP, excitation: 405nm,
emission:450+40nm; and analyzed with the software KALUZA (v.2.1). Graphs were prepared
with GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

4.3.4. PA14 carrying pCFT4.2.1 in the CF polymicrobial assay
Since the goal of stabilizing the plasmid pCFT4.2.1 in PA14 in the absence of antibiotic
selection was to use it in the CF polymicrobial assay, | performed a colony forming units
(CFU) assay as described in the previous chapter (Chapter 3 - Section 3.3.2). In brief, PA14
harbouring pCFT4.2.1/phiLOV2.1+VapBC was cultivated in a 96-well plate as a mono- and
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mixed-culture along with S. aureus, S. sanguinis and P. melaninogenica in the artificial
sputum media containing 5 mg/mL of mucin (ASM+) designed to mimic a CF-like
environment [293, 294]. The plate was then incubated anaerobically at 37°C, with each
sample assayed in triplicate. The following day, the culture media were refreshed, and the

incubation continued for another 24 h under the same conditions.

At the end of the incubation, the planktonic and biofilm fractions were separately
collected, 10-fold serially diluted and plated on solid agar media selective for each bacterial
species (see Chapter 3 - Table 3.2). The respective agar plates were incubated under their
optimal conditions to allow the formation of colonies. Finally, colony counting was
conducted, and the CFU/mL was determined for each bacterial strain. At least three
biological replicates were performed. The results were tabulated and plotted, and statistical
analyses were computed with GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Data are

presented as mean = standard deviation, with a 95% confidence level (p < 0.05).

4.3.5. Biofilm biomass quantification with the Crystal Violet staining assay

Biofilm biomass was characterized using a crystal violet assay [97, 339, 340]. The
different P. aeruginosa strains previously introduced in Chapter 3, namely PA14 WT, AndvB,
APA1874-77, AtssC1, AtctED, APA1759-60, AflgK and PA14/pCFT4.2, were incubated at 37°C
in either ASM+ media under aerobic conditions or ASM+ media and M63 minimal media
supplemented with 1 mM MgS0,, 0.4% L-arginine and 100 mM KNO; (M63N) under
anaerobic conditions. The cells were incubated for 24 h in a 96-well microtiter plate, and the
culture media were refreshed the following day. The incubation was pursued for another 24

h.

After a total of 48 h of incubation time, all the unattached cells were removed, and the
plate was washed three times with distilled water. The adherent cells, which represent the
biofilm cells, were stained with a 0.1 % crystal violet solution for 15 minutes. The excess
crystal violet was subsequently removed and washed away with water three times. At this
step, only the bound dye remained on the plate. After air-drying the plate for at least 16 h,

pictures of the plate were taken, and the crystal violet was resolubilized with acetic acid
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30%. The absorbance at 595 nm was then recorded and correlated with the biofilm biomass.

Graphs were prepared with GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

4.3.6. Live fluorescence imaging by microscopy
4.3.6.1. Microscopy aerobic

PA14 WT carrying no plasmid was used as a negative control. PA14 WT and
PA14/pCFT4.2.1 were grown overnight in 5 mL LB and LB supplemented with 100 pg/mL
carbenicillin, respectively. This incubation was performed at 37°C with shaking (250 rpm)
under aerobic conditions. The following day, 500 pL of bacterial culture was centrifuged
(2400xg; 10min). The M63N media was used to wash and resuspend the pellet to maintain
cell viability during imaging. The dye SynaptoRed C2 (FM 4-64, Biotium, Fremont, CA) was
used as amembrane probe. The pellets were washed once in M63N and resuspended in TmL
M63N = 10 uM SynaptoRed C2. The samples were then put back in the incubator at 37°C for

another 15 min to allow the dye to penetrate the cell membrane.

Afterwards, 200 pL of each cell suspension were loaded in a 35 mm glass-bottom dish
(Cellvis, #D35-20-1.5H). To immobilize the cells during fluorescence imaging, the cell
suspensions were each covered with a 2% agarose pad. The glass-bottom dish was then
covered with a 35 mm glass-top cover (Cellvis, #D35-20-0-TOP) for differential interference
contrast (DIC) imaging. Micrographs were acquired on a Zeiss LSM 880 AxioObserverZ1
confocal microscope equipped with an EC Plan-Neofluar 100%/1.3 oil M27 objective.
Fluorescence was captured using the argon laser at 458 nm for phiLOV2.1 [excitation: 458
nm; emission: 466-537 nm] and at 514 nm for SynaptoRed C2 [excitation: 514 nm; emission:
591-722 nm]. All micrographs were collected with the ZEN software (Zeiss) and prepared

with Zen Blue (Zeiss).

4.3.6.2. Microscopy anaerobic
4.3.6.2.1. Mono-Dual-Tri-Tetra biofilm imaging
After imaging PA14/pCFT4.2.1 in a simpler optimal system, the next step was to image
anaerobic monocultures and gradually increase the complexity by incubating co-cultures of

2, 3 and 4 species. Biofilm monocultures of PA14/pCFT4.2.1 were prepared as in the CF
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polymicrobial assay with a few modifications. Instead of a 96-well plate, 2 mL of the
inoculum at an OD600 of 0.01 in ASM+ media was loaded into a 35 mm glass-bottom dish
(Cellvis, #D35-20-1.5H) and incubated anaerobically for 24 h at 37°C. The media was then
refreshed, and the incubation was pursued for another 24 h. Following the 48 h incubation,
the spent supernatant was discarded and the plate was washed once with TmL PBS. A
volume of 200 yL of ASM without mucin (ASM) was added on top of the attached cells to
preserve viability during imaging. Subsequently, a 2% agarose pad was layered on top of the
cells, and the plate was covered with a 35 mm glass-top cover (Cellvis, #D35-20-0-TOP) for
differential interference contrast (DIC) imaging, then processed for imaging using the same

settings as in Section 4.3.6.1.

Because this initial imaging of PA14/pCFT4.2.1 revealed artifacts of residual mucin
fluorescing at the same wavelength as phiLOV2.1, | made some alterations to the mucin
preparation. Instead of the usual 10 mg/mL mucin stock, | prepared a 40 mg/mL solution that
was centrifuged at 4900 rpm for 5 h at a 1 h interval to remove any solid residue. The clear
supernatant was then collected, autoclaved, and used as a 2X mucin solution that was later
combined with ASM to be used as culture medium. After a CFU count to verify that the
relative counts of each bacterial species in the CF polymicrobial assay were not significantly
affected by this change in mucin preparation, | proceeded by using this new formulation to

culture bacteria for microscopy experiments.

Using this ASM media prepared with centrifuged mucin, | prepared monocultures of
PA14/pCFT4.2.1 and equivalent ratios of dual cultures of PA14/pCFT4.2.1 and S. aureus, tri-
cultures of the previous two species plus S. sanguinis and finally a tetra-culture of the last
three species plus P. melaninogenica. The incubation and sample preparation were
executed as mentioned at the beginning of this section. In addition, the dye SynaptoRed C2
at 10 uM was added to 200 pL of ASM and layered on top of the biofilm cells. The imaging

setting was identical to the one in Section 4.3.6.1.
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4.3.6.2.2. Anaerobic surface-attached biofilm in ASM+ media

Noticing another issue with PA14/pCFT4.2 and the ASM media prepared with centrifuged
mucin—no biofilm in 48h and no fluorescence in mixed cultures—I reverted to the original/
regular mucin preparation in ASM+ media. To mitigate artifacts of mucin during imaging,
special attention was paid to the washing step after the incubation. Two washes and delicate
swirling and pipetting were performed to maximize the removal of sedimented mucin
unattached to biofilm cells. The attached biofilm of PA14/pCFT4.2.1 monocultures and the
four-species mixed-culture of PA14/pCFT4.2.1, S. aureus, S. sanguinis and P
melaninogenica were assayed. The sample preparation, processing, and imaging were
performed as previously described, except Z-stacks across a depth of 4 um were collected.
All micrographs were collected with the ZEN software (Zeiss), and the volume and numbers
of biofilm aggregates were calculated and collected using the ImagelJ software [256]. These
numbers, collected from three separate experiments, were plotted with GraphPad Prism 8

(GraphPad Software, La Jolla, CA).

4.3.6.2.3. Anaerobic Biofilm-like structure (BLS) in ASM+ media
Using ASM+ media and following the identical incubation and sample preparation
protocol as in the first paragraph of Section 4.3.6.2.1, instead of discarding the supernatant
after the incubation, | pipetted 100 pL and loaded it on a new 35 mm microscope dish. A 2%
agarose pad was blanketed on top, and confocal imaging ensued at the setting previously

listed.

