
Northumbria Research Link

Citation:  Duignan, Libby A. M. (2021) The temperate bacteriophages of  Pseudomonas
aeruginosa  and  their  role  in  chronic  lung  infection.  Doctoral  thesis,  Northumbria
University. 

This  version  was  downloaded  from  Northumbria  Research  Link:
http://nrl.northumbria.ac.uk/id/eprint/48237/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

                        

http://nrl.northumbria.ac.uk/policies.html


 

 
 

The Temperate Bacteriophages of 

Pseudomonas aeruginosa and Their 

Role in Chronic Lung Infection 

 
 
 
 

Libby Duignan 

 
 

PhD 

 
 

2021 



i 
 

The Temperate Bacteriophages of 

Pseudomonas aeruginosa and Their 

Role in Chronic Lung Infection 

 
 

Libby A M Duignan 

 
 

A thesis submitted in partial fulfilment of 

the requirements of the University of 

Northumbria at Newcastle for the degree 

of Doctor of Philosophy 

 
 

Research undertaken in the Faculty of 

Health and Life Sciences 

 
 

January 2021 



ii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Dedicated in loving memory of Evelyn McAllister, my Granny, 

the most wonderful person I have ever known, without whose 

love and support I would never be where I am today. 

1933 -2019 



iii 
 

Abstract 

Pseudomonas aeruginosa (Pa) is an opportunistic pathogen common in respiratory 

infections of both cystic fibrosis (CF) and bronchiectasis (BR) patients and is associated 

with reduced lung function and poor clinical outcome. Pa is proficient at establishing chronic 

infections of the lung due to its ability to adapt and evolve under environmental selection. It 

achieves this, in part, by being naturally competent, pliable and open to horizontal transfer of 

nucleic acids by conjugative plasmids and bacteriophages (phages) etc. The focus of this 

research is temperate phages, bacterial viruses that infect and integrate into the 

chromosome of their host bacteria either being replicated like any other genetic loci or 

induced to a replicative state that lyses the cell, allowing release for further bacterial 

infection. In their integrated, prophage state, their diversity and gene carriage offer altered 

cell function. This work illustrates that temperate phages are extremely common in Pa 

isolated from the lung, offering diversity that can aid bacterial fitness and virulence through 

the subversion and modification of bacterial metabolic function. 

Using LC-MS and metabolomics analysis this research demonstrates that each of the 

Liverpool Epidemic Strain (LES) prophages subvert cell function and alter their Pa host’s 

metabolism. This was then broadened to include studies focussing on the phages isolated 

from different aetiologies of chronic respiratory infection to see if these metabolic changes 

occur within a larger panel of bacteriophages. This determined that whilst there are 

limitations in aligning function in a high number of metabolites found using this approach, 

there are phage-mediated differences between lysogen and wild-type bacterial host, where 

a core shift in metabolism was observed in Pa converted with phages from different arms 

of these studies. Importantly, it shows that temperate phages play an intrinsic role in altering 

bacterial cell metabolism. 

To complement this work there is focus on the wider genetic diversity of Pa prophages, 

which allowed a collaboration with Prof. Roger Levesque in Laval, Canada and access to 

the International Pseudomonas Consortium Database. From >1000 Pa genomes 8 groups 

of phages clustered by type were determined (e.g. F10-like phage). Lysogens were 
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created in PA14 with individual phages from each (4 out of 8 groups). Host virulence genes 

across the International Pseudomonas aeruginosa consortium database (IPCD) phages 

was also investigated illustrating carriage across the panel, something that is not this 

widespread when reported in other bacterial backgrounds. 

This research identifies possible transfer between Pa morphology variants, also different 

MLST types, isolated from the same patient at the same timepoint, something that has been 

hypothesised, but not shown prior to this study. However, this only shows a single time- 

point and snapshot time and an important focus must be the longitudinal relationship 

between bacterium and phage, evoking the well-named ‘evolutionary arms race’ and 

promotion of selection in the chronic lung. This longitudinal relationship was studied by 

surveying the carriage of Pa prophage in the chronically infected lung of BR patients, which 

illustrates both genome expansion and reduction in these virus genomes over time. We 

focus further on this genetic shift/drift in these longitudinal samples. Cross infection of 

phages induced from these isolates did not offer the host restriction over time we envisaged, 

which further complexes the story of phage sensitivity over time. 

As a whole, this research demonstrates the complexity temperate bacteriophages add to 

the diversity of Pa in the chronic lung, influencing adaptation and evolution that promotes 

continuing colonisation. Lysogens derived from a lab strain of Pa and BR/CF phages 

illustrated lowered pathogenicity in the Galleria wax moth larval model compared to the wild- 

type host. This is a trait that is seen in the CF/BR lung with lowered immunogenicity of Pa 

in later stages of CF/BR chronic respiratory infection. This work provides the foundations 

and hypotheses to further explore the phage-bacterial relationship in the lung and its role in 

persistence and disease.  
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1. INTRODUCTION 

 

1.1 NON-CYSTIC FIBROSIS BRONCHIECTASIS 

 
1.1.1 Non-Cystic-Fibrosis-Bronchiectasis and its contributing factors 

 
Non-cystic-fibrosis-bronchiectasis (BR) is a long-term condition caused by the abnormal 

widening of the airways in the lungs, first described in 1891 by René Laënnec (1819; 

Roguin, 2006). The pathophysiology of the disease leads to a build-up of excessive sticky 

mucus that can make the lungs more vulnerable to opportunistic bacterial infection (Figure 

1.1) (Pasteur et al., 2010). BR is symptomatically similar to cystic fibrosis (CF) (described 

in 1.2). However, BR is caused by the bronchial tree undergoing events of localised dilation 

and inflammation that is not genetically inherited (ten Hacken et al., 2007), unlike CF, which 

is an autosomal recessive genetic disorder affecting multiple organs from birth. BR can be 

linked to lung trauma, or in some cases an allergic response that allows ensuing bacterial 

infection (Athanazio, 2012). The onset of BR is multifactorial, and the causation is 

sometimes unclear and termed idiopathic BR. The lack of mucociliary clearance has been 

linked to autoimmunity and epithelial damage (Morillas et al., 2007). The incidence rate of 

BR in the UK is 1 in 1000 adults and 1 in 10000 children (NHS.uk, 2016). It is predominately 

a disease of the elderly, with the majority of BR patients in the UK being over 60 years of 

age (Neves et al., 2011). 

The prevalence of BR in the UK is frequently underestimated, and the disease is perceived 

by many to be rare and easily managed (De Soyza et al., 2014). However, the incidence is 

much higher than CF with reports in 2012 showing that ~210,000 people in the UK were 

living with bronchiectasis (Strachan et al., 2014), which is four times higher than the estimate 

published by the NHS for CF (NHS.uk, 2016) , which reported only ~10,000 cases. Even 

though incidence is higher, it is still perceived as a rare disease and is commonly overlooked 

(De Soyza et al., 2014). Therefore, research into BR has been limited with no specific drug 

therapies currently available for BR patients (Pasteur et al., 2010). The first diagnostic and 

treatment guidelines for BR were only developed in the UK in 2010 by the British Thoracic 

Society (BTS) (Pasteur et al., 2010), further highlighting that research into BR has been 

limited. Patients were previously being misdiagnosed due to the severity of symptoms and 
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crossover of symptoms with other respiratory diseases, such as chronic obstructive 

pulmonary disease (COPD). 

 
 
 
 
 

 

 
Figure 1.1 - The effects of BR on the lungs. A) A comparison between a cross section of 

healthy lung and the lung of a BR patient. B) Normal bronchiole walls in a healthy lung. C) 

The widened bronchiole, thickened walls and build-up of thick mucus in a BR lung. 

