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Abstract 

 

 Non-cystic fibrosis bronchiectasis (nCFB) represents an orphan disease with 

much of our understanding of the natural history and microbial adaptation derived from 

studies performed in cystic fibrosis (CF). Findings from such studies are inferred to hold 

true to nCFB with little supporting evidence. Importantly, in nCFB patients 

comparatively little is known about the natural history and pathoadaptation of 

Pseudomonas aeruginosa, the archetypal lung pathogen, nor the potential role of the lung 

microbiome in disease. By challenging preconceived notions about nCFB, we identified 

many similarities and notable differences in the natural history, epidemiology, and 

virulence adaptations of P. aeruginosa infections between nCFB and CF-derived P. 

aeruginosa isolates. Furthermore, by characterizing a collection of longitudinally 

collected sputum samples, we found that the microbiome is diverse and generally unique 

to each individual. We observed the microbial community to be relatively stable over 

time but independent of disease state and acute exacerbation events. 
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Epigraph 

 

Whatever it is you’re seeking won’t come in the form you’re expecting 

Haruki Murakami, Kakfa on the Shore 
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Chapter One: Introduction 

 

1.1 An Introduction to Bronchiectasis 

 Bronchiectasis is defined as the abnormal permanent dilation and widening of the 

airways in the respiratory tract and is a common complication to chronic suppurative lung 

diseases like Cystic Fibrosis (CF) and non-cystic fibrosis bronchiectasis (nCFB) (1). 

Patients with bronchiectasis commonly present with chronic cough, sputum production, 

pleuritic chest pain, and recurrent respiratory infections as a result of obstruction of the 

airway and the impaired clearance of mucus within the lungs (2). From the impaired 

mucocilliary clearance, a vicious cycle characterized by intermittent respiratory infection, 

chronic inflammation, and damage of the epithelial tissue occurs within the respiratory 

tract (3). Patients with bronchiectasis often suffer from exacerbation events 

(characterized by subjective symptoms of increased cough, sputum production, 

breathlessness, and objective findings of increased inflammation and declining lung 

function) which are acute events accompanied by a permanent decline in respiratory 

function (4, 5). 

1.2 Cystic Fibrosis 

 Cystic Fibrosis, which often culminates in bronchiectasis, is an autosomal-

recessive genetic disease that occurs as a result of mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) genes (6–8). Normally, the CFTR protein 

enables the transport of chloride ions across the epithelial cell membrane, however, the 

absence or dysfunctional state of the CFTR in individuals with CF impairs ion transport. 

The disruption of the electrochemical balance ultimately results in increased absorption 
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of sodium and water at the epithelial surfaces and gives rise to the accumulation of thick, 

sticky mucus on associated mucosal surfaces, particularly in the respiratory system, 

digestive system, and reproductive organs (9). While the impact of CFTR dysfunction 

occurs systemically, it is respiratory disease that results in the greatest attributable 

morbidity and mortality associated with the disease (10). Indeed, the buildup of a thick 

mucosal layer greatly impairs mucociliary clearance in the airways and predisposes these 

individuals to recurrent microbial infections and a vicious cycle of inflammation (11–13).  

 For individuals born with CF, early disease detection is paramount to establishing 

prophylactic and supportive treatments. Clinically, it can be diagnosed by symptoms such 

as pancreatic insufficiency, which may manifest as nutritional failure and steatorrhea 

(14). Though diagnosis can occur during any stage of life, there has been considerable 

effort to identify CF in newborns, prior to the onset of symptoms. The approach taken by 

Canadian healthcare system uses immunoreactive trypsinogen assays followed by 

confirmatory tests (15, 16). Confirmatory tests can include a sweat chloride test, whereby 

concentrations of 60 mM of sweat chloride is a positive indicator of the disease (17, 18). 

Other methods include mutational analysis of the cftr gene (16). The presence of a 

mutation within the cftr gene on each chromosome is confirmatory of CF.  

1.3 Non-Cystic Fibrosis Bronchiectasis (nCFB) 

While mutations in the CFTR result in CF, non-CFTR mechanisms that contribute 

to bronchiectasis are known as non-cystic fibrosis bronchiectasis (nCFB). Unlike CF, 

which impacts a multitude of other organs, nCFB is an isolated respiratory disease. 

Furthermore, whereas CF has a single underlying cause, nCFB may manifest through a 

cohort of unrelated illnesses or impairments, including structural abnormalities (either 
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natural, extrinsic obstructive or post-infectious), immune dysregulation, or idiopathically 

(19, 20).  

Non-cystic fibrosis bronchiectasis has traditionally been considered an ‘orphan 

disease’ due to its relatively low incidence in developed nations but has seen an annual 

increase of 8.7%, from 2000-2007 in the US alone (21). Although this rise is likely due to 

improved detection from advancements in high-resolution computed tomography 

(HRCT) and not a true increase in incidence, nCFB is a significant economic burden to 

the healthcare system and is estimated to cost up to $630 million annually in healthcare-

associated costs in the US (1). Though already a considerable cost, more recent estimates 

indicate the economic burden of bronchiectasis may continue to increase (22). 

Strikingly, nCFB has been observed to differentially affect a wide range of 

demographics and cultural groups. Between 2000-2007 in the US, the prevalence of 

nCFB increased from the age of 60 onward (21, 23) and was found to be 2.5 and 3.9 fold 

higher in Asian populations compared to Caucasian and African American populations, 

respectively (21). Within these diverse populations, immune dysregulation is a significant 

contributor to the etiology of bronchiectasis (19).   

Outside of the US, nCFB is a relatively common cause of childhood morbidity in 

developing countries such as Turkey (24). In the past, bronchiectasis arose as a result of 

subsequent infections from tuberculosis (25), however, the development of the 

tuberculosis vaccine decreased the incidence of nCFB significantly. Despite 

advancements in a tuberculosis vaccine, bronchiectasis is still seen in high incidence 

within these countries and is likely exacerbated by improper nutrition, sanitary 

conditions, and lack of access to treatment and diagnostic technology. Arising from these 



 

4 

factors, infection, aspiration, and immunodeficiency syndromes were found to be the 

most common causes of nCFB (26).  

 Interestingly, it has been found that the lower left lobe of the lungs is most 

commonly infected – with the exception of cystic fibrosis - likely due to the natural 

mucocilliary clearance through gravity (27). Regardless, differences in disease 

manifestation between CF and nCFB may allude to distinct differences in the microbial 

insults and adaptation strategy in each disease. For instance antimicrobial therapies which 

have been shown to be promising in regards to CF treatment have not been shown to 

confer the same benefit in nCFB (28–30). Illustrating this, Aztreonam Lysine, which has 

been shown to improve lung function in individuals with CF did not provide significant 

clinical benefit for patients with nCFB (14, 29, 31).  

1.4 The CF Microbiome 

While the airways of healthy individuals have been traditionally considered a 

sterile environment, evidence for the existence of microbes, including aerobic and 

anaerobic bacteria, eukarya, and viruses has recently emerged (32, 33). Standard culture-

dependent profiling depends on using selective media and growth conditions to isolate 

specific organisms. These standard-culture techniques have identified Pseudomonas, 

Staphylococcus, Burkholderia, and Haemophilus as dominant genera found in CF (34). 

Other Gram-negative genera including Streptococcus and Mycobacterium spp. were 

isolated, albeit far less frequently. Advancements in culture-independent molecular 

profiling and next-generation sequencing techniques have identified a pronounced 

diversity of organisms which far exceeds traditional culture methods and have allowed 
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research into the influence of these microbes in patient health and disease progression in 

the context of CF.  

 Research on the microbiome has allowed researchers to study how the microbial 

community adapts over time and whether the changes in specific bacterial species are 

associated with differences in patient health. Remarkably, the respiratory tract of 

individuals with chronic lung diseases are often colonized by a huge-array of bacterial 

species in different proportions, which vary between individuals (35, 36). The diversity 

of bacterial species present in the lung environment have been broadly grouped into core 

– abundant, numerically dominant organisms, which are found commonly across patients 

– and satellite – uncommon, and often numerically less abundant across a minority of 

individuals – taxa (37). While some individuals are colonized by archetypal lung 

pathogens such as P. aeruginosa, others may show a diverse microbial community. This 

diversity of organisms is even observed to change with age. During childhood and 

adolescence, children with CF are commonly colonized by Haemophilus influenzae and 

Staphylococcus aureus (38).  As children age, these early pathogens often are superseded 

by more aggressive organisms such as Pseudomonas aeruginosa and Burkholderia 

cepacia complex (Bcc) species (36, 38). This transition of dominant species occurs 

through early adulthood and has been suggested to plateau between the ages of 20-25, 

where it remains relatively stable (39, 40). These findings hold clinical relevance as these 

displacing bacteria are often linked with a decline in patient health (36). In older CF 

populations, lower total bacterial diversity and decreased lung function coincided with 

increased proportions of Pseudomonas or Burkholderia and a decrease in Streptococcus 

species (36). Interestingly, it has been found that the increased abundance of 
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Streptococcus has been positively correlated with patient stability and increased bacterial 

diversity (41). Regardless of the changes in species it was noted that an overall decrease 

in community diversity was associated with an advanced disease stage (36).  

1.5 The nCFB Microbiome 

 While age-related changes in the CF lung microbiome has been largely 

investigated, much remains to be determined in nCFB patients. Current literature 

investigating the microbiome of nCFB patients has yielded differences between CF and 

nCFB. For instance, cultured-organisms like the Bcc, Prevotella, and methicillin-resistant 

Staphylococcus aureus are often found in individuals with CF but rarely found in the 

nCFB lung environment (33). Instead, the nCFB lung environment is predominately 

colonized by the bacterial taxa Pasteurellaceae, Streptococcaeceae, and 

Pseudomonadaceae, which coexist with an incredible diversity of satellite taxa in the 

lower airways of nCFB patients (42). Within the dominant taxa, individuals are 

commonly colonized by Pseudomonas aeruginosa and Haemophilus influenzae, which 

have been linked with worse patient outcomes as well as increased mortality and 

morbidity (43–45). The colonization of the lungs by P. aeruginosa is generally exclusive 

of H. influenzae (and vice-versa) and are they rarely co-isolated from sputum, alluding to 

the potential for strong inter-species competition and inhibitive activity in the lung (42).  

With respect to organisms found within the lung environment, larger abundance 

does not always correlate with a larger importance in the context of patient health and 

predictors of pulmonary exacerbations. Less abundant taxa Rhodobacteraceae, 

Xanthomonadaceae, Staphylococcaceae, and Moraxellaceae have been associated with 

frequent exacerbations (42). Furthermore, the role of anaerobic genera Prevotellaceae, 



 

7 

Streptococcacae, Veillonelaceae, and Actinomycetacae, which are found in the nCFB and 

CF community is mostly unknown (42). However, reduced abundance of these satellite 

taxa is often associated with a decline in the lung clearance index and increased 

inflammation in these patients (46). 

1.6 An Introduction to Pseudomonas aeruginosa  

Amongst the many colonizing pathogens of the CF and nCFB airways, studies 

focusing on the evolution, adaptation and impact of P. aeruginosa within the respiratory 

tract have dominated. This focusing of research is likely due to P. aeruginosa’s role as an 

archetypal pathogen of suppurative lung disease in both CF and nCFB.  (47, 48). Though 

found ubiquitously throughout the environment, P. aeruginosa is prominently known for 

its role in nosocomial infections, including urinary tract infections, burn wound 

infections, bacterial keratitis, and lower airway infections (49). It is also known for its 

role in foreign body infections such as breast implants, catheters, orthopedic hardware, 

and even contact lenses (50–53). The success of this organism is likely due to the large 

size and plasticity of its genome (54), which may allow for the effective adaption to the 

surrounding environment and confer inherent resistance to conventional antimicrobial 

therapies.  

Within the context of airway infections, the acquisition of P. aeruginosa 

infections can be acquired from a myriad of sources. In a majority of cases, CF patients 

are suggested to acquire  P. aeruginosa infections independently from environmental 

sources (55, 56). Recent studies have emphasized local environments, including one’s 

home as important areas of concern (56). In particular, the residence of individuals with 

CF is suggested to serve as a reservoir for pathogens such as P. aeruginosa. The 
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bathrooms of CF patients commonly are culture positive for P. aeruginosa, though only a 

portion of these individuals are infected with the same strain as found in their homes (57). 

Outside of the home, individuals may acquire hospital-associated P. aeruginosa 

infections, particularly from aquatic sources including sink drains, other patients and 

healthcare-personnel (58, 59). In CF hospital wards, the cross-transmission of P. 

aeruginosa can occur between patients and may be facilitated via droplet transmission, 

frequent contact, and even cough-generated aerosols (7, 60). The proximity of individuals 

with CF and extent of social interactions amongst patients with CF may be driving factors 

in the transmission of P. aeruginosa. Conversely, individuals often manifest nCFB later 

in life and generally do not interact with each other. These differences between nCFB and 

CF illustrate the potential of external factors, including one’s support network in 

influencing the epidemiology of P. aeruginosa infections and will be explored further in 

Chapter 2.   

 Once in the airways, use of flagella allow for the motility of P. aeruginosa within 

the airways. In the presence of extracellular DNA, adherence to the lung epithelial wall 

and adaptation to a biofilm mode of growth is mediated by the Type IV pili and flagella 

(61, 62). Biofilms are a surface-attached, structured community of bacteria surrounded 

within a polymeric matrix of extra-polymeric substance (EPS), which consist of 

polysaccharide, protein and DNA (63). Once adhered, increased cellular division will 

result in increased cell density and the initiation of cell-to-cell communication, known as 

quorum sensing.  

In response to the buildup of quorum sensing molecules like acylated homoserine 

lactones, the density-dependent regulation of metabolism, protein synthesis, and 
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virulence is achieved. In P. aeruginosa the expression of many virulence factors, 

including Exotoxin A, are controlled by the quorum sensing and contribute to its 

virulence during acute infections (64, 65). Quorum sensing also contributes to the 

regulation of EPS, which surrounds the bacterial colony and protects against 

antimicrobial pressures, host-cell immune mediators and create opportunities for 

horizontal gene transfer (66–69).  

After sufficient growth, cells may detach from the initial colony to aid 

dissemination to other parts of the lung (70). Though it is now accepted that the 

adaptation to biofilm growth is widely used by many organisms, the presence of these 

biofilms in the CF airways was only established in 2000 (71). Though these findings have 

been inferred to hold true to nCFB, there is limited evidence provided in the context of 

nCFB. In recent years, biofilm-producing P. aeruginosa isolates were obtained via 

bronchial lavage taken from nCFB patients (72). Nonetheless, the adaptations of P. 

aeruginosa within the lung contribute to the chronic colonization of this pathogen, 

allowing for the persistence and potential transmission of P. aeruginosa amongst patients 

with airway diseases and likely contributing to the rise of P. aeruginosa as a nosocomial 

pathogen of global importance.  

1.7 Epidemic P. aeruginosa Strains  

Interestingly, genetically similar P. aeruginosa strains with a global distribution, 

termed epidemic strains, have been identified amongst CF patients. Several examples of 

such strains have been isolated from cystic fibrosis centers within Europe, Australia, the 

United States, and even within Canada (73–77). Of local relevance is the characterization 

of the Prairie Epidemic Strain (PES), estimated to be present in one-third of patients 
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attending the Calgary Adult CF Clinic including patients from multiple Prairie based 

locales (76). This strain has not been identified in other populations nor in the natural 

environment (78).   

 Phenotypic characterization of these epidemic strains has identified distinct 

differences between epidemic and unique, independently-acquired, non-clonal strains of 

CF-derived P. aeruginosa isolates (79). When comparing epidemic strains of P. 

aeruginosa to local non-epidemic isolates, Duong et al. (79) found that the two groups 

could be differentiated based on biofilm growth, with epidemic strains having higher 

biofilm growth relative to the non-epidemic isolates. Clinically, infection of CF patients 

with epidemic strains of P. aeruginosa has been associated with worsened patient 

outcomes as compared to unique non-epidemic isolates (77, 80, 81). Though epidemic P. 

aeruginosa strains have been observed within CF hospital wards, the existence of these 

strains within patients with nCFB remains to be elucidated.  

1.8 Research Objectives  

Non-cystic fibrosis bronchiectasis is a vastly understudied disease – with much of 

our understanding derived from studies in CF. Whether our understanding is correctly 

assumed to be true in the case of nCFB remains unknown, warranting the investigation of 

the natural history, epidemiology, and transmission potential of P. aeruginosa in nCFB 

patients. Furthermore, the current base of knowledge has identified key microbial 

communities in the nCFB lung, which may predict long-term pulmonary function and 

may even offer a stratification system to predict future exacerbation events (43). 

However, no research has yet to investigate the microbiomes of these individuals over 

time. Therefore, the primary goal of this study was to investigate the pathoadaptation, 
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epidemiology, and natural history of P. aeruginosa infections and characterize the 

longitudinal microbial communities of these individuals suffering from nCFB.  

With many similarities existing in the physiology of CF and nCFB we 

hypothesized that we would observe similar trends in the microbial adaptation as seen in 

CF with respect to the adaptation of P. aeruginosa. Similarly, we hypothesized that we 

would observe similar adaptation to that of CF in the context of the microbiome with one 

dominant species existing in the lung. Additionally, we anticipated seeing significant 

heterogeneity in the microbial community between individuals attending the clinic.  

1.9 Specific Aims  

1. To determine the epidemiology, natural history, and potential for patient-patient 

transmission of P. aeruginosa isolates obtained from nCFB patients attending the 

same clinic. 

2. To identify the phenotypic adaptations that Pseudomonas aeruginosa acquires 

during chronic nCFB airways infection. In particular we sought to understand if 

and how virulence factor production changes including, but not limited to 

protease, elastase, and lipase expression, swim and swarm motility, planktonic 

and biofilm growth characteristics.  

3. Information derived from studies of CF-derived P. aeruginosa isolates are often 

inferred to be true to P. aeruginosa infections in patients with nCFB.  We sought 

to determine if this inference was correct by determining if isolates derived from 

each population behave similarly with respect to virulence and growth.  Using this 

morphologically characterized set of nCFB isolates, we then investigated whether 
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notable differences in virulence factor expression existed with a previously 

characterized collection of CF-derived P. aeruginosa isolates. 

4. To characterize the longitudinal microbiome (>5 years) from patients attending 

the clinic using Illumina next-generation sequencing and determining how 

changes in microbiome correlated with clinical outcome 

The manuscripts presented within this thesis would not be possible without the 

contributions of many individuals, including Barbara Waddell, Rachel Lim, Ranjani 

Somayaji, Joel Bowron, Jessica Duong, and Alya Heirali. Barbara Waddell typed the 

Pseudomonas aeruginosa using pulsed-field gel electrophoresis discussed in Chapter 2. 

