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Abstract 
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University of Guelph, 2017       Dr. Cezar Khursigara 

 

 

The Liverpool Epidemic Strain (LES) of Pseudomonas aeruginosa is responsible for 

causing antibiotic resistant, transmissible infections in individuals with cystic fibrosis. The 

biofilm lifestyle, which has been well characterized in P. aeruginosa, is thought to contribute to 

the enhanced ability of isolates of this strain to resist drug therapy and persist in the lung 

environment. The extracellular polymeric substances (EPS) produced by biofilm cells have been 

implicated in biofilm mediated drug resistance, although their abundance, localization and 

response to antibiotic treatment has not previously been characterized in the LES. In this study 

the predominant EPS components, extracellular DNA (eDNA) and secreted polysaccharides, 

were quantified using fluorescent staining and confocal microscopy in biofilms of eight LES 

isolates grown in flow cells. The LES isolates formed biofilms that were phenotypically distinct 

from one another and the EPS components do not follow the same localization patterns as the 

laboratory standard P. aeruginosa PAO1. When treated with aztreonam, LESlike4 exhibited an 

increase in EPS components that was not seen in LES400 or in PAO1. While these specific 

isolates share many of the same genes, each has a unique profile of SNPs and genetic elements 

that are likely responsible for the observed phenotypic diversity. A better understanding of the 

genotypic and phenotypic diversity of the LES isolates is necessary for the development of 

therapies able to eradicate the chronic infections they cause.
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Chapter 1: Introduction 
 

The Biofilm Lifestyle 
 

In the natural world, very few organisms live completely independent of other individuals. 

Birds live in flocks, cattle live in herds, fish school, and bacteria form biofilms. These systems 

serve several purposes that make group habitation preferable to a solitary existence. This is not to 

say that individuals cannot survive on their own, but that living with one or more companions 

can provide protection from harmful environmental conditions, predation and nutrient scarcity. It 

also allows for the division of labor, communication between individuals and an organized 

response to stimuli (1).   

A common practice in microbiology is to isolate bacteria and grow them as planktonic 

cells in pure culture. However, it is now understood that this is not reflective of how bacteria 

exist in their natural environment where they tend to form mono- or multi-species aggregates. A 

complex matrix of extracellular molecules facilitates the cell-cell and cell-surface interactions 

required for stability and adherence. These aggregates, known as biofilms, are dynamic 

communities shaped by the nutrients in the environment, the types of microorganisms present 

and the variety of polymers secreted by those microbes (2). Biotic and abiotic surfaces in 

aqueous environments are commonly colonized by biofilm forming bacteria, as they provide a 

substrate to adhere to and a flow of nutrients required to support growth (3–6). Biofilms pose a 

problem in all these systems because they are incredibly resistant to removal by physical or 

chemical means and are adept at evading clearance by the immune system (5, 6).  

Indeed, the biofilm lifestyle is important for the survival of many different bacteria 

including Pseudomonas aeruginosa, which is a model organism for biofilm formation (7). The 

aim of the research presented here was to characterize the extracellular polymeric substances 
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(EPS) of the biofilms of eight clinical isolates of P. aeruginosa. The overarching hypothesis is 

that this information will allow a better understanding of the role of the EPS in the persistence 

and virulence observed in pathogenic strains of P. aeruginosa.  

Antibiotic Resistance Mechanisms of Pseudomonas aeruginosa 
 

P. aeruginosa is a Gram-negative opportunistic human pathogen. It is ubiquitous in the 

natural environment, commonly being isolated from soil and water samples (8). It is capable of 

growing in and on a wide variety of substrates that range from human tissue (9) to jet fuel (10). 

The lifestyle of P. aeruginosa is reflected in its genome, which is larger than that of most 

sequenced bacteria at approximately 6.3 Mbp, and contains the breadth of genetic information 

necessary for adaptation to a variety of environments (11). A diverse collection of transcriptional 

regulators and two-component regulatory systems are also encoded by the genome, further 

increasing the ability of P. aeruginosa to sense, adapt and utilize its environment (12). 

P. aeruginosa is recognized for its ability to cause disease in immunocompromised 

humans. It is not a part of the normal skin, gut or mucosal flora, although its ubiquity in the 

environment means that individuals come into contact with this bacterium regularly (13). 

Infection only occurs when the natural skin or mucosal barriers are damaged, or when a 

condition prevents effective bacterial clearance, allowing an infection to develop and persist. P. 

aeruginosa  is known to cause ventilator-associated pneumonia and chronic lung infections in 

cystic fibrosis (CF) patients (14, 15). In addition, it has been isolated from severe infections of 

burned tissue (16), persistent catheter colonization (5) and chronic ear infections (17). 

What makes these infections a concern is that P. aeruginosa has a variety of intrinsic and 

acquired mechanisms that confer resistance to many antibiotics. First, commonly studied strains 

of P. aeruginosa, such as PAO1 and PA14, are known to be excellent biofilm formers and these 
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structures protect the cells from the effects of antibiotics. The combination of both metabolically 

and genetically heterogeneous cells creates an environment where a single drug is not capable of 

killing all cells within the biofilm population (18). In addition, some of the extracellular  

macromolecules that make up the biofilm matrix have been shown to bind aminoglycoside and 

polymyxin antibiotics before they come into contact with the bacterial cells (19–21). 

 P. aeruginosa has a number of efflux pumps. These membrane proteins are capable of 

actively moving molecules of varying sizes and properties from within the cytoplasm or 

periplasm to the extracellular space. In P. aeruginosa, efflux pumps can remove a broad range of 

compounds from the cell, including antibiotics such as -lactams, aminoglycosides, quinolones, 

carbapenems, macrolides and an assortment of disinfectants (22–24). These pumps, encoded by 

genes such as the mexAB-oprM operon, are constitutively expressed (25–27), but environmental 

stressors, such as the presence of antibiotics, or a mutation can cause their expression to be 

increased (28–30).  

Antibiotics may be degraded by enzymes both inside and outside the bacterial cell (31). 

These enzymes include -lactamases, which inactivate -lactam antibiotics by cleaving the five-

carbon -lactam ring, and transferases, which catalyze covalent modifications that prevent a 

wide range of antibiotics from binding to their targets (32).  

Macromolecular assemblies that are common antibiotic targets, such as ribopoteins , DNA 

gyrase and topoisomerase, may also be modified to enhance antibiotic resistance. At the genomic 

level these modifications can include methylation and point mutations that result in decreased 

transcription or structural changes in the final protein. As a result there are fewer target sites or a 

decreased affinity of the target for the drug (33–35). These mechanisms play a significant role in 
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the pathogenesis of P. aeruginosa and influence the treatments that are available to combat 

infections.   

 

Figure 1.1. Mechanisms of antimicrobial resistance in P. aeruginosa.  Intrinsic and acquired 

mechanisms can be utilized to prevent antimicrobial compounds from compromising essential 

cell processes and structures. Membrane permeability can be reduced and in conjunction with 

increased efflux reduces the concentration of drug within the cell. Secreted enzymes, such as -

lactamases, can degrade antimicrobials before they come into contact with the cells. Major 

targets, which include the synthesis pathways of DNA, RNA and proteins, can be modified to 

prevent drug binding or reduce the affinity of the target for the toxic molecules. Large red circles 

represent antimicrobial compounds and small red circles represent proteins associated with DNA 

and RNA synthesis. The yellow rectangles are meant to represent peptidoglycan binding proteins 

and other components involved in the synthesis of the cell wall. -lactamase enzymes are 

depicted as yellow ¾ circles, efflux pumps and membrane pores are depicted as blue cylinders 

and ribosome subunits are shown as blue ovals. Adapted from Park et al. 2016. (36) 

 

P. aeruginosa in the Disease Progression of Cystic Fibrosis 
 

Infections caused P. aeruginosa are common in individuals with cystic fibrosis (CF). This 

genetic condition is most prevalent in Caucasian populations of European descent and is caused 

by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (15). 
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These mutations lead to the significant decrease or absence of functional CFTR protein, an ion 

channel involved in the movement of sodium and chloride across the cell membrane (37). This is 

particularly problematic in the lungs as reduced ion transport leads to increased viscosity of the 

airway mucus. This thick fluid interferes with the proper functioning of the epithelial cilia that 

are responsible for transporting secretions and foreign bodies out of the lungs. As a result, 

bacteria are not effectively cleared and can cause persistent infections (15). The lungs of CF 

patients are colonized by a succession of bacteria over the lifespan of the individual. 

Staphylococcus aureus and Hemophilus influenzae are the predominant pathogens for 

approximately the first ten years of a patient’s life (38, 39). However, as the individual ages the 

lung flora will evolve, driven by drug exposure, competition between species and the immune 

response (38–40). P. aeruginosa will colonize upwards of 80% of individuals with CF by the 

time they are 18 and will persist for the duration of their life (41, 42). Other major pathogens that 

may appear in adulthood include non-tuberculosis Mycobacteria, methicillin-resistant S. aureus 

and Burkholderia cepacia (39). This succession can be seen in Figure 1.2. These chronic 

infections lead to chronic inflammation that damages the lung tissue and will ultimately be fatal 

unless the patient receives a lung transplant (43, 44). 

P. aeruginosa is of particular concern to individuals with CF because it forms biofilms that 

are difficult for the immune system to eradicate even with the use of antibiotic drugs. In addition, 

these bacteria secrete toxins such as pyocyanin, which inhibits antioxidant activity and increases 

pro-inflammatory signaling (45, 46), and CFTR inhibitory factor (Cif), which causes increased 

degradation of the CFTR protein (47, 48). Furthermore, it has been observed that the neutrophils 

and macrophages of CF patients are less able to kill P. aeruginosa than neutrophils and 

macrophages of non-CF individuals. The defective or absent chloride channels, produced as a 
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result of the CFTR mutation, prevent macrophage phagosome acidification and as a result, 

bacterial killing by this pathway is limited (43, 49–52). These traits further highlight that CF 

owes more of its morbidity and mortality to bacterial infection than any other host factor. 

 

Figure 1.2. The prevalence and succession of microorganisms in the respiratory tract of CF 

patients. P. aeruginosa (light blue) is found in approximately 25% of CF patients under the age 

of 10, but as individuals age, the prevalence increases to approximately 70% with around 30% of 

individuals colonizing a multi-drug resistant strain (MDR-PA, dark blue). The succession of 

other respiratory pathogens over time can also be observed. Adapted from the 2014 Cystic 

Fibrosis Foundation Patient Registry Annual Data Report. (53) 

 

The Liverpool Epidemic Strain, a Transmissible Strain of P. aeruginosa  
 

The Liverpool Epidemic Strain (LES) of P. aeruginosa has been isolated from individuals 

with CF since 1996 (54). Originally identified in patients of a CF clinic in Liverpool, England, 

isolates of this strain have since been cultured from patients in the United Kingdom, Europe, 

Australia and parts of North America (55, 56). One of the defining characteristics of the LES 

isolates is that they are transmissible between individuals. Prior to this, the understanding was 

that individual patients acquired unique strains of P. aeruginosa from the natural environment 

and harbored them for the duration of their life. Since many patients are infected with the same 

strain, it is likely that the LES isolates are acquired by transmission from one CF patient to 

another (54, 55). Furthermore, this strain can cause superinfections. This means that it is capable 

of outcompeting or establishing itself alongside another strain of P. aeruginosa that is already 
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colonizing the lungs of a CF patient. Non-transmissible strains of P. aeruginosa are not capable 

of causing superinfections (57). LES isolates have also demonstrated the capacity to infect 

individuals who do not have CF, and cross the species barrier, causing respiratory symptoms in a 

non-CF parent of a CF individual (42) and the pet cat of a CF patient (58), respectively. 

Much of the morbidity and mortality associated with CF is the result of chronic lung 

infections with P. aeruginosa (41, 44). Infection with a LES isolate comes with a prognosis 

worse that an infection with a non-transmissible strain. These infections are associated with 

greater loss of lung function, more rapid deterioration in body condition, an increased need for 

hospitalization and more days spent on intravenous antibiotics (59). In addition, isolates of LES 

P. aeruginosa are much more resistant to a wide variety of antibiotics, and acquire this resistance 

at a faster rate than either non-transmissible clinical isolates or laboratory isolates. These 

antibiotics include tobramycin, ciprofloxacin, ceftazidime, meropenem, piperacillin/tazobactum 

and aztreonam, which are all frequently used to combat CF related infections (60, 61).  

Extensive phenotype variability has been observed between LES isolates. The variable 

characteristics include overproduction of quorum sensing mediated products such as pyocyanin 

(62), susceptibility to common antibiotics, increased virulence (63, 64), the presence of 

prophages in the genome (65, 66), and hyper-production of biofilms (67). A recent study by 

Jeukens et al. (65) investigated virulence mechanisms used by eight LES clinical isolates. This 

work showed that there was extensive variability when compared to each other and PAO1 in the 

ability of these isolates to swim, swarm, exhibit protease and elastase activity and produce both 

biofilms and pyocyanin (65).  

