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ABSTRACT 

 

EXAMINING THE INTRASPECIFIC INTERACTIONS IN MIXED-STRAIN BIOFILMS 

CONTAINING THE PRAIRIE EPIDEMIC STRAIN AND UNIQUE CLINICAL 

PSEUDOMONAS AERUGINOSA ISOLATES 

 

Nicole Garnier         Advisor: 

University of Guelph, 2020       Dr. Cezar Khursigara 

 

 The prairie epidemic strain (PES) of Pseudomonas aeruginosa causes infections in cystic 

fibrosis (CF) patients that lead to an increase in morbidity and mortality. The PES can cause 

superinfections and outcompete previously existing P. aeruginosa isolates within the lungs of CF 

patients, however, the interactions that occur to allow this to happen are currently unknown. This 

work examines biofilms formed when PES isolates are cocultured with clinical P. aeruginosa 

isolates that either remained stable (P637) or were replaced by the PES during a superinfection 

(P261). Biofilms were quantified using a crystal violet assay, imaged using fluorescence 

microscopy, and the isolates within the coculture biofilms were quantified using Droplet 

Digital™ PCR. The results of this project combined with recent sequence data suggests that there 

may be alterations in the regulation of biofilm formation in these cocultures, potentially due to 

changes in bacterial quorum sensing.



 
 

iii 
 

Dedication 
 

This thesis is dedicated to my friend who inspired me to go on this journey, 

Kristina Douglas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iv 
 

Acknowledgements 

 I must begin my acknowledgements with my advisor, Dr. Cezar Khursigara, because 

without him this project and amazing experience would have never been possible. His 

approachability, sense of humour, and love for science always kept my spirits high, even through 

the many challenges I encountered. With his invaluable guidance and support I have learned 

many lessons, helping me to grow and develop as a scientist. I would also like to thank my 

committee member, Dr. Emma Allen-Vercoe, for her advice and encouragement throughout this 

project. I always left our meetings feeling inspired, with a renewed excitement for science. A 

huge thanks to Dr. Michaela Strüder-Kypke for microscope training and technical assistance, and 

to Jing Zhang for helping me troubleshoot a challenging portion of my project and never giving 

up. 

 I would like to thank all my past and present lab mates for sharing their skills and 

experience with me throughout the years. The laughter and knowledge we have shared will never 

be forgotten. A special thanks goes to Dr. Amber Park for laying the groundwork for this project 

and for teaching me the fundamentals when I started. Thank you to Kirsten Chuli, Mara 

Goodyear, Madison Wright and Alyssa Banaag for sharing in the joys and struggles of working 

with clinical isolates. Our epidemic strain support group helped to maintain my optimism. An 

additional thank you to Mara Goodyear for taking me under her wing and helping me transition 

into the world of research. Her patience and willingness to teach was, and still is, greatly 

appreciated. Time in the office would have been much less enjoyable without the company of my 

amazing office mates, Mitchele Demelo and Erin Anderson. I want to thank Mitch for the 

endless interesting conversations we shared, scientific and otherwise, and I thank Erin for having 

an answer to every question I ask her, and for inspiring my creative side. 

 Finally, I would like to thank my friends and family for supporting me through this 

journey. I cannot thank my best friend and partner, Kevin Ford, enough for his love and support 

throughout this experience. 

 

 

 

 

 

 

 



 
 

v 
 

Authors Declaration of Work Completed 

 I declare that all the work presented in this thesis is my own, with the following 

exceptions: Figure 6 was created by Dr. Amber Park and contains her experimental data, and the 

Droplet Digital™ PCR was performed by Jing Zhang in the Genomics Facility at the University 

of Guelph Advanced Analysis Centre. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

vi 
 

Table of Contents 
 

Abstract ........................................................................................................................................................ ii 

Dedication ................................................................................................................................................... iii 

Acknowledgements .................................................................................................................................... iv 

Authors Declaration of Work Completed ................................................................................................. v 

Table of Contents ....................................................................................................................................... vi 

List of Tables ............................................................................................................................................ viii 

List of Figures ............................................................................................................................................. ix 

Glossary of Abbreviations .......................................................................................................................... x 

Chapter 1: Introduction ............................................................................................................................. 1 

Pseudomonas aeruginosa – The Opportunistic Pathogen .................................................................... 1 

Biofilm Formation and Regulation ........................................................................................................ 2 

Biofilms and Increased Antimicrobial Resistance ................................................................................ 6 

The Cystic Fibrosis Lung Environment ................................................................................................ 7 

The Prairie Epidemic Strain of P. aeruginosa ...................................................................................... 9 

PES and Superinfections ..................................................................................................................... 11 

Coculturing Clinical Isolates with the PES ......................................................................................... 12 

Research Rationale  .............................................................................................................................. 12 

Chapter 2: Materials and Methods ......................................................................................................... 14 

Bacterial Isolates and Growth Conditions .......................................................................................... 14 

Quantifying Coculture Biomass ........................................................................................................... 16 

Construction of pMF230-mCherry and Conjugal Transfer into  P. aeruginosa .............................. 17 

Imaging Biofilms in Glass-bottom 96-well Plates ............................................................................... 18 

Image Acquisition ............................................................................................................................... 19 

Imaging Colony Coculture Biofilms on MWM + 1.5% Agar ........................................................... 19 

Image Acquisition ............................................................................................................................... 20 

Droplet Digital™ PCR .......................................................................................................................... 20 

Growing and Harvesting Biofilms ...................................................................................................... 20 

Sample Preparation - Isolation and Digestion of Genomic DNA ....................................................... 21 

Primers and Protocol ........................................................................................................................... 23 

Chapter 3: Results ..................................................................................................................................... 25 

Quantifying Biomass of Cocultures Containing the PES and Unique Clinical Isolates ................. 25 

Cocultures with P637 .......................................................................................................................... 25 



 
 

vii 
 

Cocultures with P261 .......................................................................................................................... 27 

Confocal Microscopy of Coculture Biofilms ....................................................................................... 28 

Monoculture controls .......................................................................................................................... 28 

Cocultures with P637 .......................................................................................................................... 30 

Cocultures with P261 .......................................................................................................................... 31 

Stereo Zoom Microscopy of Colony Coculture Biofilms ................................................................... 32 

Monoculture Colony Morphology and Fluorescent Imaging .............................................................. 32 

Coculture Colony Morphology and Fluorescent Imaging .................................................................. 35 

Absolute Quantification of Isolates in Coculture Biofilms ................................................................ 38 

Chapter 4: Discussion ............................................................................................................................... 39 

Future Directions .................................................................................................................................. 44 

References .................................................................................................................................................. 47 

Appendix .................................................................................................................................................... 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

viii 
 

List of Tables 

Table 1. Bacterial Isolates and plasmids used for this study .................................................. 15 

Table 2. Final Concentration of Components in MWM ......................................................... 16 

Table 3. Primers used to construct pMF230-mCherry ........................................................... 18 

Table 4. Primers used for ddPCR ............................................................................................. 24 

Table 5. Quantification of Isolates in 24h Coculture Biofilms – Preliminary ddPCR Results.

....................................................................................................................................................... 39 

Table A. 1. Water Bath Sonication Results .............................................................................. 56 

Table A. 2. A Brief Summary of ddPCR Troubleshooting Steps ........................................... 57 

Table A. 3. ddPCR Results for Control Samples. .................................................................... 58 

Table A. 4. ddPCR Results for Coculture Samples. ................................................................ 59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ix 
 

List of Figures 

Figure 1. The Stages of Biofilm Formation ................................................................................ 5 

Figure 2. Heterogeneity within Biofilms ..................................................................................... 7 

Figure 3. The CF Lung Environment ......................................................................................... 8 

Figure 4. Prevalence of Respiratory Microorganisms by Age Cohort, 2017. .......................... 9 

Figure 5. The Discovery of Epidemic Strains of P. aeruginosa .............................................. 10 

Figure 6. Coculture Biomass - Initial Screen by Dr. Park. ..................................................... 14 

Figure 7. ddPCR Workflow. ...................................................................................................... 22 

Figure 8. Biofilm formation in 96-well plate ............................................................................ 26 

Figure 9. Percent of expected values for PES cocultured with P637 in MWM ..................... 27 

Figure 10. Percent of expected values for PES cocultured with P261 in MWM ................... 28 

Figure 11. Monoculture biofilm controls grown in glass-bottom 96-well plates – 10x ......... 30 

Figure 12. Coculture biofilms grown in glass-bottom 96-well plates – 10x ........................... 31 

Figure 13. Macroscopic View of Colonies on MWM + 1.5% agar. ........................................ 34 

Figure 14. Fluorescent Micrographs of Colony Monocultures. .............................................. 35 

Figure 15. Fluorescent Micrographs of Colony Cocultures. ................................................... 37 

Figure A. 1. Monoculture biofilm controls grown in glass-bottom 96-well plates – 40x. ..... 54 

Figure A. 2. Coculture biofilms grown in glass-bottom 96-well plates – 40x. ....................... 55 

Figure A. 3. 96-well plates used to test water bath sonication and quantify biofilm removal.

....................................................................................................................................................... 56 

Figure A. 4. ddPCR Droplet Data for Control Samples .......................................................... 58 

Figure A. 5. ddPCR Droplet Data for Coculture Samples ...................................................... 59 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

x 
 

Glossary of Abbreviations 

bp base pairs 

c-di-GMP cyclic diguanosine monophosphate 

CF cystic fibrosis 

CFTR cystic fibrosis transmembrane conductance regulator 

ddPCR Droplet Digital™ polymerase chain reaction 

DNA deoxyribonucleic acid 

DNase deoxyribonuclease 

EPS extracellular polymeric substances 

FP forward primer 

gDNA genomic deoxyribonucleic acid 

GFP green fluorescent protein 

LB lysogeny broth 

LBA lysogeny broth agar 

LES Liverpool epidemic strain 

MLST multilocus sequence typing 

MWM modified Whiteley medium 

NTC no template control 

OD optical density 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PES prairie epidemic strain 

PQS Pseudomonas quinolone signal 

QS quorum sensing 

RNase ribonuclease 

RP reverse primer 

TSA tryptic soy agar 

TSB tryptic soy broth 

 

 

 

 

 

 

 

 

 

 



 
 

1 
 

Chapter 1: Introduction  

Pseudomonas aeruginosa – The Opportunistic Pathogen 

 Pseudomonas aeruginosa is a highly versatile Gram-negative bacterium that is ubiquitous 

throughout the environment, commonly isolated from soil and water samples (Hardalo and 

Edberg, 1997), and notorious for causing serious infections in immunocompromised individuals 

(Gellatly and Hancock, 2013). Infections caused by P. aeruginosa are most often nosocomial; 

catheters, burn wounds and the lungs of cystic fibrosis (CF) patients are common locations for P. 

aeruginosa infections (Donlan, 2001; Gellatly and Hancock, 2013). It is one of the most 

commonly found pathogens within hospitals in the United States (Hidron et al., 2008). P. 

aeruginosa can survive on many surfaces using a wide variety of nutrients, making it highly 

adaptable in the environment (Ciofu et al., 2015). Its versatility is often attributed to its large 

genome size, which is about 6.3 million base pairs (Stover et al., 2000). 