Illustration courtesy of NIH/NHLBI (NHLBI, 2018). Copyright approved. 
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1.1.2 Microbial colonisation in Bronchiectasis 
 

The lungs of BR patients are commonly colonised by multiple bacterial species within a 

community, termed poly-microbial, shown by numerous studies using 16S rRNA gene 

amplification and bacterial community sequencing (Willner et al., 2009, Pragman et al., 

2012, Guss et al., 2011). The key bacterial species involved in these infections usually 

include Pseudomonas aeruginosa, Haemophilus influenza and Streptococcus pneumonia 

(Angrill et al., 2002). However, other species are seen including Klebsiella pneumonia 

(Bopaka et al., 2015) and Burkholderia cepacia (Hauser and Orsini, 2015). All these 

microbes are opportunistic in nature and are able to colonise the BR lungs due to the 

nutrient rich environment. The BR lung environment is favourable to colonisation by these 

bacterial species due to a failure in host defences to maintain sterility of the respiratory tract, 

caused by the over production of mucus and impairment of mucociliary clearance. The 

colonisation then causes a host-mediated chronic inflammatory response to occur. (Wilson 

et al., 1985). This, in conjunction with bacterial factors, such as adherence (Plotkowski et 

al., 1994), biofilm formation (Ohgaki, 1994) and avoidance of phagocytosis (Skerrett et al., 

2007), aids colonisation of the lower respiratory tract and impairs antibiotic efficacy (Ohgaki, 

1994). 

1.1.3 Bronchiectasis relationship to Cystic Fibrosis 
 

Both BR and CF have been shown to be poly-microbial in nature, which means that these 

different bacterial species can interact and influence community structure. However, there 

is usually a dominant species present in the lungs (Cox et al., 2010, Purcell et al., 2014, 

Silby et al., 2011). A study by Duff et al. (2013) determined through culture and targeted 

16S rRNA gene bacterial community sequencing that the BR lung is more complex in 

community structure as they have greater species diversity compared to the CF lung. 

However, the use of multiple antibiotics and a small sample size made it difficult to identify 

whether the observed levels of diversity were correlated with acute and chronic antibiotic 

use, patient age or exacerbation status (Duff et al., 2013). Much of the knowledge on the 

management and treatment of BR is based on CF, due to the similarity in pathophysiology 
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and symptoms. However, CF is recognised predominantly as a disease of children and 

young adults, whereas BR effects mainly the elderly, which adds complexity in their 

treatment compared to younger patients. This is mainly due to the addition of age-related 

conditions such as cognitative impairment or co-morbidities, which can independently affect 

adherence to poly-pharmacological treatments (Bellelli et al., 2016). 

1.2 CYSTIC FIBROSIS 
 

Cystic fibrosis (CF) is a genetic disorder affecting more than 10,400 people in the UK 

(CFTrust, 2018b). There is currently no cure for CF but a number of treatments are available 

to help control the symptoms and prevent complications of bacterial infections that relate to 

the pathophysiology of the disorder (NHS.uk, 2016 ). CF is caused by mutations in the gene 

encoding for the cystic fibrosis transmembrane conductance regulator (CFTR), a 

transmembrane ion channel protein required for chloride ion transport across epithelial cell 

membranes (Bear et al., 1992). CF is known as a monogenic disease as it is associated to 

mutation of a single gene. Over 1900 mutations have been reported within the CFTR gene, 

where each mutation can be assigned into six classes that determine disease severity 

(Bonadia et al., 2014). These mutations lead to the CFTR protein not functioning as 

efficiently, not being produced in sufficient quantities or not produced at all. The 

malfunctioning or missing CFTR proteins cause an ionic imbalance (Hopf et al., 1999), 

which leads to the production of abnormally thick, sticky mucus (Figure 1.2). This affects a 

number of systems within the body, notably the respiratory, pancreatic and the digestive 

systems (O'Sullivan and Freedman, 2009) but also the endocrine (Marshall et al., 2005) and 

the reproductive systems (Hull and Kass, 2000). Within these anatomical sites, especially 

the lungs, the ion imbalance leads to the production of abnormal thickening of the mucus 

through dehydration. This mucus builds up and provides a nutrient rich environment that 

opportunistic bacteria can colonise, resulting in frequent lung infections (Figure 1.3). 



5  

 

 
 

Figure 1.2 How mutated/ non-functioning CFTR channels cause dehydrated sticky 

mucus in patients with CF. A normal functioning CFTR (on left) allowing the movement of 

chloride ions to the outside of the lung epithelial cell, while the mutated/ non-functioning 

CFTR channel (on right) does not, causing mucus to become dehydrated and to build up on 

the outside of the cell. Reproduced from yourgenome (2020) copyright approved. 
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Figure 1.3 - Age specific prevalence of respiratory organisms in cystic fibrosis 

patients. Data from 2018 showing the species of bacterium isolated from CF patients with 

lung infections at different age ranges, whilst also stating whether the infection is chronic or 

intermittent. The key bacteria associated with greater patient colonisation from the age of 

15 is Pseudomonas aeruginosa. Reproduced from CF Trust (2018a) Copyright approved. 

In CF patients, an innate inflammatory immune response is initiated during bacterial 

infection, but it does not result in total clearance of the infection (Hart and Winstanley, 2002), 

which in turn leads to the viscous cycle of chronic inflammation and lung damage. This 

inflammatory response stimulates neutrophils to migrate into the airways, which produce 

proteases and reactive oxygen species (ROS) (Sagel et al., 2002), under normal 

physiological conditions, cells control ROS levels by balancing the generation of ROS with 

their elimination by scavenging systems. But under oxidative stress conditions, excessive 

ROS can damage cellular proteins, lipids and DNA, leading to fatal lesions in the cell that 
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contribute to carcinogenesis. The protease/antiprotease imbalance and oxidative stress 

have multiple downstream effects, including impaired mucus clearance (Boucher, 2007), 

increased and prolonged inflammation, and impaired immune responses (Armstrong et al., 

1997), thus facilitating and promoting bacterial infections. Although neutrophils help to 

control infections, when present in great excess and for extended periods of time they cause 

harm to the lung, by producing many proteases and radical oxygen species. These cause 

an imbalance and oxidative stress has multiple downstream effects, including, increased 

and self‐perpetuating inflammation, eventually leading to tissue damage and reduced lung 

function (Massimo Conese, 2017). Respiratory infections play a significant role in the 

mortality of CF patients, with 80-95% of deaths associated with respiratory failure caused 

by chronic bacterial infection (Lyczak et al., 2002). 

It is still not fully understood why CF patients are initially so susceptible to bacterial 

infections, but numerous factors contribute to the abnormal composition of airway 

secretions. Water from CF sputa is absorbed at a high rate which causes dehydration and 

therefore depletion of the lubricating periciliary liquid layer (a component of airway surface 

liquid), preventing the transport of mucus and subsequent clearance of bacteria (Matsui et 

al., 1998). Also, the increased viscosity of the mucus prevents neutrophil chemotaxis 

(Matsui et al., 2005) and defective ion transport causes a pH imbalance, which inhibits the 

natural bactericidal activity of airway surface liquid, which increases susceptibility to 

infection (Pezzulo et al., 2012) 

The prevalence of the microbes that cause respiratory infections is reported to be age 

dependent (Figure 1.3). In children and adolescents Staphylococcus aureus is the most 

prevalent, changing to P. aeruginosa in adulthood (CF Trust, 2018a). Chronic  P. aeruginosa 

infection is the main bacterial agent in the loss of respiratory function and results in high rates 

of mortality due to epithelial damage, scarring and the plugging of airways (Lyczak et al., 

2002). 
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1.3 COMMON CF AND BR PATHOGENS 

 
1.3.1 Bacterial Pathogens 

 
There is a commonality in the opportunistic bacterial pathogens colonising the lung in CF 

and BR, which include but are not limited to; Staphylococcus aureus, Pseudomonas 

aeruginosa, (Lyczak et al., 2002, Angrill et al., 2002, Al-Aloul et al., 2004) and the 

Burkholderia cepacia complex (Hauser and Orsini, 2015). Chronic P. aeruginosa and S. 

aureus colonisation are the most common airway infections of the lungs of adult CF patients. 