 The core genome of P. aeruginosa is approximately 90% conserved across strains (68–

70). The remaining 10% is sometimes referred to as the accessory genome and is made up of 
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clusters of genes obtained through horizontal transfer. These genes often encode virulence 

factors which can lead to enhanced antibiotic resistance and biofilm forming capabilities (69, 

71). The complete genome sequences of eight LES isolates has revealed five genomic islands, 

six prophage gene clusters and more than fifty polymorphisms in regulatory regions that may be 

responsible for their observed variability and adaptability (65, 66, 69). A comparison of these 

eight isolates and PAO1 is depicted in Figure A.1. 

The Biofilm Lifestyle of P. aeruginosa 

 

Stages of Biofilm Development 

 

There are four stages of biofilm development that each have their own defining 

characteristics. These stages are often referred to as a lifecycle, which is shown in Figure 1.3. 

The first is reversible attachment and is facilitated by the motility of the individual cells. The 

flagella and pili present on the cells enable movement along a surface and facilitate adherence of 

the cells to the substrate and to one another (72–74). In the second step, irreversible attachment, 

the bacteria begin to secrete the extracellular polysaccharides that are important for substrate 

adherence and will come to compose the bulk of the extracellular matrix (75, 76). At this stage, 

microcolonies, or clusters of cells that provide the foundation for the biofilm, start to form. 

Flagella and type IV pili play an important role here as they facilitate the movement of cells into 

microcolonies and assist with surface adherence (7, 74, 77, 78). Biofilm maturation, the third 

stage, is characterized by the growth of the microcolonies. Cells grow and divide, extracellular 

matrix is produced and its components interact to hold everything together. In some bacterial 

cells, twitching motility is repressed, limiting movement (79). These non-motile cells form the 

base or stalk of the biofilm. Other cells, which are still capable of twitching, move up the stalk 

and form the cap of the mature structure which visibly resembles the fruiting bodies of 
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mushrooms (73, 77, 79). Degradation of the biofilm matrix and subsequent dispersal of motile 

cells into the environment is the final stage (72). A number of different signals can trigger this 

event including a sudden increase or decrease in nutrients (80, 81), a quorum sensing messenger 

(82), a fatty-acid signal (83) or the presence of nitric oxide (84).  

 

Figure 1.3. The Biofilm Lifecycle. Bacterial biofilms undergo four stages that can be described 

as a lifecycle. The first stage is innitial attachment. Here planktonic bacterial cells begin to 

colonize a surface by secreting extracellular polymeric substances (EPS), shown in yellow. As 

the bacterial population increases the cells secrete more EPS which irreversibly adheres them to 

eachother and to the surface. Genes governing flagella expression are also downregulated at this 

stage, decreasing motility. The mature biofilm microcolonies produced under flow conditions 

resemble the fruiting bodies of mushrooms with a narrow stalk and broader cap structure. The 

final stage is dispersion. At this point, portions of the EPS are broken down in a quorum sensing 

mediated process releasing motile cells from the interior of the biofilm microcolony. These cells 

can then go on to establish new biofilms. Adapted from Stoodley et al. 2002 (59) and Molin and 

Tolker-Nielson 2003 (114). 

 

This model of biofilm formation is based on observations made using a flow cell. This is a 

modified microscope slide that has a small chamber on top of a cover slip, through which culture 

medium can be constantly flowed. Bacteria adhere to the glass bottom of the chamber and can be 

observed using fluorescence microscopy. Stains, dyes and fixatives can also be injected into the 

system to enhance visibility of specific biofilm components (85, 86). The carbon source in the 

medium is important for determining the mature shape and structure of the biofilm. For example,  
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glucose stimulates the differentiation of the bacterial cells into motile and non-motile populations 

which form the upright structures described previously (79).  In contrast, if citrate, benzoate or 

casamino acids provide the carbon source, all the cells remain motile, no stalk-like structures 

form and the result is a flat biofilm (77). 

 

Figure 1.4. Stages of flow cell biofilm development in PAO1 grown in a flow cell. (A) Initial 

attachment. Individual cells express GFP, appearing green, and polysaccharides are stained red 

with tetramethylrhodamine-conjugated Hippeastrum hybrid Amaryllis Lectin. (B) Irreversible 

attachment, cells are beginning to produce polysaccharide and adhere themselves to the 

substrate. (C) Microcolony formation. Rounded structures are present and polysaccharide can be 

seen localized to the outside and center of the structure. (D) Mature microcolonies ready for 

dispersal. The cavity in the center of the structure can be seen starting to form in the circle in the 

right panel. (E) Microcolony post-dispersal. The center cavity is visible and the top of the 

structure has broken down to allow the dispersal of motile cells. Adapted from Ma et al. 2009. 

(87) 

 

The Biofilm Extracellular Polymeric Substances   
 

The biofilm matrix is made up of variety of interconnected polysaccharides, proteins and 

DNA molecules that are collectively referred to as the extracellular polymeric substances (EPS). 

The EPS is a dynamic network that is constantly being constructed, dismantled and maintained 

by the bacterial cells. In addition to providing a physical barrier against environmental 

conditions, it acts as a reservoir for both water and nutrients and is essential in surface adhesion 

(88). Molecules such as the polysaccharides pel, psl and alginate, extracellular DNA and proteins 

all perform roles that are essential for maintaining the structural integrity of the biofilm. 

Extensive work has been done to understand the biofilm EPS, and while much is understood 
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about the role it plays in antibiotic resistance there are still many unknowns regarding its 

composition, development and involvement in virulence.   

Psl: The Predominant P. aeruginosa Polysaccharide 

 

Psl, the product of the polysaccharide synthesis locus, is the predominant EPS 

polysaccharide synthesized by P. aeruginosa (89). It is a polymer composed of pentameric 

repeat units made up of  D-mannose, D-glucose and L-rhamnose (90, 91) shown in Figure 1.5. Psl 

is the first polysaccharide to be secreted during biofilm development and it facilitates early 

surface attachment and cell recruitment by acting as an adhesive (76, 87, 92, 93).  

 

Figure 1.5. Psl Structure. The psl polysaccharide is made up of repeating pentameric units of 

D-mannose, D-glucose and L-rhamnose. Adapted from Franklin et al. 2011 (94). 

 

 P. aeruginosa cells will make trails of psl polysaccharide on a surface that assist in self-

organization and cell retention in the early attachment step of microcolony formation (92). Psl is 

arranged around the exterior of the cell in a helical pattern that is thought to help provide 

structure and stability to the biofilm EPS by securing various molecules to both the substrate and 

bacterial cells (75, 87). In the mature PAO1 and PA14 microcolonies, this polysaccharide is 

produced at the periphery and is not observed in the center or in the cavity that eventually forms 

there when subsets of the population disperse, as seen in Figure 1.6. The reason for this has not 

been clearly determined. It is perhaps due to degradation by cellular enzymes, restriction by post-



 12 

transcriptional mechanisms, or because of a nutrition gradient that makes it unfavourable for the 

cells to produce it (87). 

Psl plays a role in defending the biofilm against destruction by outside forces. It offers a 

degree of resistance against phagocytosis by host immune cells (95) and can decrease the 

effectiveness of complement opsonization (96). During the first 24 hours of biofilm formation, 

psl also acts as a physical barrier against the antibiotics tobramycin, polymyxin B, colistin and 

ciprofloxacin. The specific mechanism of this interaction is not well understood but it has been 

speculated based on flow cell experiments and minimum biofilm eradication concentration 

assays that that psl directly binds antibiotics. This prevents them from entering the cell or 

reduces the affinity of the drug for the cell surface (21). This property does not persist for the 

duration of biofilm development but provides early protection that allows the structure to 

establish, additional polysaccharides to be produced and intrinsic resistance mechanisms to 

develop (21).  

When genes in the psl operon are knocked-out, preventing psl production, biofilms form 

more slowly than wildtype controls and produce less biomass overall (87). These biofilms are 

also more sensitive to both tobramycin and colistin (21, 97).  

 

 

 

Figure 1.6. Psl localization in a PAO1 biofilm. (A) Psl (green) is visible around a central cavity 

in the basal layer of a 2-day old flow cell biofilm. In the right panel, the psl image is merged with 

an image of the stained bacterial cells (red) showing that the polysaccharide surrounding the 

cells. (B) Psl is seen by its self and merged with bacterial cells at the top of the same 2-day old 

flow cell biofilm where it can be visualized as a matrix intertwined with the bacterial cells. Psl is 

stained with FITC conjugated HHA and bacterial cells are stained with FM4-64. Scale bars, 

10m. Adapted from Ma et al. 2009. (87) 

 

A B 
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Pel: The Secondary P. aeruginosa Polysaccharide 

 

The polysaccharide pel is named for the pellicle that it is involved in forming at the air-

liquid interface in some P. aeruginosa strains (93). Its chemical composition was the subject of 

disagreement for years, but was recently shown to be positively charged and consist of 1-4 linked 

partially acetylated galactosamine and glucosamine sugars, though a structure has not yet been 

determined (98).  

 

Figure 1.7. Pel localization in a PAO1 biofilm. Pel (red) localizes to the periphery of the top, 

middle and bottom regions in a 3-day old PAO1 flow cell biofilm. The polysaccharide is also 

visible in the central ‘stalk’ structure in both the middle and bottom regions. Columns of pel, 

indicated with white arrows, are visible in both the 2D profile image and in the 3D image where 

they can be seen attached to the surface, extending from the base of the ‘cap’ structure. Pel is 

stained with fluorescein-labeled WFL and biomass is stained green with Syto62. Scale bar, 

30m. Adapted from Jennings et al. 2015. (98) 

 

Pel plays a secondary role in surface attachment and adhesion to psl, though in strains that 

lack the ability to produce psl, such as lab strain P. aeruginosa PA14, pel acts as the primary 

structural support in the EPS (20, 89). In strains with low or absent psl production, pel also plays 

a role in cell-cell communication by initiating and maintaining cell clustering and helping to 

retain newly divided cells (20). In mature PAO1 biofilms that exhibit the mushroom-shaped 

structure, pel binds to extracellular DNA in the stalk region, providing structural stability in the 
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core of the biofilm. It also localizes to the periphery of the structure, where it can form additional 

columns that further provide support (Figure 1.7). Additionally, pel is able to bind to host-

produced polymers in the lung such as mucin and hyaluronan, aiding in attachment and 

colonization (98). Furthermore, protection against some aminoglycoside has been attributed to 

pel though the specific mechanism of action is unknown (20). 

Alginate: The Mucoid Polysaccharide 

 

The first matrix polysaccharide to be identified and characterized, alginate, is a linear 

polymer comprised of repeating subunits of -1,4 linked D-mannuronic and L-guluronic acid 

(21, 99, 100). Like pel and psl, alginate is involved in the attachment and structural integrity of 

the biofilm structure. It provides stability against sheer stress and aids in water retention to help 

prevent against desiccation (1, 101). Alginate helps protect the biofilm from the host immune 

system by scavenging free radicals released by phagocytic immune cells (102, 103) and by 

interfering with complement mediated opsonization (104). Furthermore, alginate provides a 

physical barrier against the diffusion of aminoglycoside antibiotics through the biofilm matrix 

(101, 105) by binding and sequestering them before they can enter the cells (106, 107).   

The genomes of the commonly used lab strains of P. aeruginosa, specifically PAO1 and 

PA14, contain the genes for alginate production but a study by Wozniak et al. showed that they 

are not expressed (108). The LES isolates also encode alginate genes, but do not produce the 

polysaccharide (65). This suggests that under laboratory conditions the EPS of these strains are 

all but void of the polysaccharide, and that only one polysaccharide is required for the formation 

of an extracellular matrix in the case of PA14 (108). Similarly, when CF patients initially 

become colonized with P. aeruginosa,  the colonizing strain tends not to produce alginate (15). 

This changes as the infection progresses and the strains start producing large quantities of 
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alginate; a phenotype referred to as ‘mucoid’ (109). This transition is caused by an inactivating 

mutation of a repressor gene, mucA, which leads to the constitutive expression of the alginate 

synthesis genes (110). Once the transition occurs, the disease prognosis for the patient tends to 

worsen and their condition often deteriorates (101, 110). 

Extracellular DNA: The Glue of the Biofilm  

 

The basic building block of all life is its self a building block of biofilms. Whitchurch and 

colleagues showed that when DNase was included in the growth medium, PAO1 biofilms failed 

to develop. They also demonstrated that biofilms less than 60 hours old would dissolve if treated 

with DNase (111). This indicates that extracellular DNA (eDNA) is a necessary structural 

constituent for both the initiation and early maturation of a biofilm matrix. In contrast, when 

biofilms greater than 80 hours old were treated with DNase, only minor damage was observed. 

The authors suggested that either eDNA played a greater role in the early stages of PAO1 biofilm 

development in their system, or that the older biofilms were better able to resist the effects of 

DNA degrading enzymes (1, 111). The structural support provided by eDNA likely comes from 

its ability to facilitate cell-cell connections by interacting and binding to the type IV pili on the 

cell exterior (97, 111–113). Biofilm growth, expansion and self-organization is also facilitated by 

eDNA. This is laid down by cells at the edge of the biofilm in a network that other cells can use 

as a guide and follow using twitching motility (114). The source of the eDNA is small 

subpopulations of bacteria that are lysed as a result of quorum sensing-mediated activity (112, 

115). These lysed cells may also help develop the cavity that contains free swimming cells prior 

to their release from mature biofilms (87, 112, 116). The eDNA is organized within the PAO1 

extracellular matrix and localizes to the outer layer of the microcolony and eventually the surface 

of the stalk of the mushroom structure (112, 116).  
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The extracellular DNA in the biofilm matrix has a role in providing protection against 

antimicrobial compounds. As a negatively charged molecule it binds cations, aminoglycosides 

and some antimicrobial peptides, sequestering them and preventing them from getting in to the 

bacterial cells (19). Large amounts of eDNA can also acidify the area surrounding the cell, 

inducing the expression of genes in the PhoPQ and PmrAB two-component regulatory system 

leading to changes in the membrane and reducing its ability to be permeated by aminoglycoside 

antibiotics (117). 