Infections caused by P. aeruginosa are damaging to the host as a result of several 

different virulence factors expressed by the bacteria (Bruno et al., 2000; Gellatly and Hancock, 

2013; Khalifa et al., 2011; Salunkhe et al., 2005). The stress and damage to the host cells during 

P. aeruginosa infections is of great concern, and these infections are very difficult to treat 

because of the widely observed resistance of P. aeruginosa to antibiotic treatment and host 

immune defences (Ashish et al., 2012; Chiang et al., 2013; Gellatly and Hancock, 2013; 

Gilleland et al., 1989; Lambert, 2002). P. aeruginosa has a plethora of intrinsic resistance 

mechanisms. These mechanisms prevent antibiotics from getting near the bacteria (Chiang et al., 

2013; Ciofu et al., 2015; Flemming and Wingender, 2010; Taylor et al., 2014), entering and 

staying within the bacteria (Brinkman et al., 2000; Fetar et al., 2011; Fraud and Poole, 2011; 
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Lambert, 2002; Livermore, 2001; Ziha-Zarifi et al., 1999), or acting within the bacteria (Akasaka 

et al., 2001; Giwercman et al., 1990; Lambert, 2002; Srikumar et al., 1999; Vahaboglu et al., 

2001). Another factor that significantly increases the resistance of P. aeruginosa against host 

defences and antibiotic treatment is its ability to convert to a biofilm mode of growth (Chiang et 

al., 2013; Ciofu et al., 2015; Davies, 2003; Flemming and Wingender, 2010; Høiby et al., 2010; 

Taylor et al., 2014).  

Biofilm Formation and Regulation 

Many bacterial species, including P. aeruginosa, can form dense communities of attached 

bacteria that are surrounded by a protective extracellular matrix. These bacterial formations are 

known as biofilms. Biofilms can form at an air-water interface, known as a pellicle, or they can 

attach to biotic or abiotic surfaces (Friedman and Kolter, 2004). The matrix is composed of 

various extracellular polymeric substances (EPS) such as polysaccharides (Pel, Psl and alginate), 

DNA and proteins (Flemming and Wingender, 2010). These components work together to 

establish and support the biofilm structure, aid in cell-to-surface and cell-to-cell attachments, and 

coat and protect the bacterial cells (Flemming and Wingender, 2010; Lambert, 2002).  

The dynamic process of biofilm development (Figure 1) is often described in four stages 

that include initial attachment, irreversible attachment and microcolony formation, maturation 

and macrocolony formation, then finally, dispersal (Stoodley et al., 2002; Tolker-Nielsen et al., 

2000). In initial attachment, flagella and type IV pili allow the bacteria to move around their 

environment and find a suitable surface for attachment (O’Toole and Kolter, 1998; Stoodley et 

al., 2002; Tolker-Nielsen et al., 2000). The flagella and pili facilitate the attachment of cells to 

the surface, as well as to other cells (O’Toole and Kolter, 1998; Stoodley et al., 2002; Tolker-

Nielsen et al., 2000). During the irreversible attachment stage, the bacteria undergo changes that 
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result in the up- or down-regulation of specific genes (Sauer et al., 2002; Taylor et al., 2014). 

Type IV pili genes are up-regulated, and flagellar genes are down-regulated, aiding in surface 

attachment (Taylor et al., 2014). Genes involved in the quorum sensing (QS) systems that allow 

P. aeruginosa to communicate, such as the las and rhl QS systems, are upregulated (Bjarnsholt 

et al., 2005; Kievit, 2009; Sauer et al., 2002). These systems have been shown to be involved in 

the formation of a mature and stable biofilm (Kievit, 2009). During this stage, the cells begin to 

produce and excrete the EPS components, leading to stronger cell-to-surface and cell-to-cell 

attachments (Byrd et al., 2010; Ma et al., 2006; Stoodley et al., 2002; Tolker-Nielsen et al., 

2000). Ultimately, this leads to the formation of attached cell clusters known as microcolonies. 

In the third stage, maturation, cells continue to grow, divide, recruit other cells and produce EPS 

(Stoodley et al., 2002; Tolker-Nielsen et al., 2000). This leads to macrocolony formation and a 

mature biofilm structure. Mature biofilms have distinct subpopulations of cells that develop 

distinct morphologies and metabolic states as a result of nutrient and signalling molecule 

gradients (Sauer et al., 2002; Stewart and Franklin, 2008; Stoodley et al., 2002). In the final 

stage, dispersal, the biofilm can partially degrade and release motile cells into the environment 

(Barraud et al., 2006; Kaplan, 2010; Stoodley et al., 2002), potentially moving along to colonize 

other surfaces. Dispersal can be triggered by different signals including QS molecules, a change 

in nutrient availability, or the presence of various toxins (Barraud et al., 2006; Davies and 

Marques, 2009; Kaplan, 2010; Stoodley et al., 2002). These processes happen in response to 

various inter- and intracellular signals and environmental cues, and are controlled by regulatory 

networks that control the temporal expression of adhesion, motility and exopolysaccharide genes 

(Petrova and Sauer, 2009a). Three important factors that control biofilm formation are QS, bis-
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(3-5)-cyclic diguanosine monophosphate (c-di-GMP), and two-component systems (Yan and 

Wu, 2019).  

As previously mentioned, QS is a form of bacterial communication that uses diffusible 

autoinducer molecules and is important for biofilm formation and polysaccharide production 

(Ueda and Wood, 2009). Three main QS systems have been identified in P. aeruginosa, with two 

well-characterized acyl-homoserine lactone-based systems, las (LasR-LasI) and rhl (RhlR-RhlI), 

and a third Pseudomonas quinolone signal (PQS). The Las and Rhl systems function in tandem, 

with the Las system at the top of the hierarchy, and these two systems are interconnected by PQS 

(Cao et al., 2014). These three systems work together to alter the expression of hundreds of 

genes across P. aeruginosa’s genome to coordinate motility, metabolism, biofilm formation and 

maturation, as well as virulence factor production (Rasamiravaka et al., 2015).  

The intracellular signaling molecule, c-di-GMP, is known to coordinate the transition 

from planktonic to biofilm lifestyle, and vice versa during dispersal (Valentini and Filloux, 

2016). It has been demonstrated in many bacterial species that high concentrations of c-di-GMP 

is correlated with biofilm formation, and low concentrations are correlated with motility 

(Valentini and Filloux, 2016). Type IV pili retraction, flagella rotation, EPS production, stress 

responses, surface adhesin expression and biofilm dispersal have all been found to be modulated 

by c-di-GMP (Valentini and Filloux, 2016). It has been proposed that c-di-GMP is used as a 

checkpoint to continue through the stages of biofilm formation (Valentini and Filloux, 2016).  

 Two-component systems are a main strategy used by microbes to change their 

expression profiles in response to environmental stimuli (Liu et al., 2019). They are typically 

composed of a membrane-bound sensor that can detect environmental stimuli, and a response 

regulator (Cao et al., 2014). The response regulator is phosphorylated by the sensor kinase 
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allowing for the downstream modulation of gene expression (Cao et al., 2014). A number of 

these systems have been identified, and it has been shown that some can regulate biofilm 

formation by altering certain QS or c-di-GMP pathways, ultimately leading to altered gene 

expression (Valentini and Filloux, 2016). One example that controls the rhl QS system in P. 

aeruginosa is the BfmRS two-component system (Cao et al., 2014). Interestingly, Petrova and 

Sauer (Petrova and Sauer, 2009b) discovered that mutations in BfmRS arrested biofilm 

development in P. aeruginosa from initial attachment to maturation, demonstrating that two-

component systems are capable of regulating stage-specific biofilm development.   

 

 

Figure 1. The Stages of Biofilm Formation. The first stage of biofilm development is initial 

attachment which is reversible, followed by irreversible attachment and growth leading to 

microcolony formation. As cells continue to grow, divide, recruit other cells and produce EPS, 

biofilms mature into larger structures with distinct subpopulations of cells that develop different 

morphologies and metabolic states as a result of nutrient and signalling molecule gradients. In the 

final stage, dispersal, biofilms can partially degrade and release motile cells into the environment, 

potentially moving along to colonize other surfaces. Adapted from Stoodley and colleagues 

(Stoodley et al., 2002). 
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Biofilms and Increased Antimicrobial Resistance 

The biofilm mode of growth provides bacteria with many valuable benefits that enhance 

their survival in the environment. The matrix components can physically block some antibiotic 

molecules or host defences from reaching the bacteria (Lambert, 2002). Extracellular DNA and 

alginate were found to bind certain antibiotics, slowing their diffusion through the matrix 

(Chiang et al., 2013). Additionally, biofilms are composed of metabolically different 

subpopulations of bacteria due to the oxygen and nutrient gradients throughout the biofilm 

(Figure 2) (Flemming et al., 2016; Sauer et al., 2002; Stewart and Franklin, 2008; Stoodley et al., 

2002; Williams et al., 2018). This protects the bacterial population since some antibiotics are 

only effective against dividing or metabolically active cells (Stewart and Franklin, 2008). While 

biofilm formation provides many benefits to the bacteria, these biofilms are of great concern to 

members of the medical community, including those that are responsible for treating the chronic 

lung infections associated with CF. These infections, which involve P. aeruginosa in the 

majority of adult CF patients (McCallum et al., 2002), are almost impossible to eradicate because 

of P. aeruginosa’s ability to form biofilms, its many intrinsic resistance mechanisms, as well as 

the permissive environment within the lungs of CF patients. 
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Figure 2. Heterogeneity within Biofilms. Production of EPS and immobilization of cells within 

the matrix creates a number of gradients throughout the biofilm including oxygen gradients and 

nutrient gradients. These gradients lead to metabolic heterogeneity within the biofilm which can 

enhance survival when exposed to antibiotics. Adapted from Flemming and colleagues (Flemming 

et al., 2016). 