Interestingly, there is a switch from chronic S. aureus being the most prevalent pathogen in 

children and teenagers to chronic P. aeruginosa being the most prevalent infection in adults 

(Figure 1.3). Previously, culture-based microbiological methods were the most frequently 

used methods to identify bacteria from the CF airway, but now other molecular and 

sequencing-based methods, including PCR and microbiome analyses are used and have 

added to the number of microbial taxa recognised to be associated with the CF airways 

(Pattison et al., 2013). Increased research into the bacterial pathogens of the CF and BR 

lungs over the last 30 years has led to improved identification methods and changes in 

infection control and treatment regimens in both CF and BR (Taccetti et al., 2012). Evidence 

indicates that the incidence of H. influenzae and S. aureus have decreased with age from 

child (under 18) to adult (Millar et al., 2009). However, incidences of MRSA have increased, 

along with the rare and previously undetected species Stenotrophomonas maltophilia (Millar 

et al., 2009). In the UK Cystic Fibrosis Registry’s Annual Data Report for 2018, a fall in the 

incidence of chronic P. aeruginosa compared to previous annual reports was noted. 

1.3.2 Fungal and viral pathogens 
 

There are fungi and viruses that are commonly detected in the lung sputa from CF and BR 

patients. The predominant fungal species is Aspergillus fumigatus, colonising over fifth of 

adults chronically, with occurrence increasing with age (Mortensen et al., 2011). Recent 

studies of fungal communities in the CF airway have used new molecular techniques, such 

as mycological culture with CF-derived fungal specific culture media and direct DNA 

extraction from patient sputa. Both approaches have been shown to increase the sensitivity 

of fungal detection, making possible the identification of fungal, it has been shown they were 
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not found using conventional culture methods (Nagano et al., 2010). Through the use of 

direct DNA extraction from sputum and fungal DNA PCR sequencing and DNA sequencing, 

it was confirmed that an increase in diversity of fungal species could be detected, compared 

to using conventional culturing methods. 

The acute viral respiratory infections that CF children suffer from are caused by the same 

aetiological agents and have a similar frequency and duration to healthy children. However, 

children with CF have longer periods of lower respiratory tract symptoms compared to 

healthy children (van Ewijk et al., 2008). It is thought that exacerbations can be triggered by 

respiratory viral infections, such as Influenza A, Respiratory Syncytial Virus and Rhinovirus, 

which have been detected in the throat swaps of patients (Wark et al., 2012). In addition, 

viruses are linked to an increase in P. aeruginosa numbers in the lungs (Wark et al., 2012). 

A pilot study into viruses of BR patients demonstrated that respiratory viruses (mainly 

influenza A and B) are frequently detected in patients with stable BR and are also detected 

in asymptomatic periods with multiple viruses presenting simultaneously (Mitchell et al., 

2018), which is similar to results shown in CF. 

1.4 PSEUDOMONAS AERUGINOSA 
 

Pseudomonas aeruginosa (Pa) is a Gram-negative bacterium, which is rod shaped in 

appearance and is commonly found in soil but can also be found in numerous clinical and 

environmental settings (Wiehlmann et al., 2007). Pa was first discovered in Paris by Carle 

Gessard in 1882. He described how it auto-fluoresced under UV light and later described it 

as an opportunistic pathogen of humans and plants (Gessard, 1984). As an opportunistic 

pathogen, Pa causes disease where normal host defences have been compromised, such 

as in immunocompromised individuals (Al-Hasan et al., 2008), people with severe burns 

(Estahbanati et al., 2002), patients on ventilators and more recently discovered in contact-

lens users (Lyczak et al., 2000). Despite being an opportunistic pathogen, Pa is able to 

express a large number of virulence factors, which are specific to the type of infection, 

whether it be chronic or acute (Rumbaugh et al., 1999). It has been shown that Pa needs 

to express multiple virulence factors in order to colonise and cause infection of individuals 

(Manos et al., 2013). 
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1.4.1 Virulence in CF and BR 
 

The lung epithelial inflammatory responses that are associated with a chronic Pa infection 

leads to progressive loss of lung function through scarring of the lung tissue and 

consequently respiratory failure (Callaghan and McClean, 2012, Costello et al., 2011). Once 

a Pa infection is established in the lungs it is difficult to clear using antibiotics (Hart and 

Winstanley, 2002). This is due to many strains of Pa encode multiple genes conferring 

resistance to antibiotics or the ability to adapt and evolve under selective pressure (Sanz-

García et al., 2018). They are also able to form biofilms, which are known to protect the 

bacteria from phagocytosis, with slower growth rate and lower metabolic activity, biofilms are 

associated with a tolerance to antibiotics (Hoiby et al., 2010a). CF related Pa strains have 

been shown to adapt and evolve quickly. This adaptation can encompass alterations alter 

many characteristics of the bacteria, such as adhesion, alginate and  antibiotic susceptibility 

with biofilm acting as diffusion barrier (Silbert et al., 2001). For these reasons, antibiotic 

therapy is only seen to be effective in clearing Pa infections fully in the early stages. Due to 

this, there is an eradication programme for CF patients when they are first diagnosed with 

a Pa lung infection (Taccetti et al., 2012). This regimen has now also been tested on BR 

patients with similar positive results (Orriols et al., 2015). There are numerous virulence 

factors that lead to the overall virulence of Pa in the lung environment, such as surface 

adhesion, motility and biofilm formation. 

1.4.2 Surface structures 
 

Cell surface proteins are expressed by Pa similar to other bacteria, such as pili and flagella 

and have multiple functions, including; motility (Bradley, 1980), adhesion (Doig et al., 1988) 

and biofilm formation (Deziel et al., 2001). These are virulence factors that play an important 

pathological role in the colonisation, the invasion of tissues and the survival of the bacteria. 

 
Pili are hair-like projections on the surface of a bacterial cell and are on average 6-7 nm in 

length (Bucior et al., 2012). The names pili or pilus and fimbria are used interchangeably. 

However, fimbria is also known as one of the three types of pili, all of which are found on 

the surface of P. aeruginosa (Mattick, 2002) and are described in the following sections, 
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they are used for transfer of genetic information and as a surface structure their hydrophobic 

nature promotes attachment to cell surfaces (Irvin, 1993). 

 
The conjugative pili, also known as "sex pili", facilitates the transfer of DNA between bacteria 

in a process called bacterial conjugation. The DNA that is transferred comprises genes 

necessary to express and transfer pili, commonly encoded on a plasmid. However, co- 

transference of other bacterial genes occurs frequently and this can lead to a spread of 

genes that may have advantageous traits, such as antibiotic resistance via horizontal gene 

transfer (Bradley, 1980). 

 
Type IV pili are made of pilin protein subunits and are built with a leader peptide that is 

removed before pilus construction (Giltner et al., 2006). There are two main types of type 

IV pili, namely type IVa and type IVb. They differ in the length of the leader peptide sequence 

and have independent assembly systems (Mattick, 2002). These pili are involved in 

producing motile force to move the bacterium (Mattick, 2002). However, in Pa both types 

have been described and the type IVb is not associated with motility and is less 

characterised than type IVa (Bernard et al., 2009). The type IV pili are associated with 

multiple types of motility, including twitching motility. The distal ends of the pili bind to a 

surface within their surrounding area, including other bacteria, and movement occurs as the 

pili contracts and pulls the bacteria towards its binding surface, which produces a twitching 

movement of the cell (Bradley, 1980). Type IV pili are also associated with swarming motility 

and, more recently discovered, walking motility (Kazmierczak et al., 2015) and slingshot 

motility (Jin et al., 2011). Mutations within pili genes that construct the type IVa pilus can 

result in different phenotypes, ranging from complete absence of pili to hyperpiliated, which 

affects the virulence of the bacteria (Chiang and Burrows, 2003). 