Rachel Lim and Ranjani Somayaji both contributed in the collection of clinical data. Joel 

Bowron assisted in the multilocus sequence typing of some isolates. The cohort of CF-

derived isolates were characterized by Jessica Duong, a Ph.D Student in the Storey Lab 

and discussed in Chapter 3. Alya Heirali assisted several few genomic extraction from 

sputum samples and helped with 16s V3-V4 amplification. While Taylor E. Woo was the 

primary author on all manuscripts it is important to note that the work was reviewed by 

all authors mentioned above. 
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Chapter Two: Patterns of Pseudomonas aeruginosa infections in non-Cystic Fibrosis 
Bronchiectasis  

 

2.1 Chapter Preface 

This aim of this chapter is to characterize the epidemiology and natural history of P. 

aeruginosa infections in nCFB patients. Using a collection of 203 genotypically 

characterized isolates of P. aeruginosa, we sought to understand how the natural history 

of infection occurs and assess the potential for cross-infection within our cohort. The 

research presented in this chapter is representative of a manuscript in preparation to be 

submitted to the journal Thorax.  

2.2 Introduction 

 Chronic airway infections are a hallmark of suppurative lung diseases, including 

nCFB. Bronchiectasis is characterized by the abnormal dilation and thickening of 

bronchial walls and clinically manifests with persistent cough, sputum production, and 

recurrent and chronic bacterial infections (4). Affected individuals may additionally 

experience acute pulmonary exacerbations (PEx), which present with increased 

respiratory symptomology, worsened lung function, decreased health status, and a long 

recovery period (5). Recent literature has shown that the prevalence of nCFB has 

increased in Europe and the United States (23, 82) which has prompted a renewed 

interest in understanding the pathogenesis, pathophysiology, and management of patients 

with nCFB.   

 Pseudomonas aeruginosa plays a significant role in nCFB infections and is of 

particular interest. The presence of P. aeruginosa in the airways has been associated with 
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a more rapid decline in lung function, worsened quality of life, and increased morbidity 

and mortality in nCFB patients (45, 83). While the prevalence, persistence, and 

pathoadaptation of P. aeruginosa causing infections in CF have been extensively studied, 

our understanding lags in nCFB (84, 85). Indeed, much of the current dogma regarding 

airways infections in nCFB is extrapolated from data derived from individuals with CF. 

Things known in CF, but as yet to be determined in nCFB include the following; 1) 

Changes in clinical status such as PEx are not due to the acquisition of new infections but 

rather perturbations affecting the original colonizing strains(86). 2) P. aeruginosa airway 

infections are generally stable with the exception of rare events of acquisition and 

eventual replacement by epidemic strains(76). 3) Transmission of P. aeruginosa 

infections is possible and may be associated with adverse clinical consequences[8, 9].  

 Given the paucity of data relating to P. aeruginosa infection in nCFB patients, we 

set out to characterize the natural history and transmission characteristics of P. 

aeruginosa infection in nCFB using a longitudinal collection of biobanked isolates. First, 

we sought to define the natural history of infection; specifically whether patients were 

longitudinally infected with the same strain or whether serial infections with different 

isolates occurred – potentially culminating in PEx. Secondly, we were interested in 

determining whether the different patterns of infection were associated with patient 

characteristics and the rate of lung function decline.  Next, we investigated the prevalence 

of shared strains of P. aeruginosa and thus the potential of patient-to-patient transmission 

amongst nCFB patients attending a regional referral clinic, as well as the potential cross-

infection of strains from CF patients residing in the same locale but attending different 
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clinics. Finally, we compared two P. aeruginosa strain-typing strategies in a cohort of 

isolates from nCFB patients.   

2.3 MATERIALS AND METHODS: 

2.3.1 Patients and strains 

 Patients were identified from a retrospective review of the microbiologic records 

of the Calgary Bronchiectasis Biobank (1980-current). This biobank contains 

prospectively collected and inventoried bacterial pathogens recovered in real time from 

the sputum of nCFB patients upon submission of a quantitative sputum culture as part of 

their routine clinical care. Each morphologically distinct colony type of P. aeruginosa 

identified on MacConkey agar was independently frozen in skim milk stock at -80°C and 

preserved for later analysis. For inclusion in this study, patients had a diagnosis of nCFB 

and at least two separate sputum samples within the biobank spanning a minimum six 

months where P. aeruginosa was isolated. From each patient, all individual colony 

morphotypes of P. aeruginosa identified on MacConkey agar were selected for analysis 

at the following time points: the first encounter (FE) (first available isolate within the 

biobank), the most recent encounter (RE) (the most recent isolate for active patients), the 

last available isolate (the most recent isolate for inactive patients), and the exacerbation 

encounter (EE), if applicable (isolates identified at the time of PEx).  Where available, 

serial isolates (SI) identified in approximately two-year intervals were similarly sought.    

To assess for presence of epidemic P. aeruginosa strains known to commonly 

exist within CF but not necessarily within nCFB, 65 control isolates derived from 

individuals with CF were used. These strains included strains from around the globe 

including the Liverpool epidemic strain (LES) (6 isolates), also known as Strain A in 
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Ontario (10 isolates), Strain B (10 isolates), Midlands (Md1) (2 isolates), Manchester 

epidemic strain (1 isolates), Australian epidemic strains; AUST-01 (3 isolates), AUST-02 

(2 isolates), AUST-03 (1 isolate), AUST-04 (1 isolate), AUST-6 (2 isolates), the Prairie 

Epidemic Strain (23, PES), and isolates 0207 and 0227(76). Two Clone C isolates, a P. 

aeruginosa strain with global distribution in the environment and isolated from CF 

patients were also included (89). To assess whether isolates within the local nCFB 

population shared clonality with non-epidemic P. aeruginosa isolates we compared 747 

isolates derived from CF patients with chronic unique P. aeruginosa infection living in 

Southern Alberta over the last thirty-years. Further, we compared a third control 

population of P. aeruginosa representing those from local environmental sources (22) 

(both natural environments and hospital facilities) and those causing community-acquired 

blood stream infections (CA-BSI) in Calgary Health Region residents (35). 

2.3.2 Definitions 

Chronic P. aeruginosa colonization at baseline was defined as per the Leeds 

criteria adapted from CF (90). Briefly, patients were defined as ‘chronic’ if more than 

50% of the cultures obtained over the preceding year were positive for P. aeruginosa. 

Etiology of bronchiectasis was classified as: post-infectious complications, 

immunodeficiency, idiopathic, and other. Patients who acquired bronchiectasis following 

Mycobacterium tuberculosis infection were included in the ‘post-infective’ category. PEx 

were clinician-defined events of changed clinical status and based on documentation of 

increasing respiratory symptoms or radiographic changes resulting in change of 

antimicrobial therapy. For ease of comparison, patients were grouped as ‘stable’ if found 

to be infected with one strain of P. aeruginosa over the study period. Conversely, patients 
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for which the initial isolate was either super-infected or displaced by a transient or 

permanently infecting P. aeruginosa isolate were grouped in the ‘strain-displacement’ 

category. 

2.3.3 Clinical information 

Patient data was collected through a detailed chart review including etiology of 

bronchiectasis, age of diagnosis and rationale for diagnosis, age at enrolment, 

medications, airway pathogens, PEx history and treatments, serial lung function 

measurements reported as forced vital capacity (FVC) in Litres (L) and % predicted, and 

forced expiratory volume in one second (FEV1) in L and % predicted. Time to end-stage 

lung disease manifesting in death or transplant was recorded. Additional information 

included whether patients presented with chronic infection at enrolment of the study, 

length of culture follow-up of known P. aeruginosa infection prior to inclusion in the 

cohort, total number of sputum samples per patient, reasons for diagnosis, additional 

respiratory microbes isolated, and existing comorbidities. The study was reviewed and 

approved by the University of Calgary’s Conjoint Health Research Board (REB16-0035). 

2.3.4 Molecular typing 

Primary screening of all P. aeruginosa isolates was done using a pulsed-field gel 

electrophoresis (PFGE) protocol as described by Parkins et al. (76). All strains were 

cultured from frozen stocks and incubated at 37°C prior to start of the experiment. Cell 

suspensions were prepared in cell suspension buffer (CSB) containing 1M NaCl, 10mM 

Tris-HCl and balanced to a pH of 7.6. Next, PFGE plugs were made through the addition 

of equal volumes of 1% (w/v) SeaKem Gold Agarose in TE1 buffer (10mM Tris-HCl, 

1mM EDTA, pH 7.6) to 150µL of CSB in a plug mold (BioRad). Plugs were left to cool 
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and solidify at room temperature for 15 minutes and then incubated for 4 hours at 37°C in 

cell lysis buffer, which is composed of 1M NaCl, 100mM EDTA (pH of 7.5), 0.5% Brij-

58, 0.5% Sarcosyl, 0.2% Deoxycholate, 6mM Tris-HCl (pH 7.6), 1mg/mL lysozyme 

powder, 20µg/mL RNase A). Following the incubation period, the plugs were washed 

using TE0.1 (10 mM Tris-HCl, 0.1mM EDTA, pH 7.6) buffer for a total of six times and 

then stored at 4°C. Following which, restriction digestion of the isolates was performed. 

Plugs were rinsed with 1X reaction buffer (NEBuffer Cutsmart) at room temperature for 

15 minutes, then digested (New England Biolabs) for four hours at 37°C. When digesting 

P. aeruginosa, the restriction enzyme Spe1 was used. Strain relatedness was performed 

using the CHEF Mapper system (Biorad) and the Lambada ladder PFG Marker (New 

England Biolabs) was used as a standard. Strains that had banding patterns ≥80% 

identical (1 – 3 band differences) were considered related, conforming to the Tenover 

criteria (91).  PFGE profiles were compared using BioNumerics Version 7.0 (Applied 

Maths, Austin TX).  The resulting dendrograms were generated at 2.0% position 

tolerance and 1.5% optimization using the unweighted pair-group method with arithmetic 

mean (UPGMA) and the Sørensen-Dice similarity coefficient. Clusters of P. aeruginosa 

strains derived from three or more unrelated patients were a priori considered clonal 

complexes (76).   

 To compare screening strategies; FE and RE from each patient were also 

characterized using a multilocus sequence typing (MLST) scheme developed by Curran 

et al. (92). The seven loci characterized (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE) 

are essential housekeeping genes that are found amongst all P. aeruginosa isolates. 

Genomic DNA was extracted for each isolate using the GenElute™ Genomic Extraction 
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DNA Kit (Sigma-Aldrich). Primers for each MLST loci were ordered from the University 

Core DNA Services (The University of Calgary)(Table S2.2). Each primer was 

reconstituted in UltraPure distilled water to a concentration of 500mM. From which, 

50mM working stocks by diluting the original primer in UltraPure distilled water. Each 

Polymerase chain reaction (PCR) for MLST had a total volume of 50µL. For each 

reaction, 34.25µL of UltraPure distilled water, 5µL of amplification buffer, 5µL of 10X 

PCR enhancer, 1.5µL of MgCl2, 1µL of forward primer, 1µL of reverse primer, 1µL of 

DNA, and 0.25µL of Taq polymerase (Invitrogen) was added. The PCR protocol 

followed was a touchdown PCR protocol designed by Korbie and Mattick (93) involving 

two cycles. The first phase includes an annealing temperature 10°C above the Tm of the 

primer, which lowers slowly over the course of ten cycles. The second phase consists of a 

general amplification with 20 cycles carried out at the final annealing temperature.  

Typically, the touchdown protocol started with an initial denaturation step at 95°C 

for 3 minutes, followed by 10 cycles of denaturation at 95°C for 30 seconds, annealing at 

70°C for 45 seconds, and elongation at 72°C for one minute. The second phase consisted 

of 20 cycles characterized by denaturation step at 95°C for 30 seconds, an annealing step 

at the final annealing temperature of 60°C for 45 seconds, and elongation at 72°C for 1 

minute. After the second phase was completed a final elongation step at 72°C for 5 

minutes was carried out. The PCR samples were stored at 4°C until ready for use.  

2.3.5 Agarose Gel Electrophoresis 

 Genomic DNA and PCR products were visualized using agarose gel 

electrophoresis. Gels were prepared using 1X Tris-acetate-ethylenediaminetetraacetic 

acid (EDTA) (TAE) buffer which was prepared from a 50X stock. The 50X stock was 
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prepared by dissolving 48.4g of Tris base, 3.72g EDTA, and 11.42mL of glacial acetic 

acid in 1L of double distilled water. Ultrapure Agarose (Invitrogen) was added at 1% 

concentration. During the preparation of smaller gels, 0.4g of Ultrapure Agarose was 

dissolved in 40mL of 1x TAE and heated until dissolved completely. Larger gels were 

prepared by dissolving 1g of Ultrapure Agarose in 100mL of 1x TAE. RedSafe 

(FroggaBio) was added prior to casting each gel depending on the size of gel used. For 

larger gels, 5µL of RedSafe was added and 3µL added for smaller gels. Samples were 

loaded into the wells using 2µL of loading dye and 5µL of sample and mixed through a 

pipette prior to being loaded in the well. For genomic DNA visualization, products were 

loaded into wells and run at 110V for 35 minutes. For PCR products, products were run 

at 90V for 65 minutes prior to visualization using an UV transilluminator. All DNA 

products were stored at 4ºC during short-term storage and at -20ºC for long-term storage. 

2.3.6 MLST Sequence Analysis 

PCR products for MLST were sent to Macrogen-USA (https://www.macrogenusa.com/) 

along with forward and reverse sequencing primers. Using DNAMAN (Lynnon Biosoft), 

the resulting forward and reverse reactions were aligned and analyzed with the forward 

and reverse primers and the gene sequence from PAO1 as reference 

(http://www.Pseudomonas.com). As the entire internal region was amplified, both ends 

were reconciled, aligned, and manually inspected for differences in the nucleotide 

sequences between the PAO1 gene and the PCR sequence of interest. In cases where the 

base pair changes were congruent in both forward and reverse strand, but not in the 

PAO1 sequence, the change was kept. Conversely, if the base pair did not match any of 

the forward, reverse, and PAO1 sequence the dendrogram was then examined.  
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 The consensus sequence generated was then exported from DNAMAN and used 

to determine the MLST type using a database developed by Keith Jolley and Martin 

Maiden at the University of Oxford (https://pubmlst.org/paeruginosa/), where each gene 

is assigned an allele type based on single base pair changes in the sequence for each P. 

aeruginosa isolate (94). If in the case novel allele types were found, the PCR and 

sequence analysis was repeated. If both sequences were identical, the sequence was 

considered a novel allele type. Sequence types were assigned for each isolate based on 

the allele type assigned for all seven loci. If all allele types were identified previously, a 

known sequence type was assigned. However, when one or more allele types did not 

match a known sequence type, the allele types were submitted and assigned a new 

sequence type by the PubMLST curator. Isolates were considered putatively clonally 

related if the MLST profiles had < 2 loci altered but were assigned a novel sequence type 

if strains were ≥1 loci different than identified in the online database (76). 

2.3.7 Statistical analysis:  

Normally distributed data was represented as means with standard deviations 

(SD), and non-normally distributed data was represented using median with inter-quartile 

ranges (IQR). Categorical variables were analyzed using two-tailed Fisher’s exact test. 

For nonparametric quantitative variables we used the two-tailed Mann-Whitney U test.  

Lung function decline (%FEV1) between groups was modelled through use of 

generalized estimating equations (GEE) with an exchangeable correlation structure and 

robust standard errors. A two-tailed α of 0.05 was considered significant, and analyses 

were conducted with STATA V13.1 (College Stn, TX) and Prism 5.0 (Graphpad, 

California, CA). 
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2.4 RESULTS: 

2.4.1 Patient Demographics  

Thirty-nine patients with nCFB met inclusion criteria and were analysed (Figure 

1). The patient cohort was primarily composed of females; n=26 (67%) (Table 2.1). The 

etiology of nCFB was primarily post-infective (51%) and idiopathic (44%). There were 

single cases of immunodeficiency (common variable immune deficiency) and toxic insult 

(inhalation of chemical fumes) as etiological causes. Median age at diagnosis of nCFB 

was 35 years (IQR 21 – 61), while median age at enrolment was 58 years (IQR 23 – 81). 

Baseline %FEV1 at cohort inclusion was determined to be 53% (IQR 39.8 – 73) predicted 

and FVC of 67% (IQR 51 – 83). Ten patients (26%) had a history of lung resection prior 

to enrolment with one patient (2.6%) receiving a lung-transplant during his time at the 

nCFB clinic (one-year after enrolment).  One patient died through the course of the 

observational study. Of the total patients, 43% of patients required long term oxygen 

supplementation. Respiratory comorbidities were common, with sinusitis in 44% (17), 

asthma in 26% (10), and chronic obstructive pulmonary disease (COPD) in 23% (9).  

Seventy-nine percent of patients had chronic infection as per the Leeds’ criteria at 

baseline. This did not differ between groups (p=1.00). 
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Table 2.1. Baseline Patient Demographics 

Selected Patient 
Demographics 

Stable (n=26) [%] Strain Displacement 
(n=13) [%] 

P-value 

No. of Patients 26 [67%] 13 [33%] - 
Median age at diagnosis 

in years (IQR) 
35 (24, 63.5) 26 (15.5, 51.5) 0.171 

Median age at 
enrolment in years  

66.7 (47.9, 72.7) 61.46 (41, 71) 0.413 

Median duration of 
follow-up (years) 

2.8 (1, 7) 4.8 (1, 10.4) 0.371 

Male gender 8 [31%] 5 [38%] 0.725 
 Median FEV1 (L) 1.1 (1, 1.6) 1.33 (1, 1.6) 0.340 
Median FEV1 (% 
predicted) (IQR) 

51 (39, 65) 58 (40.5, 78.5) 0.332 

Comorbidities 
Sinusitis 

Reactive AW 
Chronic Obstructive 
Pulmonary Disease 

(COPD) 

 
 

11 [42%] 
7 [27%]  
8 [31%] 

 

 
 

6 [46%] 
3 [23%] 
1 [8%] 

 

 
 

1.0 
1.0 

0.225 
 

History of lung 
resection 

5 [19%] 6 [46%]  

Etiology 
Idiopathic 

Post-infective 
Immunodeficiency 

Other 

 
13 [50%] 
13 [50%] 

 
4 [31%] 
7 [54%] 
1 [8%] 
1 [8%] 

 
0.447 

 
 
 

Long-term antibiotics 
Inhaled tobramycin 

Azithromycin 
Ciprofloxacin 

 
6 [23%] 
6 [23%] 
3 [12%] 

 
3 [23%] 
1 [8%] 
3 [23%] 

 
1.0 

0.389 
0.381 

Inhaled B2 Agonist 
Inhaled CS 

Ipratropium Bromide 
Systemic CS 

Spirivia 

23 [88%] 
16 [62%] 
2 [8%] 
5 [19%] 
6 [23%] 

10 [77%] 
5 [38%] 
6 [46%] 
2 [15%] 
2 [15%] 

0.381 
0.196 
0.009 
1.0 

0.694 
Extended O2 therapy 12 [46%] 5 [38%]  
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2.4.2 Natural History of P. aeruginosa in nCFB and Clinical Outcomes 

We first wanted to examine the different patterns of P. aeruginosa infection in our study. 