 

Figure 1.8. Extracellular DNA localization in a PAO1 biofilm. (A) eDNA (red) is located at 

the periphery of both the stalk (lower and right panels) and the cap (center panel) in this 5-day 

old flow cell grown PAO1 biofilm. Bacterial cells (green) are tagged with GFP and eDNA is 

stained with propidium iodide. (B) eDNA can again be visuaized at the peripery of both the stalk 

and cap of a 6-day old PAO1 flow cell grown biofilm. Localization relative to bacterial cells (left 

panel) and with the green channel removed (right panel). Bacterial cells (green) are tagged with 

GFP and eDNA is stained with DDAO. Scale bars, 20m. Adapted from Allessen-Holm et al. 

2006. (112)  

 

Extracellular Proteins: Diverse and Complex EPS Components 

 

The proteome, or the set of proteins expressed by an organism, of the EPS is fast becoming 

an area of intense study with the recent advancements in high-throughput protein quantification 

and identification techniques (36). These proteins have a wide range of roles that include nutrient 

metabolism, stress responses, structural integrity and virulence, to name a few (118). Some 

proteins are actively secreted into the extracellular space, whereas others are present as a result 

A B 
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of cell lysis or association with outer membrane vesicles (OMVs)(119, 120). Secreted proteins 

that have been identified include CdrA, a psl cross linker which enhances biofilm structural 

stability (120), LasB, an elastolytic metalloproteinase capable of degrading a wide range of 

immune effector molecules(118, 121), and multiple type three secretion system effectors (118). 

-lactamase enzymes, whether secreted or released after lysis are also an important part of the 

EPS. These proteins have the ability to inactivate -lactam antibiotics before they come in 

contact with bacterial cells (122, 123) and the genes encoding them are diverse and highly 

mobile (124). The role of these enzymes and the many other proteins that make up the P. 

aeruginosa proteome are extensive and complex, with many remaining unknown. As research on 

this topic continues, a picture of this essential part of the EPS will develop. 

Sub-Inhibitory Concentrations of Antibiotics Can Induce Biofilm Development 
 

When treating a bacterial infection with antibiotics, the goal is to keep the drug 

concentration above the minimum inhibitory concentration (MIC), the in vitro calculated 

concentration at which growth is inhibited, but below the toxic threshold of the host. Maintaining 

this balance can be challenging and, as a result, there are often situations where bacterial 

biofilms are exposed to concentrations of antibiotics that are considered sub-inhibitory (125). 

Beyond the obvious risk of developing resistance, there are a multitude of other effects that these 

molecules can have.  

One of the frequently observed effects is that sub-inhibitory levels of drugs, from a range 

of classes, induce or increase biofilm production in PAO1 and some clinical isolates. 

Aminoglycosides, such as tobramycin, induce biofilm formation in PAO1 and CF clinical 

isolates by interacting with the secondary messenger c-di-GMP, a molecule associated with 

bacterial adhesion (126). How tetracyclines, rifampicin and quinolones, such as ciprofloxacin 
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and norfloxacin, drive an increase in PAO1 biofilm biomass is less well understood. The 

response is thought to be a reaction to the cell damage and surface disruptions caused by the 

drugs, along with inter-cellular signaling (127, 128). Sub-inhibitory levels of clarithromycin, a 

macrolide, and norofloxacin have been shown to increase adherence of biofilm cells in PAO1 

and CF isolates in the case of clarithromycin (128, 129). An alteration of bacterial surface 

properties as a result of the antibiotic stress is suggested to remove some physiochemical barriers 

and make surface attachment more favorable (128). 

Knowing that an increase in biomass occurs in response to sub-inhibitory levels of 

antibiotics is clinically relevant and useful information. Unfortunately, current studies have been 

unable to show whether this increase is the result of a change in abundance of one or two 

components in the biofilm or whether it is a general biomass increase. This is because non-

specific assays or methods, such as crystal violet staining (126, 127) or electron microscopy 

(128), were used. In order to develop better therapeutics, more needs to be known about how 

antimicrobial drugs induce biofilm formation, as well as the specific molecules that drive this 

development. More specific methods, tests and studies are necessary to build a more complete 

picture of how and why biofilms form in response to drug exposure. 

The structure of the biofilms produced by PAO1 and PA14 in flow cells are well 

characterized and the localization patterns of both the polysaccharides and eDNA produced by 

these strains have been determined (89, 91, 98, 112). These are used as a base-line comparison 

for EPS mutants or strain comparisons. It is known that the LES isolates form biofilms, but there 

is also evidence to suggest that they do not form these biofilms as quickly or as robustly as 

PAO1 (65). In addition, studies in PAO1 have shown that sub-inhibitory concentrations of some 

antibiotics can cause an increase in biofilm biomass (126–128, 130). Whether the LES isolates 
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react in a similar way is unknown and a better understanding of this could have meaningful 

clinical implications. The intention of the work presented in this thesis was to visually 

characterize the biofilms formed by these isolates. Specifically, this work provides an indication 

of the quantity of EPS components and their localization patterns in addition to demonstrating 

the effects of sub-inhibitory concentrations of an antibiotic on the PAO1 and select LES 

biofilms. 

Chapter 2: Materials and Methods 
 

Strain Selection 
 

The strains and plasmids used in this study are listed in Table 2.1. The isolates of the 

Liverpool Epidemic Strain of P. aeruginosa (LESlike1, LESlike4, LESlike5, LESlike7, LES400, 

LES431, LESB58 and LESB65) were generously provided by Dr. Roger C. Levesque 

(University of Laval, Laval, Canada) (Table 2.2). These isolates were chosen because they are 

clinical isolates which exhibit variable virulence characteristics and because high quality genome 

sequence data has been previously generated for them (65). Wild-type P. aeruginosa PAO1 was 

provided by Dr. Joseph Lam (University of Guelph, Guelph, Canada) and used as a reference 

organism throughout the study.  

Cultures of P. aeruginosa isolates were grown on tryptic soy agar (TSA; Becton Dickinson, 

Mississauga, Canada) or in tryptic soy broth (TSB; Becton Dickinson, Mississauga, Canada) 

unless stated otherwise. E. coli cultures used for conjugation were grown in lysogeny broth (LB; 

Fisher Scientific, Ottawa, Canada). Liquid cultures were incubated in a rotary shaker at 37C and 

200 rpm. Plates were incubated statically at 37C. Glycerol stocks of bacterial cultures were 

prepared by combining 750 L of late-log phase culture with 250 L pre-chilled 80% (v/v) 

glycerol in a cryogenic storage tube. Stocks were stored at -80C.  
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Table 2.1 Bacterial strains and plasmids used for this study. 

Strains and Plasmids Phenotype/genotype Source 

 

Strains 

  

P. aeruginosa   

PAO1 Wildtype (131) 

LESlike1 Wildtype (65) 

LESlike4 Wildtype (65) 

LESlike5 Wildtype (65) 

LESlike7 Wildtype (65) 

LES400 Wildtype (65) 

LES431 Wildtype (65) 

LESB58 Wildtype (65) 

     PAO1gfp  attB::pC gfp mut2 This study 

     LESlike1gfp attB::pC gfp mut2 This study 

     LESlike4gfp attB::pC gfp mut2 This study 

     LESlike5gfp attB::pC gfp mut2 This study 

     LES400gfp attB::pC gfp mut2 This study 

     LES431gfp attB::pC gfp mut2 This study 

     LESB58gfp attB::pC gfp mut2 This study 

     LESB65gfp attB::pC gfp mut2 This study 

E. coli   

     SM10 thi-1 thr leu tonA lacY supE 

recA RP4-2-Tc::Mu, Kmr 

(132) 

Plasmids 

 

  

     mini-CTX2 Gene insertion vector, Tcr; lacIq (133) 

pMF230 gfp mut2; Cbr (134) 

Cb=carbenicillin, Tc=tetracycline, Km=kanamycin 

 

Table 2.2 Isolation information for the LES isolates used in this study 

 

Isolate Year Isolated Location  Description Source 

LESlike1 2005 Ottawa, ON Chronic CF isolate (65) 

LESlike4 2005 Toronto, ON Chronic CF isolate (65) 

LESlike5 2007 Toronto, ON Chronic CF isolate (65) 

LESlike7 2006 Hamilton, ON Chronic CF isolate (65) 

LES400 1998 Liverpool, UK Chronic CF isolate (65) 

LES431 2000 Liverpool, UK Isolated from non-CF parent of 

CF patient 

(65) 

LESB58 1989 Liverpool, UK Chronic CF isolate (65) 

LESB65 2003 Liverpool, UK Chronic CF isolate (65) 
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Construction of strains with PC and gfp integrated into chromosome 
 

The overall strategy is shown in Figure 2.1. The strong, constitutive PC promoter was 

constructed in accordance with the protocol published by Xu et al. (135). Recombinant 

polymerase chain reaction (PCR) was used to synthesize the 225 bp promoter sequence from six 

50bp oligonucleotides (Eurofins MWG Operon. USA). Restriction sites were added (KpnI and 

PstI respectively) to the first and sixth oligonucleotides, to allow for downstream cloning. The 

sequences for the oligonucleotides are listed in Table 2.3. Once synthesized, additional PC DNA 

was produced by using the initial construct as the template and amplifying it using PCR using the 

first and sixth oligonucleotides as primers.  

Using primers listed in Table 2.3, gfp mut 2 was amplified from the PMF 230 plasmid (134). 

Restriction sites for PstI and SacI were added to the 5 and 3 portion of the gene, a Shine-

Dalgarno sequence (AGGAAA) was also added at the 5 end, immediately following the PstI 

restriction site. 

The PC promoter was cloned into the integration proficient mini-CTX2 plasmid (133) using 

the KpnI and PstI restriction sites before being transformed into E. coli SM10 (132). The plasmid 

was then extracted from a late-log phase culture of E. coli SM10 PC and gfp mut 2 was cloned in 

using the PstI and SacI restriction sites. The mini-CTX2 containing PC and gfp mut 2 was then 

again transformed into competent E. coli SM10 and glycerol stocks were made.  

Conjugations with the P. aeruginosa strains and isolates were performed in accordance with 

the protocol outlined by Hoang et al. (136). Liquid cultures of the donor E. coli SM10 and the 

acceptor P. aeruginosa strains, grown to late-exponential phase, were combined and spotted on 

to LB plates for puddle mating. After 16 hours, the spots were re-suspended in LB broth, diluted, 

spread on Pseudomonas isolation agar containing tetracycline and incubated overnight. Resulting 
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colonies were screened for plasmid insertion using fluorescence microscopy. Colonies that 

fluoresced green and continued to fluoresce green after overnight growth in antibiotic-free media 

were processed as stocks and stored at -80C. Isolates with the integrated Pcgfp genes were used 

for all experiments, unless otherwise noted.  

Construction and editing of oligonucleotides and primers was done using the Geneious Pro 

software package (v.5.5.9, Biomatters Inc., Auckland NZ). Oligonucleotides and primers used 

for the construction of PC and gfp mut 2 are listed in Table 2.3. All DNA was stored at -20C.              

 

 

 

Figure 2.1. Plasmid map of mini-CTX2 Pc gfp mut 2 and integration into the bacterial 

chromosome. The mini-CTX2 plasmid is shown with Pc gfp mut 2 integrates at the attB site in 

the Pseudomonas aeruginosa chromosome. Tetracycline resistance is encoded for, as is an 

integrase enzyme governed by the Ptrc promoter and the lacIq repressor. The plasmid backbone 

can be excised by a flippase enzyme encoded on another plasmid (not depicted here) but that step 

was not performed in this study. Adapted from Hoang et al.,1998 and Hoang et al., 2000. (133, 

136) 
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Table 2.3. Oligonucleotides and primers used for PC gfp mut2 construction 

 

 

Flow cell setup and operation  
 

 The preparation and set up of the flow cell system was adapted from the descriptions 

given by Møller et al. (137) and Crusz et al. (138) and is shown in Figure 2.2. Biofilms were 

propagated in a Chamlide perfusion type multi-well closed magnetic chamber (Live Cell 

Instruments, South Korea) also known as a flow cell. Individual rectangular chambers measured 

1 mm x 4 mm x 17 mm and had a volume of 68 mm3. A cover slip measuring 24mm x 60 mm 

with a thickness of 0.16 mm lined the bottom of the flow cell. Silicon tubing (1/32” x 3/32” x 

1/32”) (Fisher Scientific, Canada) fitted to both the inlet and outlet ports allowed for the flow of 

fresh media into the cell and for the removal of spent media and non-adherent cells. Minimal 

Name Sequence (5-3) Source 

Oligo 1 CTAG GTA CGG TAC CTG CCG ATA CAA GAA CAA CAG 

CGC GTT GAG CGC CTG CCG GTG GGT GGC CGG 

(135) 

Oligo 2 TTC TGA CCA TGC TCG CCA CCG AGA AGC AAG TGG CGC 

CGG CCA CCC ACC GG  

(135) 

Oligo 3 CGA GCA TGG TCA GAA AAC CCT CGA CTT CAG CTT GCC 

CCA TTT CGC GCG GA  

(135) 

Oligo 4 TTG TGG ACG GCC CGC AGC CAT GGT GGG TTT CGA CAT 

CCG CGC GAA ATG GG  

(135) 

Oligo 5 GCG GGC CGT CCA CAA CAC AAA TGC CTT GGC CCA GTA 

GAC ATA AGC CTT CT  

(135) 

Oligo 6 TTA CGT CAC TGC AGA CGG GTT CGC TAC CTG CAT TAC 

AGC CTA CAG ACC GAG AAG GCT TAT GTC T 

 

(135) 

gfp mut2 

FP 

GTA CTT GCT GCA GAG GAA ACA GAA TTC TAT GAG TAA 

AGG AGA AGA ACT 

This 

study 

gfp mut2 

RP 

CTA TTT GTA TAG TTC ATC CAG TGA GCT CAG CGT AAG 

 

This 

study 
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Davis broth with 10% dextrose was maintained at 55C before being pumped through the system 

using a Manostat Carter multi-channel cassette peristaltic pump.  