 

The Cystic Fibrosis Lung Environment 

CF is a common genetic disease caused by a mutation in both copies of the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene (Lyczak et al., 2002). These mutations lead 

to a CFTR protein that is either absent or non-functional in cells, disrupting normal mucus 

production which mainly affects the lungs, but also the intestines, pancreas, kidneys and liver 

(Lyczak et al., 2002). There are many mutations within the gene that are responsible for the 

disease, but one specific mutation, F508, causes the majority of cases (Lyczak et al., 2002). 

This mutation is carried by about 1 in 25 Caucasians of European descent (Lyczak et al., 2002).  

CFTR is a chloride ion channel found in the outer membrane of cells and is responsible 

for controlling the flow of water and ions into and out of the cells (Lyczak et al., 2002). In the 
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lungs, this protein moves negatively-charged ions out of the epithelial cells and into the 

surrounding layer of mucus, followed by the passive flow of positive ions out of the cell (Lyczak 

et al., 2002). The higher concentration of ions outside of the cell results in the osmotic movement 

of water out of the cells and into the mucus (Lyczak et al., 2002). In a non-CF individual, the 

thin layer of hydrated mucus can then be easily swept up towards the esophagus by the cilia 

coating the lung epithelial cells. In CF, the absent or non-functional CFTR can no longer 

facilitate the movement of ions and water across the cells, causing thick dehydrated mucus to 

buildup in the lungs (Lyczak et al., 2002). The mucus becomes so viscous and sticky that the 

cilia are no longer able to clear it from the lungs, as depicted in Figure 3. This prevents the 

removal of microorganisms, leading to chronic infections and permanent lung damage.  

 

Figure 3. The CF Lung Environment. CFTR channels on normal lung cells (A) allow proper ion 

and water transfer, hydrating the mucus and allowing it to be cleared via mucociliary clearance. In 

CF lungs (B), mutated ion channels lead to thick mucus that cannot be cleared, allowing bacteria 

to colonize. Adapted from Ledford (Ledford, 2012). 

While CF patients’ lungs are exposed to and colonized by many different microorganisms 

over the course of their life, as depicted in Figure 4, P. aeruginosa infections are particularly 

concerning. As previously mentioned, the majority of adults with CF are chronically infected 

with P. aeruginosa, and will remain so for the duration of their life (McCallum et al., 2002). It 

has been shown that a mutated CFTR gene increases the ability of P. aeruginosa to bind to 
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epithelial cells (Davies et al., 1997; Saiman and Prince, 1993). Additionally, prolonged antibiotic 

treatments undergone by CF patients promote the evolution of highly resistant variants (Gellatly 

and Hancock, 2013). Adding to this problem, transmissible strains of P. aeruginosa have been 

discovered among CF patients. 

 

Figure 4. Prevalence of Respiratory Microorganisms by Age Cohort, 2017. This graph shows 

the proportion of individuals who cultured positive for the listed bacterial species in different age 

groups during 2017. The light blue line represents P. aeruginosa, and importantly, the dark blue 

line represents multidrug-resistant P. aeruginosa (MDR-PA). Therefore, upwards of 90% of adult 

CF patients were infected with some form of P. aeruginosa in 2017 (Cystic Fibrosis Foundation, 

2015). 

The Prairie Epidemic Strain of P. aeruginosa  

An epidemic strain of P. aeruginosa was first proposed by Pederson and colleagues 

(Pedersen et al., 1986) in the 1980’s after they noticed similar antibiotic resistance patterns 

among isolates obtained from different patient samples. These suspicions were confirmed in 

1996 when flagellin genotyping and macrorestriction analyses were used to confirm that 55 CF 

patients in a paediatric unit in Liverpool were infected with the same strain of P. aeruginosa 

(Cheng et al., 1996). This transmissible strain is now known as the Liverpool epidemic strain 

(LES). This finding was important because it was previously thought that individuals with CF 
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were each colonized with unique strains of P. aeruginosa from their environment (Cheng et al., 

1996). Transmissible strains within CF clinics are a concern as they affect patient segregation 

policies and increase the likelihood that a CF patient could become infected while receiving 

treatment. Since the LES, other epidemic strains have been discovered (Aaron et al., 2010; 

Armstrong et al., 2003; Parkins et al., 2014), as depicted in Figure 5, and these epidemic strains 

are often associated with a worse prognosis for CF patients (Aaron et al., 2010; Al-Aloul et al., 

2004; Somayaji et al., 2016, 2017). Most recently, the prairie epidemic strain (PES) of P. 

aeruginosa was identified (Parkins et al., 2014).  

 

Figure 5. The Discovery of Epidemic Strains of P. aeruginosa. A timeline adapted from 

Fothergill and colleagues (Fothergill et al., 2012) depicting some of the significant discoveries 

related to epidemic strains of P. aeruginosa.  

 

The PES was identified in the prairie provinces of Canada in 2014 by Parkins and 

colleagues (Parkins et al., 2014). They screened a total of 372 isolates from 107 patients referred 

from prairie-based clinics using pulsed-field gel electrophoresis and multilocus sequence typing 

(MLST). It was found that 29% of patients chronically infected with P. aeruginosa were infected 
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with a novel clone that had increased antibacterial resistance and is now known as the PES. The 

PES is yet to be identified in the environment or non-CF infections, designating it as CF-specific 

(Workentine et al., 2016). Based on MLST, all PES isolates were found to have the novel 

sequence type ST192 (Duong et al., 2015; Parkins et al., 2014), differentiating it from unique 

isolates as well as all other epidemic strains of P. aeruginosa. In addition to increased 

antimicrobial resistance, the PES can be differentiated from non-epidemic isolates based on its 

often mucoid phenotype and increased biofilm growth (Duong et al., 2015). Higher levels of 

proteases and increased biofilm formation are observed in the PES when compared to other 

epidemic strains (Duong et al., 2015). Alarmingly, the PES is associated with a decrease in lung 

function, an increase in patient morbidity, increases in respiratory death and/or lung 

transplantation (Somayaji et al., 2016, 2017), and is also capable of causing superinfections 

(Parkins et al., 2014).  

PES and Superinfections 

Superinfections are defined as a secondary infection that out-competes and replaces a 

primary infection. When this occurs, the original strain is no longer recoverable from the patient. 

The PES has been shown to cause superinfections in which it displaces unique P. aeruginosa 

strains that were previously chronically infecting the CF patients (Parkins et al., 2014). The study 

by Parkins and colleagues (Parkins et al., 2014) suggests that certain P. aeruginosa isolates, such 

as those identified as the PES, produce a more stable infection in the CF lungs than other P. 

aeruginosa isolates. Once the PES colonized the lungs, these infections remained stable over 

many years. It was found that about 30% of patients studied from prairie province CF clinics 

were infected with the PES, and these isolates remained present for up to 25 years (Parkins et al., 

2014). Many other patients (n=50) were stably infected with unique P. aeruginosa isolates, but 
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12% (6/50 patients) had unique isolates that were replaced by a super-infecting strain. This 

super-infecting strain was the PES 83% (5/6 patients) of the time. Importantly, the characteristics 

of PES that allow them to dominate in the CF lung are currently unknown. 

 

Coculturing Clinical Isolates with the PES 
 

 A collection of nine PES isolates and 16 unique isolates were obtained from the strain 

biobank at the Calgary Adult Cystic Fibrosis Clinic (Parkins et al., 2014). Nine of the unique 

isolates had been replaced by the PES following a superinfection, and seven unique isolates were 

stable (not replaced by the PES) (Parkins et al., 2014). Using a crystal violet-based biofilm 

formation assay, Dr. Amber Park quantified the biomass of cocultures containing one PES 

isolate and one unique isolate to identify combinations that increased or decreased biofilm 

production, compared to expected values calculated using monoculture controls. This initial 

screen identified a unique stable isolate, P637, that caused a decrease in biomass when combined 

with the PES, and a unique replaced isolate, P261, that increased biomass when combined with 

the PES (Figure 6).   

Research Rationale  

While the number of mixed-species interaction studies have been steadily increasing, 

intraspecific interaction studies are lacking. Previous studies have shown that certain P. 

aeruginosa isolates remain stable in the lungs of CF patients over many years, while others are 

readily replaced by superinfecting isolates (Parkins et al., 2014). These interactions are important 

as they have the potential to alter CF disease progression, but the dynamics of these interactions 

are currently unknown. To better understand the interactions that are occurring between the two 
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unique isolates and the PES, the work presented here aims to characterize the biofilms formed 

when PES isolates are cocultured with P637 or P261. If P637 can prevent biofilm formation by 

the PES, this may be why P637 has never been outcompeted by this strain. In contrast, if P261 

promotes biofilm formation by the PES, this may allow the PES to more readily establish a 

chronic infection in the lungs of CF patients. Since the PES have been found to be more resistant 

to antibiotics than the displaced unique clinical isolates (Duong et al., 2015), the PES could 

potentially replace P261 following antibiotic treatment. Therefore, we hypothesize that P637 can 

prevent attachment and biofilm formation by the PES in coculture, while P261 readily forms 

mixed biofilms with the PES, leading to a synergistic increase in biomass. To test this 

hypothesis, crystal violet coculture assays were repeated using equal CFUs (equal optical density 

at 600nm (OD600nm) was used in the original screen by Dr. Park), and biomass results were 

normalized to planktonic growth to account for differences in growth rate. The biofilm 

cocultures were then imaged using fluorescent isolates to determine the abundance and 

localization of each isolate within the resultant biofilm. In an attempt to quantify the 

concentration of each isolate within the coculture biofilms, a genetic approach was applied using 

Droplet Digital™ PCR (ddPCR).  
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Figure 6. Coculture Biomass - Initial Screen by Dr. Park. Biofilm interaction assays with 

cocultures containing one unique isolate, listed on the left with PES-replaced isolates at the top, 

and stable isolates at the bottom, and one laboratory reference strain (PAO1 or PA14) or PES 

isolate (listed across the top) were completed to identify combinations that resulted in an increase 

or decrease in biomass (compared to monocultures). Expected values were calculated using 

monoculture controls, and actual results were recorded as percent of expected. Red boxes indicate 

an increase in biomass for that combination, green indicates a decrease in biomass, and yellow 

indicates no change in biomass. P637 and P261 were chosen for further experiments.  