A total of 203 isolates (range 2 – 8/ patient) were genotyped and patterns of colonization 

were distinguished based on the PFGE profiles for each patient (Figure S2.4). If all 

isolates for each patient were found to be similar, the patient was defined as chronically 

infected. Conversely, if the initial isolate was displaced by the most recent isolate, the 

intermediate isolates for each patient were used to determine the overall history of 

infection. Using this classification, we observed four patterns of P. aeruginosa 

colonization in members of this patient cohort: absolute persistence of the original 

infecting strain without invasion by an extraneous isolate [26 individuals (67%)], strain 

replacement where the original strain was no longer observed [8 patients (21%)], 

temporary acquisition of a new strain type eventually reverting back to the original strain 

[3 patients (8%)], and chaotic airways colonization where new strains were continually 

identified [2 patients (5%), respectively](Figure 2.1).  
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Figure 2.1. Flow chart of study design including total number of patients enrolled. 

39	pa&ents	included	

203	strains	assesed	

26	pa&ents	infected	
with	same	strain	

8	pa&ents	experienced	
16	PEx	with	same	

strain	

13	pa&ents	
experienced	strain	

displacement	

4	pa&ents	experienced	
aquisi&on	of	new	strain	
during	7	PEx	events	

9	pa&ents	acquired	
new	strain	during	
stable	disease	
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To assess if unstable airways infections associated with a different etiology and 

subsequent clinical course, those with stable infections were compared to those where 

more than one strain type was identified and confirmed (combining the three other 

groups) (Figure 2.2).  Notably chronic P. aeruginosa infection at baseline did not 

associate with infection pattern type, nor did length of microbiological follow-up.   

Twelve patients experienced 23 PEx that were diagnosed and treated at the 

regional referral nCFB clinic, of which 16 (70%) events were associated with the 

isolation of the same chronically colonizing strain (Figure 2.1& 2.2). Four of the twelve 

patients experienced seven (30%) PEx, which were associated with a new strain, different 

from the chronically infecting isolate. Of the seven PEx associated with different strains, 

four were transient infections where the original strain type eventually was observed to 

re-emerge and the new strain was never re-observed, one persisted through the duration 

of the observed period having successfully displaced the original strains, and two were 

identified in individuals with chaotic airways where they were subsequently displaced by 

a further new strain.  
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Figure 2.2. Displaying the diversity in the natural history of P. aeruginosa infections in 

patients with nCFB including: (A) patients stably infection by a single strain of P. 

aeruginosa – persistence of infection (n=26), (B) strain replacement (n=8), (C) temporary 

disruption (n=3), (D) and chaos within airways (n=2). The dendrogram was generated at 

2.0% position tolerance and 1.5% optimization using the unweighted pair-group method 

with arithmetic mean (UPGMA) and the Sørensen-Dice similarity coefficient. Isolates 

were named as “A_Patient-P_isolate-date isolated (DD/MM/YYYY)”.  
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 We were also interested in whether the different patterns of infection were 

associated with patient characteristics or rate of lung function decline. We found that the 

patterns of infection were not linked with underlying patient demographics (Table 2.1). In 

particular, we found that the etiology, comorbidities, and other baseline characteristics 

including sex, age, and the duration of culture follow up were not associated with a 

particular pattern of infection. Additionally, the antibiotic therapies, including 

tobramycin, ciprofloxacin, and azithromycin received over the course of the study had no 

association with stable or unstable infections, with the exception of ipratopium bromide, 

which was found to be used more frequently in patients with unstable infections (p=0.01). 

Notably, no significant difference was observed in the rate of FEV1 decline experienced 

between patients with stable P. aeruginosa infecting strains -0.7%/ year (95%CI -1 – -

0.5%) versus in those strains with unstable airways infections +0.2%/ year (95%CI -0.2% 

– 0.6%)(p=0.369).  

2.4.3 Prevalence of Clonal Isolates and Patient-to-Patient Transmission in nCFB  

Knowing the different patterns of colonization, we then wanted to determine 

whether shared strains of P. aeruginosa existed amongst patients with nCFB. All isolates 

underwent PFGE as the primary screening modality.  In addition, using MLST, we 

characterized 82 isolates, representing the FE and RE isolates for each patient. The 

median duration between earliest and most recent isolates was 3.2 years (IQR 1.1 – 8.3) 

and ranged from 0.3 to 21 years apart. Overall, we did not identify any clonal P. 

aeruginosa isolates within our nCFB patients. While four pairs of patients sharing a 

common strain were identified they did not fulfil our a priori definition for clonality 

(MLST types=156, 2314, 2293, 2294) and have not previously been reported in patients 
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with chronic suppurative lung disease (Figure 2.3). Interestingly, only one pair of patients 

with strains sharing the same MLST type attended the clinic within the same year 

(ST=156). The remaining pairs of patients had at least ≥1 year between the collection of 

these isolates (ST=2314, 2293, 2294).  
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Figure 2.3. Cluster diagram for four patient pairs with genotyped strains sharing the 

same ST. The dendrogram was generated at 2.0% position tolerance and 1.5% 

optimization using the unweighted pair-group method with arithmetic mean (UPGMA) 

and the Sørensen-Dice similarity coefficient. Isolates were named as “A_Patient-

P_isolate-date isolated (DD/MM/YYYY)”.  
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 Next, we compared whether strains of P. aeruginosa were shared amongst 

individuals with nCFB and CF, environmental sources, and those experiencing 

community acquired bacteremia in order to better understand the local epidemiology and 

potential for cross infection. Interestingly, we found that none of the 203 strains in the 

nCFB cohort matched any representative known transmissible P. aeruginosa strain from 

our regional and global epidemic collections. However, we did observe clustering of 19 

nCFB P. aeruginosa isolates from nine patients with 31 CF-derived P. aeruginosa from 

14 patients (data not shown). Furthermore, we found two nCFB isolates had similar 

pulsotypes to two P. aeruginosa isolates obtained from CA-BSI but did not find any 

similarities for the 22 environmental isolates assessed. The MLST profiles of the nCFB-

derived P. aeruginosa isolates obtained in our study included eight strain types (MLST 

Type=102, 175, 291, 390, 507, 645, 847, 1752), which had previously been identified 

throughout regions in Europe. One strain in particular (MLST Type=175) was previously 

isolated in Canada, UK, Poland, Spain, and France from sputum, environmental sources, 

bronchial lavages, urinary-tract infections, and soft-tissue infections 

(http://pubmlst.org/paeruginosa/) and likely represents a globally distributed clone (94).  

2.4.4 Comparison of PFGE and MLST as P. aeruginosa Screening Strategies 

We additionally wanted to compare MLST and PFGE as screening strategies for 

P. aeruginosa strain-relatedness determination. While our primary strategy used PFGE 

profiles to determine the overall pattern of infection, the FE and RE isolates were further 

characterized using MLST for 31 patients (80%). Despite numerous repeated attempts, 

we were unable to fully characterize the MLST profiles of the remaining 8 patients, with 

5 patients having only the FE typed by MLST (12%), 2 patients with only RE screened 
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by MLST (5%), and 1 patient where neither RE or FE were characterized (3%). 

Accordingly, when confirming the pattern of P. aeruginosa colonization, we found that 

the narrative of P. aeruginosa infections obtained using PFGE only matched the MLST 

in 87% (27/31) of cases. Differences between the MLST and PFGE findings arose in 

cases where strains were considered clonally-related by PFGE, but were assigned novel 

strain types due to differences at ≥ 1 MLST loci, with the FE and RE isolates from two 

patients having discordant MLST profiles due to differences in 3 loci.  Three cases of 

strains being classified as dissimilar by PFGE but having the same MLST type were 

encountered. In two cases, multiple strains were found to be clonally-related within each 

patient, but dissimilar between patients, despite having the same MLST type (Figure 2.3). 

2.5 Discussion 

P. aeruginosa is a significant contributor to morbidity and mortality in patients 

with nCFB - being associated with more severe baseline lung disease, worse radiographic 

scores, and increased frequency of infectious exacerbations (95). Understanding the 

epidemiology and natural history of P. aeruginosa in nCFB, and its relation to PEx is 

paramount in our efforts to control disease progression. Unfortunately, most knowledge 

of suppurative lung disease is derived from CF and assumed to apply to other entities 

such as nCFB.  However, clinical course and treatment responsiveness are known to 

dramatically differ between these two entities thus warranting disease-specific studies 

such as ours (28, 96).  

Whereas P. aeruginosa infections in adults with CF are known to be exceedingly 

stable (with strain replacements generally limited only to acquisition and replacement of 

the original strain with a superinfecting epidemic P. aeruginosa strain), unique strains 



 

33 

were observed herein to be acquired more commonly in nCFB (76, 86). Why this might 

be remains unclear, but may result from differences in other components of the 

respiratory microbiota of nCFB patients (97). The impact of this difference also remains 

unclear, as the different patterns of infections appear unrelated with the change in clinical 

course. Likewise, we found that baseline characteristics including etiology and 

concurrent comorbidities were not associated with patterns of chronic infection or strain-

displacement. However, while we did find that use of Ipratopium bromide, an 

anticholinergic bronchodilator used commonly in those with COPD and asthma was 

significantly associated with strain-displacement, no known biological rationale exists 

and therefore likely represents a statistical anomaly.  

Few comparator studies exist assessing the epidemiology of infection in nCFB 

airways.  De Soyza et al. (98) recently assessed P. aeruginosa derived from 40 patients 

with nCFB attending an adult bronchiectasis service between 2008 – 2011 to better 

understand the potential for cross-infection. Of those, paired samples from 10 patients 

were followed longitudinally over an average of 16 months (range 2 – 35 months). 

Similar to our group, they found that a majority of patients were infected by unique 

strains of P. aeruginosa and that the potential for cross-infection was likely to be low. 

Indeed, they too only identified three pairs of isolates with similar variable number 

tandem repeat profiles, only one of which had the same puslotype on confirmatory PFGE. 

In comparison to the study by De Soyza et al. (98), a distinct advantage of our study is 

the greater duration of follow up for many members of our cohort that allows us to 

provide a more in-depth examination for the potential of cross-infection. Whereas their 

study only assessed paired samples in ten patients enabling an assessment of the natural 
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history of infection, all patients within our study had at least two longitudinal isolates.  

Accordingly we were able to observe a rate of novel P. aeruginosa strains much more 

commonly acquired than that expected based on observed studies in CF. Furthermore, we 

were able to compare those strains derived from our nCFB cohort to a vast depository of 

P. aeruginosa isolates from a global collection of CF epidemic strains, locally prevalent 

but unique isolates from CF, environmental, and CA-BSI P. aeruginosa isolates. 

Whereas they attributed one case of shared strains to cross-infection, we would be 

hesitant to ascribe our cases of shared strains to cross-infection given the ubiquity of P. 

aeruginosa in the natural environment and abundant data showing shared clonal but 

unrelated connected strains from more recent works (99).    

Interestingly, we observed that patients who acquired new strains were not 

necessarily associated with exacerbation events as many patients within in the study 

experienced strain-displacement during both quiescent periods and episodic disease 

flares. Likewise, we found no evidence suggesting that exacerbation events were 

dependent on the acquisition of a new strain of P. aeruginosa similar to what has been 

observed in CF (86). Therefore, we suggest that the practice of treating acute pulmonary 

exacerbations with antibiotics guided by prior microbiological records and known clinical 

response remains appropriate for patients with nCFB and chronic P. aeruginosa 

infection. However, we acknowledge the fundamental problem of antibiogram directed 

therapy of individual isolates of P. aeruginosa due to the profound phenotypic 

heterogeneity observed in chronically infecting populations (100–102).  

Where patients with suppurative lung disease acquired P. aeruginosa from is 

unclear.  Given the abundance of P. aeruginosa in natural environments, acquisition of 
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individual strains from one’s local and natural environment is likely (56, 89, 99). 

Interestingly, we identified a strain of P. aeruginosa (ST=175) that is commonly 

multidrug-resistant and associated with severe infections within both CF and nCFB 

patients (103–105). Given its widespread distribution within hospital centers in Canada, 

Spain, the UK, and Central Europe continued surveillance of ST175 will be important in 

the future management and prevention of this multidrug-resistant strain (94). Importantly, 

however, we did not identify an epidemic CF strain of P. aeruginosa amongst attendees 

of a regional nCFB referral center, whereas a high prevalence of epidemic strains of P. 

aeruginosa exist (~39%) amongst adults with CF attending a regional CF clinic at the 

same institution, mere feet away (but generally seen on alternate days). Given that these 

groups experience similar structural airways disease, the same predilection for lower 

airways infection, and the viability of P. aeruginosa generated through cough aerosol (7), 

we believe it is likely that this fundamental difference exists owing to the profoundly 

different levels of social interconnectivity of CF and nCFB patients (particularly at a 

young age and in older cohorts) (88). Interactions between patients during childhood and 

adolescence through, community sponsored events such as CF-camps and CF-fund 

raising events may have facilitated transmission of epidemic and clonal strains in CF 

thereby accounting for the prevalence (88). Indeed, evidence from adult CF cohorts 

suggests that infection transmission events are uncommon even prior to the introduction 

of rigorous infection control practices (76, 77, 88). All this suggests that tightening 

infection control standards for nCFB patients (specifically as they pertain to P. 

aeruginosa) is not warranted.   
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Studies comparing PFGE and MLST as screening techniques have inferred 

distinct advantages associated with each technique, with MLST suggested to offer higher 

predictive power with unique isolates and PFGE being more sensitive to detecting 

clonality (106). Studies have also suggested that MLST types retain a high level of 

conservation over time (107). However, within our study we observed several situations 

where longitudinal isolates of P. aeruginosa were found to have discrepant MLST 

profiles with ≥2 alleles differing between RE and FE resulting in the designation of 

distinct, novel strain type despite a conserved pulsotype. In these cases, while clonality 

was inferred using PFGE, the extended duration between the isolates tested likely allows 

for random mutations in the housekeeping genes over time, which may result in the 

designation of a new strain. Overall, we found that the use of MLST and PFGE were 

complimentary in this study and suggest that the use of both techniques may offer the 

highest predictive resolution when screening strains of P. aeruginosa. 

This study has a number of limitations. Most importantly, this multi-decade 

retrospective study of prospectively collected samples and clinical data are derived from 

a referral centre – and therefore do not include all relevant samples nor clinical data. 

Whilst all samples are derived from a single centre, our clinic is similar to other referral 

bronchiectasis clinics and is to our knowledge, the only clinic that prospectively collects 

and stores pathogens derived from CF and nCFB patients. The small sample size of our 

study and the slow rate of lung function decline limit the ability to identify potential 

relationships between patterns of infection and clinical progression. We also 

acknowledge the limitation of having a minimum of two isolates screened per patient 

may not represent the true natural history of P. aeruginosa infection in all cases observed. 
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To address this issue, we randomly genotyped an additional 63 isolates using PFGE 

(initially 140 isolates) from various patients who experienced chronic or strain-

displacement. Despite screening more isolates the patterns of infection designated for 

each patient remained the same as previously defined – suggesting that sampling bias has 

not significantly influenced our findings. Lastly, the adaptation strategies observed are 

representative of a single referral centre and therefore may not extrapolate widely to the 

generalized persistence of P. aeruginosa, underscoring the need for multi-centered 

studies on the epidemiology and natural history of infections.  

Our study, taking advantage of a regional biobank presents a unique opportunity 

to follow the history of P. aeruginosa infections for patients with nCFB, in some cases 

over 20 years. While a majority of nCFB patients experience chronic colonization by P. 

aeruginosa, a higher than expected amount of individuals experience strain-displacement 

over the course of their disease. However, we observed that clinical progression was 

independent of the natural history of P. aeruginosa airway infection and that strain-

displacement was not linked with episodes of exacerbation. We did not observe any 

epidemic P. aeruginosa strains known to be prevalent in CF cohorts to occur in patients 

with nCFB. Furthermore, we noted only in few instances that any strains were shared 

amongst CF and nCFB cases – and that these likely represent environmentally ubiquitous 

isolates. 
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2.6 Supplementary Figures
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Figure S2.4. Cluster diagram of PFGE and MLST results from all P. aeruginosa isolates 

screened from 39 patients with nCFB included in this study (n=203). The dendrogram 

was generated at 2.0% position tolerance and 1.5% optimization using the unweighted 

pair-group method with arithmetic mean (UPGMA) and the Sørensen-Dice similarity 

coefficient. Isolates were named as “A_Patient-P_isolate-date isolated (DD/MM/YYYY)-

F/E/R/RR ”; F= first, E=exacerbation, R= recent, RR= most recent.  
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A255-P932-15/01/2001-RR

A255-P933-26/11/2001-RR

A255-P997-15/01/2001-E

A259-P941-05/03/99-R

A227-P1424B-10/12/2001

A222-P1409-12/08/1998

A222-P1429-24/09/2003

A222-P968-10/27/2004

A222-P862-03/25/92-F

A238-P898-01/26/01-R

A247-P917-02/02/2004-RR

A250-P923-16/01/1995-RR
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108

13

5

39
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11

28
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6

6

28
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6

6

6

6

13

81

5

5

75

5

5

5

5

5

5

5

5

5

5

5

22

5

5

5

5

52

75

9

7

5

65

6

1

36

65

58

58

5

5

58

58

5

7

6

6

6

9

13

21

11

21

9

3

3

3

21

21

21

2

2

21

21

21

8

8

8

8

3

3

27

3

12

1

4

4

1

4

4

4

4

4

4

4

4

4

4

4

4

1

1

5

6

7

74

46

46

88

15

15

15

4

4

15

15

18

1

6

18

6

6

17

2

7

15

3

56

56

2

44

44

44

1

1

44

44

10

9

7

7

7

9

13

2321

2270

2299

2310

2301

390

847

2303

2294

2294

2316

2316

2294

2294

2312

2313

2314

2315

2314

507

2293
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Table S2.2. Primers used for the Amplification and Sequencing of the MLST loci. Table 

used below was adopted from Curran et al. (92). 