The individual flow chambers were inoculated by injecting 250 L of overnight bacterial 

culture, diluted to an OD600= 0.1 or 0.01 for PAO1, and the chambers were held without flow for 

1 hour in the case of PAO1 or 3 hours for the LES isolates to permit adherence. Flow was then 

resumed at a rate of 9.5-11 mL/h. The chambers were maintained at 37C with a heating plate 

(Chamlide Live Cell Instruments, South Korea) and bubbles were minimized by keeping the 

entire apparatus perpendicular to the floor with new medium being fed from the bottom and 

spent medium being pulled from the top (138). Between 11 and 25 images (Table A.2.) from one 

flow cell experiment was used in the characterization analysis of the LES images. Two replicates 

of the antibiotic challenge experiment were performed and between 26 and 52 images were used 

in the analysis (Table A.3). 

 
Figure 2.2. Generalized flow cell set-up. Fresh growth medium is pulled into the flow cell by a 

peristaltic pump. Spent medium, waste products and non-adhered bacterial cells are pulled out of 

the system into a waste receptacle by the same pump. Pulling the medium through the system as 

opposed to pushing it reduces the number of air bubbles that form and can disrupt the growing 

biofilms. The flow cell is also maintained at 37C using a heating plate. Adapted from Crusz et 

al. (138). 

 

Staining Biofilms  
 

Biofilms were stained in the flow cell after 72 hours of growth by injecting 150 L of each 

stain (listed in Table 2.3) directly into the flow cell with the flow stopped and the inflow tubing 
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clamped. POPO-1 iodide (1 M)(115) was injected first and incubated with the biofilm for 30 

minutes before the flow was resumed for 5 minutes to remove any unbound stain. A 1:1 mixture 

of Texas Red-conjugated Wisteria floribunda lectin (WFL) and Texas Red-conjugated 

Hippeastrum hybrid lectin (HHA) (200 g/mL) (87, 98) was prepared, injected and incubated for 

1 hour before resuming the flow for 5 minutes. Once the flow was stopped, both the inflow and 

outflow tubing lines were clamped to prevent any movement of the media out of the flow cell 

during imaging. Because both the WFL and HHA lectins are conjugated with Texas Red the 

individual pel and psl polysaccharides cannot be differentiated. Observations of the 

polysaccharide localization patterns are thus made generally, unless specifically noted. 

Sub-inhibitory Antibiotic Challenge Flow Cell Experiment   
 

Overnight cultures were diluted in TSB to an OD600= 0.1 for LES isolates or 0.01 for 

PAO1 before 250 L was injected into each of four wells in the flow cell. The different 

inoculation concentrations produced volumes of bacterial growth that were comparable between 

PAO1 and the LES isolates. The bacterial cells were allowed to adhere to the coverslip for 1 

hour, in the case of PAO1, or 3 hours for the LES isolates before the flow of 10% cation-adjusted 

Mueller Hinton broth (CAMHB) was resumed at approximately 10 mL/h. The isolates were left 

to grow in the wells for 48 hours with flow. After 48 hours, one well was stained with POPO-1 

and the 1:1 HHA:WFL lectin mixture, according to the previously outlined methods, prior to 

imaging. The inflow tubing for two additional wells was aseptically transferred to a flask 

containing 300mL of 10% CAMHB and aztreonam in concentrations listed in Table 2.4. After 24 

hours, bacteria in one of the antibiotic treated wells was stained and imaged alongside those from 

an untreated (control) well. The tubing for the other antibiotic treated well was transferred back 

to a flask containing 10% CAMHB to recover for 24 hours before it was stained and imaged. 
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This experiment was designed to provide visual evidence of how a biofilm reacts to sub-

inhibitory concentrations of antibiotic and the conditions were intended to replicate those used in 

a minimum biofilm eradication concentration (MBEC) assay (139). This assay utilizes CAMHB 

to determine the MBEC value, and it is understood that the type of media used has an impact on 

biofilm formation, so to make comparisons between the experiments we used the same media. 

The CAMHB was diluted to 10% of the stock concentration to prevent the biofilms from 

growing too thickly in the flow cell and blocking the light path. The concentration of aztreonam 

used in the challenge experiment (Table 2.4) was the lowest concentration that produced an 

increase in biofilm biomass in the MBEC experiment (Figure 3.4).   

 

Table 2.3. Stains and dyes used to visualize EPS components 

 

Stain/Dye Specificity Absorbance/Emission (nm) Manufacturer 

POPO-1 Iodide 

 
eDNA 434/456 

Invitrogen 

(Burlington ON, 

Canada) 

Texas Red conjugated 

Wisteria floribunda Lectin 

 

Pel 596/615 
EY Laboratories 

(San Mateo CA, USA) 

Texas Red conjugated 

Hippeastrum hybrid Lectin 
Psl 596/615 

EY Laboratories 

(San Mateo CA, USA) 

 

 

Table 2.4. Aztreonam concentrations used in sub-inhibitory antibiotic challenge flow cell 

experiments.  

Isolate 
Aztreonam 

(g/mL) 

Minimum 

Inhibitory 

Concentration 

(MIC) 

(g/mL) 

Minimum 

Biofilm 

Eradication 

Concentration 

(MBEC) 

(g/mL) 

PAO1 16 4 >2048 

LESlike4 128 4 >2048 

LES400 32 128 >2048 
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Image Acquisition 

All images were acquired using a Leica DMi8 inverted microscope and Quorum Diskovery 

multi-point scanning confocal system (Quorum Technologies Inc., Guelph, Canada) equipped 

with 405 nm, 488 nm and 560 nm lasers and a filter set appropriate for capturing fluorescence 

from POPO-1, GFP and Texas Red respectively. Image stacks were obtained with a 40 oil or 

40 long working distance air objective lens (Leica Microsystems, Germany) and the Volocity 

software package (PerkinElmer Inc., USA). Between twelve and twenty-five representative 

images were obtained from each experimental flow cell well. Efforts were made to ensure that 

images were taken of all areas of the well, not just those with prominent microcolonies, and that 

images of the various topologies were captured relative to their abundance.  

Image Analysis 
 

Image analysis was performed using the Volocity software package (PerkinElmer Inc., 

USA). A measurement protocol was developed to measure the fluorescence intensity and volume 

for each of the three channels. A minimum object size of 0.35m3 was established for the green 

channel and 0.11m3 for the red and blue channels (140). The fluorescence threshold was 

determined automatically by Volocity using OTSU’s method (141). Sum volume measurements 

were obtained for each of the three channels in every image. Because of variability in exposure 

times between images and isolates, raw fluorescence values could not be compared. The ratio of 

blue and red fluorescence signal in relation to the green fluorescence signal was determined by 

dividing the values for the blue or red channels by the green channel values. The average of these 

values was then determined using 12-15 individual images. Individual image values were 

depicted using vertical scatter plots, including means and standard deviations, generated with 

Prism (v. 5.0, GraphPad Software Inc.). Measurements of the height, length and width of biofilm 
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microcolonies were taken using the line measurement tool in Volocity. Microcolonies needed to 

meet or exceed a 10m diameter threshold in order to be considered. One to four microcolonies, 

depending on abundance, were measured in each image and a representative range of sizes was 

used to determine the final average. Contrast and brightness enhancement was performed on the 

images using Volocity to remove background, sharpen the images and highlight certain portions 

of the biofilm structure. This was only performed on images used for presentation and after all 

analysis had been performed.  

Statistical Analysis 
 

A one-way ANOVA with post-hoc Tukey’s comparison was used to compare the mean 

relative fluorescence and determine if there was a significant difference in the quantity of eDNA 

or polysaccharide between the treated, untreated, and recovery groups. Significance was 

established in a comparison if the p-value was less than 0.05. The analysis was performed using 

Prism (v. 5.0, GraphPad Software Inc.). 

 

Chapter 3: Results 
 

PAO1 and LES Isolate Biofilm Characterizations 

The specific LES isolates used in this study were chosen because complete genome 

sequences with annotations are available for these eight isolates and PAO1 making it possible to 

correlate phenotypes and genotypes (11, 65). To mirror previous work done with PAO1, the LES 

biofilms were grown in a flow cell system and imaged using confocal microscopy. The 

characteristic mushroom-shaped biofilms are known to occur in an environment with continuous 

flow, so to make comparisons with the literature, it was important to replicate the experimental 

conditions as closely as possible. Finally, the flow cell system in conjunction with confocal 
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microscopy allowed for the generation of high resolution images that cannot be obtained from a 

well-plate or microscope slide. Minimal Davis medium with supplemented glucose has been 

used consistently throughout the published literature for characterization studies and was also 

used here. The carbon source, glucose, is important as it is associated with the production of 

mushroom-shaped microcolonies (77).  

The relative intensity values and microcolony size measurements with accompanying 

sample sizes and standard deviations are presented in Table A.1 and A.2 respectively. 

Characterizing the PAO1 Biofilms 

 

PAO1 formed microcolonies that were round to slightly irregular in shape and domed in 

profile after 24 hours of growth (Figure 3.1A). The characteristic mushroom-shaped structures 

that are well documented in the literature were not observed at this time-point. This was to be 

expected as they tend to emerge around 72 hours of growth (73, 142). It was not possible to 

image PAO1 after about 30 hours of growth because the strain grew too densely to allow a light 

signal to pass through the optical flow cell. This was despite multiple experiments where 

alterations were made to the inoculum concentration, adherence time and flow rate. Furthermore, 

PAO1 grown for 24 hours most resembles many of the LES isolates after 72 hours (see below), 

allowing for better comparisons between the strains. 

The microcolonies had an average width of 35.29 m average length of 26.34 m and an 

average height of 11.73 m. The eDNA was primarily located in the interior of the biofilm 

structure in the layers closest to the glass substrate, and was surrounded by polysaccharide and 

bacterial cells. A small amount of eDNA was evident in the space between microcolonies, but 

most was contained within the structures. The polysaccharides were located both within the 

biofilm and extending out to surround the cells on the periphery of the structure. They formed a 
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web-like matrix that extended throughout the biofilm and between microcolonies (Figure 3.1D). 

This matrix surrounded both cells and eDNA, appearing to contain and hold the components 

together. A structural role for the pel and psl polysaccharides has previously been suggested (89) 

so it was not surprising to see it appearing to act in that capacity in these experiments. Using the 

relative fluorescence signal ratios of blue (eDNA) to green (cells) and red (polysaccharide) to 

green it was shown that the mean ratio of eDNA to bacterial cells is 0.32 and the mean ratio of 

polysaccharide to bacterial cells is 2.12. This indicated that in comparison to the quantity of 

bacterial cells, there was less eDNA and more polysaccharide. Between the images used for 

analysis, the quantity of eDNA was quite consistent, while the quantity of polysaccharide varied 

across the images (Figure 3.2).  

 

 

Figure 3.1. 24h PAO1 flow cell biofilm. (A) Representative composite confocal image stack of 

PAO1 biofilm after 24 hours of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10 m.  

 

A B 

C 

D 
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Figure 3.2. Relative quantities of eDNA and polysaccharide in 24h PAO1 flow cell biofilms. 

The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) and the 

ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  

 

 

Characterizing the LESlike1 Biofilms 

 

LESlike1 formed microcolonies with two distinct morphologies. The first, indicated by the 

solid arrow in Figure 3.3. looked more like the microcolonies produced by other LES isolates, 

that is small with rough borders, a rounded profile and eDNA and polysaccharide distributed 

throughout the interior of the structure. These microcolonies had an average width of 20.04 m, 

average length of 19.27 m and an average height of 10.07 m. The second morphology is 

indicated by the outlined arrow in Figure 3.3A, but is depicted more clearly in Figure 3.5 which, 

for clarity, only shows staining for eDNA and pel. The second morphology lacked a defined 

shape and had a very loose organization. There was little polysaccharide present (psl content is 

not determined) and the eDNA was primarily clustered towards the centre of the structures with 

a small amount visible closely associated with cells on the periphery. These had an average 

width of 95.62 m, average length of 91.91 m and an average height of 24.63 m. The presence 

of two different LESlike1 morphologies was consistent with previous observations. It has been 
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shown that this isolate produces two distinct colony morphologies when grown on solid media, 

one of which was determined to be a small colony variant (SCV by Jeukens et al. (65). 