Chapter 2: Materials and Methods 

Bacterial Isolates and Growth Conditions 

The isolates and plasmids used in this study are listed in Table 1. The PES and unique 

clinical isolates of P. aeruginosa were generously provided by Dr. Michael Parkins (University 

of Calgary, Calgary, Alberta) and were sourced from the biobank at the Calgary Adult Cystic 

Fibrosis Clinic (Parkins et al., 2014). P. aeruginosa wildtype PAO1 and PAO1 containing the 

plasmid pMF230-gfp were originally provided by Dr. Joseph Lam (University of Guelph, 

Guelph, Ontario) and were used as laboratory reference strains. Escherichia coli K-12 strain 

SM10 was used for conjugation of plasmids into P. aeruginosa.  
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Table 1. Bacterial Isolates and plasmids used for this study      

Isolates and Plasmids Description Source 

   

Isolates   

P. aeruginosa   

   

PAO1 Laboratory reference (Hancock and Carey, 1979) 

P23 PES (Parkins et al., 2014) 

P291 PES (Parkins et al., 2014) 

P142 PES (Parkins et al., 2014) 

P143 PES (Parkins et al., 2014) 

P383 PES (Parkins et al., 2014) 

P384 PES (Parkins et al., 2014) 

P385 PES (Parkins et al., 2014) 

P83 PES (Parkins et al., 2014) 

P84 PES (Parkins et al., 2014) 

P637 Unique clinical (stable) (Parkins et al., 2014) 

P261 Unique clinical (replaced) (Parkins et al., 2014) 

   

E. coli   

   

SM10 thi-1 thr leu tonA lacY supE, 

recA RP4-2-Tc::Mu, Kmr  

(Simon et al., 1983) 

   

Plasmids   

   

pMF230-gfp gfp mut2; Cbr  (Nivens et al., 2001) 

pMF230-mCherry mCherry; Cbr            This study 
Cb=carbenicillin, Tc=tetracycline, Km=kanamycin 

 

For conjugations, P. aeruginosa isolates were grown on tryptic soy agar (TSA; Becton 

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

Ontario), and E. coli SM10 was grown on lysogeny broth agar (LBA; Fisher BioReagents, Fair 

Lawn, New Jersey) or in lysogeny broth (LB; Fisher BioReagents; Fair Lawn, New Jersey). To 

select for P. aeruginosa after conjugation, Pseudomonas isolation agar (PIA; Becton Dickinson, 

Mississauga, Ontario) containing 300 µg/mL carbenicillin was used. For all other experiments, 

P. aeruginosa was grown on modified Whiteley medium (MWM) (Palmer et al., 2007) 
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containing 1.5% agar, or in liquid MWM. MWM is designed to mimic the nutritional 

components found in CF sputum and the concentration of components in the final solution are 

listed in Table 2 (Palmer et al., 2007). Individual amino acids in the original recipe were replaced 

with 5 g/L casamino acids. All plates were incubated statically at 37C, while all liquid cultures 

were incubated in a rotary shaker at 200 rpm and 37C. Glycerol stocks were prepared by adding 

750 µL of overnight culture to 250 µL sterile, pre-chilled glycerol (80% [v/v]), followed by 

storage at -80C.   

 

Table 2. Final Concentration of Components in MWM       

Component Final Concentration 

  

Na+ 66.6 mM 

K+ 15.8 mM 

NH4
+ 2.3 mM 

Ca2+ 1.7 mM 

Mg2+ 0.6 mM 

Cl- 79.1 mM 

NO3
- 0.35 mM 

PO4
2- 2.5 mM 

SO4
2-  0.27 mM 

Casamino Acids 5 g/L 

Glucose 3.2 mM 

Lactate  9 mM 

FeSO4  3.6 µM 

 

Quantifying Coculture Biomass 

 Biofilm assays were performed following a protocol adapted from O’Toole (O’Toole, 

2010).  Overnight cultures grown in MWM were normalized to 5x105 CFU/mL in MWM. For 

single isolate controls, wells of a 96-well polystyrene plate (Corning™, Corning, New York) 

were inoculated with 200 µL normalized culture. For cocultures, wells were inoculated with 

100µL of each isolate, for a total of 200 µL per well. Plates were placed in a moisture chamber (a 
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sealed container with wet paper towels to increase humidity) which was then placed in a static 

incubator at 37C for 24 hours. After incubation, 120 µL of planktonic growth was transferred to 

a sterile 96-well plate and the OD600 was determined using a spectrophotometer (Xmark™ 

Microplate Absorbance Spectrophotometer; Bio-Rad). The remaining planktonic cells were 

removed by inverting the plate to remove the liquid. The wells were then rinsed three times by 

adding 200 µL PBS and inverting to remove the liquid. Once the plate was dry, 200 µL of 0.2% 

crystal violet was added to each well and left at room temperature. After 15 minutes, the crystal 

violet was removed, and the plate was rinsed three times by submerging in room temperature 

water then shaking out the liquid. The plate was left to dry, then 200 µL of 30% acetic acid was 

added to each well to solubilize the crystal violet. After incubating at room temperature for 5 

minutes, the well contents were mixed by pipetting up and down, then the absorbance was read 

at 590nm (A590nm).  

Normalized biomass was calculated by dividing the biomass (A590nm) by the planktonic 

growth (OD600nm) to account for differences in growth rates. Expected values for the cocultures 

were calculated by halving the corresponding monoculture control values then summing them 

(e.g. expected biomass for P83 with P637 = (0.5*P83 biomass) + (0.5*P637 biomass)). The 

actual values for the cocultures were then compared to their expected values and graphed as a 

percentage of the expected.  

Construction of pMF230-mCherry and Conjugal Transfer into  

P. aeruginosa 
 

  The plasmid pMF230-gfp was isolated from PAO1 containing pMF230-gfp using the 

Invitrogen PureLink Quick Plasmid Miniprep kit. The mCherry gene was amplified from a mini-

CTX2 plasmid (Kirsten Chuli, unpublished data) using primers listed in Table 3 that introduced 
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restriction sites XbaI and HindIII to the 5 and 3 ends, respectively. The mCherry gene was then 

ligated into pMF230 after the GFPmut2 gene was excised using XbaI and HindIII, producing 

pMF230-mCherry.  pMF230-gfp and pMF230-mCherry were transformed into competent E. coli 

SM10 and glycerol stocks were made.  

 pMF230-gfp and pMF230-mCherry were conjugally transferred to P. aeruginosa isolates 

using a protocol adapted from Hoang and colleagues (Hoang et al., 2000). Overnight liquid 

cultures of donor E. coli SM10 and the P. aeruginosa isolates were combined 9:1, respectively, 

and spotted on pre-warmed LBA. After about 18 hours at 37C, the spots were resuspended with 

2 mL LB, diluted, then spread on PIA containing 300 µg/mL carbenicillin. Resulting colonies 

were then re-streaked on fresh PIA with 300 µg/mL carbenicillin to ensure culture purity. After 

confirming fluorescence using microscopy, overnight cultures were grown in MWM with 100 

µg/mL carbenicillin. Fluorescence of the overnight cultures was confirmed again using 

microscopy, then glycerol stocks were made and stored at -80C.  

Table 3. Primers used to construct pMF230-mCherry       

 

 

Imaging Biofilms in Glass-bottom 96-well Plates 

 Coculture biofilms with fluorescent isolates were grown in glass-bottom 96-well plates in 

order to image the biofilms using spinning disk confocal microscopy. Overnight cultures grown 

in MWM with 100 µg/mL carbenicillin were normalized to 5x105 CFU/mL in fresh MWM. For 

Name Sequence (5′-3′) Source 

mCherrryFP-XbaI CTA CTT GTC TAG AAG GAA ACA GAA 

TTC TAT GGT GAG CAA GGG CGA GGA 

This Study 

   

mCherryRP-HindIII CTT ACG CTA AGC TTA CCT ACT TGT 

ACA GCT CGT CCA 

This Study 
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single isolate controls, 40µL of culture was added to the wells. For cocultures, 20µL of each 

isolate was added to the wells for a total of 40µL per well.  A minimum of three wells were 

inoculated for each control and coculture. The plate was placed in a moisture chamber which was 

then placed in a static incubator at 37C for 24 hours. After incubation, the planktonic growth 

was removed, and the wells were rinsed three times and refilled with sterile PBS. The well 

contents were removed each time by pipetting, rather than inverting, to prevent contamination. 

The pipette tips were deliberately placed at the top of each well during these steps, and this area 

was avoided during imaging. 

Image Acquisition  

An inverted Leica DMi8 microscope connected to a Quorum Diskovery Spinning Disk 

system (Quorum Technologies Inc., Guelph, Canada) was used to acquire images. The 488nm 

and 560nm lasers and appropriate filter sets captured fluorescence from GFP and mCherry, 

respectively. A 10x dry or a 40x long working distance dry objective (Leica Microsystems, 

Germany) was used to obtain images using the Volocity™ imaging software (version 6.3; 

PerkinElmer Inc., USA).  As the amount of biofilm can vary significantly even within a single 

well, multiple images were taken randomly across each well, from side to side, in order to 

represent the growth within the entire well. The top of each well was avoided as this is where the 

pipette tips were intentionally placed during the rinse steps.  