To facilitate the comprehension of the methodology for anaerobic microscopy described
in Section 4.3.6.2, a flowchart outlining all steps, troubleshooting, and final solution is

presented below in Figure 4.1.
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Section 4.3.6.2 - Anaerobic microscopy

'

Step 1: Initial imaging

Setup:
Imaging : mono PA14/pCFT4.2.1
Culture media : ASM+

Outcome:
Fluorescence (phiLOV2.1): YES
Problem: Fluorescent artifacts of mucin

Solution:
- Remove solid mucin residues by centrifugation
— Use ASM with centrifuged mucin

Results: Not shown

v

Step 2: Imaging mono- and mixed-species

Setup:
Imaging : mono, dual, tri and tetra species
Culture media : ASM with centrifuged mucin

Outcome:
Fluorescence (phiLOV2.1): YES in mono-species
NO in mixed-species
Problem:
— No PA14 biofilm in mixed-species
—No phiLOV2.1 fluorescence in mixed-species

Solution:
- Revert to ASM+
— Improve washing to eliminate mucin residues

Results: Figure 4.14

v

Step 3: Final Imaging mono- and mixed-species

Setup:
Imaging : mono and mixed-species (4)
Culture media : ASM+
Outcome:
Fluorescence (phiLOV2.1): YES in mono-species

YES in mixed-species
Problem: None

Results: Figures 4.15, 4.16 and 4.18.

Issues?

NO
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Figure 4.1: Flowchart summarizing the stepwise optimization of anaerobic microscopy
using phiLOV2.1 fluorescence. Initial mono-species imaging in ASM+ revealed mucin-
related artifacts, leading to the use of centrifuged mucin. Mixed-species imaging failed to
show fluorescence and PA14 biofilm, prompting a return to ASM+ and improved washing
steps. Finalimaging in ASM+ yielded successful fluorescence without issues.

4.4. Results
4.4.1. Construction of plasmids carrying toxin-antitoxin (TA) systems

In order to use P. aeruginosa as a reporter strain in a CF polymicrobial assay, the
anaerobic fluorescent reporter pCFT4.2 from Chapter 2 was used to construct three
plasmids carrying different toxin-antitoxin (TA) systems. The goal was to maintain the
expression of the fluorescent protein phiLOV2.1 in the absence of antibiotic selection. The
open reading frames of the TA systems VapBC, CcdAB and PumAB were selected and cloned
into the vector pCFT4.2 to generate pCFT4.2.1, pCFT4.2.2 and pCFT4.2.3 (Table 4.1 and
Figure 4.2). The plasmid map in Figure 4.2 shows that the different TA systems were

introduced downstream of the ampicillin coding sequence.

Table 4.1: Plasmids used and generated in this study

Plasmid name Fluorescent protein Toxin-Antitoxin Ant.lblonc Reference
resistance

pUdO4a Empty Vector (EV) None Ap, Cb [250]

pCFT4.2 phiLOV2.1 None Ap, Cb [144]

pCFT4.2.1 phiLOV2.1 VapBC Ap, Cb This study

pCFT4.2.2 phiLOV2.1 CcdAB Ap, Cb This study

pCFT4.2.3 phiLOV2.1 PumAB Ap, Cb This study
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pCFT4.2.x
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phiLOV2.1
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Figure 4.2: Plasmid map of pCFT4.2.x. pCFT4.2.x are derived from pCFT4.2, where different
toxin-antitoxin (TA) systems — VapBC, CcdAB, and PumAB were introduced downstream of
the AmpR coding sequence, yielding three distinct plasmids. pBBR1 is the origin of
replication. thrLABC_ter, L3S2P21_ter, and arcA_ter are the transcription terminators. The
map is to scale, except for the TA systems, which vary slightly in length, and was created
using SnapGene v.8.1.1.

4.4.2. Only pCFT4.2.1is effectively stabilized in the absence of antibiotic

selection

To assess whether, in the absence of antibiotic selection, the different TA systems
(VapBC, CcdAB, and PumAB) stabilize the plasmids pCFT4.2.x in P. aeruginosa while
expressing phiLOV2.1, a fluorescence assay with a plate reader was performed over five
consecutive days using pCFT4.2/phiLOV2.1 as a negative control. The cultures were
subcultured every 24 h to an OD600 of 0.3. The results showed that, in the presence of
antibiotic selection, the fluorescence for all the strains was detectable and remained high

and relatively constant over time (Figure 4.3, left panel). By contrast, without the antibiotic,
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the fluorescence declined abruptly for all strains and was abrogated by day 3, except for the
strain carrying pCFT4.2.1 that harbours phiLOV2.1 and VapBC (Figure 4.3, right panel). This
suggests that only the VapBC TA system effectively stabilized the plasmid in PA14 when there

was no antibiotic selection.

With antibiotic Without antibiotic
— 100+
3
o 80
b -+ phiLOV2.1
2 60 = phiLOV2.1+VapBC
§ 404 —— phiLOV2.1+CcdAB
] -+ phiLOV2.1+PumAB
o 204
=
(18 -
0 T T T T T T T T —f
24h 48h 72h  96h 120h 24h  48h 72h  96h  120h

Figure 4.3: Fluorescence of P. aeruginosa PA14 expressing phiLOV2.1 with or without the
toxin-antitoxin system VapBC (blue), CcdAB (black) and PumAB (red). The control strain
(green) lacked a cloned toxin-antitoxin system. The cultures were grown aerobically with and
without the antibiotic carbenicillin 100 pg/mL for five consecutive days, with daily
subcultures to an OD600 of 0.3. The fluorescence was recorded every 24 h at 450 nm of
excitation and 49520 nm of emission. Error bars represent SD (n=3).

4.4.3. Over 90% of PA14 cells keep pCFT4.2.1 after 3 days without antibiotic

selection

While the fluorescence assessment with the plate reader yielded the total fluorescence
in the bacterial culture, it was also essential to evaluate quantitatively which percentage of
PA14/pCFT4.2.1 cells was fluorescent versus which one was not, especially in the absence
of antibiotics. For this experiment, flow cytometry was used to measure the percentage of
cells that expressed fluorescence in the presence or absence of antibiotics. The empty
vector pUdO4a (EV) with no fluorescence and no VapBC was used as a negative control for
both parameters (Figure 4.4). PA14/pCFT4.2 expressing phiLOV2.1 and no VapBC was used
as a control for the proportion of fluorescent cells lost in the absence of VapBC and

antibiotic selection.
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The results show that in the absence of both VapBC and antibiotic selection, only 4% of
the total bacterial population maintained their fluorescence, while 97% of cells still
expressed phiLOV2.1 after 3 days in the presence of the antibiotic (Figure 4.5). By contrast,
when VapBC is present, 93% of cells expressed phiLOV2.1 even with no antibiotic in the
media on day 3, compared to 98% in the presence of antibiotic (Figure 4.6). This
unequivocally indicates that not only does VapBC effectively stabilize the plasmid
pCFT4.2.1, but also, a substantial 93% of the total cell population retains the plasmid and
sustains phiLOV2.1 expression over at least 3 days. A summary graph of Figures 4.4 - 6,
presented as Figure 4.7, explicitly substantiates those observations. It displays the
percentage of fluorescent cells across all strains over three days, emphasizing VapBC as a

highly effective plasmid stabilizer that does not require antibiotics for plasmid maintenance.
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Figure 4.4: Flow cytometry analysis of P. aeruginosa PA14 carrying the pUdO4a empty
vector (EV) used as a negative control. The graphs show the percentage of cells expressing
(phiLOV2.1+; green) or not (phiLOV2.1-; gray) the fluorescent protein phiLOV2.1 at different
times without (top) and with (bottom) the antibiotic carbenicillin (ABX). Cultures were grown
aerobically for three consecutive days either with or without ABX. Fluorescence was
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recorded every 24 h with a constant voltage at the excitation wavelength of 405 nm and the
emission wavelength of 450+50nm.
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Figure 4.5: Flow cytometry analysis of P. aeruginosa PA14 carrying the
pCFT4.2/phiLOV2.1. The graphs show the percentage of cells expressing (phiLOV2.1+,
green) or not (phiLOV2.1-, grey) the fluorescent protein phiLOV2.1 at different times without
(top) and with (bottom) the antibiotic carbenicillin (ABX). Cultures were grown aerobically for
three consecutive days either with or without ABX. Fluorescence was recorded every 24 h
with a constant voltage at the excitation wavelength of 405 nm and the emission wavelength
of 450+50 nm.
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Figure 4.6: Flow cytometry analysis of P. aeruginosa PA14 carrying the
pCFT4.2.1/phiLOV2.1+VapBC. The graphs show the percentage of cells expressing
(phiLOV2.1+, green) or not (phiLOV2.1-, grey) the fluorescent protein phiLOV2.1 at different
times without (top) and with (bottom) the antibiotic carbenicillin (ABX). Cultures were grown
aerobically for three consecutive days either with or without ABX. Fluorescence was
recorded every 24 h with a constant voltage at the excitation wavelength of 405 nm and the
emission wavelength of 450+50 nm.
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Figure 4.7: Summary of the flow cytometry analysis results of Figures 4.4 - 6. The graph
represents the percentage of cells expressing phiLOV2.1 over 3 days in the presence or
absence of the antibiotic carbenicillin (ABX). EV represents the empty vector pUdO4a.
phiLOV2.1 represents pCFT4.2, which lacks the VapBC toxin-antitoxin system. VapBC
represents pCFT4.2.1, which carries both phiLOV2.1 and the VapBC toxin-antitoxin system.