Fimbriae are short pili and often referred to as "attachment pili". They are often found at the 

poles of the bacteria or evenly spread over the whole surface. Fimbriae mediate the 

attachment of the bacterium to the host surfaces, which can initiate the formation of a biofilm 

(Deziel et al., 2001). Bacteria that lack fimbriae cannot adhere to target surfaces. For 

example, in the case of Pa, this means biofilms cannot develop, which makes them much 

less virulent and incapable of causing disease (Vallet et al., 2004). Pili are also a common 
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attachment site for bacterial viruses, called bacteriophages or more simply as phages. 

Some phages attach or adsorb to specific receptors on the pili (Ceyssens et al., 2009, 

James et al., 2012). (discussed further in section 1.5). 

 
Flagella are whip-like structures that project from the bacteria and their main function is 

propulsion of the cell. However, they also have sensory functions and are responsive to 

environmental changes, such as chemotaxis (Dasgupta et al., 2003) and changes outside 

the bacterial cell (Haiko and Westerlund-Wikstrom, 2013). Pa has a single polar flagellum, 

comprising the flagellin protein that is operated by a motor (Terashima et al., 2008). A flow 

of protons across a cell membrane powers the motor (proton motive force), which comprises 

two units, the stator (a static structure) and a rotor, which fit together and cause the flagellum 

to rotate (Blair, 2003). This enables motility, especially swimming and swarming motility in 

less solid environments (Murray and Kazmierczak, 2008). Flagella are considered important 

in virulence because of their role in motility and adhesion as they are necessary for 

colonisation of their host epithelial surface (Montie et al., 1982). 

The flagella help Pa to colonise the epithelia through adherence of flagellin protein to 

epithelial cells due to them being hydrophobic (Irvin, 1993). This adherence causes hyper- 

secretion of mucins, which is likely to have negative clinical effects (Ben Mohamed et al., 

2012). The flagellin protein has been shown to be highly immunogenic and to stimulate an 

inflammatory response and has been detected in sputum from CF patients (Feldman et al., 

1998). This is extremely dangerous for CF patients as this inflammatory response causes 

impairment of mucociliary clearance and host defences (Wilson et al., 1985), which is a 

cause of exacerbation and subsequent reductions in lung function (Hayashi et al., 2001a). 

Subsequently, a loss of the flagella is an effective tactic of evading the immune response 

(Patankar et al., 2013) and is recognised as an adaptive and evolutionary trait in CF Pa 

isolates (Workentine et al., 2013). 
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1.4.3 Biofilm production 
 

Bacterial biofilms rarely comprise a single bacterial species, such as Pa, with biofilms with 

multiple species being recovered from patients’ lungs with CF and BR. The bacteria produce 

a matrix of polysaccharides (Sutherland, 2001), proteins and DNA (Whitchurch et al., 2002) 

(Hoiby et al., 2010a) and are typically adhered to a surface but can also be a free floating 

mass. The matrix that is produced offers protection from antibiotic attack by acting as a 

diffusion barrier, protecting biofilm-grown cells from antibiotic penetration (Hill et al., 2005, 

Costerton et al., 1987). The hosts immune response including antibodies and inflammatory 

cells are also not able to penetrate to biofilms matrix. Biofilms can provide protection against 

phage predation in two ways, (i) inhibition of phage transport into the biofilm and (ii) the 

amyloid fibre network of CsgA (curli polymer) fibres protect cells by individually coating their 

surface and binding phage particles, so to prevent their attachment to the cell exterior 

(Vidakovic et al., 2018). Pa produces three extracellular polysaccharides: alginate, Psl and 

Pel (Franklin et al., 2011). When a Pa biofilm is formed, alginate plays a vital role in 

entrapping the bacteria and forming the primary structures of the biofilm, which forms a 

mushroom-like shape when attached to the surface. The alginate also helps to conserve the 

viability of Pa by increasing its resistance to phagocytosis and reducing susceptibility to 

antibody-dependent bactericidal mechanisms (Baltimore and Mitchell, 1980, Pier et al., 

2001). The Pel polysaccharide is capable of playing both a structural and a protective role 

in Pa biofilms with studies showing it is crucial in maintaining cell-to-cell interactions and 

necessary to hold an aggregate together (Colvin et al., 2011). Psl is important for initial 

surface attachment (Ghafoor et al., 2011), creating a positive feedback loop regulating the 

production of cyclic di-GMP, which results in increased Psl levels and biofilm structure (Irie 

et al., 2012). If any of these genes are absent, changes to biofilm formation can occur, as 

shown in PA14 deletion of pelB, which results in severe biofilm deficiency (Colvin et al., 

2011). However, this effect is strain-specific and loss of Pel production in PAO1 results in 

no difference to biofilm development. Instead, Psl proved to be the primary structural 

polysaccharide for biofilm maturity (Colvin et al., 2011). Pel and Psl serve redundant 

functions as structural scaffolds in mature biofilms but without both polysaccharides, poor 

biofilms are produced (Colvin et al., 2012). 
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Type IV pili on the cell surface of Pa also play a role in biofilm formation, specifically surface- 

attached biofilm formation, as they help with the surface adhesion of the biofilm. However, 

they are not essential as studies have indicated that pili-deficient mutants still adhere to 

surfaces and establish biofilms (Klausen et al., 2003). Established biofilms have the 

capability to spread by shedding, where cells are released from the biofilm in a process 

called dispersal. However, there is a study that shows the shedded cells is a mixture of 

biofilm with senescent cells, and some that are planktonic but scavenge from the biofilm cells 

(Berlanga and Guerrero, 2016). Interestingly, there is a filamentous bacteriophage called 

Pf4 that is integrated into the chromosome of PAO1, which has been shown to be vital for 

biofilm dispersal (Rice et al., 2009, Webb et al., 2004). Rice et al (2009) also showed that 

mice infected with the Pf4 mutant (Pf4 removed) survived significantly longer than those 

infected with its isogenic wild-type strain (functioning Pf4), demonstrating that Pf4 

contributes to the virulence of Pa (Rice et al., 2009). The specific mechanism by which the 

Pf4 mediates these effects is currently unknown. 

Not all biofilms are attached to the epithelial surface and some/a proportion have been shown 

to be free floating in CF sputa, suggesting that Pa may also grow as unattached biofilms in the 

CF lungs (Bjarnsholt et al., 2009). Most experimental work carried out thus far has looked 

at surface attached biofilms. Innovative in vitro approaches are being used to model Pa 

growth to replicate the unattached biofilms in the CF lung, most notably artificial sputum 

media (ASM). Here, Pa produces biofilm structures using the components of the media, 

such as mucin and DNA. The concentrations of free DNA and mucin both influence the 

viscosity of the sputum in the lung in vivo (Haley et al., 2012). 