Imaging Colony Coculture Biofilms on MWM + 1.5% Agar 

 In an effort to image the coculture biofilms in a manner that may more closely resemble 

the lung environment, colony coculture biofilms were grown on agar. The protocol for the 

colony coculture experiment was adapted from Booth and Rice (Booth and Rice, 2019).  
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Overnight cultures of isolates expressing pMF230 were grown in MWM with 100 µg/mL 

carbenicillin. Cultures were normalized to OD600 = 0.1 in MWM, then 0.5 µL were spotted onto 

pre-dried agar plates made of MWM with 100 µg/mL carbenicillin and 1.5% agar. For 

cocultures, isolates were mixed 1:1 in a sterile microfuge tube before 0.5µL were spotted on the 

agar. Single isolate controls and cocultures were always spotted in triplicate. Once dry, the plates 

were sealed with parafilm and incubated at 37C, static, for 24 hours. 

Image Acquisition 

 The colony coculture biofilms were imaged using a Zeiss AxioZoom V.16 fluorescence 

stereo zoom microscope equipped with an ApoTome.2 allowing for optical sectioning that 

prevents scattered out-of-focus light. The 1x objective and an HXP 200C fluorescent light source 

were use along with the following filter sets (excitation/emission): Zeiss filter set 63 HE mRFP 

(559-585/600-690) for mCherry and Zeiss filter set 38 HE eGFP (450-490/500-550) for GFP. 

The focus and exposure times were manually adjusted for each sample and imaged using the 

Zeiss Zen 2.6 Blue software. Sixteen-bit images were captured using a Hamamatsu Orca 

Flash4.0 v3 camera. 

Droplet Digital™ PCR 

Growing and Harvesting Biofilms 

 Absolute quantification of each isolate within the resultant coculture biofilm will allow us 

to determine which strain, if any, is dominating in each combination, and this information may 

allow us to deduce the type of interaction occurring. The PES isolate P291 was used for ddPCR 

analysis. Overnight cultures grown in MWM were normalized to 5x105 CFU/mL in fresh MWM. 

For single isolate controls, 200 µL of culture was added to the wells of sterile polystyrene 96-
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well plate (Corning™, Corning, New York). For cocultures, 100 µL of each isolate was added to 

the wells for a total of 200 µL per well. A minimum of three wells were inoculated for each 

control and coculture. The plates were placed in a moisture chamber which was then placed in a 

static incubator at 37C for 24 hours. After incubation, the planktonic growth was collected, and 

the wells were rinsed three times and refilled with sterile PBS. The well contents were removed 

each time by pipetting to prevent contamination.   

 To dislodge the biofilm and collect the cells, a water bath sonicator was used (Appendix). 

First, the wells of the 96-well plate were sealed using a PCR plate seal to prevent well-to-well 

contamination.  The entire plate was then sealed with two layers of parafilm to prevent water 

from entering the plate and to increase buoyancy. The sealed plate was carefully placed on the 

surface of the water and sonicated for one minute with 90-degree rotation every 15 seconds. 

After sonication, the PBS containing the biofilm cells were collected in microfuge tubes.  

Sample Preparation - Isolation and Digestion of Genomic DNA 

 To remove extracellular DNA and DNA from injured or dead bacteria (Villarreal et al., 

2013), samples were treated with DNase I. A 1U/µL stock DNase I solution was added to each 

sample for a final concentration of 0.1U/µL, then incubated at 37C for one hour. Samples were 

then transferred to a 75C heat block for 20 minutes to heat-inactivate the DNase I. The samples 

were added to well #1 of predispensed cartridges from the Promega Maxwell® 16 Cell 

Purification Kit (Cat. # AS1020) followed by automated DNA purification on the Maxwell 16 

MDx Instrument (Cat. # AS3000).  Each elution tube had 5µL of RNase and 300µL of elution 

buffer containing RNase. 
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 Once purified, genomic DNA (gDNA) was transferred to sterile microfuge tubes. For 

best results, restriction digestion of the DNA samples outside of the amplicon region is 

recommended by BioRad.  The restriction enzyme NcoI was chosen and digestion of gDNA was 

performed as follows: 40 µL of gDNA, 5 µL 10x FD Buffer (Thermo Scientific, Cat. # B64), and 

5 µL NcoI (Thermo Scientific, Cat. # FD0573) were added to a new microfuge tube and 

incubated at 37C for one hour. The NcoI was heat-inactivated by incubating the samples at 

65C for 15 minutes.  The processed samples were then submitted to Jing Zhang in the 

Genomics Facility at the University of Guelph for ddPCR analysis (Figure 7). 

 

Figure 7. ddPCR Workflow. ddPCR can measure absolute quantities by detecting and 

quantifying amplified DNA within distinct, volumetrically defined droplets. EvaGreen®, a DNA 

intercalating dye, is added to each sample to allow for fluorescence upon DNA amplification.  

After all reaction components are combined, a droplet generator partitions the samples into 

upwards of 20,000 droplets. These droplets are then added to a thermocycler where PCR 

amplification occurs within each individual droplet. Afterwards, the droplets are sent through an 

optical droplet reader that counts fluorescent positive and negative droplets. The concentration is 

then estimated by modeling as a Poisson distribution. Adapted from (Biorad, 2018). 
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Primers and Protocol 

 The sequences of the primers used can be found in Table 4. The ETA1B/ETA2 primer set 

(Panagea et al., 2003) amplifies the exotoxin A gene, and was chosen because it is a single copy 

gene and is specific to all strains of P. aeruginosa (Khan and Cerniglia, 1994), including other 

epidemic strains (Panagea et al., 2003). This primer set allows for quantification of all P. 

aeruginosa cells within each sample (total cell count).  The PESGI-F/PESGI-R primer set 

amplifies a small portion of a novel genomic island that is unique to the PES and present in a 

single copy (Workentine et al., 2016). The forward primer was designed by Workentine and 

colleagues (Workentine et al., 2016), but a new reverse primer was designed for this project to 

obtain a shorter amplicon that is compatible with ddPCR. This primer set allows for 

quantification of the PES isolate within each sample. Since both primer sets amplify a gene or 

region present as a single copy in the PES, we expect to see equal amplification for both in the 

P291 control samples. The quantification of the unique clinical isolate within the samples can be 

deduced by subtracting the PESGI results from the ETA results: [ETA] – [PESGI] = [Non-PES] 

or [Total P. aeruginosa] – [PES] = [Non-PES]. A similar subtractive method was used by Ott 

and colleagues (Ott et al., 2004) where they used real-time PCR with a universal probe for 

quantification of total bacteria, and a species-specific probe to quantify a species in question. 
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Table 4. Primers used for ddPCR          

Name Sequence (5′-3′)  Target Amplicon 

(bp) 

Source 

     

ETA1B-F AAC CAG CTC AGC CAC 

ATG TC 

Exotoxin A 

gene 

207 (Panagea et 

al., 2003) 

ETA2-R CGC TGG CCC ATT CGC 

TCC AGG GCT 

  (Panagea et 

al., 2003) 

     

PESGI-F ACT GGA ACC GAA GCG 

TCA TT 

PES genomic 

island 

84 (Workentine 

et al., 2016) 

PESGI-R GAT GGT ACG GAT GAG 

TTT TC 

  This study 

bp=base pairs 

Once the samples were submitted for ddPCR, the ddPCR EvaGreen Supermix (Bio-Rad, 

Cat. # 1864034) was used for all reactions. Following the manufacturer’s instructions, each 

reaction was set up as follows:  11 µL Q200 ddPCR EvaGreen Supermix (2x), 1.1 µL forward 

and reverse primers (stock 5 uM, final 250 nM), 5 µL gDNA and 4.9 µL distilled water, for a 

total volume of 22 µL. Nanoliter-sized droplets were generated on the AutoDGTM Instrument 

(Bio-Rad), then PCR amplification was performed using a C1000 PCR Thermal Cycler (Bio-

Rad) with the following protocol: 5 min at 95C for enzyme activation, 50 cycles of 30s at 95C 

for denaturation, 2 min at 60C for annealing/extension, followed by 5 min at 4C and then 5 

min at 90C for signal stabilization. After PCR cycling, the ddPCR plate was read in the QX200 

Droplet Reader (Bio-Rad) and the data was analyzed using the QuantaSoft Analysis Pro software 

version 1.0.596 (Bio-Rad Laboratories).  
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Chapter 3: Results 

Quantifying Biomass of Cocultures Containing the PES and Unique 

Clinical Isolates 
 

Cocultures with P637 

Cocultures containing the PES and the unique clinical isolate P637 are visually different 

than the monoculture controls when grown in a 96-well plate for 24 hours in MWM (Figure 8). 

P637 cocultures appeared to have more blue pigment than PES monocultures, and more closely 

resembled the P637 monoculture control wells. Pellicles, or biofilms floating at the air-water 

interface, were consistently produced in P637 cocultures. This was especially noticeable when 

P637 was combined with P83 (Figure 8). When comparing the visual growth remaining in the 

wells after rinsing and removing all planktonic growth, it was evident that the cocultures with 

P637 contained very little biomass on the bottom and sides of the wells compared to PES 

monocultures.   

Staining the biofilms with crystal violet and reading the absorbance at 590 nm after 

solubilization allowed for quantification of the biomass in cocultures and monoculture controls. 

As previously mentioned, the expected coculture values were calculated using monoculture 

control values, then the actual values were graphed as percent of the expected. When the PES 

was cocultured with P637, the planktonic growth was very close to the expected values (close to 

100 percent) for most PES isolates (Figure 9). This pattern is strikingly different for values 

obtained for the biomass and normalized biomass. Aside from one biological replicate for P23 

with P637, all normalized biomass values are well below 100 percent, with the majority being 
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below 50 percent, and a few close to zero percent. This indicates that very little biomass was 

present in the wells, compared to the corresponding monoculture controls.  

 

Figure 8. Biofilm formation in 96-well plate. Wells of a 96-well plate containing biofilms grown 

in MWM for 24 hours at 37C. (A) PES monoculture control wells. Top row: P291. Bottom row: 

P83. (B) PES cocultured with P637. Top row: P291 with P637. Bottom row: P83 with P637. The 

white arrow is pointing to the pellicles formed by P83 with P637. (C) PES cocultured with P261. 

Top row: P291 with P261. Bottom row: P83 with P261. (D) P637 monoculture control wells. (E) 

P261 monoculture control wells.    
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Figure 9. Percent of expected values for PES cocultured with P637 in MWM. Actual coculture 

values were graphed as percent of expected values (calculated using monoculture controls). Each 

circle represents one biological replicate. A minimum of three technical replicates were included 

for each biological replicate. 