4.4.4. P. aeruginosa PA14 carrying pCFT4.2.1 is stably maintained in the CF

polymicrobial assay

The goal of antibiotic-free maintenance of the plasmid pCFT4.2.1 in PA14 is to use this
strain as a fluorescent reporter for tracking P. aeruginosa in the CF polymicrobial assay. The
plasmid pCFT4.2.1 carries an ampicillin cassette, which confers resistance to p-lactam
antibiotics such as ampicillin and carbenicillin to P. aeruginosa. To verify that this resistance
gene does not confer any advantage or, on the contrary, a disadvantage to P. aeruginosa
carrying this plasmid, it was crucial to assess the persistence of PA14/pCFT4.2.1 in the

mixed culture composed of S. aureus, S. sanguinis, and P. melaninogenica.

Interestingly, when growing strain PA14/pCFT4.2.1 (referred to as VapBC) in the CF
polymicrobial assay, the CFU counts for both biofilm and planktonic fractions in mono- or
mixed-culture reached similar levels (Figure 4.8). Moreover, the CFU count of
PA14/pCFT4.2.1 is comparable to that of PA14 WT carrying no plasmid (Chapter 3 - Section
3.4 - Figure 3.1). This suggests that carrying the plasmid does not alter P. aeruginosa
behaviour in the presence of other bacteria in the assay, at least regarding CFU counts.
Consequently, it was reasonable to use this fluorescent strain for downstream microscopy
experiments. Because of the focus on P. aeruginosa, the CFU values for the other three
species were not presented in this figure. However, they follow the same pattern as in the

experiment featuring PA14 WT (Chapter 3 - Section 3.4 - Figure 3.1).
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Figure 4.8: Colony forming units (CFU) counts of PA14 carrying pCFT4.2.1 (VapBC) grown
anaerobically as a monoculture and in a mixed culture (Mix) for biofilm (B) and
planktonic (P) fractions. The histogram represents the average of three biological
replicates, and each data point represents the average of three technical replicates.
Statistical analysis was performed using ordinary one-way ANOVA and Tukey's multiple
comparisons post-test, with ns = non-significant. Error bars represent SD (n = 3).

4.4.5. Biofilm biomass quantification with the crystal violet staining assay

To characterize the nature of biofilms formed by P. aeruginosa under anaerobic
conditions in ASM+ media, biofilm biomass was quantified using the crystal violet assay, a
well-established and standard method for assessing biofilm formation [97, 339, 340].
Indeed, due to its alkaline nature, crystal violet typically binds to negatively charged surface
molecules and polysaccharides in the extracellular matrix, including DNA, proteins, sugars,
lipids, etc. [341, 342]. | used this assay to assess the biofilm biomass of eight P. aeruginosa
strains (PA14 WT, AndvB, APA1874-77, AtssC1, AtctED, APA1759-60, AflgK, and
PA14/pCFT4.2.1 (VapBC)). All the deletion mutant strains were previously introduced in
Chapter 3. Although PA14 WT and PA14/pCFT4.2.1 (VapBC) are the main focus of this
experiment, the deletion mutant strains were introduced as an initial step towards the long-

term objective of studying the biofilm formation of these strains as well. | performed a
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qualitative and quantitative assessment of the biofilm biomass at 48 h incubation under
aerobic and anaerobic conditions in mono- and mixed-cultures using ASM+ media. AflgK
was used as a negative control for aerobic experiments because it does not form biofilm at

the air-liquid interface due to its flagellar motility deficiency.

As expected, under aerobic conditions and for mono- and mixed-cultures, all P.
aeruginosa strains except the AflgK control formed a biofilm at the air-liquid interface in
ASM+ media as demonstrated by the presence of a purple ring with varying intensity on the
side of the microplate wells (Figure 4.9, plate at the top). In contrast, under anaerobic
conditions, no purple coloration was visible, which suggested that no biofilm or an
undetectable amount was formed for all the strains (Figure 4.9, plate at the bottom). A
quantification of the data presented in Figure 4.9 revealed the amount of biofilm formed.
Unsurprisingly, the quantification is on par with the qualitative observations of the crystal
violet staining. Indeed, while detectable biomass levels were recorded for all aerobic
cultures except for AflgK, as expected, no substantial record of biomass was noted for

anaerobic cultures (Figure 4.10).

Collectively, Figures 4.9 and 4.10 indicate that under anaerobic conditions in ASM+
media, P. aeruginosa does not form the traditional surface-attached biofilm, which points to
a different type of biofilm, likely the biofilm-like structure (BLS) previously reported by other
groups [56, 343]. It is noteworthy that the polymicrobial context did not significantly
influence the quantity of biomass formed aerobically, as there was no statistical difference

in mono- versus mixed-cultures.
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Aerobic - ASM+

Figure 4.9: Crystal violet staining of bacterial biofilms grown aerobically (plate at the
top) and anaerobically (plate at the bottom) for 48 h at 37°C in ASM+ media. The different
bacterial strains (#1 - 8) were grown as monoculture (Mono) and mixed-culture (Mix)
composed of S. aureus, S. sanguinis and P. melaninogenica. The crystal violet ring is
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observable with variable intensity on all the various strains on the aerobic plate, except the
control AflgK. The purple ring is characteristic of biofilm formed at the air-liquid interface.
The absence of crystal violet staining is noticeable for all the strains on the anaerobic plate.
Annotations for all plates are as follows: 1; PA14 WT, 2; AndvB, 3; APA1874-77, 4; AtssC1, 5;
AtctED, 6; APA1759-60, 7; AflgK and 8; PA14/pCFT4.2.1 (VapBC).
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Figure 4.10: Biofilm quantification of the crystal violet assay from Figure 4.9. The biofilm
of different bacterial strains was grown under aerobic (O,) and anaerobic (d0,) conditions
and as monoculture (Mono, blue bars) and mixed-culture (Mix, pink bars) composed of S.
aureus, S. sanguinis and P. melaninogenica. VapBC is PA14/pCFT4.2.1. Biofilms were
visualized by crystal violet staining and quantified by solubilizing the crystal violet with 30%
acetic acid. The histogram represents the average of three replicates. Statistical analysis
was performed using Two-way ANOVA and Sidak's multiple comparisons post-test, with ns
= non-significant, bd = below detection. Error bars represent SD (n=3).
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To decipher whether the inability of P. aeruginosa to form quantifiable surface-attached
biofilm was due to ASM+ media or the anaerobic conditions, the M63 minimal media
supplemented with nitrate (M63N) was used alongside ASM+. Only monocultures of the
eight P. aeruginosa strains were assayed for 48 h using crystal violet for biofilm biomass
qualitative and quantitative analysis.

Interestingly, under anaerobic conditions, a distinctive purple crystal violet coloration
appeared in M63N media, contrasting with the lack of noticeable colour in ASM+ media
(Figure 4.11). This reinforces the notion that P. aeruginosa may form unconventional biofilms
akin to BLS in ASM+ media under anaerobic conditions, as previously observed in Figure 4.9.
The visible layer of crystal violet coloration at the bottom and on the side of the well with
M63N suggests that the biofilm is attached to those surfaces and not solely at the air-liquid
interface, as seen under aerobic conditions (Figure 4.9). This outcome was expected
because, under anaerobic conditions, P. aeruginosa does not need to swim to the air-liquid
interface for respiration. Instead, it can directly utilize nitrate in the media as an alternative
electron acceptor [4, 5].

The quantitative analysis supports the findings that the biomass collected for P.
aeruginosa cultures in M63N was substantially greater than that of ASM+ (Figure 4.12). A
notable exception was for strain APA1759-60, which had no measurable biomass regardless
of the media. The inability of this strain to form detectable biofilm in M63N media after 48 h
of incubation was previously reported by a colleague in our laboratory [96]. Taken together,
the results from Figures 4.9 - 12 suggest that P. aeruginosa does not form a traditional

surface-attached biofilm in ASM+ under anaerobic conditions on a microtiter plate.
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Figure 4.11: Crystal violet staining of bacterial biofilms grown anaerobically for 48 h at
37°C in ASM+ media (left) and M63N media (right). The different bacterial strains (#1 — 8)
were grown as monocultures (Mono). The crystalviolet coloration is observable with variable
intensity for all the various strains on the M63N side of the plate except for APA7759-60. The
purple coloration is characteristic of biofilm attached to the well surface. The absence of
crystal violet staining is noticeable for all the strains on the ASM+ side of the plate.