Loci Primer Sequence (5’ to 3’) Amplicon 
size (bp) Forward Reverse 

acsA Amplification ACCTGGTGTACGC
CTCGCTGAC 

GACATAGATGCCCTGCC
CCTTGAT  

842  

Sequencing GCCACACCTACAT
CGTCTAT 

GTGGACAACCTCGGCAA
CCT 

390 

aroE Amplification TGGGGCTATGACT
GGAAACC 

TAACCCGGTTTTGTGATT
CCTACA 

825 

Sequencing ATGTCACCGTGCC
GTTCAAG 

TGAAGGCAGTCGGTTCCT
TG 

495 

guaA Amplification CGGCCTCGACGTG
TGGATGA  

GAACGCCTGGCTGGTCTT
GTGGTA 

940 

Sequencing AGGTCGGTTCCTC
CAAGGTC 

TCAAGTCGCACCACAAC
GTC 

372 

mutL Amplification CCAGATCGCCGCC
GGTGAGGTG 

CAGGGTGCCATAGAGGA
AGTC 

940 

Sequencing AGAAGACCGAGTT
CGACCAT 

ATGACTTCCTCTATGGCA
CC 

441 

nuoD Amplification ACCGCCACCCGTA
CTG 

TCTCGCCCATCTTGACCA 1042 

Sequencing ACGGCGAGAACGA
GGACTAC 

TTCACCTTCACCGACCGC
CA 

366 

ppsA Amplification GGTCGCTCGGTCA
AGGTAGTGG 

GGGTTCTCTTCTTCCGGC
TCGTAG 

989 

Sequencing GGTGACGACGGCA
AGCTGTA 

TCCTGTGCCGAAGGCGA
TAC 

369 

trpE Amplification GCGGCCCAGGGTC
GTGAG 

CCCGGCGCTTGTTGATGG
TT 

811 

Sequencing TTCAACTTCGGCG
ACTTCCA 

GGTGTCCATGTTGCCGTT
CC 

441 
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Chapter Three: Virulence Adaptations of Pseudomonas aeruginosa Isolated from 
Patients with Non-Cystic Fibrosis Bronchiectasis  

 

3.1 Chapter Preface 

  This chapter is an abridged or modified version of a previously published 

manuscript Woo et al. (Microbiology: doi: 10.1099/mic.0.000393) in the Journal 

Microbiology (108). This chapter focuses on a comparison of P. aeruginosa isolates 

obtained from CF and nCFB patients with regards to phenotypically characterized 

virulence factors in vitro. We were also interested in whether similar virulence factor 

production would be observed amongst the longitudinal set of nCFB and CF isolates 

characterized. While P. aeruginosa possesses many virulence factors, we selected a 

limited number of easily and reliably assessable entities to characterize and were 

therefore not inclusive of all potential virulence factors.  

3.2 Introduction 

In patients with CF and nCFB, accumulation of thick mucus in the lungs and 

impaired mucociliary clearance allow for respiratory infections (109). While a myriad of 

infecting organisms have been identified, the archetypal pathogen of suppurative lung 

diseases is Pseudomonas aeruginosa (47, 48). During the initial phase of infection, P. 

aeruginosa is postulated to utilize various virulence factors, including proteases, lipases, 

and elastases, which help to facilitate initial infection (100, 110). Following the acute 

phase, initiation of biofilm formation, increased alginate production, down regulation of 

motility genes, and attenuation of virulence are thought to contribute to the establishment 

of chronic infections (111, 112). Chronic P. aeruginosa infections in both nCFB and CF 
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patients have been associated with a decline in respiratory function and an increased risk 

of morbidity and mortality (113–118).  

However, these trends may not account for the pathogenesis of all isolates of P. 

aeruginosa. Evidence for phenotypic and genotypic variation within P. aeruginosa 

isolates suggests that variable adaptation may occur in response to different niches found 

within the lung environment (101, 119). This variability may extend to virulence factor 

production and as a result influence the rate of disease progression in individuals with 

either disease.  

Research investigating the pathogenesis of infection within the CF lung has often 

been extrapolated to nCFB but there is little supporting evidence to be able to correlate 

the two diseases. Critically, treatments that demonstrate a clinical benefit in CF do not 

necessarily confer the same benefit in nCFB (28–30), which suggests that direct 

extrapolation may not be appropriate. In order to develop strategies to optimally manage 

chronic P. aeruginosa infections in patients with nCFB, understanding the pathogenesis 

of chronic P. aeruginosa derived specifically from this patient population is required. We 

hypothesized that P. aeruginosa would adapt similarly in nCFB patients relative to CF 

patients. In this study, we used two longitudinal sets of P. aeruginosa isolates, one from 

nCFB patients and the other from CF patients to examine virulence factor production of 

isolates from the two cohorts. In addition, we set out to observe whether the attenuation 

of virulence traits occurs over time, akin to that observed in CF (120).  
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3.3 Methods and Materials 

3.3.1 Bacterial Strains and Culture Conditions 

P. aeruginosa isolates were collected from patients attending the Calgary Adult 

CF Clinic and the Calgary Bronchiectasis Clinic from 1986-2013. The Conjoint Health 

Research Ethics Board E-23087 granted ethics for the collection and analysis of these 

strains. P. aeruginosa was identified from routine sputum samples submitted for semi-

quantitative sputum evaluation during regular clinical visits and were prospectively 

inventoried and stored at -80°C in the Calgary Adult CF Biobank (76). We 

retrospectively audited the biobank to identify adults with nCFB who were repeatedly 

positive for P. aeruginosa for more than 6 months. This biobank included every isolate 

from every clinical encounter for individuals with CF and serial but not comprehensively 

collected isolates for individuals with nCFB. Every morphologically distinct colony type 

identified on MacConkey agar identified at each of two distinct time points was included; 

early (defined as the earliest available P. aeruginosa isolate identified in the biobank) and 

late (defined as the most recent isolate available in the biobank). These were compared to 

a selection of P. aeruginosa derived from adults with CF who had chronic infection 

spanning >6 months.  

Each isolate was cultured in Tryptic Soy Broth (TSB) and incubated overnight at 

37ºC prior to use in each assay, which was conducted in three triplicate replicates (n=9) 

unless otherwise stated. For the protease, lipase, and elastase assays, each culture was 

normalized to an OD600 of 0.3 and spotted in triplicate on each plate. 
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3.3.2 Protease  

Proteases expressed by P. aeruginosa contribute to the initiation of infection within the 

lungs (121). Protease production was assayed through the breakdown of casein as 

previously described using dialyzed skim milk plates (122). Dialyzed-BHI plates were 

first prepared by dissolving 9.25g of BHI broth in 25mL of distilled water which was 

then dialyzed against 500mL of double-distilled water using Spectra/Por molecular 

porous membrane tubing (MWCO 15,000) overnight at 4ºC. Following this, 15g of noble 

agar was added to the dialysate, mixed, autoclaved, and added to 3% skim milk (Gibco). 

Plates were allowed to air-dry overnight and stored at 4ºC until use. Protease activity was 

quantified by measurement of the zone of clearance after incubation for 24 hours at 37ºC. 

3.3.3 Lipase 

Expression of lipases contribute to pathogenesis through the breakdown of lipid 

surfactant (123, 124). Lipase plates were prepared as described by Lonon et al. (124), 

containing 1% (wt/vol) of bactopeptone, 0.5% (wt/vol) of sodium chloride, 0.01% 

(wt/vol) calcium chloride, 1.5% (wt/vol) noble agar, and 1% (wt/vol) of Tween 80. In 

order to prepare the plates 5mL of Tween 80 was added to bactopeptone, sodium 

chloride, calcium chloride, and noble agar, which were dissolved in 500mL of distilled 

water. Following the addition of Tween 80, the solution was microwaved to dissolve the 

Tween 80, mixed, and poured. Lipase activity was measured by the cloudiness around the 

cells after 48 hours incubation at 37ºC. 

3.3.4 Reverse Elastase Plates 

Elastase has been suggested to perform various functions in the initial infection process, 

including the disruption of epithelial tight junctions (125–127). Elastase expression was 
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measured through the breakdown of elastin overlaid over agar plates as described by Rust 

et al. (128). Agar containing 0.8% (wt/vol) nutrient broth was dissolved in 1L of distilled 

water and pH-adjusted to 7.5. Following which, the 1L solution was split into two bottles 

and 2% (wt/vol) of noble agar was added, autoclaved, and poured to compose the bottom 

layer of the plate. An elastin preparation containing 0.8% (wt/vol) nutrient broth, 2% 

(wt/vol) noble agar, and 0.5% (wt/vol) elastin was dissolved in 300mL of distilled water 

and then overlaid onto the media. The resulting zone of clearance was measured after 24 

hours incubation at 37ºC followed by 48 hours at 4ºC. 

3.3.5 Swim and Swarm Motility  

Swim and swarm motility has been implicated in the movement and the pathogenesis of 

P. aeruginosa infections (61, 129). Swim motility was assessed by using 0.3% LB agar 

plates as performed by Murray and Kazmierczak (130) and was measured by the distance 

travelled from the point of inoculation after an incubation period of 72 hours at 22ºC with 

extra humidity. Briefly, 0.3% agar plates were prepared by dissolving 12.5g of LB media 

and 1.5g of select agar in 500mL of distilled water which was then autoclaved, and 

allowed to solidify for 3hr in the biosafety cabinet prior to use in the assay within the 

same day. Each plate was inoculated in the center of the plate using an autoclaved 

toothpick.   

Swarm plates were prepared according to Kohler et al. (129) using M8 medium 

composed of 60g of sodium phosphate, 30g potassium phosphate, 5g of sodium chloride 

to 1L of distilled water and filter sterilized. After filter sterilization, 50mL was added to a 

mixture containing 0.2% (wt/vol) glucose, 0.05% (wt/vol) glutamate, 0.5% (wt/vol) of 

noble agar, and 0.024% (wt/vol) magnesium sulfate, dissolved in 450mL of distilled 
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water, autoclaved, and allowed to dry in the biosafety cabinet prior to use within the same 

day.  Similarly, the center of each plate was inoculated with a single colony using an 

autoclaved toothpick. The radial distance of swarming for each isolate was then recorded 

after incubation for 48 hours at 37ºC. 

3.3.6 Biofilm Assay 

Biofilm production was assessed due to their proposed role in protecting the bacteria 

against clearance from the host immune system and providing antibiotic resistance (67). 

Each culture was normalized to an OD600 of 0.001 in TSB and 180µL was inoculated in 

triplicate into two Calgary Biofilm Devices (CBD) and incubated at 37ºC for 24 hours 

and assessed with two complementary assays; the biofilm biomass assay and viable cell 

count assay adapted as done previously described (131, 132). 

3.3.6.1 Biofilm Biomass Assay 

Biomass production was quantified using the crystal violet assay. After incubation, the 

CBD lid that contained 96 pegs was washed with sterile water, allowed to dry, then 

stained with 1% crystal violet followed by three consecutive washes with phosphate 

buffered saline. The lid was then decolourized in another 96 well plate containing 175µL 

methanol and the absorbance was recorded at an OD of 540nm in a Perkin Elmer Victor 

X4 plate reader. 

3.3.6.2 Viable Cell Count Assay 

After incubation for 24 hours, the CBD lid was placed into a 96-well plate containing 

0.85% saline and sonicated (5510 Branson) for 10 minutes. After sonication, 20µL from 

each well was inoculated into a new 96-well plate containing 180µL of fresh 0.85% 

saline. Ten-fold serial dilutions were then carried out and 20µL of each dilution for each 
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isolate was then spotted on a Tryptic Soy Agar plate and incubated for 24 hours at 37ºC. 

The number of colonies was then counted as a measure of viable cells in the biofilm.   

 Ten-fold serial dilutions were then carried out and 20µL of each dilution for each isolate 

was spotted on a Tryptic Soy Agar plate and incubated for 24 hours at 37ºC. The numbers 

of colonies were counted as a measure of viable cells in the biofilm.   

3.3.7 Mucoidy 

Mucoid isolates of P. aeruginosa have been established to accumulate over the course of 

an infection period and are associated with poor survival in CF (115, 133). The mucoid 

phenotype was qualitatively assessed by a slimy (Mucoid) appearance on Pseudomonas 

Isolation Agar after incubation for 48 hours at 37ºC. Pseudomonas Isolation Agar was 

prepared by dissolving 22.5g PIA and 10mL glycerol (Sigma) in 490mL of distilled 

water. The following solution was then autoclaved, poured into plates, dried overnight, 

and stored at 4ºC until use.  

3.3.8 Phenotypic Identification of LasR Mutants 

LasR is a transcriptional activator responsible for the regulation of several virulence 

factors, including elastase (134). The emergence of lasR mutants within the CF lungs has 

been associated with progression in lung disease (135). LasR mutants were identified by 

growth at 37ºC after incubation for 48 hours on M9 Medium supplemented with 0.1% 

(wt/vol) adenosine and 1.5% (wt/vol) noble agar as previously described (136). The M9 

medium was prepared by dissolving 32g of dibasic sodium phosphate, 7.5g of 

monopotassium phosphate, 1.25g of sodium chloride, and 2.5 of ammonium chloride in 

500mL of double-distilled water. Two solutions, one containing 100mL of the M9 

solution added to 200mL of distilled water, and the second containing 15g of select agar 
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dissolved in 200mL of distilled water were prepared and autoclaved separately. After 

autoclaving, the solutions were tempered at room temperature until sufficiently cooled, 

and mixed together. After which, 1mL of 1M magnesium sulfate, 50µL of 1M calcium 

chloride, and 0.1% (wt/vol) adenosine was added and poured into the plates prior to use 

in the assay. 

3.3.9 Mutation Frequency Determination 

Hypermutation in P. aeruginosa has previously been implicated in the development of 

antimicrobial resistance in P. aeruginosa infections (137). Mutation frequency was 

determined using a rifampicin screen described by Oliver et al (138). Antibiotic stocks of 

100mg/mL Rifampicin (Sigma-Aldrich) were prepared by dissolving 1g of Rifampicin in 

10mL of 100% methanol. In order to fully dissolve the Rifampicin, 10N sodium 

hydroxide was added dropwise (5 drops per 5mL of antibiotic solution). In order to create 

a 300µg/mL working stock, 1.5mL of the 100mg/mL stock was added to 500mL of 

Mueller Hinton agar (MHA) when the media was sufficiently cooled. As Rifampicin is 

light sensitive, the stock was covered in aluminum foil at all times and stored at -20°C. 

When prepared in solid media, the agar plates were covered using aluminum foil after 

pouring and during storage. Mueller Hinton broth (MHB) was prepared prior to the 

experiment by dissolving 21g of powder (Difco) in 1L of water. Similarly, in order to 

create MHA 7.5g (1.5% w/v) was added to the media prior to being autoclaved. Cultures 

of P. aeruginosa were then grown overnight in 20mL of MHB at 37°C. Following this, 

samples were concentrated by centrifuging 5mL of the overnight culture at 7000rpm for 

10min and resuspended in 1mL of MHB. Each isolate was serial-diluted and 20µL was 

spot-plated onto MHA at each dilution. One hundred microliters of the undiluted and the 
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10-1 dilution were spread plated on MHARif300 plates. MHA plates were incubated for 

24hr while MHARif300 plates were incubated for 36hr. After incubation, the number of 

colonies were counted for each plate and averaged for each plate and adjusted according 

to dilution factor. Under the circumstances for which an isolate had too many colonies to 

count, the experiment was repeated using a higher dilution (10-2 or 10-3) as opposed to the 

10-1. After the CFU’s on the MHA and MHARif300 plates were determined, the mutation 

frequency was calculated by dividing the CFU on MHARif300 by the total CFU. If the 

resulting value was 20-fold greater than the mutation frequency of the PAO1 control 

strain, the isolate was considered a potential mutator.  

3.3.10 Statistical Analysis  

Statistical analysis was conducted using Prism 5.0 (GraphPad, California). Column 

statistics allowed for the calculation of the mean value of the three triplicate trials (n=9) 

of each isolate for the protease, lipase, elastase, swarm and swim motility, biofilm, 

mucoidy, and LasR assays. Using a p-value < 0.05 for significance, we used the 

nonparametric, two-tailed Mann-Whitney U (MWU) test to compare the phenotypic 

assays between our nCFB and CF cohort. Similarly, we also used the MWU test to 

analyze the phenotypic assays between the two reference points (early and late) in our 

nCFB cohort. For dichotomous variables, we used a combination of Fischer and chi-

squared tests (α <0.05) to determine whether significant differences existed in our cohorts 

with respect to the LasR, mucoidy, and Mutation frequency assays. 

3.3.11 Hierarchal Clustering Analysis 

Phenotypic clustering of virulence factors was done through the use of Cluster 3.0 

(Stanford University) using the unweighted pair group method with arithmetic mean. The 
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dendrogram was generated based on criteria set by Duong et al. (79), using the gene 

cluster, correlation uncentered, and centroid features under the hierarchical tab. The data 

for each phenotypic trait was mean-centered and scaled to unit variance in order to 

account for the heterogeneity and variance of each trait and allow for variables to be 

considered together. The resulting dendrogram was visualized using Java Treeview (139).  

3.4 Results 

Forty patients, with nCFB, meeting inclusion criteria of repeated P. aeruginosa 

isolation spanning >6 months were identified.  From these patients, we selected 81 

isolates to study; 40 early isolates and 41 late isolates. The median time between early 

and late isolates collection for patients was 3.16 years (range 0.5 – 21.4 years). Our CF 

control cohort were derived from 28 patients chosen randomly from a collection of 

patients known to be infected with both unique and epidemic strains and included 39 

early and 44 late isolates (79). The median time between early and late CF isolates 

collected was 14 years (range 2 – 24 years).  

3.4.1 Comparison of phenotypic traits in P. aeruginosa isolated from patients with CF 
and nCFB  

We first wanted to determine how P. aeruginosa phenotypically adapts to the 

environment of the bronchiectatic lung. In order to do so, we compared the variation in 

expression of a number of phenotypic traits between CF and nCFB isolates. Overall, we 

observed a diverse range of expression for each phenotype assessed in P. aeruginosa 

isolates from both nCFB and CF (Figure 3.1). When the virulence factor production was 

compared between our nCFB and CF isolates we found that the overall distribution was 

heterogeneous. Furthermore, no significant differences were found between nCFB and 
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CF isolates based on the medians of protease and elastase production, swim and swarm 

motility, mucoidy, or biofilm growth (Figure 3.1A, B, D-I). 
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Figure 3.1. Comparison of P. aeruginosa isolates between nCFB (n=84)(teal) and CF 

(n=83)(red) isolates. Isolates were characterized for protease (a), elastase (b) and lipase 

(c) production; swim (d) and swarm (e) motility; mucoidy (f); planktonic growth (g); 

biomass production (h); and viable cell count in biofilm (i). Black horizontal bars 

represent the mean of each group. Statistical analysis of median was measured using the 

Mann-Whitney U test and determined to be significant if P<0.05. 
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On the other hand, isolates derived from individuals with nCFB were found to 

exhibit significantly lower levels of lipase activity (p=0.0003) compared to CF isolates 

(Figure 3.1C). Furthermore, in terms of isolates that do not produce lipase, we found that 

the nCFB cohort had significantly more lipase null isolates (53/84 (63%)) as compared to 

CF isolates (29/83 (35%)) (p =0.0003). Likewise, we observed a significantly higher 

proportion of non-elastase producing isolates (51/84 (61%)) in the nCFB isolates as 

compared to 27/83 (33%) isolated from patients CF (p=0.0003) (Figure 3.1C), suggesting 

that differences in the elastase and lipase null isolates exist between the two patient 

cohorts. Furthermore, as lipase and elastase production are both regulated by the Las/Rhl 

quorum sensing systems (134, 140) we sought to examine the proportion of LasR mutant 

phenotype isolates that also were null for elastase and lipase activity. As LasR mutants 

are deficient in nucleoside hydrolase (Nuh) activity, they are unable to grow on adenosine 

as their sole carbon source (141). In total, we found 34/51 (67%) of non-elastase 

producing nCFB isolates and 26/53 (49%) lipase-null isolates correlated for the LasR 

mutant phenotype.  