1.4.4 Genomics of Pseudomonas aeruginosa  
 

The ability of Pseudomonas aeruginosa to adapt and evolve in microenvironments means 

they must be able to adapt rapidly to outcompete other pathogens or to gain longevity in an 

environment. Pa has a comparatively high GC content of 65-67% and the ability to carry 

multiple plasmids. Since 1999, when the first complete Pa genome was sequenced (PAO1) 

(Stover et al., 2000), many Pa genomes have been deposited to GenBank (5134 at the time 

of writing June 2020). This allows analysis of the Pa species at the genetic level and 

allows gene 
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functions to be determined. (Mathee et al., 2008, Wolfgang et al., 2003) PAO1 is the 

predominant lab strain of Pa used. The genome is 6.3 Mbp and when it was first sequenced 

in 1999, 5,570 open reading frames (ORFs) were predicted, with a high percentage being 

regulatory genes (8.4%) (Stover et al., 2000).The Pa core genome is interspersed with an 

accessory genome, representing between 7-18% of the whole genome, which explains the 

vast inter-strain genetic diversity seen (Klockgether et al., 2011). The majority of genes in 

the Pa accessory genome are hypothetical and may represent horizontally acquired 

elements, such as phages (Ozer et al., 2014). A study by Wolfgang et al. (2003) illustrated 

that the core genome is highly conserved in Pa. It also showed that strains such as PA7 

have a significantly lowered core genome compared to other Pa reference strains, such as 

LESB58, PAO1 and PA14 (Roy et al., 2010, Ozer et al., 2014). A panel of Pa genomes from 

environmental and clinical strains were also compared, showing highly conserved virulence 

genes between strains from differing environments, suggesting that environmental strains 

conserve the same virulence genes and therefore also have the capability to colonise 

humans (Wolfgang et al., 2003). 

The accessory genomes of clinical Pa isolates are extremely diverse with some genes being 

strain-specific (Pohl et al., 2014). Many accessory genes from clinical isolates are not found 

in other lab strains of Pa (Shen et al., 2006). Therefore, the accessory genomes of clinical 

isolates are an important area to examine and determine the function of genes that relate 

to colonisation and disease. 

There are several reported CF epidemic strains, including Liverpool epidemic strains (LES) 

and Prairie epidemic strains (PES) accessory genomes, which enhance the bacteria and 

are thought to carry genes that facilitate the survival of the bacteria in the CF lung (Dettman 

et al., 2013). LESB58 was the first historical isolate of LES and, when sequenced, it was 

shown to have a large number of horizontally acquired elements within its accessory 

genome, with five genomic islands and six prophages (Figure 1.4). In addition, it was shown 

that one of these novel genomic islands is crucial for LES competitiveness in a rat model 

for chronic lung infection (Winstanley et al., 2009). 
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Figure 1.4 Circular map of the P. aeruginosa LES genome. Starting from outermost 

circle going inwards: major (500 kb) and minor tick (100 kb) measurements of the genome 

with estimated location of the origin of replication; prophage (orange) and genomic islands 

(GI) (green) are highlighted across all tracks; protein coding genes (blue) on plus (outer) 

and minus strand (inner); tRNAs (green), rRNAs (orange), and all other noncoding RNA 

genes (purple); signature tagged mutants (black); GC content (outer black line plot) with GC 

content average (gray line). Note that one region of low GC, upstream of the first noted 

prophage, plus additional smaller regions of low GC, contain ribosomal genes that are 

commonly known to have a lower GC in genomes. The location of two highly similar 

genomic regions within the prophages are marked with looping purple lines, between their 

locations on the innermost circle. The identified prophage and GIs are distributed around 

the genome, but there is one notable cluster of LESGI-1, LESGI-2, and LESGI-3, reflecting 

the non-random nature of GI insertion in Pa. Reproduced from Winstanley et al., (2009). 

Copyright approved. 
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1.4.5 Mobile genetic elements of Pseudomonas aeruginosa 
 

Mobile genetic elements (MGEs) are genetic material that can move around within a 

genome, or that can be horizontally transferred from one bacterial species to another. MGEs 

are found in all bacteria, including Pa. There are several different types of MGEs. 

Transposons are DNA sequences that can move locations within a genome, which includes 

DNA transposons, replicons, plasmids and bacteriophages. These MGEs all play a distinct 

role in bacterial evolution by gene duplication and additive function (Wiedenbeck and 

Cohan, 2011), mutations in gene coding regions that alter protein function and gene 

rearrangements in the host genome. Pa plasmids have been associated with antibiotic- 

resistance, with some Pa strains acquiring plasmids encoding new β-lactamases that confer 

resistance to penicillin and cephalosporins (Sacha et al., 2008). Studies have also shown 

plasmid mediated resistance to a range of anti-pseudomonal antibiotics, including 

ciprofloxacin and amikacin (Shahid et al., 2003). Transposons have also been seen to 

mediate antibiotic resistance in Pa, such as transposon Tn1403 from a clinical 

Pseudomonas, which carries the tet(C) tetracycline resistance determinant (Stokes et al., 

2007). Newly acquired genes from MGEs can not only facilitate antibiotic resistance but can 

increase fitness by gaining new or additional functions. Importantly, temperate 

bacteriophages have also been shown to increase the fitness of Pa (Davies et al., 2016a) 

and represents the focus of this thesis.  

 

1.5 BACTERIOPHAGES 

 
1.5.1 Introduction to bacteriophages 

 
Bacteriophages or phages are the largest number of biological entities on the planet, with 

different genomes and life cycles (McGrath and van Sinderen, 2007). Phages are viruses 

that infect bacteria and populate all environments inhabited by bacteria. They were originally 

observed by Frederick Twort in 1915, which was later confirmed by Felix d’Herelle in 1917 

in experiments associated with phage lysis of dysentery bacillus (Twort, 1915, d'Herelle, 

1917).  They were only proven to be viruses after they were viewed by of electron 

microscopy.

Phages exhibit two life cycles; lytic (virulent) or lysogenic (temperate). The lytic life cycle 
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results in the death of the bacterial host and propagation of new phage particles, whereas 

in the lysogenic cycle the phage integrates its DNA into the bacterial genome and is 

partitioned into daughter cells with cell division. Temperate phages have the ability to switch 

between the lytic and lysogenic life cycles whereas obligatory lytic phages can only perform 

the lytic lifecycle. Temperate phages that integrate can lose genes over time 2which may 

include ability to switch from the lytic to the lyogenic cycle and are continued to be carried 

like any other genetic loci and are subject to evolutionary selection for continual carriage. 

1.5.2 Phage classification 
 

Phages, unlike bacteria, do not carry a universal gene such as 16S rRNA, although they do 

have genes that are common in all phages, due to their low level of similarity they cannot 

be used to determine difference in phylogenies like 16S can, however the ssDNA and RNA 

phages the capsid proteins are significantly different and can be differeciated. Historically, 

morphology has been used as the gold standard to order and classify phages (Ackermann, 

2009) (Figure 1.5). They are different in shape, size and have distinct appendages which 

are linked to their infection strategies. Morphological characteristics include: long and short 

tails, contractile tails, non-contractile tails and whether they have an icosahedral capsids or 

elongated capsids (prolate heads). These features are most commonly visualised using 

electron microscopy (Figure 1.6). Phages can also be classified using other characteristics, 

such as host range, genome size, life cycle, sequence similarity and genome organisation 

(Ackermann, 2009). 
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Figure 1.5 Diagram of the different types of bacteriophages. Diagrammatic 

representation of the families of viruses that can infect bacteria. Taxa are grouped according 

to whether the viral genome is DNA or RNA. If the genome is double stranded, it is labelled 

dsDNA or dsRNA. If it is single stranded, it is labelled ssDNA or ssRNA. Reproduced from 

Ackermann (2009). Copyright approved. 

 

 
Figure 1.6 Electron microscopy images of bacteriophage with different tail types. The 

Myoviridae image shows a T4-like bacteriophage provided by Damien Maura and Laurent 

Debarbieux (Institute Pasteur). The Siphoviridae is a HK97 phage and Podoviridae is a P22 

phage from Laurence et al. (2002). Scale bar represents 50nm. The images were taken 

from Krupovic et al. (2011). Copyright approved. 
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Phages can carry genetic information in different forms including viruses with double- 

stranded DNA (dsDNA), which are the vast majority, single-stranded DNA (ssDNA), single- 

stranded RNA (ssRNA), and double-stranded RNA (dsRNA), which are very rare. They can 

also be grouped in this, which is known as the Baltimore classification method of viruses. 