Annotations for all plates are as follows: 1; PA14 WT, 2; AndvB, 3; APA1874-77, 4; AtssC1, 5;
AtctED, 6; AflgK , 7; APA1759-60 and 8; PA14/pCFT4.2.1 (VapBC).
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Figure 4.12: Biofilm quantification of the crystal violet assay from Figure 4.11. The
biofilm of different bacterial strains was grown as monocultures under anaerobic conditions
in M63N media (green bars) and ASM+ media (blue bars) for 48 h at 37°C. VapBC is
PA14/pCFT4.2.1. Biofilms were visualized by crystal violet staining and quantified by
solubilizing the crystal violet with 30% acetic acid. The histogram represents the average of
three replicates. Statistical analysis was performed using Two-way ANOVA and Sidak's
multiple comparisons post-test, with ns = non-significant, bd = below detection. Error bars
represent SD (n=3).

4.4.6. Microscopy and Spatial distribution of PA14 WT biofilm in mono-vs
mixed-culture
4.4.6.1. Aerobic Mono-species
The initial assessment of fluorescence by microscopy was performed using planktonic
cellsin LB medium grown under aerobic conditions. The goal was to evaluate the cells under
simple, optimal and straightforward growth conditions for P. aeruginosa. The results of
Figure 4.13 revealed that PA14/pCFT4.2.1 expressing phiLOV2.1 was distinctly visible under

the microscope. The WT strain served as the negative control and gave the expected result
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of no phiLOV2.1 fluorescence. Furthermore, the red dye Synaptored C2, used as an indicator

of bacterial cells, was identifiable in the membrane of each cell.
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Figure 4.13: Fluorescence imaging of planktonic PA14 expressing phiLOV2.1 under
aerobic conditions (Zoom factor: 2X). (A) Micrograph of PA14 WT (WT) stained with
SynaptoRed C2 10 uM. (B) Micrograph of PA14/pCFT4.2.1 (VapBC) expressing phiLOV2.1 and
the toxin-antitoxin system VapBC stained with SynaptoRed C2 10 uM. From left to right: red
channel fluorescence showing cells membrane stained with SynaptoRed C2 10 pM (614 nm,
591-722 nm); green channel fluorescence showing cells expressing phiLOV2.1 (458 nm, 466-
537 nm); differential interference contrast (DIC) and merged images (scale bar =5 pm).

4.4.6.2. Anaerobic Mono-Dual-Tri-Tetra species imaging

Following this successful initial assessment, PA14/pCFT4.2.1 was exposed to a slightly
more complex environment, and the fluorescence microscopy was performed once again.
The growth conditions consisted of anaerobic incubation in ASM supplemented with
centrifuged mucin, in contrast to the standard preparation method using non-centrifuged
mucin. As noted in Section 4.3.6.2.1 and in the flowchart for anaerobic microscopy
presented in Figure 4.1, based on preliminary imaging experiments with PA14/pCFT4.2.1 in
ASM+, | found artifacts of residual mucin that fluoresced at the same wavelengths as
phiLOV2.1. To address this interference, the mucin was centrifuged to remove solid

residues. The results for the mono- and mixed-cultures imaging are presented in Figure 4.14.
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In monoculture of PA14 harbouring pCFT4.2.1 (VapBC), the fluorescence of phiLOV2.1
was observable in all the cells (Figure 4.14A). The fluorescence seems to be substantially
lower than that of the aerobic monoculture in LB media presented in Figure 4.13B. This is
likely due to the increased stress on PA14 cells from the changes in culture media and
oxygen levels. A dual-culture of PA14/pCFT4.2.1 (VapBC) and S. aureus failed to yield any
phiLOV2.1 fluorescence (Figure 4.14B). It is possible that the low fluorescence observed in
anaerobic monoculture (Figure 4.13B) is exacerbated by the lesser amount of VapBC
inoculum in the mixed cultures, or that the change in culture media, particularly with the
ASM prepared with centrifuged mucin, played a role in this outcome. It is worth adding that
the distinct morphology of cocci, mostly diplococci and a few grape-like clusters associated
with S. aureus, helped visualize these cells with the differential interference contrast (DIC)
modality (Figure 4.14B). However, the rod-shaped P. aeruginosa could not be visualized in
this field of view, likely because, contrary to S. aureus, it may not form surface-attached

biofilms in this experimental setting.

The three- and four-species cultures yielded similar observations to the dual-culture.
Indeed, no phiLOV2.1 fluorescence was visible for VapBC in Figures 4.14C and D,
respectively. The reasons mentioned previously to justify this observation could be extended
here as well, notably, the low fluorescence of phiLOV2.1 in tandem with the change in culture
media under anaerobic conditions. As a side note, S. sanguinis was identifiable in Figure
4.14C because of its distinctive cocci chain morphology visible on the DIC panel. Lastly, the
morphology of non-fluorescent bacilli is distinguishable more easily in the far-left panel of
the SynaptoRed C2 coloration, which could be attributed to P. melaninogenica (Figure

4.14D).

Taken together, the phenotype of different bacterial morphologies was identifiable for
each strain in the assay. However, the lack of phiLOV2.1 fluorescence in VapBC suggests
that some optimizations of culture conditions are required for reliable and sustainable

microscopy imaging.
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Figure 4.14: Fluorescence imaging of mono- and mixed-cultures of PA14/pCFT4.2.1
(VapBC) expressing phiLOV2.1 alongside other bacteria under anaerobic conditions
(Zoom factor: 2X). (A) Micrograph of monoculture PA14/pCFT4.2 (VapBC) expressing
phiLOV2.1 and the toxin-antitoxin system VapBC. (B) Micrograph of a co-culture of
PA14/pCFT4.2.1 (VapBC) expressing philOV2.1 and S. aureus (1:1 inoculation ratio). (C)
Micrograph of a co-culture of PA14/pCFT4.2.1 (VapBC) expressing philOV2.1, S. aureus (Sa)
and S. sanguinis (St) (1:1:1) inoculation ratio. (D) Micrograph of a co-culture of
PA14/pCFT4.2.1 (VapBC) expressing philOV2.1, S. aureus (Sa), S. sanguinis (St) and P.
melaninogenica (Pr) (1:1:1:1) inoculation ratio. From left to right: red channel fluorescence
showing cells membrane stained with SynaptoRed C2 10 uM (614 nm, 591-722 nm); green
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channel fluorescence showing cells expressing phiLOV2.1 (458 nm, 466-537 nm);
differential interference contrast (DIC) and merged images (scale bar =5 pm).

4.4.7. P. aeruginosa surface-attached biofilms in artificial sputum media with
mucin (ASM+) under anaerobic conditions
To optimize the culture conditions and ensure successful and reliable imaging of
phiLOV2.1 in mono- and mixed-culture, the centrifuged mucin described in Section
4.3.6.2.1 was substituted for the regular mucin in the ASM+ media preparation (Figure 4.1).
In addition, thorough washing steps post-incubation were followed to eliminate residual
mucin that might interfere with imaging (Figure 4.1). The washing also ensures the removal

of any unattached cells or aggregates.

This strategy worked because Figures 4.15 and 16 show micrographs depicting
PA14/pCFT4.2.1 biofilms in mono- (Figures 4.15A and 16A) and mixed-cultures (Figures
4.15B and 16B) at a zoom factor of 2X and 0.6X, respectively. In Figure 4.15, there seem to
be fewer and bigger biofilms for mono- than in the mixed-cultures. Figure 4.16 also shows
that the mixed culture had more biofilms. By compiling data from three biological replicates
and quantifying the volumes and the number of biofilms, | found that overall, P. aeruginosa
formed significantly more and larger biofilms when cultured in a mixed-culture environment
compared to monoculture (Figure 4.17). To properly perform this analysis, however, the
Synaptored C2 dye was removed as it became unnecessary after the culture conditions and

imaging were optimized.