Identifying which phenotype observed in the flow cell corresponds to the SCV was not possible 

within the scope of this work. 

The mean ratio of eDNA to bacterial cells was 0.12 and the mean ratio of polysaccharide to 

bacterial cells was 0.28 (Figure 3.4). Like PAO1, a consistently low amount of eDNA was seen 

in the LESlike1 biofilms. There was also less polysaccharide produced by LESlike1 and less 

variation in the quantity present across the representative images used to determine the values, 

compared to PAO1. 

 

 
 

Figure 3.3. 72h LESlike1 flow cell biofilm. (A) Representative composite confocal image stack 

of LESlike1 biofilm after 72h of growth in the flow cell environment. The open arrow at the top 

of the image indicates larger, looser morphology and the filled arrow at the bottom indicates the 

smaller, more characteristic morphology. (B) Bacterial cells constitutively expressing GFP. (C) 

eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular polysaccharides 

stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m.  
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Figure 3.4. Relative quantities of eDNA and polysaccharide in 72h LESlike1 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  

 

 

Figure 3.5. 72h LESlike1 flow cell biofilm. Representative composite confocal image stack of 

the loosely organized morphology LESlike1 biofilm after 72h of growth in the flow cell 

environment. Green cells constitutively express GFP, eDNA is stained with POPO-1 and pel is 

stained with WFL. Scale bars, 10m. 

 

Characterizing the LESlike4 Biofilms 

 

LESlike4 formed biofilm microcolonies that were rounded in shape and profile but lacked 

well defined borders. The edges of the biofilms were rough looking and contained bacterial cells, 

eDNA and polysaccharides. The average microcolony width was 39.21 m, average length was 
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31.06 m and average height was 19.49 m. Within the smaller microcolonies (shown by the 

open arrow in Figure 3.6A), the eDNA and polysaccharides were evenly distributed throughout 

the entire structure. In the larger colonies (shown by the solid arrow in Figure 3.6A), the EPS 

molecules were more concentrated on the periphery, with the centre of the microcolony 

containing primarily bacterial cells. If a positive correlation between size and development is 

assumed, this data indicates that as the biofilm grows EPS components move to the periphery of 

the structure, something that is known to occur with both the pel polysaccharide and eDNA in 

PAO1 (98, 112). The mean ratio of eDNA to bacterial cells was 1.89 and the mean ratio of 

polysaccharide to bacterial cells was 0.64. Both the quantities of eDNA and polysaccharides 

were variable within the representative images of this isolate, though unlike PAO1 the 

polysaccharide ratios were split into two groups. One group represented images with almost no 

relative fluorescence, whereas the other represented images with an average relative fluorescence 

of 1.66 (Figure 3.7).         

Characterizing the LESlike5 Biofilms  

 

LESlike5 did not form biofilms that resembled those of the other LES isolates. Small, 

loose clusters of adhered cells were visible, with some clusters having a higher density of cells 

than the others. There was very little detectable eDNA, though the small amount that was present 

was found in small foci dotted throughout the field of view, usually associated with the periphery 

of a cluster of cells. There was also very little polysaccharide apparent in these clusters of cells. 

Some polysaccharide was present at the basal layer, shown in Figure 3.8, scattered amongst the 

cells. The mean ratio of eDNA to bacterial cells was 0.015 and the mean ratio of polysaccharide 

to bacterial cells was 0.091. Compared to PAO1, there was little polysaccharide or eDNA 

produced by LESlike5.  
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Figure 3.6. 72h LESlike4 flow cell biofilm. (A) Representative composite confocal image stack 

of LESlike4 biofilm after 72h of growth in the flow cell environment. The solid arrow indicates 

the larger microcolonies with more localization of the EPS molecules whereas the open arrow 

indicates the smaller microcolonies lacking localization of eDNA and polysaccharides. (B) 

Bacterial cells constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. 

(D) pel and psl extracellular polysaccharides stained with Texas Red conjugated WFA and HHA 

lectins. Scale bars, 10m.  

 

 

 

Figure 3.7. Relative quantities of eDNA and polysaccharide in 72h LESlike4 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  
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Figure 3.8. 72h LESlike5 grown in the flow cell. (A) Representative composite confocal image 

stack of LESlike5 after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) Pel and Psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m.  

 

 

 

 
 

Figure 3.9. Relative quantities of eDNA and polysaccharide in LESlike5 grown for 72h in 

the flow cell. The ratio of blue signal to green signal indicates the relative quantity of eDNA 

(blue) and the ratio of red signal to green signal indicates the relative quantity of combined pel 

and psl polysaccharides (red).  
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Characterizing the LESlike7 Biofilms 

 

LESlike7 formed irregularly-shaped biofilm microcolonies that were loosely organized and 

diffuse in nature. Many were oblong in shape with an average width of 51.12 m, average length 

of 70.54 m and average height of 24.95 m. Long strands of eDNA extended out of the 

microcolonies and, in some cases, extended into adjacent microcolonies as can be seen in Figure 

3.12. The eDNA does not localize to a specific area in the biofilm structure and is visible in the 

interior and on the exterior of the biofilm both in the basal layer and in the layers extending to 

the top of the microcolony (Figure 3.11). Polysaccharides are most densely concentrated on the 

basal layer, but extend up through the entire biofilm, both inside and on the exterior of the 

structure (Figure 3.11D). The polysaccharides also co-localize with eDNA in basal layer of the 

biofilm, evident by long strands of polysaccharide found in the same places as the long strands of 

eDNA. The mean ratio of eDNA to bacterial cells is 0.40 and the mean ratio of polysaccharide to 

bacterial cells is 1.47 (Figure 3.10). LESlike7 shows a similar pattern of abundance of eDNA and 

polysaccharide to PAO1. There is some variability in the quantity of eDNA present in the 

representative images but a larger amount of variability in the quantity of polysaccharide.  

 

Figure 3.10. Relative quantities of eDNA and polysaccharide in 72h LESlike7 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  
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Figure 3.11. 72h LESlike7 flow cell biofilm. (A) Representative composite confocal image 

stack of LESlike7 biofilm after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m.  

 

 

 

Figure 3.12. eDNA localization in 72h LESlike7 flow cell biofilm. Representative composite 

confocal image stack showing the network of eDNA relative to the microcolonies. Green cells 

constitutively express GFP and eDNA is stained with POPO-1. Scale bars, 10m. 
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Characterizing the LES400 Biofilms 

 

LES400 formed rounded microcolonies with moderately well-defined borders. These were 

small with an average width of 20.36 m, average length of 20.52 m and average height of 

10.68 m. The polysaccharides and eDNA were distributed throughout the microcolonies and 

did not show a pattern of localization. The majority of the EPS was found within the biofilms, 

though there was a small amount located in the spaces between the microcolonies which looked 

to be associated with small clusters of bacterial cells (Figure 3.14). These clusters were likely 

microcolonies in an earlier stage of growth that were either the product of cells sloughed from 

mature biofilms or from the original attachment period that took longer to establish. The mean 

ratio of eDNA to bacterial cells was 0.66 and the mean ratio of polysaccharide to bacterial cells 

was 0.61 (Figure 3.13). The quantity of polysaccharide produced was lower in comparison to 

PAO1 but much more consistent across images. More eDNA was produced by this isolate than 

PAO1 and showed a tighter distribution across the images. 

 

 
 

Figure 3.13. Relative quantities of eDNA and polysaccharide in 72h LES400 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red). 
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Figure 3.14. 72h LES400 flow cell biofilm. (A) Representative composite confocal image stack 

of LES400 biofilm after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m.  

 

Characterizing the LES431 Biofilms 

 

LES431 formed biofilm microcolonies that were circular or irregular in shape and rounded 

in profile. The colonies had an average width of 28.94 m, average length of 25.78 m and 

average height of 13.86 m. Within the biofilm structures, eDNA was sparse in comparison to 

the quantity of bacterial cells (Figure 3.15), but small clusters were present towards the centres 

of the microcolonies and spotted throughout the spaces between them. In some structures, the 

eDNA was arranged loosely in a radial pattern, extending out from the centre towards the 

periphery (Figure 3.17). The polysaccharides were abundant in the biofilms and filled a large 

portion of the interior of the structure. Figure 3.17 shows how the pel polysaccharide filled the 

interior of the biofilm and surrounded the bacterial cells and eDNA there. Pel has been shown to 

co-localize with eDNA in the centre or stalk of the biofilm structure in PAO1 (98) and the 
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observations made here suggested that this may also be the case in LES431. From the 

representative images, it was determined that the mean ratio of eDNA to bacterial cells was 

0.070 and the mean ratio of polysaccharide to bacterial cells was 1.06. This isolate produced less 

of both EPS components than PAO1 but did show some variation in the amount of 

polysaccharide present in the representative images. 

 
 

Figure 3.15. 72h LES431 flow cell biofilm. (A) Representative composite confocal image stack 

of LES431 biofilm after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel 

extracellular polysaccharide stained with Texas Red conjugated WFA lectin. Scale bars, 10m.  

 

 
 

Figure 3.16. Relative quantities of eDNA and polysaccharide in 72h LES431 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  
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Figure 3.17. Pel and eDNA localization in LES431 grown for 72h in the flow cell. 

Representative composite confocal image showing the localization of pel to the center of the 

microcolony and the arrangement of eDNA in a radial pattern. Green cells constitutively express 

GFP, eDNA is stained with POPO-1 and pel is stained with Texas Red conjugated WFL lectin. 

Scale bars, 10m. 

 

Characterizing LESB58  

 

LESB58 did not form biofilms in the flow cell system. A few cells were adhered to the 

glass surface close to the edge of the flow cell well where the flow was slower but there were no 

aggregations of cells visible in the wells. There was some eDNA and polysaccharide visible as 

small foci near some cells, but nothing that could be associated with even the beginnings of a 

microcolony. Figure 3.19 shows LESB58 after 72 hours of growth and stained for eDNA and psl, 

further demonstrating the lack of colony morphology. The lack of cells, eDNA and 

polysaccharide is further demonstrated in Figure 3.18, which was also captured at the 72-hour 

time point but stained for eDNA and both polysaccharides. The mean ratio of eDNA to bacterial 

cells was 0.0013 and the mean ratio of polysaccharide to bacterial cells was 0.067. There really 

was no comparison to be made between LESB58 and PAO1 here as there were no secondary 

structures and very little EPS production.   
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Figure 3.18. 72h LESB58 grown in the flow cell. (A) Representative composite confocal image 

stack of LESB58 after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m.  

 

 
 

Figure 3.19. Psl and eDNA localization in LESB58 grown for 72h in the flow cell. 

Representative composite confocal image. Green cells constitutively express GFP, eDNA is 

stained with POPO-1 and psl is stained with Texas Red conjugated HHA lectin. Scale bars, 

10m. 
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Figure 3.16. Relative quantities of eDNA and polysaccharide in 72h LESB58 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  

 

Characterizing the LESB65 Biofilms 

 

LESB65 formed small, irregularly shaped microcolonies with indistinct borders and a 

domed profile. The average microcolony width was 24.56 m, average length is 20.27 m and 

average height is 13.25 m. Within the biofilms, the distribution of eDNA and polysaccharide 

did not follow a pattern with regards to distribution and instead both were found throughout the 

basal layer and extended upwards through to the top of the structure. The area surrounding the 

biofilms was filled with small clusters of cells adhered to the glass surfaces. Many were lightly 

dotted with polysaccharide and eDNA, though there were some that lack EPS. These clusters 

were likely biofilms in an earlier stage of development that were seeded by the dispersion of 

older biofilms and if given more time would develop into larger microcolonies. The mean ratio 

of eDNA to bacterial cells is 0.27 and the mean ratio of polysaccharide to bacterial cells is 0.22. 

Both components showed some variability between the images they were measured from, though 

when compared with PAO1 this variability existed within a much smaller range for the 

polysaccharides. 
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Figure 3.20. 72h LESB65 flow cell biofilm. (A) Representative composite confocal image stack 

of LESB65 biofilm after 72h of growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m.  

 

 

 

 
 

Figure 3.21. Relative quantities of eDNA and polysaccharide in 72h LESB65 flow cell 

biofilms. The ratio of blue signal to green signal indicates the relative quantity of eDNA (blue) 

and the ratio of red signal to green signal indicates the relative quantity of combined pel and psl 

polysaccharides (red).  
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Comparing the Biofilm Structures of the LES Isolates with eachother and PAO1 

 

The LES isolates formed visibly distinct biofilm structures. Some, like LES400 and 

LES431, produced biofilms that resembled the rounded shape and structure of PAO1. Others, 

like LESLike1 and LESlike7, produced structures that bore little resemblance to the 

characteristic PAO1 mushrooms. The biofilm structure of the different isolates is shown in 

Figure 3.22 where the basal layer, midsection and top of the biofilm are represented. One of the 

most striking observations was the distribution of eDNA and polysaccharide through the 

structures. With the exception of LES431, none of the isolates showed the specific localization 

patterns for eDNA and polysaccharides that occured in PAO1. Both EPS components were 

distributed throughout the entirety of the structures in LESlike4, LES400 and LESB65. The 

eDNA and polysaccharides were visible from the basal layer to the top of the biofilm 

interspersed amongst the bacterial cells. In LESLike7, much of the eDNA was located in the 

basal portion of the structure but did not show the central ‘stalk’ which is characteristic in PAO1. 