3.4.2 Hierarchical clustering of phenotypic traits from nCFB and CF isolates 

Figure 1 demonstrated that the distribution and means of individual traits were 

similar with only lipase being significantly different. However, to enable a more 

comprehensive assessment of phenotypes we examined the entire set of traits for each 

isolate by clustering the isolates from both nCFB and CF isolates. The isolates clustered 

into two large clades, referred to as Clade 1 and 2 (Figure 3.2).  
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Figure 3.2 Hierarchical clustering dendrogram of phenotypic traits for nCFB and CF 

isolates (n=167) splits into clades I (upper) and II (lower). Average expression in each 

assay is represented by the black colour. Isolates with above average expression are 

shown in green while isolates below average are in red. nCFB isolates are all indicated by 

a capital B. CLUSTER 3.0 and Java TreeView were used to build this cluster 

dendrogram. 
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Clade 1 had a total number of 82 isolates, with 50 (61%) nCFB and 32 (39%) CF 

isolates. Conversely, a total of 85 isolates in Clade 2 consisted of 34 (40%) nCFB and 51 

(60%) CF isolates (Figure 3.2). A comparison between the two clades for the distribution 

of nCFB and CF isolates within each clade was found to be significantly different 

(p=0.0067) suggesting that nCFB isolates dominated Clade 1 and CF isolates dominated 

Clade 2. 

 Knowing this distribution, we then assessed whether virulence factor production 

was different in each clade. Overall, we found that clades separated by relative levels of 

virulence factor production (Figure 3.2). P. aeruginosa isolates found in clade 1 

(consisting mainly of nCFB derived isolates) showed lower levels of virulence expression 

(protease, elastase and lipase), swim and swarm motility, and biofilm formation relative 

to those isolates in clade 2 (consisting mainly of CF derived isolates). In addition to the 

relative low levels of virulence expression, we also found a larger abundance of elastase-

null and lipase-null isolates within clade 1. Conversely, we found that the majority of 

clade 2 isolates had above average elastase and lipase production.  

3.4.3 Early and late expression of virulence factors in nCFB isolates 

We compared P. aeruginosa in the nCFB subset taken at different time points to 

investigate whether attenuation of virulence occurred over time as has been observed in 

CF isolates (120). Accordingly, we observed a significant decrease in protease, elastase, 

swim motility, biomass, and viable cell count between early and late in our CF cohort 

(Figure 3.3).  
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Figure 3.3. Comparison of P. aeruginosa isolates from nCFB (teal) at early (n=40) and 

late (n=41) reference points to early (n=39) and late (n=44) CF (red) isolates. Isolates 

were characterized for protease (a), elastase (b) and lipase (c) production; swim (d) and 

swarm (e) motility; mucoidy (f); planktonic growth (g); biomass production (h); and 

viable cell count in biofilm (i). Black horizontal bars represent the mean of each group. 

The median distribution was measured using the Mann-Whitney U test and considered 

significant at P<0.05.  
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 However, we did not observe significant differences with respect to the 

production of protease, lipase, or mucoidy assays in our nCFB cohort. Furthermore, when 

we evaluated the LasR mutant phenotype we found that the 18/40 (45%) early isolates 

and 25/41 (61%) of our late isolates were positive for the mutant phenotype (data not 

shown).  However, we did observe a significant decline in elastase expression (p=0.04) 

between early and late isolates (Figure 3.3B).  Similarly, while swarm motility did not 

differ, we observed a reduction in swim motility between both reference points (Figure 

3.3D). With respect to biofilm growth, we found that the biofilm capabilities remained 

similar between early and cohorts. However, planktonic growth was observed to be 

reduced (p=0.04) in late nCFB isolates (Figure 3.3G). Furthermore, we sought to 

investigate the proportion of hypermutator strains in a small subset of 20 nCFB isolates 

and observed no significant differences between early (3/10) and late isolates (5/10).  

3.5 Discussion 

Pseudomonas aeruginosa isolated from nCFB patients has both similarities and 

distinct differences in virulence factor production when compared to CF derived 

isolates. 

While the etiology of nCFB and CF are markedly different, we found that P. 

aeruginosa derived from nCFB patients display similar adaptation strategies compared to 

those isolates from CF. Critically, we observed a substantial degree of phenotypic 

heterogeneity amongst all the P. aeruginosa isolates examined in this study. As the 

assumption of phenotypic diversity of P. aeruginosa has previously been demonstrated in 

CF and nCFB isolates (100, 102, 142), it appears that phenotypic diversity is also evident 

within our cohort. The broad range of virulence potential in our cohort is likely due to the 
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extensive genomic plasticity found within P. aeruginosa, which influences the adaptation 

strategies of P. aeruginosa to these unique lung microenvironments (143). The capability 

of these isolates to colonize these unique niches may play a role in influencing the levels 

of virulence and survival of P. aeruginosa (144).  

Furthermore, we observed a high degree of similarity of virulence factor 

production, motility and biofilm formation. Expression of these virulence traits is likely 

influenced by the lung environment and have been suggested to be important in the 

colonization by P. aeruginosa (64, 123, 145). The similar levels of protease and elastase 

expression, swim and swarm motility, and biofilm formation suggest that these virulence 

traits play a similar role in the adaptation strategy of P. aeruginosa during the initial 

colonization of individuals with suppurative lung disease irrespective of its etiology (61, 

146). In particular, biofilms have been documented within the lungs of individuals with 

CF (71) and adaption to the biofilm mode of growth is thought to be a critical factor in 

the persistence and resistance to both the immune system and exogenous antibiotics (66, 

147). In concordance with findings by Perez et al. (2013), similar levels of biofilm 

characteristics between our patient cohorts in our study supports the role of biofilm 

forming P. aeruginosa in vitro. 

While we found many phenotypic similarities between P. aeruginosa isolates 

from both groups, we also observed distinct differences between both diseases. For 

instance, we observed a higher proportion of null-elastase nCFB isolates relative to our 

CF isolates. Elastase plays a role in host tissue invasion, immune evasion, and tight 

junction disruption and is under the control of the LasIR quorum sensing system (145, 

127, 125). As LasR is a positive regulator of lasB (gene encoding elastase), mutations in 
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the lasR would result in a non-elastase producing isolate, which has been shown to 

provide a selective growth advantage on carbon and nitrogen sources, including amino 

acids (149–151). As we found a high proportion or elastase-null isolates with the LasR 

mutant phenotype we suspect that mutations in lasR may also play an important factor in 

the adaptation of P. aeruginosa to the nCFB lung environment. 

One notable distinction observed in our study is the markedly lower lipase 

expression found in our nCFB cohort. Bacterial lipases, including those secreted by P. 

aeruginosa contribute to pathogenesis by breaking down the lipid component of lung 

surfactants to provide free fatty acids for growth and allow for direct targeting of the host 

membrane (124, 123, 152). The breakdown of fatty acids required for beta-oxidation 

likely serves as an important source of carbon and nitrogen for growth (152, 153). The 

lungs of individuals with CF have been observed to have higher levels of total 

phospholipids relative to those with chronic bronchiectasis (154, 155) which we suspect 

contributes to the differential levels of lipase expression observed between our patient 

cohorts.  

The expression of virulence factors by P. aeruginosa generally decreases over time 

in nCFB. 

The notion in CF research is that over time there is a reduction in virulence in P. 

aeruginosa (120). This has not previously been reported in nCFB – but long presumed. 

Within our study, we observed a trend towards decreased virulence factor production 

over time and in particular observed a significant decrease in elastase production and 

swim motility. We suspect that our findings are likely due to environmental pressures 

which select against elastase expression over the course of infection in individuals with 
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suppurative lung diseases (156). The decrease in swim motility was likely due to the 

transcriptional down-regulation of motility-related genes and the establishment of 

biofilms, which are considered a hallmark of chronic infections in both CF and nCFB 

(112, 157, 158). 

 Interestingly, we also found that the proportion of mucoid and lasR mutant 

phenotypes of P. aeruginosa isolates did not change between the early and late nCFB 

isolates. The acquisition of lasR- and mucoid phenotypes has been shown to be an 

adaptation strategy to the lung environment and may be an indicator of disproportionate 

disease progression in CF (115, 156, 159, 135). As such, our findings suggest that this 

may not be as common in nCFB and provide an interesting distinction between the two 

diseases. Taken altogether, it is possible that the different inflammatory environment of 

nCFB may place less selective pressure on P. aeruginosa to acquire a mucoid phenotype 

and lasR mutations over time (160).  

An important limitation in this work is the retrospective nature of our study. As 

the isolates tested were obtained from the biobank upon clinic visit, it is uncertain how 

long or at what stage the patients presented with the disease prior to collection of the 

sputum. Rather than “early” and “late”, we might be comparing “late” and “later” isolates 

– isolates that may have previously already undergone reduction in expression.  Indeed, 

the presentation of nCFB is insidious, with 30-40 years passing between the onset of 

symptoms and a clinical diagnosis, time in which infections can develop and evolve (161, 

162). Accordingly, any longitudinal cohort study following nCFB patients for infections, 

and changes in virulence potential is going to be subjected the same age related 

limitations as our own, something not observed in CF cohorts where historically 75% of 
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patients were diagnosed before age two (163). Furthermore, heterogeneity within 

chronically infecting populations of P. aeruginosa has now been established in both 

nCFB and CF (100, 142). While we sampled a large number of isolates, our sampling 

included only a small number from each individual patient and therefore might not have 

adequately represented the phenotypic diversity. Lastly, differences in antibiotic therapy 

between patients with nCFB and CF may influence the differences in the phenotypic 

adaptation observed within our study.  

3.6 Summary 

The importance of P. aeruginosa in employing various strategies of colonizing 

the CF lung has been extensively investigated (101, 112). However, this relationship has 

been largely unexplored in the case of nCFB with many conclusions inferred from pre-

existing CF research. As such, the aim of our study was to address this current gap of 

knowledge with respect to the adaptation of P. aeruginosa in nCFB. Indeed we found 

similar adaptation strategies between isolates of P. aeruginosa from nCFB patients – 

which, due to the broad range of environmental niches display a wide spectrum of 

virulence and motility (164, 165). While differences in airway characteristics exist 

between CF and nCFB, we have found that P. aeruginosa largely adapts in a similar 

manner, extending from virulence factor production to motility and biofilm formation and 

that virulence factor production tends to decrease over time. These adaptations may be 

influenced by differences in mucus viscosity, ciliary clearance, and anoxic environments, 

and host responses. We have provided evidence suggesting that differential levels of 

lipase expression exist between nCFB and CF and may further influence the adaptation of 

P. aeruginosa in response to the unique characteristics of each lung environment. 
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Overall, this study has established, that with few exceptions owing to fundamental 

differences between the disease processes, P. aeruginosa causing chronic infection in 

patients with nCFB undergo phenotypic adaption similar to that observed of isolates 

derived from individuals with CF.   
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Chapter Four:  Investigating the Lung Microbiome of Patients with Non-Cystic 
Fibrosis Bronchiectasis Longitudinally 

 

4.1 Chapter Preface 

 The aim of this chapter is to characterize the longitudinal microbiome of nCFB 

patients taken over a period of at least 4 years. Using the MiSeq platform, we amplified 

the V3 – V4 hypervariable region of the 16s rRNA gene to assess the microbial 

community of sputum samples collected from each patient collected during clinic visits. 

Primarily, we were interested in whether the lung microbiome would remain stable in 

nCFB patients as it has previously demonstrated in mature CF patients (38, 40). In 

addition, we were interested in whether microbiome based biomarkers could be used to 

predict future clinical outcome.  

4.2 Introduction 

 Non-Cystic Fibrosis Bronchiectasis collectively manifests as the abnormal 

dilation and widening of the respiratory tract, culminating in impaired mucocilliary 

clearance.  Chronic disease is punctuated by intermittent occurrence of acute 

exacerbations (1). Previously, research on nCFB lung disease has focused infections 

caused by Pseudomonas aeruginosa and Haemophilus influenzae due to their prevalence 

in cultured samples from the lower airways and relationship to accelerated decline in 

respiratory function, increased exacerbation frequency, and increased morbidity and 

mortality (45, 113, 133). However, our understanding of respiratory infections continues 

to shift from a single-organism etiology to a polymicrobial model of infection (42). The 

community of microorganisms, including bacteria, fungi, and viruses residing with the 
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lung environment is collectively referred to the lung microbiome (33). Culture-

independent methods of surveying the microbiome have defined the microbiome in to 

core constituents (abundant organisms, present in a large proportion of afflicted 

individuals) and, ‘satellite taxa’ (rare and uncommon organisms).  The role that these 

organisms play in nCFB health and disease is hereto unknown (37, 166). 

 Whereas in nCFB, the microbiomes’ role is continuing to be explored, in CF, 

much more is known. The lower respiratory microbiome is highly patient specific.  

Findings have shown that the lung microbiome of paediatric CF patients is highly 

dynamic and changes throughout their adolescence into early adulthood. (36, 38). During 

adulthood, however, the microbiome is suggested to remain relatively stable (36, 167). 

How this microbial community changes over time is of clinical relevance, as the diversity 

of microbiota within the lower respiratory tract of CF patients has been correlated with 

lung function (37). The association of microbial diversity and lung function has similarly 

been explored in nCFB.  Indeed, a positive correlation between bacterial diversity and 

improved baseline lung function has been observed (Rogers et al. 2013). However, how 

the microbiota interacts and possibly changes within the dynamic environment of the 

lower respiratory of nCFB patients over time remains to be elucidated.  Furthermore, how 

it correlates with patient outcomes is similarly undetermined.   

In order to answer these questions, we sought to characterize the lung microbiota 

from a collection of sputum samples longitudinally collected from patients with nCFB. 

We hypothesized that the microbiome would remain relatively consistent over time, akin 

to previous trends observed in mature patients with CF (38, 40). For each patient, we 

hypothesized that an individuals’ respiratory tract microbiota would be dominated largely 
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by one organism, but anticipated a large degree of heterogeneity amongst patients. 

Additionally, we were interested in whether any baseline characteristics, etiology, 

therapies, or the occurrence of pulmonary exacerbation events had an influence on the 

microbial diversity of patients with nCFB. Finally, we wished to determine if the 

microbiome collected historically was a better predictor of rate of lung function decline 

than traditional biomarkers.   

4.3 Materials and Methods 

4.3.1 Patient Inclusion Criteria 

The Calgary Bronchiectasis Biobank (1998 – current) is a microbiological collection of 

prospectively collected sputum samples obtained from patients with nCFB as part as their 

routine clinical care and stored at -80°C. Patients in this study were included if they met 

the following criteria: diagnosis of nCFB and a minimum of four sputum samples 

spanning a period of ≥4 years.  

4.3.2 Clinical Information and Definitions 

Patient information was collected through detailed chart review. Relevant clinical 

information was collected and included the etiology of bronchiectasis, age at diagnosis 

and clinic enrolment, treatments, traditionally cultured pathogens, and longitudinal lung 

function measurements of forced expiratory volume over one second (FEV1) in Litres (L) 

and % predicted, and forced vital capacity (FVC). The etiology of bronchiectasis was 

classified as post-infectious (including patients who acquired bronchiectasis resulting 

from Mycobacterium tuberculosis infection), idiopathic, or other. In order to detect 

differences in the microbial composition over time, samples were categorized as to 

whether they were the first sample (FS), intermediate sample (IS), or last sample (LS) for 
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each patient collected over the study period. Additionally, spirometry was used to 

determine stage of lung disease based on FEV1 (% predicted). Categories of lung stage 

were classified as advanced; FEV1 of <40%, moderate; 40 – 70%, mild; >71%. Patients 

with an annual decline in FEV1 % predicted of >2% were considered ‘fast’ decliners as 

compared to ‘slow’ decliners who had a <2% decline per year. Samples were considered 

collected under antimicrobial therapy if obtained during or up to two weeks after both 

acute and chronic antibiotic use. The University of Calgary’s Conjoint Health Research 

Board reviewed and gave ethical approval (REB16-0035) for this study. 

4.3.3 Genomic DNA Isolation from Sputum 

 Genomic DNA was isolated from sputum samples using a protocol adapted from 

the Surette Lab (www.surettelab.ca) (169, 170). Prior to start of the experiment, all 

required tubes were prepared and labelled. Two buckets were required during the day of 

experiment, one containing ice and the other dry ice. Sputum samples to be extracted that 

day were stored in dry ice until ready, where they were transferred to the ice bucket to 

partially thaw prior to use. First, we added 800µL of 200mM monobasic sodium 

phosphate at pH=8 and 100µL of guanidium extraction solution (GES) to a 2mL screw 

top containing 0.2g of 0.1mm sized glass beads within the biosafety cabinet. Following 

the addition of monobasic NaPO4 and GES, each thawed sample was homogenized and 

300 µL of each sputum sample was collected using a 1mL tuberculin tip syringe with an 

18 gauge needle. Importantly, gloves were washed with 95% ethanol between each 

sample to decrease contamination between samples. After the addition of sample buffer, 

they were mechanically lysed using a bead beater for 6 minutes on the homogenize 

setting at 3000rpm.  
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 Following the mechanical lysis, 50µL of lysozyme (100mg/mL)(Sigma-Aldrich), 

50µL of mutanolysin (10U/µL) (Sigma-Aldrich), and 10µL of RNase A (Qiagen) was 

added to each sample which was then vortexed and incubated at 37ºC for 1.5 hours. After 

said incubation period 25µL of 25% SDS, 25µL Proteinase K (Sigma-Aldrich), and 

62.5µL of 5M NaCl was added to each sample, vortexed, and then incubated at 65ºC for 

1.5 hours. During this time UltraPure distilled water was prepared and heated at 65ºC 

until use in the column purification step. 

 After the last incubation period in the enzymatic lysis, we performed a Phenol-

chloroform extraction. Within the fumehood, we first centrifuged the screwcap tubes at 

13,500g for 5 minutes. During the centrifugation step 2mL Eppendorf tubes containing 

900µL of 25:24:1 of phenol:chloroform:isoamyl alcohol were prepared. After 

centrifugation, 900µL of the sample from the screwcap tubes was added to the 2mL 

Eppendorf tubes, vortexed, and centrifuged for no more than 10 minutes (<10 minute) at 

13,000g.  

 Lastly, we column purified the DNA by adding 600µL of DNA binding buffer to 

new 2mL Eppendorf tubes (addition of the DNA binding buffer can occur during 

centrifugation step) and carefully transferring the top layer of the centrifuged sample to 

the new 2mL Eppendorf tubes containing the DNA binding buffer and vortexed. If any 

interface was taken up with the top layer, the column was re-centrifuged at 13,000g for 

another 1-2 minutes. Once vortexed, 600µL of the solution was transferred to a DNA 

column and spun at a 12,000g for one minute or until all the solution had moved through 

the column. This step was repeated once more, transferring the remaining 600µL from 

the 2mL Eppendorf tube to the DNA column. After all of the solution had moved through 
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the column the flow-through was discarded and 200µL of wash buffer was added to the 

column. Each column was spun at 12,000g for one minute, the flow-through discarded, 

and the wash step repeated once more. Following the second wash step, the DNA 

columns were transferred into a new 1.75mL Eppendorf tube. Fifty microliters of sterile 

DNase/RNase-free ddH2O preheated to 65ºC was then added to the center of each 

column, and incubated for 5 minutes prior to elution of the DNA in the 1.75mL 

Eppendorf tube by centrifugation at 12,000g for 1 minute. Quantification of DNA was 

then performed by using a spectrophotometer and the product stored at -20ºC. 