These observations on the spatial distribution of PA14 biofilms are insightful and
valuable; however, they only paint a partial picture. It is important to remember that the
results of Figures 4.15 and 16 reflect surface-attached biofilm cells, as unattached or poorly
attached cells were thoroughly removed during the washing steps. Therefore, these results
do not take into consideration the BLS previously reported under anaerobic conditions [343]
and in synthetic mucus medium [56]. Using microscopy provided an opportunity to see if |

could also observe these BLS in my experiments.
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A phiLOV2.1 DIC Merged

Mono

Figure 4.15: Fluorescence imaging of anaerobic biofilm cultures of PA14/pCFT4.2.1
expressing phiLOV2.1 in mono- and mixed-biofilm cultures (Zoom factor: 2X). (A)
Micrographs of monocultures (Mono). (B) Micrographs of mixed cultures composed of S.
aureus, S. sanguinis, and P. melaninogenica (Mix). Imaging was performed after 48 h of
incubation. From left to right: green channel fluorescence showing cells expressing
phiLOV2.1 (458 nm, 466-537 nm); differential interference contrast (DIC) and merged
images (scale bar=5 um).
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A phiLOV2.1 DIC Merged
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Figure 4.16: Fluorescence imaging of anaerobic biofilm cultures of PA14/pCFT4.2.1
expressing phiLOV2.1 in mono- and mixed-biofilm cultures (Zoom factor: 0.6X). (A)
Micrographs of monocultures (Mono). (B) Micrographs of mixed cultures composed of S.
aureus, S. sanguinis, and P. melaninogenica (Mix). Imaging was performed after 48 h of
incubation. From left to right: green channel fluorescence showing cells expressing
phiLOV2.1 (458 nm, 466-537 nm); differential interference contrast (DIC) and merged
images (scale bar=5 um).
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Figure 4.17: Distribution analysis of anaerobic PA14/pCFT4.2.1 biofilm sizes in
monocultures (Mono, green violin) vs mixed cultures (Mix, red violin). The violins
represent single-aggregate fluorescence quantification of phiLOV2.1. Statistical analysis
was performed using an unpaired Student's and Mann-Whitney test (****p < 0.001; n = 3).
The mixed community comprises S. aureus, S. sanguinis, and P. melaninogenica.

4.4.8. P. aeruginosa biofilm-like structures (BLS) in artificial sputum media
with mucin (ASM+) under anaerobic conditions
Unlike traditional biofilms, BLS are not attached to surfaces; therefore, they are most
likely to be found as suspended aggregates in the supernatant. An analysis of the bacterial
culture supernatant revealed the presence of cell aggregates resembling biofilms that |
identified as BLS (Figure 4.18). In addition, the BLS encountered in the mixed culture
appeared larger than the ones in the monoculture. This finding is consistent with the
observations on biofilms from Figures 4.15-17. Importantly, this is a significant and crucial

finding in the broader context of the entire culture.
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Indeed, this study on P. aeruginosa biofilm spatial distribution demonstrates that P.
aeruginosa has a dual capacity to form not only surface-attached biofilms but also floating

BLS in a CF-like environment. This information should be considered when treating P.

aeruginosa biofilm CF infections.
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Figure 4.18: Fluorescence imaging of anaerobic biofilm-like structures (BLS) of
PA14/pCFT4.2.1 expressing phiLOV2.1 in mono- and mixed-cultures (Zoom factor: 2X).
Micrographs were acquired at a zoom factor of 2X. (A) Micrographs of monocultures (Mono).
(B) Micrographs of mixed cultures composed of S. aureus, S. sanguinis, and P.
melaninogenica (Mix). Imaging was performed after 48 h of incubation. From left to right:
green channel fluorescence showing cells expressing phiLOV2.1 (458 nm, 466-537 nm);
differential interference contrast (DIC) and merged images (scale bar =5 pm).
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4.5. Discussion

Plasmid construction and stabilization

In this chapter, | demonstrated that the newly engineered plasmid pCFT4.2.1—encoding
the fluorescent protein phiLOV2.1 and the toxin-antitoxin system VapBC (Figure 4.2)—was
stably maintained in PA14 WT for at least five days without antibiotic selection (Figure 4.3).
Notably, over 90% of the bacterial population retained the plasmid and exhibited detectable

fluorescence for at least three days under non-selective conditions (Figures 4.4 - 7).

To efficiently stabilize the plasmid pCFT4.2 that expresses phiLOV2.1 in PA14 without
using antibiotic selection, three toxin-antitoxin (TA) systems previously untested in this
organism—VapBC, CcdAB, and PumAB—were examined. VapBC was the sole successful TA
system in this endeavour. As a reminder, a TA system is generally encoded by an operon and
consists of a stable toxin and a labile antitoxin that counteracts the effects of the toxin. VapC
toxins typically exhibit endoribonuclease activity against tRNA or mRNA, leading to
translation inhibition and growth arrest [172]. VapB antitoxin binds to VapC, forming a stable
complex that inhibits VapC ribonuclease activity [172]. CcdB toxin targets DNA gyrase by
binding to its GyrA subunit, stabilizing a cleavage complex that leads to double-stranded
DNA breaks, thus inhibiting DNA replication and transcription [166, 167]. CcdA antitoxin, on
the other hand, stably binds to CcdB to prevent its interaction with DNA gyrase [168]. Lastly,
PumA toxin functions as an endoribonuclease that cleaves mRNA, inhibiting translation and
leading to growth arrest [180]. PumB forms a PumA-PumB complex that inhibits PumA

endoribonuclease activity [181].

Arguably, the three TA systems mechanisms of action may impact P. aeruginosa
physiology differently. The success of VapBC in stabilizing pCFT4.2 in P. aeruginosa
compared to CcdAB and PumAB may stem from its ribonuclease-based toxin mechanism,
which is less disruptive and more compatible with P. aeruginosa physiology. Indeed, the
specificity of VapBC DNA targets may align well with P. aeruginosa translation machinery,

ensuring effective plasmid stabilization [344]. Hence, VapBC may provide a balanced level
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of toxicity that effectively kills plasmid-free cells without overwhelming the P. aeruginosa

stress response systems.

In contrast, the CcdB DNA-damaging mechanism may be too lethal or poorly suited to P.
aeruginosa gyrase. Indeed, CcdB, causing double-stranded DNA breaks, may be overly toxic
to P. aeruginosa or trigger a repair mechanism that interferes with plasmid stabilization.
Moreover, CcdAB is native to E. coli and structural differences between E. coli and P.
aeruginosa gyrases—approximately 67% amino acid similarity [345]—may lead to less
specificity, therefore less efficiency. Although PumAB is encoded on the plasmid pUM505,
which is native to a P. aeruginosa isolate [180] and possesses endoribonuclease activity
similar to VapBC, its regulation is tightly linked to P. aeruginosa quorum sensing (QS)
systems and specific promoter elements [181, 186]. Therefore, PumA is possibly less
effective on a non-native plasmid like pCFT4.2.1 in different genetic backgrounds or
environmental conditions because these regulatory elements may not function correctly.
Furthermore, overexpression of PumA increases P. aeruginosa virulence [180], which may

divert its function from plasmid stabilization.

In essence, pCFT4.2.1 harbouring phiLOV2.1 and VapBC is maintained in P. aeruginosa
for at least five days, with more than 90% of cells keeping the plasmid for at least three days.
Although this time frame is reasonable, it would be interesting to pursue the experiment for
several more days or weeks to demonstrate the applicability of this plasmid in long-term
studies. Furthermore, a library with other fluorescent proteins like GFP could be created to
diversify applications. Indeed, although phiLOV2.1 is renowned for its photostability in
microscopy experiments, it is also flawed with low brightness [131, 144]. Lastly, the
expression level of each TA system was not directly measured but was inferred from

sequencing data. A Western blot analysis would have helped clarify this.
Plasmid pCFT4.2.1 was stably maintained in PA14 in the CF polymicrobial assay

Using the PA14/pCFT4.2.1 strain, | further established that it remained stable in the CF

polymicrobial assay and achieved comparable colony forming unit (CFU) counts whether
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grown as a monoculture or as a mixed culture alongside S. aureus, S. sanguinis, and P.

melaninogenica (Figure 4.8).

The ability of PA14/pCFT4.2.1 to thrive in the CF polymicrobial assay under anaerobic
conditions at levels equivalent to PA14 WT carrying no plasmid underscores the fact that the
plasmid plays no role or at least an insignificant one in the overall fitness of the strain.
Indeed, the standard plasmid pCFT4.2.1 contains several genetic elements essential for its
reporter function, including a pBBR1 origin of replication, an antibiotic resistance cassette
conferring ampicillin resistance (AmpR), a gene of interest encoding the fluorescent protein
phiLOV2.1, and an additional selectable marker encoding the VapBC toxin-antitoxin (TA)
system (Figure 4.2). Arguably, none of these elements influences P. aeruginosa metabolism,
survival, or interactions with other species in a manner that confers an advantage or
disadvantage to its persistence. Indeed, P. aeruginosa ability to survive in an anaerobic
environment depends on its capacity to utilize alternative electron acceptors like nitrate or
nitrite for anaerobic respiration [4, 5, 346]. These metabolic capabilities allow both plasmid-
carrying and plasmid-free strains to persist effectively under anaerobic conditions, as the
core metabolic machinery is chromosomally encoded and not dependent on plasmids.
Similarly, P. aeruginosa competitiveness in a mixed community is mainly based on QS-
regulated virulence factors [347, 348], which are not plasmid-dependent. Lastly, in the
experimental conditions described here, the absence of antibiotic selection makes the
antibiotic resistance gene irrelevant. The plasmid pCFT4.2.1, with a size of 4,055 bp,
imposes a metabolic burden that may offset any potential benefits it confers, resulting in

comparable fitness between plasmid-carrying and plasmid-free strains.