Althought they had a similar quantity of polysaccharide they lacked a specific localization 

pattern in this isolate, instead being distributed throughout the height and breadth of its structure. 

In the case of LESLike1 there were two distinct phenotypes. One of these resembled some of the 

other isolates and had some characteristics of a P. aeruginosa biofilm, while the other had a 

distinct structure with very little EPS and a distinctly different structure. Finally, there were the 

others, like LESlike5 and LESB58 which produced little to no biofilm and were drastically 

different from the others and PAO1. The diversity in the visual appearance and EPS component 

localization within the biofilms of the LES isolates is shown in Figure 3.22.  
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Figure 3.22. Comparisson of the 

biofilm structures of PAO1 and the 

LES isolates. The left column shows 

the basal layer, where the biofilm is 

attached to the glass coverslip. The 

center column shows a slice through the 

image stack aproximately half way 

between the basal layer and the top of 

the biofilm. The right column shows a 

slice at the top of the biofilm structures. 

Each image has a panel above it and to 

the left which shows a side profile of the 

structures in the image. PAO1 images 

were taken at 24 hours of growth, 

whereas the LES isolates were imaged 

at 72 hours. Bacterial cells constituitivly 

express GFP, eDNA is stained with 

POPO-1 and the polysaccharides are 

stained with a 50:50 mix of HHA and 

WFL. Scale bars, 10m. 

LESlike1 

LESlike4 

LESlike5 

LESlike7 

LES400 

LES431 

LESB65 
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Table 3.1. Cumulative numerical data and defining phenotypic characteristics of the LES isolates and PAO1 biofilms 

Isolate Mean Microcolony Size  
Mean Ratio of EPS 

Quantities 

Qualitative 

Characteristics 
Unusual Features 

 
aWidth 

(m) 

aLength 

(m) 

aHeight 

(m) 
beDNA 

bPoly- 

saccharide 
  

PAO1 35.287 26.339 11.729 0.318 2.119 
• Rounded microcolonies 

with defined borders 

• Polysaccharide is 

distributed outside of 

microcolony 

LESlike1 

All 

Colonies 

n/a n/a n/a 0.115 0.283  
• Two distinct colony 

morphologies 

LESlike1 

Small 

Colony 

20.044 19.272 10.068 n/a n/a 
• Small microcolonies 

• Lots of EPS in colony  

• Seen less frequently 

than larger morphology 

LESlike1 

Large 

Colony 

95.617 91.911 24.634 n/a n/a 

• Large, loosely organized 

clusters of cells 

• Little EPS present 

• Biofilms are not well 

anchored to substrate 

and move in flow 

LESlike4 39.212 31.060 19.485 1.889 0.644 
• Round microcolonies with 

poorly defined borders 

• EPS localization is 

correlated with 

microcolony size 

LESlike5 n/a n/a n/a 0.015 0.0911 
• Small clusters of cells 

• Very little EPS present 

• Loose arrangement of 

cells 

• No microcolonies 

present 

LESlike7 51.123 70.535 24.945 0.398 1.467 

• Loosely arranged 

microcolonies 

• Lots of long strands of 

eDNA 

• eDNA forms long 

strands that can connect 

microcolonies 
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LES400 20.363 20.516 10.677 0.664 0.612 

• Rounded microcolonies 

with defined borders 

• EPS is located throughout 

microcolony 

• Few individual cells 

outside of 

microcolonies 

LES431 28.942 25.778 13.863 0.070 1.057 

• Rounded microcolonies 

with defined borders 

• Little eDNA 

• Can form rounded 

microcolonies that 

resemble the early 

stages of characteristic 

PAO1 ‘mushrooms’ 

LESB58 n/a n/a n/a 0.00128 0.0672 

• Does not form biofilms 

• Some adhered cells but no 

microcolonies 

• Poor biofilm former 

LESB65 24.558 20.270 13.246 0.269 0.223 
• Irregularly shaped 

microcolonies with 

indistinct borders 

• Irregular shape 

 

a Length width and height measurements were not made for LESlike5 and LESB58 because the isolates did not form microcolonies 

from which measurements could be made. Measurements for LESlike1 were categorized based on the morphology of the 

microcolonies. 
b Intensity ratios were calculated for the entire field of view in each image and could not be determined for individual LESlike1 

microcolonies. 
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Figure 3.23. Relative fluorescence representing the abundance of eDNA and 

polysaccharides of eight LES isolates and PAO1.  

The variability in the quantity of eDNA and polysaccharide between isolates is shown by the 

means, in addition to the variability within them which is shown by the standard deviations. 

Individual dots represent the relative fluorescence of eDNA (blue) or polysaccharide (red) in one 

image taken of the corresponding isolate. The means and standard deviations are plotted in 

addition to being presented in Table A.2.  

 

 

Assessing biofilm formation at sub-inhibitory concentrations of aztreonam in PAO1 

and the LES isolates 

 

It is known that PAO1 biofilms can exhibit an increase in biomass upon exposure to sub-

inhibitory concentrations of some antibiotics (126, 127). Similar observations have also been 

made in the LES isolates (Goodyear, unpublished data; Figure 3.24). Most of the currently 

available information is based on quantifying this biomass increase using a non-specific crystal 

violet assay. The biofilms were imaged at a number of points during treatment with sub-

inhibitory concentrations of an antibiotic to determine what they looks like and to examine the 

effect of treatment conditions on the EPS. The experimental design was based on the methods 

used for the minimum biofilm erradication concentration (MBEC) assay (139), as this assay 

measures the effects of defined concentrations of an antibiotic on established biofilms. The 

concentrations of aztreonam used in the experiment were determined from the graphs produced 
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to determine the MBEC values for the isolates. The lowest concentration of aztreonam that 

produced an increase, or spike, in biomass was used for the experiments in the flow cell. As 

these experiments are quite time consuming and use a large quantity of costly antibiotic, it was 

not feasible to test all eight LES isolates and PAO1. Two LES isolates, LESlike4 and LES400, 

were selected because they showed the greatest increase in biomass at the lowest concentrations 

of aztreonam and PAO1 was included for comparisson. 

I grew biofilms for 48 hours in the flow cell to allow them to establish before subjecting 

them to aztreonam treatment for 24 hours. The treated biofilms were then allowed to recover in 

untreated media for 24 hours. The treated biofilms were stained and imaged at the 72 and 96 

hour timepoints and untreated control wells were stained and imaged at the 48 and 72 hour 

points. The previous observations of an increase in biofilm biomass upon exposure to sub-

inhibitory concentrations of aztreonam were made in MBEC experiments using CAMHB 

(Goodyear, unpublished data). For consistency and comparability the same medium was used in 

these flow cell experiments. 

The mean relative fluorescent values for both eDNA and polysaccharides are indicated in 

the text, but they are also displayed with their accompanying sample sizes and standard 

deviations in Table A.3.  

Aztreonam Challenge of PAO1 in the Flow Cell  

 

After 48 hours of growth in the flow environment with 10% CAMHB, PAO1 formed a 

dense lawn of cells adhered to the glass substrate with some small microcolonies protruding up 

from the lawn. The polysaccharides formed a web-like network that surrounded the cells and 

eDNA in the microcolonies, much like what was shown in the 72 hour biofilms of PAO1 

described previously. The eDNA co-localized with the polysaccharides in the microcolonies, but 



 52 

did not appear to do so outside of the structures and was instead distributed throughout the entire 

field of view (Figure 3.26). The mean ratio of eDNA to bacterial cells was 1.87 and the mean 

ratio of polysaccharide to bacterial cells was 0.32. The values for the eDNA ratios were spread 

across a much wider range than those for the polysaccharides present, which are more similar 

and tightly clustered (Figure 3.25). 

After exposure to aztreonam for 24 hours, a visible change in the biofilm structure was 

observed. The cells elongated substantially, a known effect of aztreonam treatment (143), and 

formed loosely arranged clusters (Figure 3.27B). The relative proportions of both eDNA and 

polysaccharide were not significantly lower in comparison to the untreated control. However, in 

the treated wells, the polysaccharides lost some of their web-like structure and associated less 

closely with the clusters of cells and eDNA. Instead they appeared in clumps that were evenly 

distributed across the glass substrate (Figure 3.27D). In the untreated control, the web structure 

was still visible but there were also many clumps of polysaccharide present (Figure 3.28D), 

although they still tended to be more closely associated with the aggregates of cells than in the 

treated wells (Figure 3.27D). The eDNA closely associated with the elongated bacterial cells in 

the aztreonam treated wells, its distribution mirrored that of the cells (Figure 3.27C). This was 

similar to the 72-hour untreated control, although no elongation in the cells or eDNA structures 

was seen here (Figure 3.28C). 

After recovery in untreated medium for 24 hours, the bacterial cells were still elongated 

and closely associated with the similarly-structured eDNA. The polysaccharides were again 

present in clusters that did not show localization to a specific area or structure. The amount of 

eDNA and polysaccharide present showed no significant change after 24 hours of recovery from 

what it was at the 72-hour point.  
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Figure 3.24. Biofilm biomass and viable cells when treated with increasing concentrations 

of aztreonam during a MBEC assay. Viable Cells (solid line) were determined after the 

biofilm has had a chance to recover for 24 hours after aztreonam treatment. Viability remained 

high in PAO1, LESlike4 and LES400 as the concentration of aztreonam increased. 

Corresponding increases or spikes in biofilm biomass (dotted line) were also observed in these 

isolates as the aztreonam concentration rose. Biofilm biomass was calculated relative to the 

biomass produced by an untreated control in the same experiment which is not shown here. Data 

and graphs were generated by Mara Goodyear and used with her permission. 

 

 

 

 
 

Figure 3.25. Relative quantities of eDNA and polysaccharides produced by PAO1 during a 

challenge with aztreonam. Each point represents the quantity of eDNA (blue) or polysaccharide 

(red) relative to the quantity of cells detected in one image of PAO1 captured at the specified 

time point. The mean and standard devialtion are depicted for each group and the number of 

samples used to calculate each is recorded in Table A3.         
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Figure 3.26. PAO1 after 48 hours of growth. (A) Representative composite confocal image 

stack of PAO1 biofilm after 48 hours growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m. 

 

 
 

Figure 3.27. PAO1 after 24 hours of exposure to aztreonam, 72 hours of total growth.  

(A) Representative composite confocal image stack of PAO1 biofilm after exposure to 16 g/mL 

aztreonam for 24 hours in the flow cell environment. (B) Bacterial cells constitutively expressing 

GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular 

polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m.  
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Figure 3.28. PAO1 after 72 hours of growth, untreated. (A) Representative composite 

confocal image stack of PAO1 biofilm after 72 hours of growth in the flow cell environment. (B) 

Bacterial cells constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. 

(D) pel and psl extracellular polysaccharides stained with Texas Red conjugated WFA and HHA 

lectins. Scale bars, 10m. 

 

 
 

Figure 3.29. PAO1 24 hours post-aztreonam exposure, 96 hours total growth.  

(A) Representative composite confocal image stack of PAO1 biofilm after 24-hour recovery 

post-aztreonam exposure in the flow cell environment. (B) Bacterial cells constitutively 

expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular 

polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m 
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Aztreonam Challenge of LESlike4 in the Flow Cell 

 

After 48 hours of growth in the flow cell system, LESlike4 formed a lawn of cells that 

covered the field of view. The microcolonies that rose out of this lawn were unlike those formed 

by any of the other LES isolates. Instead of the rounded microcolonies formed by PAO1, 

LESlike4 formed a conjoined network of microcolonies that loosley resembled a honeycomb in 

appearance (Figure 3.31A). Sections of the structure were attached directly to the glass substrate, 

while there were other portions that, like a bridge, spanned the distance between these anchored 

areas (Figure 3.31A). The polysaccharides localized to the raised structures, where they formed a 

web-like structure underneath and around the edges of the bacterial cell aggregates (Figure 

3.31D). There was very little polysacharide in the areas outside the bacterial structures, such as 

in the lawn of cells on the interior of the ‘honeycombs’. The eDNA followed a similar 

distribution pattern to that of the polysaccharides, primarily in the bacterial structures with little 

to no presence in the intervening spaces (Figure 3.30C). The mean ratio of eDNA to bacterial 

cells was 0.57 and the mean ratio of polysaccharide to bacterial cells was 0.55. In comparison to 

PAO1, there was less eDNA produced and less variability in the amount of it between the images 

used for analysis. LESlike4 produced more polysaccharide than PAO1 at the 48-hour mark and 

both strains had little variability in the amount present in the images used for analysis.    