They can then be grouped into orders based on morphology, which are further subdivided 

into families, sub-families genera and species (King, 2011). 

The increase in high throughput sequencing means more recently phages have been 

classified using both morphology, nucleic acid sequence and proteome comparisons, by the 

International Committee on Taxonomy of Viruses (ICTV) and subcommittee the Bacterial 

and Archaeal Viruses Subcommittee (BAVS). In the most recent report by the ICTV’s BAVS, 

there were over 6 orders, 10 families, 35 subfamilies, 672 genera and 1976 species 

(including other viruses that infect other microbes) (Adriaenssens et al., 2020). The aim of 

the subcommittee is to provide a rational approach to phage classification using genome-

based metrics.  

1.5.3 Phage structure and morphology 
 

The structure and morphology of phages are diverse. However, most isolated phages (96%) 

are tailed; other types such as filamentous or pleomorphic represent less than 4% of phages 

discovered (Ackermann, 2009), perhaps suggesting a bias in enrichment/isolation methods. 

The structure of virions varies from the simple, such as phiX174, which has a capsid made 

from a single monomer, to complex dsDNA phages with capsids that are constructed from 

multiple proteins. The phage’s genetic material is encapsulated in a protein (or more rarely, 

lipid) capsid head which offers protection and enables survival in the environment. The basic 

structures of the three most frequently seen morphotypes are: an icosahedral head (20-

sided) with a tail, an icosahedral without a tail and filamentous phage, although filamentous 

phage do not have a capsid. The tails of the phages can also be contractile or non-contractile 

and facilitate bacterial infection. These tails also denote the morphological family they are 

placed in. The most common type of phage to infect bacteria are in the order Caudovirales, 

which encompasses the tailed dsDNA phage families, the different morphological family are 

detailed in the following section. 

1.5.3.1 Caudovirales 
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The order Caudovirales consist of the three families: Siphoviridae, Myoviridae and 

Podoviridae (King, 2011). Tail morphology determines which family a phage belongs to. 

Siphoviridae have long, non-contractile tails, Myoviridae have long, contractile tails, and 

Podoviridae have short tails, as shown by electron microscopy images in figure 1.6. Most 

Pa phages have long, non-contractile tails and are classed as Siphoviridae (Ackermann, 

2007; Knezevic et al., 2009). Pa phages isolated from CF sputum, have been identified all 

belonging to the family of Myoviridae, Siphoviridae and Podoviridae, and notably majority 

of Pa temperate phages characterised thus far also have tails (Ojeniyi et al, 1991). Recent 

taxomic changes have changed some of these groups with new families being created 

within this order based on comparative genomic approaches (e.g. Herelleviridae). 

1.5.3.2 Inoviridae 
 

The Inoviridae are a family of ssDNA filamentous phages. Pf1 was the first identified 

filamentous phage infecting Pa. It infects the cell via the type IV pilus and, like other 

filamentous phages, is unusual in that it does not cause cell lysis but instead extrudes virions 

through the cell poles (Bradley, 1973; Hill et al., 1991). Pf1-like phages have since been 

discovered to be widespread and are detectable in over 50% of Pa strains as prophages 

(Knezevic et al., 2015). 

The Inoviridae are of interest because of their role in bacterial virulence, biofilm formation 

and have been readily found in chronically infected lungs of CF patients (Burgener et al., 

2019). They are shown to promote the formation of biofilms in Pa by spontaneously 

assembling into a liquid crystalline structure when alongside polymers found in CF sputum. 

These liquid crystals also insulate against antibiotic entry by stopping diffusion through 

biofilms (Secor et al., 2015). They have also been shown to increase the virulence in animal 

models (Rice et al., 2009, Secor et al., 2017). 

1.5.3.3 Capsid and packaging of DNA 
 

Caudovirales phages mostly have a symmetrical icosahedral capsid, made from proteins, 

which forms an enclosed head unit in which the phage DNA is actively packaged. These 

capsid proteins are positioned on scaffold proteins, known as procapsids or proheads, prior 

to being packaged with DNA, after which a mature capsid is formed (Caspar and Klug, 

1962). The proteins that connect the head to the tail are encoded by minor capsid genes 
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and are known as neck proteins (Casjens and Hendrix, 1974; Hendrix and Duda, 1998). 

The assembly pathway of E.coli phage HK97 is well studied; it begins with self-assembly of 

gp5 into pentamers and hexamers. A protease, called gp4, cleaves gp5 at its N-terminus. 

Attachment of a portal protein, gp3, coupled with conformational changes leads to the 

formation of a prohead, or procapsid, which is the precursor to the mature capsid (Duda et 

al., 1995). It has also been noted that while DNA is being packaged into the capsid, the 

capsid expands by approximately 5 nm and changes to an icosahedral shape. 

The DNA is wound into the capsid when packaged and therefore supercoiled, which offers 

the energy potential required for gDNA injection during infection. This energy is partly 

created by the 12° rotation per 2 base pairs, as well as a turn produced by the packaging 

motor (Spakowitz and Wang, 2005). The scaffold proteins are removed from the capsid 

during maturation and are recycled to make new capsids or are cleaved to make smaller 

polypeptides and amino acids (Aksyuk and Rossmann, 2011; Casjens et al., 1985). There 

are two main methods for DNA packaging, the headful method where the replication of the 

phage DNA creates concatemers arrayed in head-tail axial and terminase resolves the issue 

by cleaving the DNA once the head is full and is not sequence specific, seen in the T4 

phage. The other method seen in λ starts with the phage capsid entering the maturation step 

by the addition of linearised dsDNA that is cut at cos sites, which are sequence specific, by 

the terminase. The phage DNA then enters the capsid through the portal protein and in 

phages that do not have concatemeric DNA this event causes changes in the portal protein 

which triggers the terminase to cut the DNA (Black, 1989, Valpuesta and Carrascosa, 1994). 
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1.5.3.4 Tail fibre structure and formation 
 

The tail fibre is the part of the phage that determines specificity of infection, more specifically 

the host adsorption apparatus at the distal tail end. They vary in size, composition, and 

morphology and their function includes specific host detection. Variations can be as simple, 

such as the tail tip protein or a complex like the phage baseplate. For myo- and siphoviruses 

the tail tape measure protein encoded determines the length of the tail (Xu et al., 2004).. 

The interaction between the phage adsorption apparatus (tail fibres/tail spikes) with its 

concomitant receptor often leads to irreversible binding to the host cell. Phage tails are 

usually encoded by an operon of genes that express the succession of proteins used to 

construct the tail, making the numbers of molecules that allow these structures to assemble. 

In the model E.coli temperate phage lambda the tail is expressed from an operon of 11 genes 

for gene products (gp) gpZ, gpU, gpV, gpG, gpGT, gpH, gpM, gpL, gpK, gpI and gpJ 

(Casjens and Hendrix, 1974, Xu et al., 2004). The tail assembly pathway can be divided 

roughly into three stages: formation of the initiator, tail polymerisation, and termination 

(Katsura and Kuhl, 1975; Figure 1.7).  

Phages from Pa fall into the Caudovirales order and therefore have tail fibres. Lytic phages 

in the Siphoviridae family from Pa have been shown to have tails that vary in length from 

110-170 nm (Sepulveda-Robles et al., 2012), whereas lytic Pa phages in the Myoviridae 

family are shown to have tails ranging from 10-302 nm (Sepulveda-Robles et al., 2012). 
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Figure 1.7 Lambda phage tail assembly pathway. The 11 proteins associated with phage tail assembly in lambda phage, showing the λ 

tail assembly pathway. The assembly pathway can be divided roughly into three stages: formation of the initiator, tail polymerisation, and 

termination. Image taken from (Xu et al., 2013). Copyright approved. 