4.3.4 Illumina 16s rRNA Variable 3-4 (V3/V4) Amplification  

 The protocol proposed by Bartam et al. (171) and adapted by the Surette lab was 

used to amplify the variable 3 and variable 4 (V3/V4) region of the 16s rRNA gene while 

allowing up to 96 unique barcode tags compatible with Illumina technologies 

Amplification of the V3/V4 region was done prior to Illumina sequencing using the 

MiSeq platform. For each reaction the genomic DNA was diluted to a final concentration 

of 100ng of DNA in a total volume of 50µL. After which, the V3/V4 region was 

amplified. A master-mix containing 5µL of 10x PCR buffer, 1µL of 20mg/mL bovine 

serum albumin, 1.5µL of 50mM magnesium chloride, 1µL of 10mM dNTP, 10µL of the 

reverse primer (v4Rm2), and 24.25µL of distilled water was prepared for each sample 

required (Table S4.2). From the master mix, 42.75µL was transferred into a 0.2mL thin-

walled PCR tube. To each individual tube, 5µL of the 1µM V3F barcoded primer was 

added, 2µL of template DNA, and 0.25µL of Taq polymerase (Invitrogen) was added. 

Each sample was vortexed rigorously to ensure proper mixing. After vortexing, the 

sample containing 50µL was split into 2 additional tubes (16.67µL in each tube) to limit 
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chimera formation as done in other studies (172, 173). The protocol followed was at 

94°C for 5 minutes, and then a cycle of 94°C for 1 minute followed by 47°C for 30 

seconds, and elongation at 72°C for 40 seconds. This cycle was repeated thirty times 

prior to a final elongation step at 72°C for 10 minutes. Following PCR amplification, the 

three tubes were recombined into one and visualized using agarose gel electrophoresis as 

described previously (Chapter 3). Successful amplification of the V3/V4 region was 

indicative of a band around 550bp and the absence of contamination or substantial 

primer-dimer formation. The protocol was repeated if necessary.  

4.3.5 16s V3/V4 Sequence Analysis 

 Illumina Miseq sequencing and sequence analysis of the samples was carried out 

using a pipeline, sl1p, which was developed in-house by the Surette lab (McMaster 

University)(170, 174). First, the pipeline acts to trim the barcode from the forward and 

reverse primers and removes excess overlap between forward and reverse sequences 

using cutadapt (175). Secondly, paired-end reads are generated and sequences and 

ambiguous bases are removed using PANDAseq (176). Next, sequences are filtered to 

remove short reads (<100 bp) and chimeras’ (hybrid DNA sequences composed of DNA 

from two distinct parent strands, which may result in the false identification of a novel 

sequence) using USEARCH (177, 178). Furthermore, low quality reads will be removed 

using Sickle with a threshold of 30 (179). Operational taxonomic units (OTU) are then 

generated based on >97% similarity of sequences and classified taxonomically using the 

Ribosomal Database Project Classifier and the Greengenes database (180). Samples were 

excluded if below the 3,500 read minimum sequencing depth considered a priori. OTU 
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tables are generated by the removal of singletons (sequences with single reads) and non-

bacterial OTU’s.  

4.3.6 Statistical Analysis  

 The resulting data received back from the Surette lab was received and analyzed 

using R (https://www.rstudio.com/). Primary analysis of the data was done using the 

phyloseq package (http://joey711.github.io/phyloseq/index.html). The alpha-diversity, 

which is the diversity within each sample was measured using three indices, including 

Observed richness (S*), Shannon-Wiener diversity index, and the Simpson’s complement 

index (1-D). These three indices were chosen in order to reduce potential bias arising 

from the variation in the number of sequences per sample and have been used previously 

(168, 172, 181). Each variable of interest was tested independently. These indices of 

diversity were compared against variables involving the relative abundance of non-

normally distributed, paired groups using the Wilcoxon Signed Rank test for factors 

involving two variables, and the Kruskal Wallis Rank Sum test for non-parametric groups 

involving ≥3 variables. Beta-diversity was measured by the community-wide variation 

between samples. Beta-diversity was analyzed using the microbiome principal coordinate 

analysis (PCoA) using the Bray-Curtis dissimilarity test. Community-wide differences at 

the OTU level were examined using the permutational multivariate analysis of variance 

(PERMANOVA) following proportional normalization of the input data (182). If 

significant, community-wide differences were identified using the Adonis test, genus-

level differences between groups were visualized using the DESeq2 package (183) using 

the test = “wald” and fitType = “parametric” settings. Analysis of clinical characteristic 
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and dichotomous variables was done using the Chi-Squared test and Fischer’s exact test 

(α<0.05) using Prism 5.0 (GraphPad).  

4.4 Results 

4.4.1 Patient Demographics 

One hundred and thirty-three sputum samples from 29 patients meeting the 

inclusion criteria of having ≥4 sputum samples over a period of ≥4 years were identified 

(Table 4.1). Patients were followed for a median duration of 5.76 years, but ranged from 

a minimum of 4.3 years to a maximum of 16.24. Notably three patients with 11, 10, and 8 

samples were followed for a period of 10, 11, and 16 years respectively. Etiology of 

bronchiectasis was primarily post-infectious (62%) whereas an idiopathic etiology 

represented 34% of cases. A single case of bronchiectasis arising from primary ciliary 

dyskinesia was observed. Of the respiratory comorbidities, we found that sinusitis was 

the most common (52%), followed by asthma (14%), and chronic obstructive pulmonary 

disease (COPD, 7%). Furthermore, hypertension was reported in 5 of the 29 patients 

(17%). An overwhelming majority of the patients were never-smokers, with only two 

patients reporting a prior history of smoking. 

Baseline FEV1 at study entry was observed to be 1.35L (IQR: 0.97 – 1.85) and 

55% predicted (IQR: 40.5 – 74%). Median forced vital capacity (FVC) at enrolment was 

observed to be 2.33 L (IQR: 1.6 – 2.9). Twelve exacerbation events were observed in 10 

of the 29 (34%) patients within two weeks preceding the sample collection (Range: 1 – 

2). As compared to baseline, the FEV1 recorded at the end of study was slightly lower at 

1.21 L (IQR: 0.77 – 1.81) and 55% (IQR: 41 – 67). However, the decline in FEV1 (L) 

was not significantly lower than at baseline (p=0.369). Two patients died within the study 
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period. No patients received a lung transplantation – but nine lung resections were 

recorded in the patient history, seven of which were left lower lobe resections, one right 

lower lobe, and one patient with two lobes resected. 
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Table 4.1. Summarized baseline demographics at enrolment and recorded antibiotic and 

treatment use in patients over the study period. Inter-quartile Range (IQR) and percent 

are indicated by the parenthesis. 

 
 

Total 

Median Age at Diagnosis (IQR) 52 (23 – 67) 
Female Gender (%) 19 (66%) 
Median FEV1 at enrolment (L) (IQR) 1.35 (0.97 – 1.85) 
Median FEV1 at enrolment (% predicted) (IQR) 55% (40.5 – 74) 
Median observational period (Years) (IQR) 5.76 (5 – 7.92) 
Patients with any P. aeruginosa culture positive (%) 17 (59%) 
Patients with any H. influenza culture positive 8 (28%) 
Respiratory Comorbidities 
Sinusitis 
Asthma 
Chronic Obstructive Pulmonary Disease (COPD) 

 
15 (52%) 
4 (14%) 
2 (7%) 

Etiology 
Idiopathic 
Post-infective 
Other 

 
10 (34%) 
18 (62%) 
1 (4%) 

Known Treatment Used During Study Period 
Inhaled corticosteroids 
Long-acting beta-agonists (LABA) 
Long-acting anticholinergic (LAAC) 
Albuterol 
Ipratropium bromide 
Saline 
Proton-pump inhibitors 
H2-receptor antagonists 

 
21 (72%) 
20 (69%) 
9 (31%) 
18 (62%) 
10 (34%) 
6 (21%) 
3 (10%) 
2 (7%) 

Known Antibiotics Used During Study Period 
Levofloxacin 
Ciprofloxacin 
Amoxicillin 
Azithromycin 
Clarithromycin 
Tobramycin 

 
12 (41%) 
13 (45%) 
2 (7%) 
12 (41%) 
3 (10%) 
6 (21%) 
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4.4.2 The Microbial Community of Individuals demonstrate notable inter and intra-
patient variability  

A total of 7,881,478 sequences were generated (median of 49,356 sequences per sample) 

from the 133 sputum samples assessed within our study. From these sequences, 13,198 

unique OTUs were identified. To visualize these OTU, we used taxonomic summaries to 

observe the longitudinal lung microbiota for taxa isolated in > 1% of all samples (Figure 

4.1). Notably, we observed a profound extent of inter-patient heterogeneity in the overall 

microbial communities. For example, compare the heterogeneity between patient 4 with 

that of patient 11 or 12, all of which had quite different constituents in their microbial 

lung flora. However, significant clustering of samples by patient was not observed using 

the Bray-Curtis dissimilarity PERMANOVA test (p=0.165). Interestingly, we also 

observed intra-patient variability – with drastic shifts in the microbial community 

occurring between longitudinal samples. In few notable cases (Figure 4.1: Patients 1, 17), 

numerically-dominant genera in the sample were displaced by a non-dominant or 

previously non-observed OTU within one sample, which was then replaced by the 

original dominant genus in future samples. However, this degree of intra-patient 

variability was not absolute – as many individuals’ samples routinely demonstrated a 

consistent microbial community over the study period.  
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Figure 4.1. Taxonomic summaries of OTU present in >0.1% of samples (n=133) 

obtained from a cohort of 29 nCFB patients as a function of the years from first sample. 

Samples for each patient are grouped together by a unique patient identifier – as indicated 

by the grey heading. Analysis of the taxonomic summary reveals a unique microbiome 

associated with each patient and varying degrees of inter and intra-patient diversity. 
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Total median abundance of genera representing >1% of the total OTU’s among all 

patients in the study was visualized (Figure 4.2). Variability in the relative abundance 

was observed across all genera examined. While the median abundance of all genera was 

low, Streptococcus, Pseudomonas, and Haemophilus showed variation in their relative 

abundance; ranging from being the predominantly abundant genus to being near-zero 

abundance within the sample. Both Gemella and Granulicatella displayed a higher 

median abundance than Haemophilus, but never exceeded 37% of the total abundance, 

whereas Haemophilus was observed at 95% of the total abundance in some samples. We 

observed a predominance of Streptococcaceae, Pseudomononadaceae, and 

Pasteurellaceae. Of the three taxa, Streptococcus was the most abundant genus, followed 

closely by Pseudomonas and Haemophilus. In particular, four OTU representing, 

Streptococcus, Haemophilus, and two Pseudomonas OTUs, which represented 0.03% of 

the total OTU’s and 2.5% of the total sequences of all the samples were found to be 

widespread throughout the patient population, but similarly displayed marked variability. 

For example, the Streptococcus OTU was found amongst all samples. The abundance of 

Streptococcus, however, varied between 0.01% and 84% of the total abundance within 

different samples. Similarly, Pseudomonas was found in 15/29 (52%), and Haemophilus 

found in 13/29 (45%) of patients. However, non-numerically dominant organisms 

representing >1% of the total abundance were found in varying abundances within the 

patients screened and included Fusobacterium, Gemella, Granulicatella, Moraxella, 

Neisseria, Staphyloccocus, Strenotrophomonas, and Veilonella.  
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Figure 4.2. Median abundance of genera representing ≥1% of total reads amongst 133 

samples collected from all patients with nCFB (n=29). The median and interquartile 

ranges (IQR) are represented by the middle, top, and bottom lines of each boxplot. 
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4.4.3 Microbial Diversity Remains Similar Over Time  

 The primary aim of this study was to assess the longitudinal lung microbiota 

amongst patients attending the Calgary Bronchiectasis Clinic. With this objective in 

mind, we generated subsets of the samples based on whether they were the first, 

intermediate, or last for each patient. At the patient-cohort level, we observed that the 

lung microbiome diversity remained relatively consistent during the study period for all 

alpha-diversity measures (Figure 4.3). Furthermore, the beta-diversity was not observed 

to be significant (p=0.797). 

To further understand whether drastic shifts in microbial diversity occurred with 

age, we compared each patient and the age of each patient when each sample was 

obtained. In doing so, we found that the diversity remained similar throughout age at 

which each sputum sample was collected. When evaluating all three metrics, we found 

that the Simpson (p=0.855), Shannon (p=0.630), and Observed (p=0.078) diversity did 

not significantly change with the age of the patient (Figure 4.4).  
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Figure 4.3. Stability of the microbial community of individuals with nCFB.  First (F, Red 

n=29), Intermediate (I, Green n=75), and Last (L, Blue, n=29) samples for each patient 

were assessed using the Observed (p=0.183), Shannon-Wiener (p=0.770), and Simpson 

alpha-diversity indices (p=0.620). The median and interquartile ranges (IQR) are 

represented by the middle, top, and bottom lines of each boxplot. Statistical analysis of 

the median of each group was done using the Kruskal-Wallis test. Bray-Curtis based 

PCoA plot and PERMANOVA analysis revealed no community-wide differences 

(p=0.797). 
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Figure 4.4. Linear regression was used to compare changing microbial diversity with the 

age at which the samples were obtained (n=133). Observed, Shannon, and Simpson 

diversity metrics were used to assess overall alpha-diversity. The red line represents the 

line of best for each test used. 
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4.4.4 Baseline Characteristics and Antimicrobial Therapies are not Markers for 
Diversity 

We were interested in whether patient baseline characteristics, culture-dependent 

organism, or known treatments might correlate with microbial diversity. Factors 

including: disease etiology, gender, respiratory comorbidities (COPD, asthma, sinusitis, 

history of smoking), and cultured-organisms, including P. aeruginosa, and H. influenzae 

were analyzed. Gender and all respiratory comorbidities examined were not found to be 

associated with altered microbial diversity. Interestingly, we found that individuals with 

nCFB arising post-infectiously had greater diversity when compared to idiopathic nCFB 

using the Simpson (p=0.0059) and Shannon (p=0.0052) diversity metrics. However, no 

within-patient differences in the diversity within these patients were observed (p=0.295). 

Furthermore, the etiology of disease did not have any association with lung function. The 

median FEV1 was found to be 55% (IQR: 39 – 63) for idiopathic patients and 53% (IQR: 

39 – 68) for patients with post-infectious etiologies (p=0.318).  

4.4.5 Sputum culture bacteria may predict bacterial abundance 

Interestingly, we found that classical respiratory pathogens cultured from sputum 

was found to be highly indicative of the microbial diversity of patients. We identified 

seven known airway-associated pathogens from real time cultures performed by the 

clinical laboratory, including H. influenzae, P. aeruginosa. S. pneumonia, Serratia, and 

Moraxella catarrhalis. Additionally, oral pharyngeal flora were reported by the clinical 

microbiology laboratory in a majority of our samples (99/133) and the presence of fungal 

organisms including C. albicans and Aspergillus spp. in eight samples. Of the pathogens 

isolated using culture techniques, P. aeruginosa was the most frequently encountered and 
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was associated with samples with lower median FEV1 % of 53% (IQR: 36 – 62) than 

samples obtained with no cultured P. aeruginosa with a median of 63% (IQR: 41 – 72) 

predicted (p=0.023). In total, 60 samples collected from 17 patients were found to have 

cultured P. aeruginosa upon sputum isolation and compared to a group of 73 samples 

from 12 patients who had not cultured P. aeruginosa. When utilizing the Simpson 

diversity index, patients with P. aeruginosa positive sputum culture displayed higher 

alpha diversity compared to patients who did not; 0.604 (IQR: 0.508 – 0.698) vs 0.526 

(IQR: 0.283 – 0.687) using the Wilcoxon signed-rank test (p=0.034). However, this trend 

was not seen in the Observed (p=0.752) and the Shannon diversity index (p=0.213) 

(Figure 4.5). Bray-Curtis PERMANOVA analysis indicated that significant community-

wide differences existed within patients who had cultured P. aeruginosa (p=0.001). 

Interestingly, when limiting the permutation by patient, significant community-wide 

differences were still observed (p=0.001). 

As community-wide differences in the microbial community were found we used 

DESeq2 to visualize log-fold changes in abundance between the two groups. 

Interestingly, we found that patients who cultured P. aeruginosa to have log2 fold 

increased abundance in Achromobacter abundance, Azorhizophilus, Fusobacterium, and 

Pseudomonas when compared to patients who did not cultured PA (Figure 4.6). 

Furthermore, these individuals were found to have a decreased abundance of 

Haemophilus, Morxaella, and Serratia. 
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Figure 4.5. Differences in the microbiome of samples collected concurrently with 

isolation of Pseudomonas aeruginosa using standard culture methods (n=60) and samples 

collected whereby no P. aeruginosa was isolated (n=73). The median and interquartile 

ranges (IQR) are represented by the middle, top, and bottom lines of each boxplot. 

Significant differences in Simpson diversity, but not the Shannon diversity were found 

using the Wilcoxon rank-sum test. Bray-Curtis based PCoA plot showed community-

wide differences of samples. PERMANOVA analysis revealed community-wide 

differences (p=0.001). Statistical tests were deemed significant if p < 0.05.  
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Figure 4.6. Seventeen significant genus-level differences were found in samples obtained 

in individuals with P. aeruginosa-positive cultured sputum compared to culture negative 

patients. Genera were deemed significant using the Bray-Curtis dissimilarity test and 

were visualized using DESeq2. The change in log2 fold abundance of each genus was 

deemed significant if α<0.01. 
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As compared to patients who had isolated PA from sputum, we observed a significantly 

lower proportion of patients who isolated H. Influenzae upon sputum culture, with only 

17 samples isolated from 8 patients (p=0.017). Interestingly, none of the samples which 

were culture positive for H. influenzae were culture positive for P. aeruginosa or 

Staphylococcus aureus. In comparison, individuals who cultured P. aeruginosa never co-

isolated H. influenzae, but did co-isolate S. aureus in 13% of cases. We then compared 

the 17 samples from 8 patients who isolated H. Influenzae upon routine sputum isolation 

for differences in species richness and evenness to the remaining 21 patients who did not. 

While no significant differences in Observed diversity(p=0.691) and Shannon diversity 

(p=0.082), we observed significantly decreased diversity using the Wilcoxon signed-rank 

test in patients with known H. influenzae isolated from the sputum culture using the 

Simpson diversity index (Figure 4.7). Specifically, sample diversity coinciding with H. 

influenzae isolation was found to be 0.427 (IQR: 0.109 – 0.639) as compared to a 

Simpson diversity value of 0.581 (IQR: 0.455 – 0.7) (p=0.044). Further, we observed 

significant within-patient diversity in patients who had cultured H. influenzae using the 

Bray-Curtis dissimilarity test (p=0.001). However, when conducted by setting constraints 

to the permutation by patient to control for potential confounders, no significant 

differences were observed (p=0.966).  