After treatment with aztreonam for 24 hours, the LESlike4 biofilms lost all form and 

structure creating a loose networks of elongated cells. These cells extended out in all directions 

and, in some cases, twisted back upon themselves. There was a significant increase in the relative 

amount of eDNA and polysaccharide in comparisson to both the 48 and 72-hour untreated wells 

(p  0.001). In some areas, the polysaccharides were still visible in clumps that looked like they 

were a part of a secondary structure (Figure 3.33D), but in most of the field there was little to no 
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organization (Figure 3.33A). The eDNA showed a similar lack of organization and was 

distributed across the field of view (Figure 3.33C). In contrast, when left untreated for 72 hours, 

LESlike4 continued to grow in the honeycomb network structures that were first observed at 48 

hours of growth (Figure 3.31). No significant increase was observed in the quantity of either 

eDNA or polysaccharide, when compared to the biofilm at 48 hours. The polysaccharides still 

clustered on the undersides of the bridge-like structures formed by the bacterial cells and the 

eDNA was dispersed throughout the polysaccharide network.  

Following recovery for 24 hours after aztreonam exposure, the biofilm regained some 

structure, thought not the intricate networks seen at 48 and 72 hours in the untreated samples. 

Irregularly shaped microcolonies were visible growing upwards from a sparse lawn of cells 

(Figure 3.34A). The polysaccharides localized specifically to the microcolonies, where they 

extended through the entire structure. The eDNA was distributed more diffusely across the entire 

substrate and did not show as clear a localization pattern in the microcolonies as the 

polysaccharides. No significant changes were evident in the abundance of either component, 

compared to the 72 hour timepoint.  

 
Figure 3.30. Relative quantities of eDNA and polysaccharides produced by LESlike4 

during a challenge with aztreonam. Each point represents the quantity of eDNA (blue) or 

polysaccharide (red) relative to the quantity of cells detected in one image of LESlike4 captured 

at the specified time point. The mean and standard devialtion are depicted for each group and the 

number of samples used to calculate each is recorded in Table A3.        
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Figure 3.31. LESlike4 after 48 hours of growth. (A) Representative composite confocal image 

stack of LESlike4 biofilm after 48 hours growth in the flow cell environment. White arrows 

indicate the areas where the microcolonies attach to the glass substrate, but also where there is a 

bridge-like structure which spans the distance between the attached areas. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m. 

 

 
Figure 3.32. LESlike4 after 72 hours of growth, untreated. (A) Representative composite 

confocal image stack of LESlike4 biofilm after 72 hours of growth in the flow cell environment. 

(B) Bacterial cells constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric 

cyanine. (D) pel and psl extracellular polysaccharides stained with Texas Red conjugated WFA 

and HHA lectins. Scale bars, 10m. 
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Figure 3.33. LESlike4 after 24 hours of exposure to aztreonam, 72 hours of total growth.  

(A) Representative composite confocal image stack of LESlike4 biofilm after exposure to 16 

g/mL aztreonam for 24 hours in the flow cell environment. (B) Bacterial cells constitutively 

expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular 

polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m. 

 

 
Figure 3.34. LESlike4 24 hours post-aztreonam exposure, 96 hours total growth.  

(A) Representative composite confocal image stack of LESlike4 biofilm after 24-hour recovery 

post-aztreonam exposure in the flow cell environment. (B) Bacterial cells constitutively 

expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular 

polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m. 
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Aztreonam Challenge of LES400 in the Flow Cell 

 

After 48 hours of growth under a continuous flow of 10% CAMHB, LES400 formed a 

dense lawn of cells from which microcolonies protruded upwards. The eDNA was present in 

individual foci that mostly localized to the microcolonies, where they were evenly distributed 

throughout the structure (Figure 3.36C). There were some spots of eDNA outside the 

microcolonies in the lawn of bacterial cells, but there appeared to be small zones of clearing 

around each spot (Figure 3.36A). As in other isolates, the polysaccharides were most prevalent in 

the microcolonies with some small strands distributed across the area between them (Figure 

3.36D). The polysaccharide network extended throughout the entire structure to just past the 

bacterial cells on the periphery and surrounded the microcolony (Figure 3.36A). The mean ratio 

of eDNA to bacterial cells was 0.54 and the mean ratio of polysaccharide to bacterial cells was 

1.02. Compared to PAO1, LES400 produced less eDNA but more polysaccharide at this point in 

development. 

When exposed to aztreonam for 24 hours, there was no significant increase in 

polysaccharide and eDNA relative to both the 48 hour and 72 hour untreated samples in the 

LES400 biofilms. The biofilm structure, a dense lawn of cells with cleared zones for 

microcolonies and spots of eDNA in the untreated control (Figure 3.38A), did not show as 

dramatic a change as either LESlike4 or PAO1. Instead, there was some apparent lengthening of 

cells at the basal layer, the cleared zones increased in size, and the raised microcolonies were no 

longer present (Figure 3.37A). The polysaccharides were distributed evenly amongst the 

bacterial cells and mirrored them in terms of localization for the most part. There was some 

polysaccharide around the edges of the cleared areas which may have been associating with the 
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eDNA also present there. In addition to being found in the cell-free areas, the eDNA was also 

found throughout the microcolonies, although the abundance is less than the polysaccharides.   

After a 24 hour recovery in untreated medium, there was not a significant decrease in the 

quantity of eDNA or polysaccharide relative to what was produced when the isolate was treated 

with aztreonam. At this point microcolonies re-appeared, having grown up from the lawn of 

cells. They were roughly rounded in shape and profile and many were surrounded by a small 

region devoid of cells (visible in Figure 3.39B) but filled with eDNA and polysaccharide (Figure 

3.39B). The polysaccharides primarily localized to the microcolonies, where the network 

surrounded the cells and extended to the periphery of the structure. Small quantities were also 

found in areas with bacterial cells but no secondary structures. The eDNA was most prevalent in 

the regions surrounding the small microcolonies where it was present as individual foci. 

Compared to PAO1 at the same time point, LES400 produced less eDNA but more 

polysaccharide when allowed to recover for 24 hours after aztreonam exposure.    

  

 
Figure 3.35. Relative quantities of eDNA and polysaccharides produced by LES400 during 

a challenge with aztreonam. Each point represents the quantity of eDNA (blue) or 

polysaccharide (red) relative to the quantity of cells detected in one image of LES400 captured at 

the specified time point. The mean and standard devialtion are depicted for each group and the 

number of samples used to calculate each is recorded in Table A3. 
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Figure 3.36. LES400 after 48 hours of growth. (A) Representative composite confocal image 

stack of LES400 biofilm after 48 hours growth in the flow cell environment. (B) Bacterial cells 

constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl 

extracellular polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale 

bars, 10m. 

 

 
 

Figure 3.37. LES400 after 24 hours of exposure to aztreonam, 72 hours of total growth.  

(A) Representative composite confocal image stack of LES400 biofilm after exposure to 16 

g/mL aztreonam for 24 hours in the flow cell environment. (B) Bacterial cells constitutively 

expressing GFP. (C) eDNA stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular 

polysaccharides stained with Texas Red conjugated WFA and HHA lectins. Scale bars, 10m. 
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Figure 3.38. LES400 after 72 hours of growth, untreated. (A) Representative composite 

confocal image stack of LES400 biofilm after 72 hours of growth in the flow cell environment. 

(B) Bacterial cells constitutively expressing GFP. (C) eDNA stained with POPO-1 dimeric 

cyanine. (D) pel and psl extracellular polysaccharides stained with Texas Red conjugated WFA 

and HHA lectins. Scale bars, 10m. 

 

 
Figure 3.39. LES400 24 hours post-aztreonam exposure, 96 hours total growth.  

(A) Representative composite confocal image stack of LES400 biofilm after 24 hours recovery 

post-aztreonam exposure in the flow cell environment. White arrows indicate the cleared zones 

surrounding the microcolonies. (B) Bacterial cells constitutively expressing GFP. (C) eDNA 

stained with POPO-1 dimeric cyanine. (D) pel and psl extracellular polysaccharides stained with 

Texas Red conjugated WFA and HHA lectins. Scale bars, 10m. 
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Chapter 4: Discussion 
 

The complex and intricate nature of bacterial biofilms means that more than one method of 

study is necessary to provide a full picture of all the forces involved in shaping their 

development. Confocal microscopy technology has developed in the last fifteen years that allows 

biofilms to be visualized and studied in ways that are otherwise impossible with conventional 

techniques. Employment of this technology, often in conjunction with a flow cell system, has 

facilitated investigations of the presence and localization of polysaccharides (89, 96, 97), the 

processes that lead to eDNA release (112), and the attachment abilities of a variety of mutants 

(77, 116). The work presented in this thesis provides a complement to the previous genetic 

studies, by allowing the visualization of biofilm properties which may not be adequately 

quantified by traditional methods. Confocal imaging was used extensively in the work presented 

here because it allowed us to characterize the biofilms produced by the LES isolates, something 

that had not been done for these or most other clinical isolates. The observed structure, diversity 

and response of the LES biofilms to antibiotics, reflects the variability that had previously been 

described for other characteristics of these isolates (65). 

The LES isolates are known to differ from the PAO1 and PA14 laboratory strains of P. 

aeruginosa in a variety of ways, one of which being biofilm formation. A previous study 

revealed that these isolates vary in their ability to form biofilms but, on the whole, are poorer 

biofilm producers than PAO1 (64, 65). These published studies, like many biofilm studies, rely 

on assays that utilize crystal violet staining to determine the quantity of biofilm present in the 

well of a polystyrene plate. While this is useful, the non-specific nature of this staining technique 

means that observations are limited to biomass quantitation. Using the flow cell and dyes 

specific for the different EPS components allowed us to generate data that provided a more 
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detailed understanding of the structure and architecture of the biofilms produced by the LES 

isolates.    

It has been shown that the LES isolates are more virulent and more resistant to many 

antibiotics than other clinical isolates of P. aeruginosa but why this occurs is not well understood 

(55, 63). Biofilms have long been associated with increased virulence in a multitude of bacterial 

species and P. aeruginosa is no exception (144, 145). How the LES forms biofilms and whether 

their production of EPS components, known to play a part in antimicrobial resistance, resembled 

that of PAO1 had not been investigated and was the first objective of this study. 

The gene encoding GFP, under the control of a high expression promoter, was integrated 

into the chromosome of the LES isolates and PAO1 to allow the individual cells to be visualized 

using a confocal laser scanning microscope. Integration also meant that no antibiotics were 

required to maintain a plasmid, as antibiotics can alter the structure of the biofilm (125–127). 

Using a flow cell system with glucose containing minimal medium mirrored studies in the 

published literature and allowed representative images to be captured at regular time points (96–

98, 146).  

As can be seen from the images acquired of the LES isolates, each one has a unique 

phenotype. Some, like LESlike4 and LESB65 have some similarities in terms of size, shape and 

EPS distribution, while others, like LES431, bear some resemblance to PAO1. Surprisingly, 

LESB58, an isolate often used in studies as a representative clinical isolate (65, 67, 69), failed to 

form biofilms in the flow cell environment used here. The variation in biofilm phenotypes 

observed in this collection of isolates may be caused by differences at the genetic or regulatory 

levels. 
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Although the LES isolates are known to possess highly similar core genomes, Jeukens and 

colleagues (65) found 308 unique non-synonymous polymorphisms within them. A significant 

number of these are located in regulatory regions of genes associated with virulence factors, 

adherence, antibiotic resistance and biofilm production (65). Because these polymorphisms tend 

to be specific to individual isolates, it is possible that they play a role in the variations observed 

in the LES biofilms. For example, LES400, LES431 and LESB58 each have a polymorphism 

that cause a nonsense point mutation in the fleR gene, preventing the production of flagella (63, 

65). Flagella are one of the adhesins involved in the attachment stage of biofilm development 

(74) and while important, they are not necessary for the production of microcolonies (147). The 

microcolonies produced by PAO1 lacking flagella are noticeably different from wildtype PAO1, 

being smaller in size, more irregular in shape and slower to form a lawn over the substratum 

(77). LESB58 shows very poor surface attachment, while LES400 produces small, irregularly 

shaped microcolonies in conjunction with more well-rounded structures. In addition, this isolate 

does not produce a lawn of cells around the microcolonies. These features are similar to what 

was observed in PAO1 and could suggest that the observed biofilm phenotypes are the result of a 

flagellar defect in LESB8 and LES400. However, LES431 produces round microcolonies and a 

lawn of cells, suggesting that it may have a way of compensating for the fleR mutation. 

There are nucleotide polymorphisms in the pel and psl operons, though overall the 

nucleotide substitutions are conserved within the LES isolates. The differences are between the 

LES, as a group, and PAO1 (65) but all of the isolates studied here do produce the 

polysaccharides to some extent. While this demonstrates further differences from PAO1, it does 

not provide evidence that the amount of pel and psl production seen in the LES isolates is 

influenced by genomic variation. Furthermore, this suggests that the differences in pel and psl 
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abundance seen in the LES isolates are influenced or regulated by one or more factors outside of 

their biosynthetic operons. The production of both polysaccharides is influenced by a complex 

cascade of quorum sensing mediated processes (120, 148, 149). It has also been demonstrated 

that PAO1 mutants with a defect in the Las quorum sensing system are poor biofilm formers 

(150). LESlike4, LESlike5 and LES400 all have a non-synonymous single nucleotide 

polymorphism (SNP) in the transcription regulator encoding lasR gene in the Las quorum 

sensing system. In the LES isolates these polymorphisms create either a premature stop codon 

(LESlike5), or a frameshift mutation with an associated amino acid change (LESlike4, LES400) 

(63, 65). LESlike5 does not form significant biofilms and produces very little polysaccharide, 

suggesting that this quorum sensing mutation may be responsible for the observed phenotype. 