 

Cocultures with P261 

Cocultures containing the PES and the unique clinical isolate P261 are also visually 

different than the monoculture controls when grown in a 96-well plate when cultured in MWM 

for 24 hours. P261 cocultures appeared to have more yellow-green pigment than PES 

monocultures, and more closely resembled the P261 monoculture control wells (Figure 8). When 

visually comparing the biofilm growth remaining in the wells after rinsing and removing all 

planktonic growth, it was evident that the cocultures with P261 contained a thicker layer of 

biomass on the bottom and sides of the wells compared to PES monocultures. Pellicles were not 

obviously present in P261 cocultures. 
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When the PES was cocultured with P261, there was an increase in biofilm production for 

most PES isolates (Figure 10). The planktonic growth was close to the expected values (close to 

100 percent) for most PES isolates. Aside from P23 with P261, the average normalized biomass 

values are well above 100 percent. This indicates that more biomass was present in the coculture 

wells compared to the calculated expected values determined using the corresponding 

monoculture controls. 

 

Figure 10. Percent of expected values for PES cocultured with P261 in MWM. Actual 

coculture values were graphed as percent of expected values (calculated using monoculture 

controls). Each circle represents one biological replicate. A minimum of three technical replicates 

were included for each biological replicate. 

 

Confocal Microscopy of Coculture Biofilms 

Monoculture controls 

 In order to visualize the biofilm cocultures to better understand any potential interactions 

occurring between strains, glass-bottom 96-well plates were inoculated with isolates 
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constitutively expressing GFP (unique isolates) or mCherry (PES isolates). Control wells 

containing single isolates were included to determine how each isolate grows in monoculture.  

 Under the described experimental conditions, the unique clinical isolate P637 formed thin 

lace-like cell aggregates, and the well surface was not saturated with attached cells (Figure 11). 

The cell aggregates did not appear to be securely attached to the well surface. P261 formed very 

thick biofilms with large, loose mesh-like structures (Figure 11). The majority of the bottom well 

surface was blanketed with attached cells. PAO1, the laboratory reference strain, had significant 

cell attachment at the bottom of the well (Figure 11). A thin layer of cells covered most of the 

surface. The structures formed by PAO1 were consistent in shape and size with the majority 

being small, tight microcolonies that were very distinct. 

 The biofilms formed by the PES isolates under these experimental conditions looked 

quite different compared to the unique isolates, especially P291 (Figure 11). The growth of P291 

was thick and uniform across the bottom of the well; it did not form any distinct structural shapes 

or patterns. P83 covered the majority of the well surface and also formed small mesh-like 

structures (Figure A. 1).  
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Figure 11. Monoculture biofilm controls grown in glass-bottom 96-well plates – 10x. 

Representative micrographs of single isolates grown in MWM for 24 hours at 37C. (A) Unique 

isolates constitutively expressing GFP. From left to right: P637, P261, PAO1. (B) PES isolates 

constitutively expressing mCherry. From left to right: P291, P83. Imaged using a 10x dry 

objective. Scale bars = 80µm. 

 

Cocultures with P637 

The coculture biofilms looked very different when compared to their corresponding 

monocultures. For P291 with P637, growth was very sparse and appeared to be a combination of 

both monoculture phenotypes. A layer of P291 was present along the bottom, similar to the P291 

monoculture, and there was some loose cell aggregation, similar to the P637 monoculture. 

However, P291 and P637 appeared to form the aggregates together in coculture (Figure 12). P83 

showed a very different phenotype compared to P291 when cocultured with P637. It did not 
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appear to colocalize with P637. P83 formed tighter structures that appeared to only contain the 

PES isolate, while a thin layer of P637 cells filled in some of the space between the structures 

(Figure 12).  

 

Figure 12. Coculture biofilms grown in glass-bottom 96-well plates – 10x. Representative 

micrographs of 1:1 cocultures grown in MWM for 24 hours at 37C. Columns are labelled across 

the top with the unique isolates constitutively expressing GFP. From left to right: P637, P261, 

PAO1. Rows are labeled on the left with the PES isolates constitutively expressing mCherry. From 

top to bottom: P291, P83. Imaged using a 10x dry objective. Scale bars = 80µm. 

 

Cocultures with P261 

 P291 with P261 formed large adjoined microcolonies that formed mesh-like structures, 

resembling the P261 monoculture biofilm. These structures were dominated by P261, with small 

amounts of P291 present sporadically throughout the structures. It was also common to see areas 

with a single-cell lawn of P291, or large dense P261-dominated microcolonies. P83 was highly 
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colocalized with P261 throughout most of their biofilm structures. When P83 was cocultured 

with P261, it was common to see a combination of the looser mesh-like structure that contained 

both strains, as well as dense microcolonies. These dense microcolonies also appeared to be 

dominated by P261.   

Stereo Zoom Microscopy of Colony Coculture Biofilms 

Monoculture Colony Morphology and Fluorescent Imaging 

 In addition to visualizing biofilms grown in liquid MWM within the 96-well plates, 

biofilms grown on solid MWM with 1.5% agar were imaged using the Zeiss AxioZoom V.16 

fluorescence stereo zoom microscope to obtain more information about how the PES isolates and 

unique isolates interact in a setting that may more closely represent the lung environment. The 

MWM agar plates were spotted with isolates constitutively expressing GFP (unique isolates) or 

mCherry (PES isolates). The colonies formed after 24 hours at 37C were then imaged. Controls 

containing single isolates were included to determine how each isolate grows in monoculture 

(Figure 14). 

 Macroscopic images of the colonies in triplicate can be seen in  

Figure 13, and representative fluorescent stereo zoom micrographs are in Figure 14. Under the 

described experimental conditions, the unique clinical isolate P637 expressing GFP formed small 

slightly raised, circular colonies with smooth edges and a yellow-gray colour. Fluorescent stereo 

zoom microscopy images show that the entire colony fluoresces green, as expected. The unique 

clinical isolate P261 expressing GFP formed large irregular colonies that were slightly raised and 

had an undulate margin. The majority of the colony appeared to be yellow, but there are sections 

that were gray or off-white. Under fluorescence, the yellow portions of the colonies fluoresced 
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bright green, while the off-white portions showed weaker fluorescence. Distinct zigzag or fractal 

patterns were formed as the cells grew outward from the centre of the colony. The laboratory 

reference strain PAO1 expressing GFP formed medium slightly raised, circular colonies with 

smooth edges and a bright yellow colour. The colonies often had small clearings in the centre. 

When imaged using the AxioZoom, PAO1 colonies fluoresced bright green. The shallow 

portions of the small clearings showed weaker fluorescence or no fluorescence at all.  

The PES isolate P291, expressing mCherry, formed small circular colonies that were 

convex and appeared gray or off-white by eye. The colonies fluoresced red when imaged using 

the AxioZoom, with some areas in the centre appearing darker than the outer edge. Dark spots 

and mesh-like patterns could be seen throughout the centre of the colony. The highly mucoid 

PES isolate P83, expressing mCherry, formed medium circular colonies that were convex with a 

mostly smooth margin. The colonies appeared to be gray or off-white when viewed by eye. 

AxioZoom imaging revealed red colonies, as expected, with interesting patterns formed 

throughout the colonies. A mesh-like pattern could be seen near the centre of the colonies, 

similar to P291, but the pattern was much more pronounced in P83. The outer perimeter of the 

P83 colonies showed a straighter, but still segmented pattern, with contrasting bright and dark 

segments moving straight outward from the centre.  
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Figure 13. Macroscopic View of Colonies on MWM + 1.5% agar. Representative images of 

biofilms grown on solid MWM with 1.5% agar for 24 hours at 37C. Brightfield images were 

taken with the Zeiss AxioZoom V.16 fluorescence stereo zoom microscope to analyze colony 

morphologies. Scale bars = 3mm.  
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Figure 14. Fluorescent Micrographs of Colony Monocultures. Representative images of 

monoculture colony biofilms grown on solid MWM with 1.5% agar for 24 hours at 37C. 

Fluorescent micrographs were taken with the Zeiss AxioZoom V.16 fluorescence stereo zoom 

microscope to analyze colony morphologies. Scale bars = 500 µm. 

 

Coculture Colony Morphology and Fluorescent Imaging 

 The constitutively fluorescent PES isolates P291 or P83, expressing mCherry, were 

combined 1:1 with P637, P261 or PAO1, constitutively expressing GFP. These combinations 

were then spotted on MWM plates with 1.5% agar, and the coculture colonies were imaged after 

incubating for 24 hours at 37C. The coculture colonies with P291 and P637 were small, circular 

and slightly raised, with a yellow-gray colour (Figure 13). The colony morphology most closely 

resembled the P637 monoculture colony. We then wanted to determine where each of the 
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isolates localized within the colony biofilms. Fluorescent imaging with the AxioZoom revealed 

that both isolates were present throughout the colony, from centre to outer edge. However, the 

isolates formed a striking segmented pattern with clear separation between them (Figure 15). The 

isolates formed a mesh-like pattern in the centre, then branched out toward the outer edge in 

consistently alternating sections with fairly straight borders between them. This segmented 

pattern was not seen in either monoculture control. 

 Cocultures containing P83 and P637 formed small raised colonies with an undulate 

margin and a gray or off-white colour. The coculture colony morphology did not completely 

resemble either of the monoculture controls, but did have a mucoid appearance, most similar to 

P83. Fluorescent imaging revealed a similar pattern to what we saw with P291 and P637, which 

also resembled the P83 monoculture control. The isolates P83 and P637 formed a segmented 

mesh-like pattern in the centre, similar to P291 and P637 but larger, and this portion stretched to 

the outer edge in some areas. The isolates then branched out toward the outer edges in segments 

with clear separation between them. Again, the borders between segments were fairly straight. In 

contrast to P291 and P637, the P83 and P637 colony coculture had portions throughout that were 

not fluorescent. 

 The PES colony cocultures with P261 formed colonies that looked similar to the 

P261 monoculture - large irregular colonies with an undulate margin and sections that were 

either off-white or yellow (Figure 13). Interestingly, the colony coculture with P291 and P261 

had a raised ring around the centre of the colony where the isolates were originally spotted. 