In contrast to patients who had cultured P. aeruginosa, individuals who had 

cultured H. influenzae showed significantly increased (α=0.01) log2 fold change of 

Haemophilus of 3.23 (p=1.1x10-5), and decreased abundance of 13 OTUs, including 

Fusobacterium, Moraxella, Achromobacter, and Pseudomonas. Most notably, we 
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observed a 10 log2 fold decrease in the abundance of the Pseudomonas genera (Figure 

4.8).  
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Figure 4.7. Differences in the microbiome of samples collected concurrently which were 

culture positive for Haemophilus influenzae (HI) using standard culture methods (n=17) 

and samples collected whereby no H. influenzae was isolated (n=116). The median and 

interquartile ranges (IQR) are represented by the middle, top, and bottom lines of each 

boxplot. Significant differences in Simpson diversity (p=0.044), but not the Shannon 

diversity were found using the Wilcoxon rank-sum test. Bray-Curtis based PCoA plot 

showed community-wide differences of samples. PERMANOVA analysis revealed 

community-wide differences (p=0.001). Statistical tests were deemed significant if p < 

0.05. 
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Figure 4.8. Fourteen significant genus-level differences were found in samples obtained 

from H. influenzae-positive sputum samples relative to negative samples. Genera were 

deemed significant using the Bray-Curtis dissimilarity test and were visualized using 

DESeq2. The change in log2 fold abundance of each genus was deemed significant if 

α<0.01. 
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 When examined closer, we observed that the abundance of Pseudomonas and 

Haemophilus was inversely correlated in both patients who isolated cultured P. 

aeruginosa and H. influenzae (Figure 4.9). In patients who were culture positive for P. 

aeruginosa in sputum, a high abundance of Pseudomonas (and not neccesarily P. 

aeruginosa) was found and a comparatively low abundance of Haemophilus was 

observed. Conversely, patients who did not culture P. aeruginosa generally had lower 

abundance of Pseudomonas, and a higher abundance of Haemophilus. This same trend 

was observed for patients who cultured H. influenzae. 
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Figure 4.9. The abundance of Pseudomonas and Haemophilus was measured in samples 

where P. aeruginosa or H. influenzae was isolated (Yes) using standard culture methods 

and compared to the median abundance of samples where P. aeruginosa or H. influenzae 

were not isolated (No).  Abundance of Pseudomonas (A) and Haemophilus (B) was 

measured in samples coinciding with the isolation of P. aeruginosa in culture (n=60). 

Similarly, the abundance of Pseudomonas (C) and Haemophilus (D) was measured for 

samples collected with H. influenzae in sputum culture (n=17). The median and 

interquartile ranges (IQR) are represented by the middle, top, and bottom lines of each 

boxplot. A log10 y-axis was used to better represent the abundance of each group. The 

Wilcoxon signed rank test was used to determine significance; medians of each group 

were deemed significant if p<0.05. The *** symbol is representative of a p<0.001. 
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 As some sputum samples were collected when the patient was receiving 

antimicrobial therapy, we investigated whether those samples would have any association 

with decreased diversity. Therefore, we tested samples that were collected when the 

patient was under known Levofloxacin (n=21), Amoxicillin (n=2), Azithromycin (n=38), 

Clarithromycin (n=9), or inhaled Tobramycin use (n= 23) influence. No significant 

differences in the alpha diversity were observed amongst all samples examined (data not 

shown). Ciprofloxacin was associated with decreased Observed diversity (p=0.001), 

however, this was not observed for the Shannon and Simpson diversity indices (data not 

shown). Interestingly, significant clustering of samples was observed when samples were 

subset based on whether they were collected under any antimicrobial therapy (p=0.008) 

(Figure 4.10). When the permutations were constrained by patient to control for potential 

confounders, the clustering was not significant (p=0.067). Furthermore, no significant 

differences in microbial diversity were observed when assessed using the Shannon 

(p=0.231) and Simpson diversity (p=0.5993) metrics. When these community-wide 

differences were observed using DeSeq2 (α=0.01), it was found that samples collected 

under known antimicrobial therapy had lower abundance of Gemella, Lactobacillus, 

Nicoletella, Haemophilus, Bordetella, Staphylococcus, and Achromobacter. The median 

relative abundance of these satellite taxa were found in low abundance within collected 

under known antibiotic use (data not shown). Additionally, samples collected under the 

use of inhaled corticosteroids, long-acting beta-agonists (LABA), long-acting 

anticholinergics (LAAC), albuterol (Ventolin), ipratropium bromide (Atrovent), proton-

pump inhibitors, and H2-receptor antagonists were not found to be associated with 

changes in diversity. 
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Figure 4.10. Samples collected under known antibiotic use (Blue, Yes n=71) were 

compared samples not collected under known antibiotic use (Red, No, n=62) Significant 

lower Observed diversity (p=0.001) was observed, but was not observed for Shannon 

(p=0.231) or Simpson diversity (p=0.599). Significant community-wide differences were 

found using PERMANOVA and visualized using PCoA for samples obtained in 

association with known antimicrobial therapy when permutations were not constrained by 

patient (p=0.008).  
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4.4.6 Microbial Diversity is not associated with Lung Function Decline or Pulmonary 
Exacerbations  

Lastly, we were interested in whether lung microbial community diversity would 

be inversely associated with disease severity and whether pulmonary exacerbations were 

associated with lower microbial diversity. In doing so, we categorized samples collected 

from each patient into mild (n=29), moderate (n=67), and advanced (n=37) disease states. 

Interestingly, we found that samples collected from patients with advanced disease were 

not associated with a decreased microbial diversity, and that microbial diversity was 

relatively consistent across all stages and diversity indices used (Figure 4.11). However, 

community-wide differences were observed using the Bray-Curtis test (p=0.020). When 

correcting for potential confounders, these differences were non-significant (p=0.970). 

Furthermore, of the twelve samples collected during exacerbation events, no 

significant differences in the Observed (p=0.135), Shannon-Wiener (p=0.240), and 

Simpson diversity indices were observed (p=0.321). No community-wide differences 

were observed regardless of accounting for repeated measures for each patient (p=0.261, 

p=0.969). Next, we wanted to see whether the initial microbial diversity of each sample 

for each patient would be correlated with lung function using linear regression. No 

significant correlation between the initial diversity measures for each patient and lung 

function was observed for all diversity metrics (data not shown). Interestingly, the 

Shannon-Wiener diversity index was the only measure that demonstrated a weak positive 

correlation with a slope of 0.0175 (p=0.605). The FEV1 decreased as both Observed and 

Simpson diversity increased with a slope of -0.098 and -0.017, respectively (p=0.233, 

0.605).  
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Lastly, we investigated whether patients who experienced a faster rate of lung 

function decline (≥1% decline in FEV1 (%)/year) over the study period would have 

differences in their microbial diversity as compared to those who had slower lung 

function decline (<1% decline in FEV1 (%)/year). Of the total cohort, we compared 40 

samples from ten patients (34%) who had a quicker rate of lung function decline to 93 

samples collected from nineteen patients (66%). Interestingly, while no significant 

differences were found in the Observed diversity (p=0.057), both Shannon (p=0.034) and 

Simpson diversity (p=0.015) was lower in individuals who had a faster rate of lung 

function decline (data not shown). Community-wide differences were only found using 

the Bray-Curtis dissimilarity test (p=0.001) without the correction. When permutations 

were limited by patient, the no community-wide differences were observed (p=0.495). 
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Figure 4.11. The alpha diversity, as measured by the Observed (p=0.172), Shannon 

(p=0.815), and Simpson indices (p=0.927) was observed to remain consistent over 

different stages of disease severity. Spirometry was used to determine baseline stage of 

lung disease which was based on FEV1 (%) predicted; mild (n=29): >71 (green), 

moderate (n=67): 40 – 70% (blue), and advanced (n=37): <40% (red). Bray-Curtis based 

PCoA plot and PERMANOVA analysis revealed community-wide differences (p=0.020). 

The median and interquartile ranges (IQR) are represented by the middle, top, and bottom 

lines of each boxplot. The median of each group was compared using the Kruskal-Wallis 

test and deemed significant if p<0.05. 
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4.5 Discussion 

The lung microbiome has been suggested to play an important role in patient health 

for patients with CF and nCFB (36, 167, 168). In the case of CF, it has been suggested 

that the lung microbiome remains stable throughout adulthood (38, 40, 167). However, 

the stability of the lung microbiota in individuals with nCFB still largely remains 

unknown. Thus, we set out to longitudinally characterize the lung microbiome of nCFB 

patients. Foremost, we found that microbiomes of individuals are highly diverse and 

generally unique to individual patients. Not only did the microbial community 

observationally differ between individuals, it also varied between sequential samples for 

each patient. The profound heterogeneity observed may allude to the importance of 

environmental factors contributing to the microbial community of each patient. 

The predominance of Streptococcus, Pseudomonas, and Haemophilus in our cohort 

has been previously reported in other microbiome studies, confirming the prevalence of 

these organisms amongst patients with nCFB (42, 166). Furthermore, non-dominant 

satellite taxa included Moraxella, Neisseria, Staphylococcus, Strenotrophomonas, and 

Veilonella and were identified in our cohort as has been previously reported (42). 

Notably, the microbial community of individual patients are commonly dominated by P. 

aeruginosa or H. influenzae, which are prevalent organisms long implicated in the 

disease pathogenesis of nCFB patients (43, 83, 133, 184). Interestingly, while 

Pseudomonas or Haemophilus were abundant within our study, we observed 

Streptococcus in the greatest abundance. As our samples were obtained from sputum it is 

possible that the enrichment of Streptococcus is due to oral contamination. Furthermore, 

while species-level information cannot be ascertained using our methodology, it is 
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possible that the OTUs  identified could indicate S. milleri, S. pneumoniae – or other 

well-known lung and oral cavity-associated pathogens (185).  

We observed a reciprocal relationship in the abundance of Haemophilus and 

Pseudomonas based on microbial culture status of P. aeruginosa or H. influenzae. Our 

findings, in concordance with prior studies, allude to the potential for strong interspecies 

competition between these two organisms in nCFB (42).We suspect the competition 

between these organisms is not exclusive – and may extend to other microbes, including 

Achromobacter, which was found in higher abundance in individuals with cultured P. 

aeruginosa and lower in individuals dominated by H. influenzae. Further, our findings of 

increased microbial diversity in individuals with culture positive P. aeruginosa contrast 

previous literature, which have shown individuals dominated by P. aeruginosa to be have 

lower decreased microbial diversity in both nCFB and CF (36, 43). Expectantly, 

however, we found that those with cultured Haemophilus displayed lower diversity as 

compared to those in which Haemophilus was not cultured (43).  Though we observed 

this to be true using the Simpson diversity index – a measure which is weighted towards 

samples with dominant species, it was not found to be true by the Observed and Shannon 

diversity and may be a statistical anomaly (186).  

Despite the incredible heterogeneity observed in our study, we observed that the 

lung microbiota remained relatively stable overtime. Furthermore, we observed that the 

diversity of the microbial community did not correlated with gender, etiology, and 

respiratory comorbidities. The stability of the lung microbiome has previously been 

reported in unpublished findings by Rogers et al. and most recently in a six-month 

longitudinal study published by Cox et al. (187). However, in contrast to the study by Cox 



 

108 

et al., our study was observed over a minimum of four years and as such provides a 

deeper insight into the long-term changes occurring in these patients. 

Traditionally, antimicrobial therapies and clinical progression have been previously 

implicated in influencing the local microbial diversity in patients with CF and nCFB with 

the use of certain antibiotics and the progression to end-stage lung disease being 

associated with an altered microbial composition (36). For example, long-term low-dose 

erythromycin treatment in patients with nCFB has been shown to significantly alter the 

airway bacterial community composition (188). Particularly, these changes are most 

substantial in patients with communities dominated by organisms other than P. 

aeruginosa, the decreased abundance of H. influenzae and the corresponding increase in 

macrolide-tolerant organisms, including P. aeruginosa. Likely, selective pressures due to 

antibiotic use may drive changes in airway microbiota composition. However, we were 

unable to verify the influence of antibiotic use on microbial diversity, as no specific 

antibiotics were associated with altered microbial diversity. Similar studies in nCFB 

indicate that antibiotic use has been shown to significantly influence the microbial 

communities of the lower airways (42).  However, It is noteworthy to acknowledge our 

findings were in concordance by Cox et al. (187), who observed that prophylactic 

antibiotic use had an adverse effect on the observed community-level species richness 

and warrant further studies investigating the influence of antimicrobials on the lung 

environment.  

As the primary focus of our study was to assess longitudinal changes in the 

microbial community, our analysis may have been insensitive to the influence of 

antimicrobial therapies or the incidence of pulmonary exacerbations on microbial 
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diversity – as observed in previous studies (40, 187, 189). It may be however, that 

changes in the diversity may occur prior to the onset of exacerbation and therefore be 

missed by our analysis. As such, studies characterizing samples in their longitudinal 

relation to such acute events are important in highlighting other factors which may lead to 

onset of exacerbation (190). Lastly, the similarities in microbial diversity over disease 

severity were likely due to the slow rate of progressive lung dysfunction as no significant 

differences between baseline and end-of-study lung function measures were observed. As 

the vast majority of samples were collected during stable periods it is possible that no 

selective pressures were driving changes in the microbial community. Previous studies in 

CF have shown that microbial diversity does not change significantly during periods of 

stability, which may also extent to nCFB (40).  

Importantly, this retrospective study has a number of limitations. This collection of 

prospectively collected, retrospectively analyzed samples is derived from a regional 

referral clinic and therefore the clinical data was not always comprehensive. The 

relatively small patient size, and samples per patients limits the conclusions found within 

this study. As we only sampled patients periodically and collected clinical data during 

these times, it is possible that we may have missed the use of systemic antibiotics, which 

have been known to influence the microbial community (191). Furthermore, while OTUs 

were able to be characterized to the genus level, we were unable to correlate them with 

specific species, thus limiting the scope of our conclusions. Lastly, while 16s rRNA 

offers a unique and accurate means to measure changes in microbial communities within 

the respiratory environment of nCFB patients, it fails to account for the mycobiome and 
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virome, which may play a role in patient health or contribute towards the diversity of the 

individuals.  

The Calgary Biobank represents a unique opportunity in which to characterize the 

longitudinal nCFB lung microbiome. To our knowledge, this study represents the longest 

examination of the nCFB microbiome to-date. We have provided evidence suggesting 

that the nCFB lung microbiome is relatively stable over time, but is variable between 

patients and generally individualistic. The microbial diversity of patients was not 

associated with the incidence of pulmonary exacerbations, which suggest that other 

factors play a more prominent role in driving exacerbation events. Furthermore, we 

observed a reciprocal relationship between P. aeruginosa and H. influenzae, suggesting 

that culture-dependent methods can be used as indicators of the current lung 

environment. Altogether, this study has provided further insight into the longitudinal 

microbiome of individuals with nCFB, and emphasize the need for further investigation 

into the use of antibiotics and the influence on disease severity and the progression of 

lung disease.  
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4.6 Supplementary Material 

Table S4.2. 16s rRNA V3/V4 Region Forward and Reverse Barcoded Primers. The V3 

forward primers used were adapted from the Surette lab (www.surettelab.ca) and 

proposed by Bartram et al. (171). 

Primer  Adaptor  Sequence  
Reverse V4Rmo

d2 
 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctNN

NNGGACTACHVGGGTWTCTAAT  
Forward V3_1F  P7  caagcagaagacggcatacgagatCGTGATgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_2F  P7  caagcagaagacggcatacgagatACATCGgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_3F  P7  caagcagaagacggcatacgagatGCCTAAgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_4F  P7  caagcagaagacggcatacgagatTGGTCAgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_5F  P7  caagcagaagacggcatacgagatCACTGTgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_6F  P7  caagcagaagacggcatacgagatATTGGCgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_7F  P7  caagcagaagacggcatacgagatGATCTGgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_8F  P7  caagcagaagacggcatacgagatTCAAGTgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_9F  P7  caagcagaagacggcatacgagatCTGATCgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_10
F  

P7  caagcagaagacggcatacgagatAAGCTAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_11
F  

P7  caagcagaagacggcatacgagatGTAGCCgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_12
F  

P7  caagcagaagacggcatacgagatTACAAGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_13
F  

P7  caagcagaagacggcatacgagatCGTACTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_14
F  

P7  caagcagaagacggcatacgagatGACTGAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  
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Primer Adaptor Sequence 
Forward V3_15

F  
P7  caagcagaagacggcatacgagatGCTCAAgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_16
F  

P7  caagcagaagacggcatacgagatTCGCTTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_17
F  

P7  caagcagaagacggcatacgagatTGAGGAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_18
F  

P7  caagcagaagacggcatacgagatACAACCgtgactggagttcagacgtgtgctc
ttccgatctCCTACGG GAGGCAGCAG  

V3_19
F  

P7  caagcagaagacggcatacgagatACCTCAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_20
F  

P7  caagcagaagacggcatacgagatACGGTAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_21
F  

P7  caagcagaagacggcatacgagatAGTTGGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_22
F  

P7  caagcagaagacggcatacgagatCTCTCTgtgactggagttcagacgtgtgctctt
ccgatctCCTACGG GAGGCAGCAG  

V3_23
F  

P7  caagcagaagacggcatacgagatCAAGTGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_24
F  

P7  caagcagaagacggcatacgagatCCTTGAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_25
F  

P7  caagcagaagacggcatacgagatACCACTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_26
F  

P7  caagcagaagacggcatacgagatAGTGTCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_27
F  

P7  caagcagaagacggcatacgagatAGAAGGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_28
F  

P7  caagcagaagacggcatacgagatTTATCCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_29
F  

P7  caagcagaagacggcatacgagatTTAAGGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_30
F  

P7  caagcagaagacggcatacgagatTTCTTGgtgactggagttcagacgtgtgctctt
ccgatctCCTACGG GAGGCAGCAG  

V3_31
F  

P7  caagcagaagacggcatacgagatTTCAACgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_32
F  

P7  caagcagaagacggcatacgagatTTGTGAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  
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Primer Adaptor Sequence 
Forward V3_33

F  
P7  caagcagaagacggcatacgagatTTGACTgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_34
F  

P7  caagcagaagacggcatacgagatTATTCGgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_35
F  

P7  caagcagaagacggcatacgagatTATAGCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_36
F  

P7  caagcagaagacggcatacgagatTAACTCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_37
F  

P7  caagcagaagacggcatacgagatTACCAAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_38
F  

P7  caagcagaagacggcatacgagatTACGTTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_39
F  

P7  caagcagaagacggcatacgagatTAGTACgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_40
F  

P7  caagcagaagacggcatacgagatTAGATGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_41
F  

P7  caagcagaagacggcatacgagatTCTACAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_42
F  

P7  caagcagaagacggcatacgagatTCTGATgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_43
F  

P7  caagcagaagacggcatacgagatTCATGTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_44
F  

P7  caagcagaagacggcatacgagatTGTCTAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_45
F  

P7  caagcagaagacggcatacgagatATTCTCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_46
F  

P7  caagcagaagacggcatacgagatATTGAGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_47
F  

P7  caagcagaagacggcatacgagatATACCTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_48
F  