In short, the ability of PA14/pCFT4.2.1 to thrive in the CF polymicrobial assay is
exclusively dependent on chromosomally encoded genes rather than the plasmid, which

may explain why this strain reached CFU counts identical to PA14 WT.
Biofilm biomass characterization and Spatial distribution

To investigate the nature of P. aeruginosa anaerobic biofilms, | used crystalviolet staining

in a microtiter plate-based assay and the artificial sputum media supplemented with mucin
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(ASM+), which is a medium specifically designed to approximate the nutritional content of
the CF lung [293, 294]. In this experimental setup, P. aeruginosa did not form, or formed an
undetectable/unquantifiable amount of surface-attached biofilms (Figures 4.9 - 12).
However, microscopy revealed that in anaerobic ASM+, P. aeruginosa formed surface-
attached biofilms. Furthermore, these biofilms appeared more extensive in mixed cultures
compared to monocultures in the CF polymicrobial assay (Figures 4.15 - 17). In this same
context, both surface-attached biofilms and biofilm-like structures (BLS)—structures

resembling floating aggregates—were observed simultaneously (Figure 4.18).

The proclivity for P. aeruginosa to form surface-attached biofilm on a microscope dish
versus a microtiter plate in the experimental setup described here could partly be explained
from a geometry and hydrodynamic standpoint. Indeed, microtiter plates have small,
confined wells (about 6 mm bottom diameter versus 35 mm for a microscope dish), with
limited medium volume (100 pL versus 2 mL). These differences lead to static conditions in
a microtiter plate that may trap bacteria in the ASM+ viscous matrix, preventing surface
contact, especially under anaerobic conditions where bacteria do not need to swim to the
air-liquid interface for respiration. The entrapment of P. aeruginosa cells in close proximity
within a gel-like environment, caused by mucin serving as a nucleation point, could indeed
lead to the formation of cell aggregates [65, 349]. Furthermore, the extracellular matrix of
non-attached P. aeruginosa aggregates is remarkably similar to that of surface-attached
biofilms [57]. This observation supports the notion that, within the 48 h incubation period, P.
aeruginosa does not form detectable surface-attached biofilms in microtiter plates under
anaerobic ASM+ conditions, but rather predominantly develops suspended cell aggregates
consistent with BLS [56]. Potentially, a more extended incubation period may produce a
different outcome where surface-attached biofilms also become detectable in microtiter
plates. In microscope dishes, the larger surface areas can enable bacteria to settle and stick
to the surface or sedimented mucin residues present at the surface bottom, resulting in the

surface-attached phenotype observed in my experiments.

The observation that P. aeruginosa forms more and larger biofilm aggregates in anaerobic

ASM+ in a mixed culture with S. aureus, S. sanguinis, and P. melaninogenica compared to a
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monoculture suggests that interspecies interactions significantly influence biofilm
dynamics. Research indicates that P. aeruginosa and S. aureus develop mixed biofilms in CF
lung models, where S. aureus promotes P. aeruginosa biofilm growth via co-aggregation and
interactions within the matrix [350]. Additionally, certain compounds within the biofilm
matrix—such as staphylococcal protein A (SpA) from S. aureus and Psl exopolysaccharide
from P. aeruginosa—facilitate the development of large, dense biofilm aggregates [351-354].
Metabolic interactionsin CF lung models show that P. melaninogenica produces short-chain
fatty acids that enhance P. aeruginosa growth and biofilm formation under anaerobic
conditions [310]. Thus, the growth of larger P. aeruginosa biofilms in mixed cultures may be
fueled by metabolic influxes and cross-feeding interactions among the four bacterial

species [355], which significantly benefits P. aeruginosa biofilm architecture and size.

Using microscopy, | also found thatin anaerobic ASM+, P. aeruginosa forms both surface-
attached biofilms and BLS. A study by Haley et al. reported that in a synthetic mucus
medium, which contains mucin and extracellular DNA, P. aeruginosa forms BLS that are not
surface-attached but suspended within the gelatinous medium [56]. Noticeably, the
synthetic mucus medium in the Haley et al. study is also referred to as ASM+, although it
differs in composition from the ASM+ media used in this study. For example, diethylene
triamine pentaacetic acid, egg yolk emulsion, and casamino acids are not present in my
ASM+ preparation, while present in theirs. Nonetheless, the components mucin and DNA
found in both media formulations may be the common denominators driving BLS formation

[98].

My study's novelty lies in providing evidence of this duality—observing both surface-
attached biofilm and BLS simultaneously under identical conditions and experimental
setup. Many studies focus on either surface-attached biofilms or non-attached aggregates,
and only note the potential for both to coexist in specific setups [56, 57, 356, 357]. However,
direct quantification of both structures co-occurring has not, to my knowledge, been

demonstrated, as experimental designs often optimize for one phenotype.
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The co-occurrence of both phenotypes in the CF polymicrobial assay suggests that
physiological and regulatory factors might affect how P. aeruginosa develops different
biofilm structures. P. aeruginosa may produce multiple extracellular polymeric substances
(EPS), including alginate, Psl, and Pel polysaccharides, which are differentially regulated
under anaerobic conditions. In anaerobic ASM+, P. aeruginosa produces BLS with high
alginate content [358], contributing to its suspended, gelatinous structure [56]. In contrast,
Psl and Type IV pili are critical for surface-attached biofilms, particularly on glass or plastic
surfaces, as shown in studies using flow chambers or microscope dishes [97, 359, 360]. In
addition, Pslis essential forinitial attachment [361, 362], while alginate enhances aggregate
stability in anaerobic environments [363], suggesting that P. aeruginosa can switch between
these EPS types based on environmental cues. Lastly, P. aeruginosa biofilms are regulated
by several factors, with a major one being the QS system [119, 364]. QS is critical for BLS
formation under anaerobic conditions, with Las and Rhl systems regulating alginate and Pel
production [56, 365-367]. Lee and Yoon noted that QS-driven heterogeneity allows P.
aeruginosa to adapt to diverse niches, with surface-attached biofilms requiring Psl and pili

[364].

In summary, the ability of P. aeruginosa to form both surface-attached biofilms and BLS
in anaerobic ASM+ likely results from differential regulation of EPS components, QS systems
and surface-specific adhesion. These dual strategies reflect P. aeruginosa adaptability to the

complex CF lung environment, allowing it to exploit both surface and suspended niches.
Limits and Future Directions

While the findings presented in this chapter offer valuable insights and underscore the
intricate interplay between anaerobic conditions, multi-species interactions, and the spatial
organization of P. aeruginosa biofilms—thereby enhancing our understanding of its
behaviour in a CF-like environment—a few limitations must be acknowledged, and
numerous questions remain open for future investigation. First, while the crystal violet assay
remains a gold standard for quantifying surface-attached biofilms [97, 339, 340], it primarily

captures attached biomass and does not detect BLS present as suspended aggregates
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under anaerobic conditions in ASM+. The complementary application of confocal
microscopy therefore enriched the analysis, offering a more comprehensive view of P.

aeruginosa biofilm architecture.

Second, the polystyrene microtiter plate or the glass surface of a microscopy dish may
not fully mimic the physiological surfaces (e.g., mucus or epithelial cells) encountered in CF
lungs, potentially affecting biofilm formation. Indeed, surface chemistry and material
properties can influence bacterial attachment and biofilm development [368]. In this case,
a mucin-coated surface, as proposed by Landry and colleagues, could enhance the
relevance of the findings to in vivo infections [98]. In my experimental setup, for example, |
could prime the bottom of the microscopy dish with a layer of mucin and add the bacterial

culture on top, as | already suggested in the discussion of Chapter 3.

Third, while the multi-species context revealed enhanced biofilm formation, | did not
explore any mechanistic insight. For instance, what are the main drivers of this phenotype?
Are BLS simply surface-attached biofilms that have detached, or can BLS form
spontaneously? Are BLS and biofilms structurally similar or different in this context? What is
the contribution of each species or specific interactions at play in terms of metabolite
exchange or quorum sensing? To address these questions, | could employ a time-lapse
microscopy experiment to monitor the formation or appearance of BLS and use
computational tools such as Comstat2 and Agent-Based Modelling (ABM). For instance, the
structure of BLS could be characterized from 3D imaging data using Comstat2 [100, 369],
and the resulting parameters could inform ABM to simulate and interpret the growth

dynamics [111, 370].