LESlike4 and LES400 do form biofilms, though they are not as robust as those produced by 

PAO1 and do not produce as much polysaccharide. This could indicate that the mutations do not 

cause a total loss of function but instead reduce the quantity of polysaccharide these isolates 

produce.   

Another interesting observation to come out of this work is that LESB58 is a very poor in 

vitro biofilm former. This isolate was one of the first identified LES isolates (54, 66) and has 

previously been identified as a biofilm hyper-producer relative to PAO1 in a rat lung model (67). 

The results presented here contradict those findings as this isolate shows minimal growth in the 

flow cell and did not form secondary structures. In addition, when LESB58 is grown in liquid 

culture it does not produce any visible EPS, unlike PAO1 which generates a visible pellicle. This 

isolate is a pathogen known for causing severe respiratory disease and, while the flow cell 

environment cannot fully replicate the lung environment, we would expect to see some biofilm 

formation if that is a primary virulence factor. LESB58 is often used as a reference strain in 
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experiments with other clinical isolates (65, 67, 69), but the results shown here indicate that, at 

least in studies focusing on biofilm structure and development, it may not be the best choice. 

Furthermore, the inconsistency in biofilm formation between the observations made here and 

those from the published literature could be a result of the different growth conditions used in the 

two studies (rat lung vs. minimal media flow cell). The results could also suggest that LESB58 

has experienced genetic drift and that all laboratory isolates may not behave in the same way. 

LESlike1 was shown to produce two distinct microcolony phenotypes in the flow cell 

environment. One of the phenotypes is most likely formed by a small colony variant, a slower 

growing and more antibiotic resistant subpopulation this isolate is known to produce (65, 151). 

Though this work was not able to identify the phenotype associated with the SCV, it is 

something that could be pursued in a later study. Identifying and isolating these subpopulation 

from the regular colonies could be done before growing each in separate wells of the flow cell 

and identifying which phenotype belonged to each colony type. Understanding how these SCVs 

react to antibiotic exposure is important as they are associated with more aggressive and difficult 

to treat infections in CF patients (151). 

The lack of consistent characteristics within the LES isolates, and other non-epidemic 

clinical isolates, has previously been noted, although biofilm formation has only been described 

based on crystal violet assays (65, 152). This is the first work to describe, in detail, biofilm 

formed by the LES isolates and provide visual documentation of their structure. The variation 

observed here demonstrates the impact that mutations can have on a phenotype. Whether other 

phenotypic differences are the result of a collection of small mutations is not known and could be 

an interesting area of research.  
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PAO1, LESlike4 and LES400 all showed an increase in biofilm biomass when exposed to 

sub-inhibitory concentrations of aztreonam in an MBEC assay (Goodyear, unpublished data; 

Figure 3.24). In order to gain a better understanding of how the EPS responds and determine 

whether treatment alters the abundance of specific components, we used fluorescence 

microscopy and live cell imaging to investigate. The increase in biomass in both PAO1 and 

LES400 does not appear to be driven by a specific EPS component. Neither polysaccharide or 

eDNA showed a significant increase in abundance after aztreonam treatment or a recovery 

period relative to an untreated control. This does not invalidate the previous observations of a 

biomass increase, as the measurements in this experiment were taken relative to the quantity of 

bacterial cells. If the abundance of EPS increased in step with the quantity of cells, an increase in 

relative abundance would not be apparent. Unlike PAO1 and LES400, a significant increase in 

the relative abundance of both eDNA and polysaccharide was observed in LESlike4 after 

aztreonam treatment. The increase in EPS also coincided with a dramatic change in appearance 

from an intricate honeycomb-like structure to essentially no structure at all (Figures 3.30-3.33).  

Because the growing conditions for this set of experiments were kept consistent, it stands 

to reason that the differences observed could be rooted in the complex genetics of these isolates. 

Both LES isolates studied in this experiment were found to have SNPs in genes associated with 

aztreonam resistance. In LES400 there are three, a missense mutation in ftsI and ampC, and a 

frameshift in clpA (65). These genes encode the penicillin binding protein target for aztreonam, a 

-lactamase precursor and a protease respectively (61). LESlike4 only contains a silent point 

mutation in mexF, an efflux component linked with aztreonam resistance (61, 65). The link 

between these mutations and biofilm formation or antibiotic resistance are not clear, but there is 

a known link between antibiotic exposure and biofilm production (125–127). There is also a 
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known association between the presence of genomic islands and prophage genes, which these 

isolates both have, and increased antimicrobial resistance and virulence, both of which are 

correlated with biofilm formation (65–67). LESlike5, which is a poor biofilm former, lacks five 

of the six prophage regions that are found in other LES isolates, though LESB58, another poor 

biofilm former, contains all six regions (65). This suggests that prophage genes are not 

necessarily responsible for biofilm formation. 

Because biofilm formation is influenced by a multitude of genes and processes, it is 

difficult to speculate on the individual elements that may be responsible for the differences 

observed in the reaction of the LES400 and LESlike4 biofilms to aztreonam. However, it is 

interesting to note that the increase in biofilm biomass upon exposure to sub-inhibitory 

concentrations of antibiotics, described earlier and shown in Figure 2.2, is not limited to 

aztreonam. Published sources indicate that this response can also be observed in PAO1 when 

exposed to sub-inhibitory concentrations of ciprofloxacin, norofloxacin, tetracycline, rifampicin 

and tobramycin (126–128). Unpublished data from our lab supports the findings for 

ciprofloxacin and tobramycin and suggests that this effect may be seen in some LES isolates 

exposed to sub-inhibitory polymyxin B (Goodyear, unpublished data). These drugs, which 

represent a variety of classes and have different cellular targets, all elicit the same effect in 

multiple strains of P. aeruginosa. This indicates that there might be a common protein, process 

or mechanism that is involved in the general response of the biofilm to antibiotic exposure.  

 

Future Directions 
 

Characterization of the biofilms produced by the LES isolates is only one step in 

understanding the complex nature of their virulence patterns and antibiotic resistance. Additional 

studies are necessary to elucidate the mechanisms used by these clinical isolates to cause 
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transmissible and essentially incurable infections. It was observed in this study that the LES 

isolates are generally poorer biofilm formers than PAO1. This could suggest that there are other 

unidentified virulence factors that play a greater role in the persistence of the LES in the CF lung 

environment than biofilm formation. Multiple interrelated factors and processes are likely 

involved in virulence and it is probable that they are consistent across isolates but that regulatory 

variances lead to differences in expression and phenotype. Identifying factors present in the LES 

but not in PAO1 or other non-transmissible clinical isolate could be done using a proteomics-

based method.  

With the genetic sequences the proteins that can potentially be produced by the strain can 

be identified, but it is difficult to know when or if they are expressed. A proteomics based 

method would allow for the understanding of the specific virulence factors and cellular 

components produced under different environmental conditions. Proteins known to be involved 

in virulence could be tracked over the course of an infection to assess their abundance, while 

novel proteins could potentially be identified. The response of planktonic and biofilm-bound 

cells to antibiotic exposure could also be assessed using this method. While this method would 

not yield image-based data, it would provide a better idea of the processes and proteins involved 

in the cellular response to antibiotic treatment. This approach is currently being used by a Ph.D 

candidate in the lab to identify proteins of interest present in the LES isolates post-antibiotic 

treatment. 

The signalling pathways utilized by bacteria and their downstream targets could be an 

interesting area to focus a proteomics or genomics-based method. This is because some 

antibiotics have been suggested to behave as signal molecules at sub-inhibitory concentrations in 

addition to their defensive properties (153, 154). Gaining an idea of how some antibiotics can 



 72 

influence cellular communication, gene regulation and protein production could be beneficial for 

understanding resistance and more informed antibiotic use.  

The presence of SNPs in genes involved with biofilm formation is something that, while 

not unknown, has only recently been documented in clinical isolates (65). Further work is 

necessary to determine if the observed biofilm phenotypes are the result of one or more SNP-

based mutations or whether they are caused by something else entirely. This would help expand 

our understanding of the underlying regulatory processes of P. aeruginosa biofilms and perhaps 

contribute to the development of biofilm specific therapeutics. It is also important to determine if 

the SNPs contribute to the virulence of the LES. We have highlighted a selection of mutations 

that are in genes associated with virulence, such as flagella formation and quorum sensing, but 

whether these mutations are responsible for enhanced virulence is unknown and could be a topic 

for future work. Finally, it would be interesting to determine if sub-inhibitory concentrations of 

antibiotics interfere with or enhance quorum sensing and signalling in these, and other, clinical 

isolates. If certain antibiotics are found to affect how these bacteria communicate it could 

influence how these drugs are used to treat chronic infections.  

In closing, the LES is a complex and surprisingly diverse collection of clinical isolates that 

are a significant problem for individuals with CF. The work presented here demonstrates a 

degree of progress made towards understanding how these pathogens cause disease and react to 

the compounds designed to kill them. A better understanding of the biofilm structure and EPS 

produced by these isolates will provide insight into how the LES use biofilms as a mechanism of 

resistance against antibiotic treatment. 
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Appendix 
 

LES Isolate Characterization Size Measurements 
 

Table A.1. Mean size dimensions of LES isolate microcolonies. 

 
Isolate 

n 

Mean 

Width 

(m) 

Standard 

Deviation 

Width 

Mean 

Length 

(m) 

Standard 

Deviation 

Length 

Mean 

Height 

(m) 

Standard 

Deviation 

Height 

PAO1 19 35.287 15.976 26.339 8.666 11.729 3.554 

LESlike1 

Small Colony 22 20.044 10.350 19.272 6.403 10.068 3.646 

LESlike1 

Large Colony 7 95.617 40.205 91.911 49.510 24.634 6.967 

LESlike4 24 39.212 15.529 31.060 16.386 19.485 8.039 

LESlike7 19 51.123 14.546 70.535 27.791 24.945 4.783 

LES400 38 20.363 5.958 20.516 5.783 10.677 2.889 

LES431 39 28.942 7.316 25.778 6.670 13.863 16.705 

LESB65 31 24.558 8.448 20.270 7.707 13.246 4.755 
n=number of colonies measured 

 

 

LES Isolate Characterization Relative Intensity Measurements 
 

Table A.2. Mean quantities of eDNA and polysaccharides as determined by relative 

fluorescence in biofilms of PAO1 and the LES isolates. 

 

Isolate Number of 

images 

analyzed 

Mean 

 eDNA 

Standard 

Deviation 

eDNA 

Mean 

Polysaccharide 

Standard 

Deviation 

Polysaccharide 

PAO1 13 0.318 0.258 2.119 1.300 

LESlike1 13 0.115 0.120 0.283 0.385 

LESlike4 13 1.889 0.664 0.644 0882 

LESlike5 14 0.015 0.008 0.0911 0.246 

LESlike7 11 0.398 0.317 1.467 1.029 

LES400 18 0.664 0.175 0.612 0.321 

LES431 11 0.070 0.0354 1.057 0.742 

LESB58 25 0.00128 0.0011 0.0672 0.230 

LESB65 13 0.269 0.197 0.223 0.226 
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Aztreonam Challenge Relative Intensity Measurements 
 

 

Table A.3. Mean relative fluorescence for blue and red channels in PAO1, LESlike4 and 

LES400 during exposure to aztreonam. 

 

Experiment eDNA (Blue) Polysaccharide (Red) 

 n Mean Standard 

Deviation 

n Mean Standard 

Deviation 

 

PAO1  

      

48h Untreated 45 1.87 2.01 45 0.32 0.22 

72h Treated 37 2.40 4.45 37 0.44 2.11 

72h Untreated 26 3.03 3.63 26 0.55 2.00 

96h Recovery 36 2.41 2.22 36 0.78 0.63 

 

LESlike4 

      

48h Untreated 49 0.57 0.37 49 0.55 0.41 

72h Treated 41 21.44 51.89 41 4.67 14.37 

72h Untreated 36 1.07 0.37 36 0.68 0.37 

96h Recovery 44 2.39 2.97 44 2.71 3.67 

 

LES400 

      

48h Untreated 44 0.54 0.69 44 1.02 2.53 

72h Treated 44 1.25 0.64 44 1.49 0.70 

72h Untreated 39 0.65 0.58 39 0.80 0.74 

96h Recovery 52 1.32 1.40 52 1.30 2.32 
n – number of images used for analysis 
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Figure A.1. Circular comparative genomic map of P. aeruginosa LES isolates and PAO1. 

Rings from the inside outwards: PAO1, LESlike7, LESlike5, LESlike4, LESlike1, LESB65, 

LES431, LES400, unique non-synonymous SNPs among LES isolates, LESB58 minus-strand, 

LESB58 plus-strand. Prophage islands (Pro), genomic islands (GI) and mini island (MI) are 

indicated around the outside of the map. Red areas indicate regions with a BLAST hit identity of 

greater than 98% and black regions have a BLAST hit identity of 100%. Blue regions in the 

LESB58 strands are BLAST hits with 0-90% identity and orange regions have a BLAST identity 

of 90-90% identity. Adapted from Jeukens et al. (65).  
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