P7  caagcagaagacggcatacgagatATGCAAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_49
F  

P7  caagcagaagacggcatacgagatAATCCAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_50
F  

P7  caagcagaagacggcatacgagatAATGGTgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  
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Primer Adaptor Sequence 
Forward V3_51

F  
P7  caagcagaagacggcatacgagatAACTAGgtgactggagttcagacgtgtgctc

ttccgatctCCTACG GGAGGCAGCAG  
V3_52
F  

P7  caagcagaagacggcatacgagatAACACTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_53
F  

P7  caagcagaagacggcatacgagatAAGAGAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_54
F  

P7  caagcagaagacggcatacgagatACTTACgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_55
F  

P7  caagcagaagacggcatacgagatACATTGgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_56
F  

P7  caagcagaagacggcatacgagatACGAATgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_57
F  

P7  caagcagaagacggcatacgagatAGTCATgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_58
F  

P7  caagcagaagacggcatacgagatAGAAGTgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_59
F  

P7  caagcagaagacggcatacgagatCTTATGgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_60
F  

P7  caagcagaagacggcatacgagatCTAGAAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_61
F  

P7  caagcagaagacggcatacgagatCATCTTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_62
F  

P7  caagcagaagacggcatacgagatCACATAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_63
F  

P7  caagcagaagacggcatacgagatCCAATTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_64
F  

P7  caagcagaagacggcatacgagatCGATTAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_65
F  

P7  caagcagaagacggcatacgagatGTTAGTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_66
F  

P7  caagcagaagacggcatacgagatGTAACAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_67
F  

P7  caagcagaagacggcatacgagatGTGTATgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_68
F  

P7  caagcagaagacggcatacgagatGATAAGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  
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Primer Adaptor Sequence 
Forward V3_69

F  
P7  caagcagaagacggcatacgagatGAATCTgtgactggagttcagacgtgtgctct

tccgatctCCTACGG GAGGCAGCAG  
V3_70
F  

P7  caagcagaagacggcatacgagatTTCCGTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_71
F  

P7  caagcagaagacggcatacgagatTTCGCAgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_72
F  

P7  caagcagaagacggcatacgagatTTGGTCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_73
F  

P7  caagcagaagacggcatacgagatTGACAGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_74
F  

P7  caagcagaagacggcatacgagatATCTGCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_75
F  

P7  caagcagaagacggcatacgagatACACGAgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_76
F  

P7  caagcagaagacggcatacgagatAGGTTCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_77
F  

P7  caagcagaagacggcatacgagatCATGACgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_78
F  

P7  caagcagaagacggcatacgagatGCTATCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_79
F  

P7  caagcagaagacggcatacgagatGGACTTgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_80
F  

P7  caagcagaagacggcatacgagatGGCAATgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_81
F  

P7  caagcagaagacggcatacgagatTCTCGGgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_82
F  

P7  caagcagaagacggcatacgagatTCAGCGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_83
F  

P7  caagcagaagacggcatacgagatTGTGCCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_84
F  

P7  caagcagaagacggcatacgagatTGCACGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_85
F  

P7  caagcagaagacggcatacgagatAAGGCCgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_86
F  

P7  caagcagaagacggcatacgagatACCAGGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  
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Primer Adaptor Sequence 
Forward V3_87

F  
P7  caagcagaagacggcatacgagatAGCCTGgtgactggagttcagacgtgtgctct

tccgatctCCTACG GGAGGCAGCAG  
V3_88
F  

P7  caagcagaagacggcatacgagatAGCGACgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_89
F  

P7  caagcagaagacggcatacgagatCTACGCgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_90
F  

P7  caagcagaagacggcatacgagatCTCCAGgtgactggagttcagacgtgtgctct
tccgatctCCTACGG GAGGCAGCAG  

V3_91
F  

P7  caagcagaagacggcatacgagatCCGTAGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_92
F  

P7  caagcagaagacggcatacgagatCGGTGTgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_93
F  

P7  caagcagaagacggcatacgagatCGGAACgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_94
F  

P7  caagcagaagacggcatacgagatGTGCTGgtgactggagttcagacgtgtgctct
tccgatctCCTACG GGAGGCAGCAG  

V3_95
F  

P7  caagcagaagacggcatacgagatGAACGGgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  

V3_96
F  

P7  caagcagaagacggcatacgagatGGATGCgtgactggagttcagacgtgtgctc
ttccgatctCCTACG GGAGGCAGCAG  
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Chapter Five: Conclusions  

 

5.1 Summary of Findings 

There is a growing emphasis on understanding the impact of microbial 

communities and adaptation strategies underlying airways infections in nCFB. 

Accumulating scientific evidence suggests that direct extrapolation from studies on CF is 

not always appropriate for nCFB (28–30). As such, studies directly assessing the concept 

of bacterial pathogenesis in nCFB are paramount to advancing our understanding of this 

orphan disease. Through this research we aspired to provide insight into the fundamental 

questions regarding the pathophysiology of nCFB airway infections. With many 

similarities existing in the physiology of CF and nCFB, we hypothesized that individuals 

with nCFB would observe similar trends in the microbial adaptation strategies of P. 

aeruginosa causing lower airways infections and the longitudinal nCFB microbiome – 

while anticipating a large degree of heterogeneity between individuals.  

Herein, our work has identified many similarities and several notable distinctions 

in microbial adaptation strategies between nCFB and CF. Subtle differences arising from 

each disease drive variation in highly adaptable pathogens such as P. aeruginosa. 

Broadly, we suspect the etiology and severity of each disease may have contributed to 

differences observed within our study. Whereas symptoms in individuals with CF 

manifest at birth, symptoms are more indolent in nCFB leading to a clinical diagnosis 

that is delayed until late adulthood following years of progressive symptoms and repeated 

acute illnesses (161, 162).  
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5.1.1 The Natural History and Epidemiology of P. aeruginosa Infections in nCFB 

Little is known about the natural history of P. aeruginosa infections in nCFB, 

with much of our understanding derived from studies in CF. Larger scale studies in CF 

have shown that an overwhelming majority of CF patients with P. aeruginosa infections 

are chronically colonized by a single strain of P. aeruginosa (76). Similarly, we found a 

majority (66%) of individuals with nCFB were chronically colonized by a single, 

individualized strain of P. aeruginosa. Unexpectedly, however, we found P. aeruginosa 

infections were not nearly as stable as one would expect based on observations derived 

from those with CF. Indeed, a disproportionate number of individuals experience 

transient infections or strain-displacement events. In only a few cases we observed the 

occurrence of multiple strains (deemed chaos within the airways) within a single patient 

with no apparently dominant or chronically-infecting P. aeruginosa strain. Importantly, 

however, this did not seem to effect patient outcomes, as we did not observe accelerated 

disease progression in those experiencing strain transitions/displacements. 

In addition to the many physiological factors driving the natural history of 

infections, we believe social factors play a critical role in driving the epidemiology and 

transmission of P. aeruginosa infections. Undoubtedly, differences in the extent of social 

interactions may contribute to the prevalence of epidemic and other clonal strains, and the 

potential for cross-infection amongst patients with nCFB and CF. Evidently, while 

multiple epidemic and other clonal strains of P. aeruginosa are found widespread 

throughout CF populations, we were unable to observe any within our cohort. 

Additionally, shared strains have been observed between CF patients, whereas we did not 
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find evidence of shared strains amongst our nCFB patient population. While strains 

shared between patients have been reported in previous studies nCFB (98), the low 

frequency of such uncommon events raises questions regarding the transmission potential 

in individuals with nCFB. Importantly, individuals with CF are followed regularly at a 

specialist clinic and are often on supportive treatment throughout their life which may 

contribute to the potential for cross-infection of P. aeruginosa amongst patients. Intense 

exposure to a pathogen during adolescence, where the microbiota is still in flux (36, 40) – 

may increase the risk of acquisition of foreign P. aeruginosa strains. Conversely, as 

individuals with nCFB are often diagnosed at a later age it is likely they have a more 

“mature” microbiome (36, 40), which may be resilient to microbial insults which occur 

less commonly owing to few potential patient-patient interactions and therefore explain 

the lower risk of cross-infection. 

5.1.2 Virulence adaptations of P. aeruginosa 

Pseudomonas aeruginosa has been known to utilize various virulence factors in 

the initial infection process of patients with nCFB and CF. Virulence adaptations, 

including the production of proteases, lipases, elastases, biofilm formation, and the 

transition to a mucoid phenotype have been suggested to contribute to infection in these 

patients (100, 110–112). Though the expression of these virulence traits has been studied 

in CF, our understanding is lacking in the case of nCFB. In regards to the in vitro 

phenotypic adaptation of P. aeruginosa – similar adaptation patterns were found across 

many virulence factors (108). Though not exhaustive, a defined set of phenotypic traits, 

including protease, elastase, and lipase expression, swim and swarm motility, planktonic 
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and biofilm growth characteristics were used in our studies. In the context of these 

virulence factors, similarities between nCFB and CF-derived P. aeruginosa isolates were 

found for protease, elastase, swarm and swim motility, and biofilm growth 

characteristics. Notable differences in lipase expression emerged as being significantly 

lower in nCFB-derived P. aeruginosa isolates. These differences may suggest that 

differences in the physiology of CF patients who have been shown to have higher levels 

of phospholipids as compared to chronic bronchiectasis patients (154, 155). This 

observation represents a novel contribution of our work in investigating the 

pathoadaptation of P. aeruginosa in nCFB patients.  

5.1.3 Virulence factor production generally decreases over time 

Though virulence factors contribute to the establishment of infection, decreased 

levels of specific virulence traits have been observed to occur as chronic infections are 

established (120). Accordingly, we observed the same trend of virulence potential 

attenuation occurring over time within P. aeruginosa isolates obtained from nCFB 

patients. While previously demonstrated in CF isolates, it was assumed to be true of 

nCFB despite no direct studies. While attenuation of acute virulence was evident, the 

extent of which was not as pronounced in CF-derived P. aeruginosa isolates. This minor 

difference may be due to the limited nature of the study, or alternatively may allude to 

further differences arising from the physiology of these diseases and warrants larger scale 

studies. 

5.1.4 The lung microbiome of patients with nCFB is unique to individuals, but 
generally remains stable over time 

In characterizing the longitudinal lung microbiome of patients with nCFB, we 
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hoped to investigate the association of the microbial community with patient health, a 

relationship previously established in CF (192, 193). Drawing from studies in CF, we 

sought to directly study the longitudinal adaptations of the lung microbiota over time. 

Foremost, our work has confirmed a profound degree of heterogeneity in the lung 

microbial communities of individuals with nCFB. Furthermore, we observed that shifts in 

the microbial community could even occur between samples taken from a particular 

patient. Reflecting on this observation, we visualized the lung microbiome of individuals 

as a dynamic system. Perturbations to the system may have result in an altered system in 

some instances– explaining the shift in microbial community observed within some 

patients. However, in other instances, following the initial perturbation, the system would 

revert back to its baseline composition. In our cohort, the prior community was typically 

dominated by one genus, a trend observed in CF studies (36). In our study, the most 

dominant genera observed were Streptococcus, Pseudomonas, and Haemophilus.  

5.1.5 Microbial diversity is not strongly associated with etiology, gender, or presence of 
antibiotic therapy – but is linked with presence of cultured pathogens 

Overall, despite differences at the patient level, the cohort microbial diversity was 

found to be stable over the study period. Interestingly, we found that sputum culture 

status was strongly associated with the abundance of Pseudomonas and Haemophilus in 

the samples as identified through next generation sequencing. Unexpectedly, we observed 

that microbial diversity did not significantly change over time, or based on stages of 

disease severity. Prior studies have established a positive correlation between FEV1 and 

bacterial community diversity (168). Unfortunately, no strong relationship between lung 

function and community diversity was observed within our study. This observation may 
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be attributed to two factors. Firstly, no significant decrease in baseline lung function was 

observed over the study period. Secondly, the overall microbial diversity was not 

observed to significantly change as a measure of time or disease severity. Likely, the mild 

decline in lung function and the stability of the microbial community despite changes in 

disease state prevented us from observing a similar correlation within our study. Further, 

we observed that the microbial diversity was resilient despite samples collected in tandem 

with known antibiotic therapies and exacerbation status. As such, the interplay between 

the microbial community and the incidence of pulmonary exacerbations is an area of 

potential and further investigation.  

5.2 Future Directions 

 Our work sought to understand the natural history, clinical epidemiology and 

microbial adaptation of P. aeruginosa and greater lung microbiome community in 

patients with nCFB and has prompted several key areas of scientific inquiry.   

5.2.1 The Natural History of P. aeruginosa infections in nCFB 

Shared strains of P. aeruginosa are rarely reported amongst patients with nCFB 

(98). In our study, we observed four pairs of patients with shared strains as determined by 

MLST. However, whether these strains represent prevalent strains within the local 

environment and repeated independent acquisitions or evidence of patient-to-patient 

transmission remains unknown. Only through techniques such as whole genome 

sequencing and analysis of single nucleotide polymorphisms between isolates might we 

be able to determine which is the case (194–196).  
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A high number of strain displacement events were observed in this study.  How 

these displacements occur is unknown.  Is super-infection associated with the rapid 

abdication of the original strain entirely, or alternatively does low level persistence and 

co-infection occur for extended/indefinite periods.  The relative frequency of MLST loci 

from mixed populations can be measured over time using FREQ-SEQ (197). Applying 

this, we will be able to track how the proportion of MLST loci change over time for 

patients who observed strain-displacement, temporary disruption, or chaos within the 

airways patterns of infection. Knowing that the first and most-recent strains have been 

typed with MLST, we can track the known loci as they change over time. In the case of 

strain replacement, we may expect the MLST loci frequency of the original strain to 

decrease as the displacing strain emerges. This technique has been previously done to 

measure the relative frequency of lasR mutant alleles (159).  

5.2.2 Studying the virulence adaptations of nCFB-derived P. aeruginosa isolates 

Though we endeavoured to characterize many known virulence factors, our panel 

was not wholly comprehensive. Future areas of exploration include expanding the panel 

of virulence traits examined, which could tease out further differences in the expression 

of known virulence factors between the two cohorts. For instance, pyocyanin, a virulence 

factor which has been suggested to promote extracellular DNA release is produced by P. 

aeruginosa during infections can be studied (198). Furthermore, increasing the number of 

isolates characterized for each population cohort (and in particular multiple samples from 

the same sputum sample enabling the issue of heterogeneity to be overcome) will help to 

confirm these findings (102).  
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5.2.3 Ascertaining species-level depth in our Microbiome studies  

Though previous literature has examined the nCFB longitudinal lung microbiome 

over shorter periods of time, our study has contributed a broader perspective of changes 

that may occur over many years (187). As compared to CF, no decade-long longitudinal 

studies exist in nCFB and as such, present as tremendous opportunity to contribute to the 

scientific literature. Critically, the impact of this work could be enhanced by increasing 

the length of the 16s rRNA region sequenced. Within our lab the V3 region was used as it 

can accurately distinguish organisms to the genus-level (199). However, while looking at 

the V3 – V4 region, we were generally limited to genus-level comparisons, which 

restricted our ability to identify potential intricate species-level changes that may occur in 

the lung environment. While providing greater clarity than studies solely using the V3 

region, prior studies using the V3 – V5 regions have been able to provide species-level 

definition (40, 187, 200). As such, when interested in species-level comparisons in the 

lung microbiome the use of the V3 – V5 region is recommended to be used. 

5.2.4  Investigating the antagonistic relationship between H. influenzae and P. 
aeruginosa 

Within the microbial communities’ context, one intriguing area that must be 

understood is the relationship between P. aeruginosa and H. influenzae. It is uncertain 

whether the relationship in our cohort data is due to selective pressures arising from 

antibiotic use – or the extent of interspecies competition between these two organisms. 

As one explanation, interspecies competition has been suggested to occur between P. 

aeruginosa and H. influenzae in the lung environment (166). As such, one future 

investigation we would propose could start as in vitro competition assays between P. 
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aeruginosa and H. influenzae, similar to that which have been used to investigate the 

relationship between P. aeruginosa and S. aureus and Burkholderia cenocepacia (201, 

202)  As H. influenzae is a heme-requiring organism, growth on Chocolate II agar, or a 

chemically defined iron medium would be required (203). PAO1 and ATCC 49766 (both 

known control strains) could be used as P. aeruginosa and H. influenzae control strains, 

respectively (54, 204). Various comparisons involving clinical, environmental, and 

epidemic strains could be performed – which could include Streptococcus due to its 

prevalence within our cohort. Through this assay, we can identify potential in vitro 

relationships amongst known isolates.  

 As findings in vitro do not always correlate with in vivo findings, we could 

investigate this relationship in vivo further using the Drosophila melanogaster infection 

model. Mixed infections can be achieved through the fly feeding infections or a fly-

nicking infection in a protocol modified previously (205–209). By inoculating the flies in 

different ratios and enumerating the bacteria recovered after the end of experiment, we 

could measure the viability of each bacterium and the extent of bacterial competition 

present in an in vivo setting. Alternative models which have been used include a murine 

model of infection (201). These experiments could allude to the possibility for 

interspecies competition and provide a deeper insight into interactions within the lung 

environment.  

5.2.5 Potential of using a metabolomics approach in nCFB 

 Taking our approach one step further, future work can include performing a 

metabolomic profiling of sputum samples, which will allow us to identify metabolites 
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and regulatory molecules within the sputum (210, 211). A two-fold approach which 

would include the use of metabolomics, which has shown incredible promise as a 

diagnostic tool, and the microbiome analysis will allow us to contribute a further 

understanding into the potential role of important metabolites, including regulatory lipid 

mediators, on changes of the microbial community and patient health in terms of nCFB 

(160, 212). This would inform not only what organisms are present, but what they are in 

fact doing.  Measuring the levels of lipid inflammatory markers could help to determine 

the influence of antibiotics on the inflammatory environment, identify potential 

biomarkers of clinical importance, and contribute to a more comprehensive 

understanding of nCFB overall. 

5.3 Concluding Remarks 

 Much still remains unknown around the pathophysiology of nCFB respiratory 

infections. Research directly focused on nCFB is required to provide insight on a disease 

that has seen increases in incidence and prevalence globally, and is a significant 

economic burden to the healthcare system – merely inferring from CF studies is 

inadequate (1, 21–23). Though our studies have focused on the importance of P. 

aeruginosa in respiratory infections, there exist a myriad of other bacteria, viruses, and 

fungi, which may contribute to health and disease (33). Through sustained scientific 

contributions, advancements in our understanding of this disease entity will inform 

clinical choices, lead to advancements in patient treatment, and the development of novel 

diagnostic methods that can inform clinical status. In the broader context, our work has 

begun to illustrate differences in the pathoadapation of P. aeruginosa in individuals with 
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these diseases suggesting that it is not always appropriate to extrapolate data from trends 

observed in CF. Whether investigating the virulence determinants of P. aeruginosa or 

characterizing the lung microbiome, it will be essential to conduct directed studies in 

nCFB. In the future, it is our hope that nCFB will no longer be recognized as an orphan 

disease, but rather within a family of important and well-known airway diseases.  
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