In addition, | could also use metabolomics or transcriptomics to investigate molecular
mechanisms (e.g., quorum sensing, siderophore production) to convey diverse interactions.
For metabolomics, mass spectrometry could profile specific classes of metabolites, such
as quorum sensing molecules (e.g. acyl-homoserine lactones) and their relative abundance
[871]. Initial transcriptomic investigations by Kesthely and colleagues found that the

transcriptional profile of P. aeruginosa remains relatively unaffected by the presence of other
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members of this CF polymicrobial assay [372]. Conversely, the transcriptional profiles of the
other community members are affected by one another and by environmental disturbances
[372]. Building on these findings, mass spectrometry can zero in on profile-specific proteins
expressed in the biofilm, such as those involved in adhesion or EPS synthesis (e.g. alginate

synthase).

Lastly, | primarily focused on visual observations, such as the size and volume of the
biofilm / BLS biomass. However, functional outcomes like changes in P. aeruginosa gene
expression, virulence factor production, or antibiotic resistance in anaerobic or multi-
species conditions were notinvestigated. Techniques such as gPCR targeting specific genes
of interest could provide insights into these functional changes. In addition, the use of a flow-
cell system to simulate the dynamic conditions of the CF lung (e.g., shear stress, nutrient
gradients) and longer incubation time to approximate the chronic nature of a CF infection
could be implemented. Collectively, these systems can support more complex biofilm
structures and provide a better and more comprehensive model for studying anaerobic
biofilms and their spatial distribution over time. Finally, P. aeruginosa mutants prevalent in

CF could also be investigated.

4.6. Conclusions

The newly engineered plasmid pCFT4.2.1, harbouring the fluorescent protein phiLOV2.1
and the VapBC toxin-antitoxin system, was efficiently stabilized in PA14 with more than 90%
retention among cells and strong fluorescence over 3 days in non-selective conditions.
Moreover, PA14/pCFT4.2.1 is stably maintained in the CF polymicrobial assay and
successfully allows the investigation of P. aeruginosa biofilm nature and spatial distribution.
Interestingly, confocal microscopy imaging revealed that P. aeruginosa formed more and
larger biofilms in the presence of other bacteria in the assay, namely S. aureus, S. sanguinis,
and P. melaninogenica, than it did in monoculture. Most notably, | demonstrated through
microscopy that in anaerobic ASM+, P. aeruginosa concurrently forms surface-attached

biofilms and BLS.
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While this study provides strong evidence of the spatial distribution of P. aeruginosa
biofilms in mono- versus mixed-cultures and underscores the dual nature of P. aeruginosa
biofilms in anaerobic ASM+, it is worth acknowledging that these observations are notably
phenotypic in nature and no structural, functional or molecular mechanisms were
investigated. Instead, my study aimed to serve as a building block for these future
investigations. | highlighted how integrating computational methods like transcriptomics,
metabolomics, Comstat2, and ABM can further our understanding of P. aeruginosa biofilm
dynamics and distribution in the CF polymicrobial assay. Additionally, as outlined in Chapter
3 -Section 3.5, | proposed modifying mucin delivery by priming the culture surface prior to
adding the cell suspension. This approach is intended to enhance experimental uniformity
and consistency, and, more importantly, to better replicate the physiological surfaces
encountered in vivo in CF airways. Finally, | proposed implementing a flow-cell system
coupled with an extended incubation period to simulate the dynamic and chronic nature of

CF infections more accurately.

To sum up, the findings in this chapter not only deepen our current understanding of P.
aeruginosa biofilm behaviour but also lay the groundwork for more structural, molecular and
functional investigations that could ultimately inform improved therapeutic strategies for CF

infections.

4.7. Supplementary materials

Table S4.1: List of primers used in this study

Long name Primers sequences

Vecteur_TA_fwd CGCCTACCACCGTCAAAAAAAAC

Vecteur_TA_rev CGCCTCAATTAGTTACCCTATAGTG

vapBC_fwd TAGGGTAACTAATTGAGGCGTTCAGCCCCCTGGCCGGC

vapBC_rev TTTTTTGACGGTGGTAGGCGTCAGCTCCAGTCTTCAGTTCTCAGGCC
pumAB_fwd TAGGGTAACTAATTGAGGCGTTGAGGCCCCCTTTGATGATG
pumAB_rev TTTTTTGACGGTGGTAGGCGTCACTGAGCATGCGGGCG

ccdAB_fwd TAGGGTAACTAATTGAGGCGTGATACCTGCCGTCAGGTG

ccdAB_rev TTTTTTGACGGTGGTAGGCGTTATATTCCCCAGAACATCAGGTTAATG
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Chapter5: General Conclusion
5.1. Overview

The studies presented in this thesis aimed to fillimportant gaps in the tools and models
used to investigate P. aeruginosa under oxygen-limited and polymicrobial conditions, such
as those found in cystic fibrosis (CF) airways. By developing new fluorescent reporters,
characterizing P. aeruginosa deletion mutants and their antibiotic responses in a CF
polymicrobial assay and engineering a stable plasmid to examine P. aeruginosa biofilm
spatial distribution within this same assay, this work offers new tools and insights into P.
aeruginosa behaviour in a complex CF-relevant environment. This chapter summarises the
key findings from Chapters 2 - 4, emphasizes their novelty and contributions to the field,

and outlines potential directions for future research.

5.2. Integration of Key Findings

The research presented in this thesis integrates three interconnected contributions: 1)
the development of fluorescent reporters for monitoring P. aeruginosa under low-oxygen
conditions, 2) the application of a validated anaerobic, polymicrobial CF model system to
investigate the persistence and antibiotic response of P. aeruginosa deletion mutants, and
3) the construction and validation of a stable, antibiotic-independent plasmid system
enabling fluorescent microscopy investigation of P. aeruginosa biofilm spatial distribution in

a CF polymicrobial context.

Chapter 2 addressed the need for suitable fluorescent tools capable of functioning in
hypoxic environments, which P. aeruginosa commonly encounters in biofilms and in vivo
during chronic infections. The toolbox comprises eleven plasmids encoding eight different
fluorescent proteins; six of which were previously shown to function under anaerobic
conditions in other cellular systems. My work has specifically demonstrated the suitability
of these fluorescent proteins to track P. aeruginosa. Furthermore, the implementation of
phiLOV2.1 and FAST-based reporters offers a solution for dual-imaging of P. aeruginosa
subpopulations in fluorescence microscopy. Importantly, these reporters were incorporated
into a broad-host-range vector, facilitating their potential application across multiple Gram-

negative species inhabiting similar ecological niches. This represents a significant technical
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advancement, enabling more accurate investigations of bacterial activity in low-oxygen

environments such as the CF airway.

Chapter 3 implemented a CF polymicrobial assay developed by Jean-Pierre et al. [199],
composed of P. aeruginosa, Staphylococcus aureus, Streptococcus sanguinis, and
Prevotella melaninogenica, cultured under anaerobic conditions. | successfully validated
the assay with PA14 WT and used it to assess the persistence and tobramycin susceptibility
under anaerobic conditions of six P. aeruginosa deletion mutant strains—AndvB, APA1874-
77, AtssC1, AtctED, APA1759-60 and AflgK. These mutants have been previously associated
with antibiotic resistance in P. aeruginosa in aerobic monoculture studies, and AflgK
mutants are prevalent in CF lung infections. The results revealed that all the mutants
evaluated could persist in the polymicrobial community. In addition, their susceptibility
profiles to tobramycin mirrored that of the wild type strain when grown as biofilms, with more
divergent profiles in planktonic cultures. Notably, the AtctED mutant emerged as a distinct
outlier, exhibiting a markedly enhanced susceptibility to tobramycin relative to the wild type
in biofilm cultures. Although the other deletion mutants did not reproduce the susceptibility
phenotypes reported in aerobic monoculture studies, their roles in antibiotic resistance
remain relevant given the diversity of CF infection environments. The pronounced
susceptibility of AtctED under a broader array of experimental conditions reinforces the role
of tctED as a biofilm-specific antibiotic resistance gene, warranting further investigation.
Overall, the findings in this chapter underscore the importance of studying antimicrobial
responses within a clinically relevant model, as interspecies interactions and environmental

conditions can significantly influence bacterial behaviour.

Chapter 4 brings together the previous two chapters by expanding the fluorescent
reporter repertoire with an engineered stable, antibiotic-independent plasmid and using it
to investigate the nature and distribution of P. aeruginosa biofilm in the CF polymicrobial
assay. The new plasmid pCT4.2.1, which encodes the oxygen-independent fluorescent
protein phiLOV2.1 and the toxin-antitoxin system VapBC, was shown to be stably maintained
in PA14 under non-selective conditions for at least five days, with high levels of fluorescence

detectable for at least three days. The PA14/pCFT4.2.1 reporter strain remained stable in the
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CF polymicrobial assay, achieving comparable colony forming units (CFU) counts in mono-
and mixed-cultures. Notably, in this assay, P. aeruginosa formed more extensive surface-
attached biofilms in mixed- compared to mono-cultures in the artificial sputum medium
prepared with mucin (ASM+) under anaerobic conditions. More importantly, both surface-
attached biofilms and biofilm-like structures (BLS) were simultaneously observed in this
experimental setting. These findings highlight the complexity of P. aeruginosa biofilms and
the role of interspecies interactions in modulating biofilm architecture, offering new insights
into the dynamics of polymicrobial infections in low-oxygen conditions. Additionally, the
plasmid pCFT4.2.1 enables numerous innovative research opportunities in P. aeruginosa

and other bacterial species.