25  

1.5.4 Mosaicism and phage heterogeneity 
 

Temperate phage genomes are highly mosaic and are considered as a unique combination 

of regions that are interchangeable with other phages by recombination. Although, a key 

feature is; even though there is genetic exchange, there is conserved order of genes linked 

to the life cycle of the bacteriophage (Hendrix et al., 1999). The size of each region open to 

recombination, the rate at which they exchange and the phages that carry them all vary. 

This heterogeneity is also prevalent in bacteria, where genes are transferred by horizontal 

genetic exchange. However, the extent of intergenic heterogeneity in phage genomes is 

much higher (Bobay et al., 2013), which has become more apparent with the rise in phage 

genome sequences and the ability to compare them. This heterogeneity however, makes 

classification complicated as phages can obtain genes from distinctly different phages, 

sometimes from those that infect other species of bacteria via HGT. For example, phages 

may have tail genes with 90% similarity but very low sequence similarity across the rest of 

the genome which has been shown in phage P2 tail in genes G and H which have are similar 

those found in to Mu (Haggård-Ljungquist et al., 1992). In particular, the dsDNA phages are 

difficult to classify taxonomically as extensive horizontal gene transfer of multiple phages 

from differing bacterial species have regions of sequence similarity (mainly in temperate 

phages), suggestions of a shared ancestry have been reported between 

mycobacteriophages D29 and coliphages HK97 and HK022 (Hendrix et al., 1999). A recent 

paper shows that gene flux is much higher in temperate phages. Moreover, the work on lytic 

phage classification suggests that evolution is predominantly vertical in phages of this 

lifestyle. 

1.5.5 Phage conversion 
 

Phage conversion is infection of a cell and integration into the bacterial genome as a 

prophage. There is site specific integration where the phages use their integrases to carry 

out recombination between attachment sites on the phage and bacterial genomes, known 

as attP and attB. However, some phages carry out random recombination and can insert 

anywhere in the bacterial genomes, such as Mu like phage infection. Both methods of 

recombination are pertinent. Conversion with the phage can cause subversion of the 

bacterial metabolism outside of those linked directly to the life cycle of the phage and may 
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play a role in a change of cellular function. The integration of a phage into the genome and 

creation of a lysogen can impact the evolutionary selection of the bacterium by offering a 

selective advantage (Sun et al., 2013). For example, the stx gene, which encodes for the 

Stx toxin, is carried by a phage in E.coli (Plunkett et al., 1999). E.coli may benefit in an 

altruistic manner from Stx toxin production as a result of toxin-dependent killing of eukaryotic 

cells, such as unicellular predators or human leukocytes. Hence, the non-induced lysogens 

have an advantage. The model of STEC altruism described by Łoś et al. (2013) supports 

this. It has been proposed that Stx has evolved as a mechanism of defense against protozoa 

that confers a selective advantage for bacteria harboring stx phages (Stolfa and Koudelka, 

2012). 

Bacterial fitness can also be affected by phage conversion and this can increase disease 

severity, as well as genes that can help the bacteria evade the human immune system by 

changing the antigens on the surface of the bacteria shown in Salmonella enterica serovar 

choleraesuis by phage P14 (Nnalue et al., 1990). In lambda phage, the lom and bor genes 

are associated with increased virulence of adhesion of E.coli by increasing adhesion and 

serum resistance, respectively (Barondess and Beckwith, 1990; Vica Pacheco et al., 1997). 

Put into context, bacteriophages add further complexity as bacteria are usually infected with 

multiple bacteriophages throughout the bacterial chromosome. Some may not be inducible, 

yet their genome remains as a prophage known as cryptic/degenerate phages in 

comparison to viable phages that can be induced. An example of polylysogeny in Pa is the 

Liverpool Epidemic Strain (LES) where the strain LESB58 harbours five active prophages 

and is highly virulent. 

1.5.6 Bacteriophages of Pseudomonas aeruginosa 

There are 128 Pseudomonas phage genomes in the EMBL-EBI database (at the time of 

writing June 2020) and many more as complete or cryptic prophages in bacterial genomes 

(McWilliam et al., 2013). Pa phages isolated from geographically diverse locations can be 

closely related and classified into a limited number of subgroups (Ceyssens et al., 2009), 

although a more recent study of phages isolated in Mexico suggests that the diversity of 

Pa phages is larger than previously thought, as 12 different “species” were identified, six of 

which were novel (Sepulveda-Robles et al., 2012). 

Bacteriophages infecting Pa mainly belong to the order of Caudovirales. Phages of the 
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Caudovirales can be found in PAO1 as a prophage, such as MD8 a 35kbp phage that 

belongs to the Siphoviridae family, PAO1 also carries a Pf as a prophage, which is a 

filamentous phage with a 15.7Kbp genome. MD8 cannot induce from the chromosome and 

produce an active viral progeny in any of the studies previously performed. Although studies 

looking at infection of PAO1 illustrate Pf induction (Rice et al., 2009). Other examples of 

well-known phages of Pa are phage phiCTX, which is an example of a Myoviridae phage and 

has a 35.5kbp genome, which encodes the CTX gene  and CTX toxin in the PA158 strain 

(Hayashi et al., 1990). Phage D3112 is an example of Siphoviridae phages that use the type 

IV pili as a way to infect the bacterium via adsorption (Roncero et al., 1990). Phage D3112 

is a particular class of temperate phage that is able to integrate anywhere within the bacterial 

chromosome to disturb the genes. During excision, they package part of the host 

chromosome, which facilitates horizontal gene transfer by carrying that region of bacterial 

DNA to the next bacteria they infect, integrating it into the new bacteria genome with the 

phage DNA (Morgan et al., 2002). Examples of Podoviridae phage that infect Pa are F116 

and H66, which have genomes of 65.1 Kbp and 65.2 Kbp in length, respectively (Lammens 

and Lavigne, 2013). The Pa bacterial genome can contain a significant percentage (>20%) 

of functional and non-functional phage genes (Casjens, 2003). Subsequently, prophage 

genes can account for a large proportion of the accessory genome variation within Pa as a 

species. Whether they are functional or remnant phage genes, they all have potential to 

alter the bacterial genome and drive evolution, making phages particularly important in 

microbial evolutionary research. 

 

1.5.7 The life-cycle of bacteriophages 
 

Bacteriophages typically fall into two groups: lytic and lysogenic (Figure 1.8). Some phages 

only follow one lifecycle e.g. obligate lytic phages that are only capable of a lytic lifecycle, 

but others can follow either and are known as temperate phages. The first step of infection 

that must take place in both cycles is adsorption of the virion onto a site- specific point on 

the cell surface of the host/target bacteria that allows entry of phage DNA into the cell. One 

other stage that can happen after the phage DNA has entered the cell is called 

pseudolysogeny, which is a stage of stalled development of a phage when there is no 

multiplication of the phage genome (as in lytic development) or replication with the bacterial 
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chromosome (lysogenisation). During pseudolysogeny, no viral genome degradation 

occurs, which allows the subsequent restart of virus development when conditions are more 

favorable. Pseudolysogeny is usually caused by unfavourable growth conditions for the host 

(such as starvation), which initiates either true lysogeny or lytic growth when conditions 

improve for the host (Łoś and Węgrzyn, 2012). 

1.5.7.1 Phage adsorption and infection 
 

Adsorption of the phage to the host bacterial cell is the first stage in phage infection. There 

is an epitope-specific protein-protein interaction between the phage’s tail spike protein and 

a receptor on the cell surface of the host, however it is not always a protein receptor – e.g. 