Fluorescent imaging showed that P261 dominated the coculture colonies, especially in 

combination with P291. P291 was only present in the centre of the colonies and appeared to be 

most concentrated at the previously mentioned raised ring around the centre (Figure 15). Similar 
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to the monoculture control, P261 grew outward from the centre with segments of varying levels 

of green fluorescence, with fractal or zigzag patterns formed between the different segments.  In 

contrast to P291 with P261, P83 was found in low concentrations at the centre of the colonies 

when cocultured with P261 but was present in the outer portions. Both isolates, P83 and P261, 

grew outward from the centre circle with segments containing either P83, P261 or both. Again, 

there were some segments that appeared to have little-to-no fluorescence. In cocultures with 

P261, optically dense crystal-like structures were visible in the centre of the colonies. 

 

Figure 15. Fluorescent Micrographs of Colony Cocultures. Representative images of coculture 

colony biofilms grown on solid MWM with 1.5% agar for 24 hours at 37C. Fluorescent 

micrographs were taken with the Zeiss AxioZoom V.16 fluorescence stereo zoom microscope to 

analyze colony morphologies and isolate localization. Scale bars = 500 µm. 
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The coculture colonies with PAO1 were very similar for both P291 and P83 (Figure 13). 

Both combinations formed colonies that looked very similar to the PAO1 monoculture controls – 

medium, slightly raised, circular colonies with smooth edges and a bright yellow colour. The 

coculture colonies also had clearings within the colonies. Fluorescent imaging showed a higher 

concentration of PAO1 in the centre and outer edge of the colonies (Figure 15). Colocalization is 

evident between the centre and outer edge, and the PES is present within the colony clearings. 

Absolute Quantification of Isolates in Coculture Biofilms 

 ddPCR was used in an attempt to quantify the isolates in the resultant coculture biofilms 

after 24 hours in MWM. A subtractive ddPCR technique was used with one primer set providing 

a total cell count, and a second primer set that allowed us to quantify the PES isolates. The 

concentration of P637, P261 or PAO1 could then be determined by subtracting the quantity of 

PES from the total cell population. However, because of a number of inconsistencies with the 

data (Appendix), additional troubleshooting is required and current results are preliminary.  

 Monoculture samples were used as controls to ensure DNA amplification was occurring 

as expected (Table 5; droplet plots in Appendix). ETA was successfully amplified in every 

sample using the ETA1B/ETA2 primer set. As expected, PESGI was only amplified (with 

PESGI-F/PESGI-R primers) in the P291 control samples, but unexpectedly, there was more 

PESGI (~17%) detected than ETA in the P291 control samples. Current results (Table 5; droplet 

plots in Appendix) from coculture samples containing P291 and either P637, P261 or PAO1, all 

suggest that P291 is present in very low quantities within the biofilm after 24 hours (7.4%, 0.9% 

and 0.4% of sample, respectively).  Based on the confocal microscopy results, we expected the 

PES to compose a larger proportion of the coculture biofilms. Therefore, the current ddPCR 

results do not appear to correlate well with the microscopy results.   
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Table 5. Quantification of Isolates in 24h Coculture Biofilms – Preliminary ddPCR Results.  

 Concentration (copies/µL)  

     

Control Samples Total (ETA) PES (PESGI)   

     

P291 401 487   

P637 278 1.63   

P261 516 0.00   

PAO1 300 0.08   

NTC 1.49 0.08   

     

Coculture Sample Total (ETA) PES (PESGI) Unique (ETA-PESGI) % PES 

     

P291 + P637 538 40 498 7.4% 

P291 + P261 1525 13 1512 0.9% 

P291 + PAO1 425 1.89 423 0.4% 
NTC=no template control 

 

Chapter 4: Discussion 

 Bacterial biofilms are complex structures, and their coordinated formation is equally 

complex. In nature, biofilms are typically formed by several different microorganisms, creating a 

very complex population with a number of interactions that can occur between different species. 

Most biofilm studies have looked at individual species in monoculture, or cocultures using two 

or more different species that are biologically relevant. It is known that certain strains of P. 

aeruginosa, such as the PES, are capable of outcompeting and replacing other pre-existing 

strains within the lungs of CF patients, but the interactions that occur are still unclear. For this 

reason, we developed techniques to characterize biofilm cocultures containing the PES and 

unique clinical isolates of P. aeruginosa.  

 Dr. Amber Park’s initial biofilm coculture screen (Figure 6) identified some isolates of 

interest that we decided to characterize further. The unique clinical isolate P637 was found to 

decrease biofilm formation when cocultured with the PES, while P261 was found to increase 
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biofilm formation when grown with the PES. Interestingly, P261 was replaced by a PES isolate 

in the lungs of a CF patient following a superinfection. P637 was not replaced by the PES, 

however, it is possible that the patient colonized with P637 was never exposed to the PES. To 

better understand the interactions occurring between these two unique clinical isolates and the 

PES, experiments were performed to characterize the coculture biofilms.  

When the PES isolates were cocultured with P637 in the polystyrene 96-well plates, it 

was very common to see pellicle formation at the air-water interface (Figure 8). These pellicles 

were not apparent in the monoculture controls. This may suggest that the EPS components or 

their abundances were altered, for example, components such as the polysaccharide Pel which is 

required for pellicle formation. This switch from surface-attached biofilm formation in the 

monoculture controls, to pellicle formation at the air-water interface in the P637 cocultures, may 

explain the significant decrease in biomass that is evident when the PES is grown with P637 

(Figure 9). During the planktonic growth removal step and subsequent washes of the wells, all 

pellicles would have been removed, and only the biomass attached to the wells were quantified. 

In contrast, the cocultures with P261 did not produce pellicles, but there was a visual and 

quantifiable increase in surface-attached biomass. Crystal violet staining has limitations due to 

its non-specific binding. For this reason, the biofilms were visualized to get a better 

understanding of the abundance of each isolate and their localization in coculture.  

When the PES isolates were cocultured with P637 in liquid conditions, there appeared to 

be less well attachment and surface coverage. Similar to the monoculture controls, P637 did not 

appear to form any organized structures within the coculture biofilms aside from small cellular 

aggregates. Based on the observed pellicle formation and the loosely adherent cells on the well 

surface, there appeared to be an increase in cell-cell attachment, but a decrease in cell-surface 
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attachment. This could again be indicative of a change in EPS production or cell-cell 

aggregation. Interestingly, preliminary sequence analysis (genomes sequenced by Dr. Roger 

Levesque and colleagues, unpublished data) of the P637 genome suggests there are mutations in 

the region corresponding to PA4101-PA4107 in PAO1.  PA4101-4102 encodes the previously 

mentioned two-component regulatory system BfmRS, and it has been found that this system 

coordinates phosphorylation events that control the progression of biofilm development in P. 

aeruginosa in a stage-dependent manner (Petrova and Sauer, 2009b). Petrova and Sauer (Petrova 

and Sauer, 2009b) demonstrated that PA4101 mutant biofilms had only a thin layer of cells at the 

substratum and lacked large microcolonies; only small cellular aggregates were present in 

PA4101 mutant biofilms. Mutation did not cause changes in initial attachment or Pel/Psl 

production, but arrested biofilm development in the transition from initial attachment to 

maturation (Petrova and Sauer, 2009b). Cao and colleagues (Cao et al., 2014) demonstrated that 

the BfmRS system controls rhl QS in P. aeruginosa, so it is possible that the decrease in biomass 

observed in the PES cocultures with P637 is due to a disruption in QS, or a lack of QS 

cooperation between strains.  

While there was some colocalization between P291 and P637, P83 formed microcolonies 

that contained little-to-no P637. This could be due to the highly mucoid nature of P83. Similar 

results were found by Yang and colleagues (Yang et al., 2011) when they cocultured a mucoid 

variant of P. aeruginosa with non-mucoid S. aureus. It was found that there was only a weak 

association between the two species due to the overexpression of alginate by P. aeruginosa. 

However, this was not the case for cocultures with P83 and P261. Cocultures with P261 in liquid 

conditions showed a high level of colocalization between the PES isolates and P261. Larger 

microcolonies and robust mesh-like structures were formed that contained both isolates 
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throughout, indicating that cooperation was likely occurring between the isolates. This 

cooperation could have led to a growth advantage for both isolates, causing the increase in 

biomass we have observed.  

Another interesting observation that came from the preliminary sequence analysis of the 

PES isolates and unique clinical isolates involved the qsrO gene (PA2226 in PAO1). Kohler and 

colleagues (Köhler et al., 2014) demonstrated that expression of this gene is capable of 

controlling QS systems in P. aeruginosa, with the over-expression of qsrO in PAO1 completely 

down-regulating all three QS systems. Based on this observation, it may be possible that a 

deletion of qsrO could lead to the up-regulation of QS systems. In contrast to PAO1 and P637, 

sequence analysis revealed that all PES and LES isolates, as well as the unique clinical isolate 

P261, contain a deletion in this region, and qsrO is not present in their genome. This was 

confirmed using traditional PCR. Dingemans and colleagues (Dingemans et al., 2014) have also 

reported that qsrO (PA2226) was absent in a Belgian epidemic strain, which suggests that this 

deletion may be common among epidemic strains of P. aeruginosa. Importantly, the well-studied 

LES is often described as having an abnormal QS phenotype, with premature and over-

production of QS-regulated exoproducts (Fothergill et al., 2007, 2012; Winstanley et al., 2009). 

Since QS is highly involved in biofilm formation, it is possible that altered QS regulation due to 

a qsrO deletion could cause the biomass increase we observe in cocultures with the PES and 

P261.  