5.3. Contribution to the Field

This thesis provides several novel contributions to the study of P. aeruginosa and
polymicrobial infections in CF. The development and validation of oxygen-independent
fluorescent tools represent a valuable contribution to the field, addressing a major limitation
in studying gene expression and localization in anaerobic or hypoxic environments. These
tools have broad applicability, not only to P. aeruginosa research but also to other Gram-
negative pathogens inhabiting oxygen-limited niches. The plasmids generated in Chapter 2
were deposited in Addgene's repository, attracting interest from scientists in the USA, the
UK, Belgium and Japan, who subsequently ordered them (Supplementary Table S5.1).
Moreover, among these plasmids, pCFT4.2 was further engineered to derive pCFT4.2.1. The
pCFT4.2.1 plasmid, with its phiLOV2.1 and VapBC components, achieves stability in P.
aeruginosa without antibiotic pressure in a polymicrobial community. This addresses the
challenge in genetic manipulation in bacteria for studies aiming to mimic natural infection

settings more closely, where constant antibiotic selection pressure is unrealistic.

The successful adaptation of an anaerobic CF polymicrobial assay provides a
standardized, reproducible model for studying P. aeruginosa in a CF-relevant context. The
assessment of mutant strains and their tobramycin susceptibility profiles in this setting
offers new data on how polymicrobial interactions influence antibiotic efficacy. This work

adds to a growing body of literature demonstrating that bacterial behaviour in monoculture
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does not necessarily predict outcomes in complex microbial communities. By integrating
fitness and antibiotic susceptibility assays into this model, | have shown that polymicrobial

contexts can significantly modulate antibiotic response and biofilm dynamics.

Lastly, the dual advantages of fluorescence and stability offered by pCFT4.2.1 allow the
observation of enhanced biofilm formation in mixed cultures, along with the coexistence of
surface-attached biofilms and BLS in the same CF polymicrobial assay. This provides novel
evidence of how interspecies interactions shape P. aeruginosa biofilm architecture in CF-
like conditions. Ultimately, this has implications for understanding chronic infection

persistence and designing targeted therapies.

Collectively, these contributions advance the methodological and conceptual
frameworks for studying P. aeruginosa in polymicrobial, low-oxygen settings, with direct

relevance to CF and other chronic infections.

5.4. Limitations of the Study and Future Directions

While this study offers various fluorescent proteins as an alternative to GFP and provides
compelling evidence of their functionality in P. aeruginosa under hypoxic and anoxic
conditions, their low brightness remains a conundrum. Brighter oxygen-independent
fluorescent proteins are a matter of active investigation [277, 278] and will undoubtedly
leverage the ability to track P. aeruginosa in increasingly complex experimental settings.
Moreover, the stable antibiotic-independent plasmid pCFT4.2.1 could be further engineered

to also be stable in other bacterial hosts to broaden its applicability.

In this study, the CF polymicrobial assay designed by Jean-Pierre et al. [199] was
implemented to examine the growth dynamics of P. aeruginosa in anaerobic ASM+, both as
a mono- and as a mixed-culture composed of S. aureus, S. sanguinis and P. melaninogenica.
In this assay, the CFU counts are expected to remain relatively stable across culture
conditions for all species, except P. melaninogenica, which is expected to exhibit reduced
CF counts in the mixed culture compared to other species, and notably, no CFU count as a
monoculture. However, working with mucin has represented a challenge onits own. The first

obstacle | encountered was the spontaneous growth of P. melaninogenica as a monoculture
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in ASM+, whereas multiple studies reported the opposite [199, 310, 311]. Two potential
explanations for this discrepancy were proposed. First, the variability in the composition of
mucin powder sourced from different suppliers may influence growth outcomes. Second,
the current sterilization protocol, which relies exclusively on autoclaving, may require
revision to better preserve or control the properties of mucin relevant to P. melaninogenica

growth.

Another difficulty | found with mucin was the inconsistency in my tobramycin
susceptibility assay, likely attributable to a batch effect. As a mitigating solution, meticulous
attention to preparation protocols, strict consistency across batches and multiple biological
replicates were employed to ensure reproducible results. As | progressed through the
experiments, | also found fluorescent artifacts of mucin during microscopy experiments.
This issue was addressed by optimizing cleaning steps to eliminate mucin residues before
imaging. An alternative strategy in using mucin, proposed by Landry and colleagues [98],
involves coating the culture surface with mucin before introducing the cell culture.
Interestingly, this method is a promising approach to enhance experimental uniformity and
consistency of P. aeruginosa observations in ASM+. In addition, this may mimic more closely

the coating of lung tissue by mucins that are characteristic of CF airways in vivo [373-375].

Although the in vitro CF polymicrobial assay mimics several features of the CF airway
environment, it does not incorporate host immune factors or tissue structures, which play
critical roles in bacterial responses to antibiotics. Therefore, future iterations of this assay
could incorporate these essential components. In addition, the studies conducted with the
CF polymicrobial assay described in this thesis do not support simultaneous tracking of
different P. aeruginosa strains, which is a common occurrence in the CF airways [330-335].
In this aspect, switching the current readout from CFU to fluorescence and using the
fluorescent reporters from Chapter 2 could address this limitation. Lastly, continually
improving the experimental model to approximate the dynamic and chronic nature of CF
infections by integrating a flow-cell system with an extended incubation period would further

enhance the clinical relevance of prospective findings.
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Overall, the work presented in this thesis is foundational to future investigations. For
instance, the emergence of tctED as a potential target in combating antibiotic resistance in
P. aeruginosa opens avenues for exploring its regulatory pathways and specific molecular
mechanisms under anaerobic conditions and within a polymicrobial context. Similarly, the
characterization of P. aeruginosa biofilm spatial distribution under these conditions could
be expanded through transcriptomics, proteomics, metabolomics and their combination
with targeted studies on the functional and molecular determinants underlying biofilm/BLS
formation, structural organization, and associated interspecies interactions. In particular,
elucidating the role of BLS in infection persistence could provide valuable insights for the
development of novel therapeutic strategies. Furthermore, the observation of P. aeruginosa
enhanced biofilm formation in mixed cultures warrants deeper investigations into the
molecular mechanisms involved, including quorum sensing, metabolic cooperation, or
physical co-aggregation. The enhanced biofilm observed also suggests that interspecies
interactions may reduce antibiotic efficacy. Consequently, future studies could assess
combination therapies targeting multiple species or disrupting biofilm architecture, using

the CF polymicrobial assay as a screening platform.

5.5. Conclusion

This thesis has developed and applied novel tools to study P. aeruginosa in low-oxygen,
polymicrobial environments, providing new insights into its behaviour in CF-like conditions.
The constructed fluorescent reporters supplemented with an engineered stable plasmid
system, the validated and implemented CF polymicrobial assay, in addition to examining P.
aeruginosa deletion mutants fitness and antibiotic susceptibility, and the observations
made of biofilm dynamics, collectively enhance our understanding of chronic infections and
offer a foundation for future research. By addressing methodological challenges and
uncovering the impact of interspecies interactions, this work contributes to advancing our
ability to model, track, and understand the behaviour of P. aeruginosa within the challenging
environments of chronic polymicrobialinfections like CF. The proposed future directions will

further leverage these advancements to deepen our understanding of microbial
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pathogenesis and antibiotic resistance, ultimately benefiting patients with chronic

respiratory infections.

5.6. Supplementary materials

Table S5.1: List of Addgene requests for the plasmids generated in Chapter 2

Addgene Material :::?lz?s::ng Requesting Requesting Date
ID p Organization Country Ordered
Investigator
. UNITED
208807 pCFT4.2 FengZhang Broad Institute STATES 07/11/2025
Evangelos University of UNITED
208807 PCFT4.2 Giampazolias Manchester KINGDOM 04/28/2025
. University College UNITED
208807 pCFT4.2 Sean Nair London KINGDOM 08/07/2024
Katholieke
208807 pCFT4.2 Sander Govers ) . BELGIUM 05/07/2024
Universiteit Leuven
Kyoto University,
208807 pCFT4.2 Martin Robert  Craduateschoolof b\ 01/13/2024
Pharmaceutical
Sciences
Kyoto University,
208808 pCFT7.2 Martin Robert  Craduateschoolof b\ 01/13/2024

Pharmaceutical
Sciences
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