When the PES isolates were cocultured with P637 on 1.5% agar, the isolates remained 

separate, producing fascinating patterns with alternating red and green sectors when imaged 

(Figure 15). Intraspecific interactions resulted in specific patterns that have been attributed to 

genetic drift at the leading edge of the colony biofilm (Booth and Rice, 2019). It has previously 
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been shown that physiological traits of each isolate within a colony coculture biofilm can 

determine the boundary shape between the different sectors (Booth and Rice, 2019). Booth and 

colleagues have shown that mucoid isolates lead to straight-edged boundaries (Booth and Rice, 

2019), similar to what is observed in the P637 colony cocultures. If there is competition between 

isolates resulting from toxin production, it has been shown that the toxin producers always 

outperformed the sensitive isolate and eventually occupied the entire expanding fronts (Ozgen et 

al., 2018).  Since the PES and P637 were both equally present at the expanding fronts, it seems 

unlikely that there is toxin-based competition. P291 is not present at the expanding front in the 

colony coculture with P261 but seeing as P291 is still present in the centre of the colony and 

causes a significant increase in thickness at this location, this is likely caused by a motility 

defect. The formation of jagged boundaries, similar to what was observed in the P261 

monoculture and cocultures, is caused by the buckling of unlinked chains of rod-shaped cells as 

they grow and divide (Booth and Rice, 2019).  

Interestingly, we saw more PESGI amplification than ETA amplification in the P291 

ddPCR control samples when we were expecting equivalent results. After further analysis, it is 

suspected that this result is due to the PESGI region being flanked by repeat regions and 

transposase genes, suggesting that this region is within a transposable element which may cause 

duplication of genetic material. Although preliminary, the current ddPCR results for the 

coculture biofilm samples (Table 5) indicate that there is very little PES present in all three 

cocultures. While P261 and PAO1 are visually more abundant in coculture with P291, this is not 

the case for P637 cocultured with P291. Therefore, the ddPCR results do not correlate well with 

the microscopy results.  If the ddPCR results are accurate, in addition to potential variations 

caused by the suspected transposon, potential causes for this lack of correlation are the types of 
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plates used and the sampling location. Biofilms were imaged using glass-bottom 96-well plates, 

and polystyrene plates were used for the biofilm formation assays and ddPCR samples. Firstly, 

there could be preferential binding to either glass or plastic by these isolates, potentially 

changing their abundance within the coculture biofilms depending on the plate used. 

Additionally, when imaging biofilms in the glass-bottom plates, we are only able to visualize the 

bottom surface of the well. ddPCR samples were collected from the entire well, which includes 

both the bottom and the sides of the wells. Since biofilms often form as a ring at the air-water 

interface, there is potentially a large portion of the biofilm that we were unable to visualize 

which could account for the differences we have observed between the imaging experiments and 

ddPCR results. 

The combined results from the crystal violet coculture biofilm formation assays, imaging 

experiments, as well as preliminary sequence analysis, suggest that the changes in biomass we 

observed are likely due to changes in QS regulation, which in turn can alter EPS production and 

biofilm development. If P637 is incapable of cooperating with the PES via QS, or perhaps 

interferes with PES QS, it is possible that this could prevent the PES from colonizing and 

causing superinfections. In contrast, if the PES can readily communicate with unique isolates, 

such as P261, and form colocalized or mixed biofilms, this could promote the superinfecting-

ability of the PES. Since the PES is known to be more resistant to antibiotics than unique clinical 

isolates (Parkins et al., 2018), once exposed to antibiotics, it is presumed the PES isolate would 

persist while the more susceptible unique isolate would succumb to the treatment.  

Future Directions 

 This work provided insight into the potential interactions that are occurring between the 

PES and two clinically relevant unique isolates, P637 and P261. It has been confirmed that P637 
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decreases biomass when in coculture with the PES, while P261 increases biomass when 

cocultured with the PES. Since changes in EPS production have been suggested as a cause for 

the changes in biomass, future work can aim to quantify and compare the EPS components. This 

can be achieved using fluorescent dyes that specifically bind to different EPS components, 

followed by fluorescence microscopy.   

 Based on preliminary sequence analysis, we have speculated on some potential genetic 

causes for these changes in biomass. Future work could aim to validate or disprove these 

speculations. If a mutation within the BfmRS two-component system is causing P637 biofilm 

formation to halt after initial attachment, expressing a wildtype copy of this system on a plasmid 

in P637 should restore normal biofilm formation. Additionally, if the lack of qsrO is leading to 

an early onset of QS and an increase in EPS production, we should see a decrease in biomass 

when wildtype qsrO is expressed in P261 and/or the PES.   

 Since there are a number of possible interactions that can be occurring, an all-

encompassing approach may be useful. Now that the PES genomes have been sequenced 

(unpublished data), techniques such as proteomics and/or transcriptomics may provide useful 

insight into the interactions occurring between strains. Mass spectrometry could also be used to 

detect QS molecules. However, these experiments may be difficult because we are studying 

different strains of the same species in the context of a biofilm. It would be important to separate 

the cocultured strains before analysis, perhaps using fluorescence activated cell sorting, but this 

may be difficult to do as the cells would likely be adhered to each other and coated in matrix.   

 In summary, the work presented here begins to characterize the biofilms formed by 

cocultures containing the PES and unique clinical isolates of P. aeruginosa, P637 and P261. 

These results demonstrate the complexity of intraspecific interactions that can occur between 
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different strains. The majority of coculture studies examine interspecific interactions, with few 

studies examining intraspecific interactions. The dynamics of these interactions are important to 

elucidate as they have the potential to alter CF disease progression. A better understanding of 

how P. aeruginosa superinfections develop could lead to a better form of prevention or treatment 

for CF patients.  
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Appendix 

Additional Micrographs of Biofilms Grown in Glass-Bottom Plates 

 

 

Figure A. 1. Monoculture biofilm controls grown in glass-bottom 96-well plates – 40x. 

Representative micrographs of single isolates grown in MWM for 24 hours at 37C. (A) Unique 

isolates constitutively expressing GFP. From left to right: P637, P261, PAO1. (B) PES isolates 

constitutively expressing mCherry. From left to right: P291, P83. Imaged using a 40x long-

working dry objective. Scale bars = 21µm. 

 



 
 

55 
 

 

Figure A. 2. Coculture biofilms grown in glass-bottom 96-well plates – 40x. Representative 

micrographs of 1:1 cocultures grown in MWM for 24 hours at 37C. Columns are labelled across 

the top with the unique isolates constitutively expressing GFP. From left to right: P637, P261, 

PAO1. Rows are labeled on the left with the PES isolates constitutively expressing mCherry. 

From top to bottom: P291, P83. Imaged using a 40x long-working dry objective. Scale bars = 

21µm. 
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Testing Water Bath Sonication for Harvesting Biofilms 

 

Figure A. 3. 96-well plates used to test water bath sonication and quantify biofilm removal. 

Wells of a sterile 96-well plates were inoculated with 200µL overnight bacterial culture then 

incubated at 37C, static. After 24 hours, the planktonic growth was removed and the wells were 

filled with PBS. The outer edge of the plates were sealed with parafilm, allowing the plates to 

float in the sonicating water bath. One plate, the control, was not sonicated, and three other plates 

were used to test a 1, 2 or 3 minute sonication. After sonication, wells were rinsed, dried, then 

stained with 0.2% crystal violet. After solubilization, the A590nm was quantified and compared 

between the control and test plates.  

 

 

Table A. 1. Water Bath Sonication Results        

Sonication Time (min) Plate Average (A590nm) Biomass Reduction 

   

0 0.625 0 % 

1 0.048 92.3 % 

2 0.042 93.2 % 

3 0.039 93.6 % 
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ddPCR Troubleshooting  

 

Table A. 2. A Brief Summary of ddPCR Troubleshooting Steps      

Problem Possible Reason Solution 

   

Twice as much ETA compared to 

PESGI in planktonic PES samples 

Faulty equipment Droplet Reader repaired 

   

PESGI ≠ ETA in planktonic PES 

sample 

Secondary structures in gDNA  Restriction enzyme digestion 

(NcoI) reduced the 

difference, but still 

consistently see PESGI>ETA 

   

Rain effect (lack of separation 

between positive and negative 

droplets) with biofilm samples 

Inhibitors within biofilm matrix 

preventing complete amplification 

Dilute samples to dilute 

inhibitors and use longer 

PCR protocol 

   

Unexpected amplification in 

single isolate control samples 

Contamination of samples Fresh glycerol stocks used to 

produce new samples  

   

Amplification in NTC (not 

previously observed) 

Contamination of ddPCR reagents Fresh primers and PCR 

reagents used 

   

Additional amplification band in 

PESGI reactions (not previously 

observed) 

Primer dimers (possibly due to 

primer degradation) 

To be determined 

   

Amplification in NTC again; 

more consistent 

Contamination or primer dimers To be determined 

gDNA=genomic DNA, NTC=no template control 
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ddPCR Results – Raw Data 

Table A. 3. ddPCR Results for Control Samples.        

Well Sample Target Conc(copies/µL) 

E01 P261 PESG1 0.00 

G01 P261 ETA 516.45 

F01 P291 PESG1 486.94 

H01 P291 ETA 401.39 

A01  NTC ETA 1.49 

A02  NTC PESG1 0.08 

E02 PA01 PESG1 0.08 

G02 PA01 ETA 299.96 

F02 P637 PESG1 1.63 

H02 P637 ETA 277.65 

 

 

Figure A. 4. ddPCR Droplet Data for Control Samples. Each droplet has been plotted with 

fluorescence intensity (Amplitude) versus droplet number for each well (listed across bottom). 

The pink bar indicates the set threshold and all droplets above this line (blue droplets) are 

counted as positive while all droplets below this line (grey droplets) are counted as negative. The 

data is then analyzed using Poisson statistics to calculate the target DNA concentration in the 

original sample. 
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Coculture Samples 

Table A. 4. ddPCR Results for Coculture Samples.       

Well Sample Target Conc(copies/µL) 

A08 P291/PAO1 ETA 425 

B08 P291/P261 ETA 1525 

C08 P291/P637 ETA 538 

E09 NTC ETA 0.333 

E08 P291/PAO1 PESGI 1.89 

F08 P291/P261 PESGI 12.9 

G08 P291/P637 PESGI 39.7 

F09 NTC PESGI 0 

 

 

Figure A. 5. ddPCR Droplet Data for Coculture Samples. Each droplet has been plotted with 

fluorescence intensity (Amplitude) versus droplet number for each well (listed across bottom). 

The pink bar indicates the set threshold and all droplets above this line (blue droplets) are 

counted as positive while all droplets below this line (grey droplets) are counted as negative. The 

data is then analyzed using Poisson statistics to calculate the target DNA concentration in the 

original sample. 