P22 binds to LPS These interactions are highly specific and make phage infection a highly 

specific process. There are a range of target proteins and cell surface components that 

phages can use to infect bacteria (Shao and Wang, 2008). These include but are not limited 

to: cell surface receptors such as the TolC protein and the LamB protein on the surface of 

E.coli (German and Misra, 2001, Roa, 1979), structural proteins that span the peptidoglycan 

layer (Koebnik, 1999), porins (Nakae, 1976) and substrate receptors (Filippov et al., 2011). 

The bacterial flagella (Schade et al., 1967) and pili (Guerrero-Ferreira et al., 2011) may also 

be targeted. Phage-Chi is an example where the cellular target is the E.coli flagella (Schade 

et al., 1967). It interacts with a flagellum and winds to the base where the flagellum is adjacent 

to the surface of the bacteria. Once attached to the host cell, the entry of the viral DNA into 

the cell must take place. This is a two-step process, including (i) the degradation of the host 

cell envelope, which allows the virion to reach the plasma membrane, followed by (ii), the 

ejection of the genomic DNA into the cytoplasm of the infected cell. Phages carry enzymatic 

equipment (often as domains on tail fibres), which are used to penetrate through host cell 

envelopes and other protective structures, including capsules and proteinaceous layers 

(Fernandes and São-José, 2018). For example, ϕ29 that infects Bacillus subtilis carries a 

cell wall degrading enzyme (Xiang et al., 2008). The DNA delivery mechanism depends on 

phage morphology and the type of phage tail. If a contractile phage, such as a myovirus, 

injects its DNA through the contractile tail, across the outer and inner membrane and into 

the cell itself, it may propagate using the cells transcription machinery or go into the 

lysogenic cycle. 
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1.5.7.2 Lytic phages 
 

In the lytic life cycle, phage replication takes place using the host cell’s transcription 

machinery to produce new phage virions, which are then released by cell lysis and cause 

the death of the host bacteria. An outline of the lytic and lysogenic lifecycles is shown in 

figure 1.8, using lambda as a model temperate phage that infects E.coli, as it is well 

characterised (Johnson et al., 1978, Ptashne, 1992). The lambda phage has immediate 

early, delayed early and late genes and the expression of these are regulated to ensure that 

the lytic life cycle proceeds correctly. The immediate early genes are required for the default 

lytic life cycle to proceed (and prevent the lysogenic life cycle), whilst delayed early genes 

enable phage DNA replication and late genes enable phage assembly (Oppenheim et al., 

2005). The mechanism is described further in section 1.5.7.3.1. This mechanism of 

transcriptional control means that the genes required for DNA replication and phage particle 

formation are expressed at temporally discrete points in the phage life cycle, so the viral 

particles can be correctly assembled and are mostly infective upon lysis. Using RNA 

sequencing, Chevallereau et al. (2016) investigated the patterns of both host and phage 

transcription in Pa after infection by lytic phages and showed that infection alters the 

transcription of over a thousand host genes and temporally regulates the expression of its 

own genes, with most of the transcription targeted at phage replication. (Chevallereau et 

al., 2016) 

1.5.7.3 Lysogenic phages 
 

Lysogenic or temperate phages can undergo the lytic or lysogenic cycle. However, they 

have a tendency to enter the lysogenic cycle and integrate their viral genome into the 

bacterial genome, which can remain and replicate like any other genetic loci through cell 

division. The phage lysogeny decision is dictated by gene expression and regulation of a 

simple genetic switch region (described further in section 1.5.7.3.1). If the lysogenic life 

cycle takes place it leads to the transcription of the int region, which transcribes the 

integrase needed for the temperate phage to specifically integrate its DNA in the bacterial 

genome at location attB. The integrase is essential for phage insertion into the bacterial 

chromosome, confirmed by a int negative mutant (Zissler, 1967). These phages that are 

integrated into the bacterial host are termed ‘prophages’ and the bacteria that harbours the 
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prophage is termed a ‘lysogen’. The prophages can evoke many different effects on their 

host, such as increased fitness and virulence (Davies et al., 2016a) by not only using viral 

genes but altering host gene regulation. Bacteria are also capable of carrying multiple 

prophages in their genome, termed ‘polylysogens’. Multiple prophages have been shown to 

cause effects on the host bacteria when integrated together, which they do not cause as 

single lysogens (Burns et al., 2015). 

Temperate phages are capable of switching back to the lytic cycle, in a process called 

induction where the prophage is excised from the bacterial genome (Figure 1.8). this 

process is commonly due to a change in host conditions, such as damage to the host cell 

DNA or host stress responses, as induction has evolved to be intrinsically linked to the 

health and environmental selective pressure on the host bacterial cell. Phages use bacterial 

stress signals to trigger the induction (described further in section 1.5.7.3.2). Induction can 

occasionally occur in the absence of any known environmental triggers and is known as 

spontaneous induction. This often occurs at low but detectable levels in bacterial cultures 

and varies between strains and has previously been reported to occur in Pa (Fothergill et 

al., 2011, James et al., 2012). 
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Figure 1.8 Lytic and lysogenic life cycle. This schematic diagram illustrates the life cycle that temperate phage lambda can exhibit. 

The life cycle on the left shows the lytic cycle, showing how the phage injects its DNA into the bacteria. New virions are produced and the cell 

lyses, releasing the phages. The lifecycle on the right shows the lysogenic cycle. After injection of the phage DNA it is integrated into the 

bacteria genome, replicating with the bacterial DNA into subsequent daughter cells. Image taken from (Reese J et al., 2011). Copyright 

approved. 
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Figure 1.9. A short segment of the λ operator module that controls the lysogeny decision. Promoters (PRM and PR) can send polymerase 

travelling in opposite directions depending on what cycle has been initiated: left to transcribe the repressor gene (cl) and rightward to transcribe 

the cro gene, with the three-part right operator (OR) overlapping the two promoters. Image taken from (Ptashne, 2004). Copyright approved. 
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1.5.7.3.1 The lysogeny decision 

 

The beginning of both lytic and lysogenic phage life cycle is infection, initiated by adsorption. 

Once the phage has adsorbed, infection continues with the injection of the phage nucleic 

acids from the phage capsid, into the bacterial cell. In most dsDNA phages once the phage 

genome is in the host cell it circularises at the two cohesive ends or cos sites using DNA 

ligase and DNA gyrase (De Wyngaert and Hinkle, 1979). At this point, the lytic and lysogenic 

life cycles diverge. Temperate phages are capable of both lytic and lysogenic infection, and 

the complex molecular process that defines which path is taken is known as the lytic-

lysogenic decision (Ptashne, 2004). Lysogeny is thought to be favoured in environments 

with low nutrients in which the bacteria are starving, because phages require cells that are 

metabolically active to grow in the lytic cycle. The ability to sense this change in cellular 

status is important for the temperate phage and is driven in lambdoid phages by an 

articulate, yet simple genetic switch. (Figure 1.9). The lytic-lysogenic decision in phage 

lambda is well described and relies on the by presence or absence of a protein known as 

CII, which is one of the first proteins to be synthesised by the incoming phage (Ptashne, 

2004). The process that leads to the lytic cycle starts with transcription from pR that encodes 

cro, which is a repressor regulator of the lytic cycle. It does this by binding to domains of an 

operator region (OR), which prevents premature synthesis of CI (the regulatory protein of 

phage lysogeny and repressor maintenance) (Johnson et al., 1978). The expression of 

phage DNA replication proteins O and P stimulates circular phage DNA replication at location 

ori in the phage DNA (Ptashne, 2004). This then leads to the production of the Q anti-

termination protein, which is a regulator of late genes, such as capsid and tail genes, through 

modification of the host RNA polymerase. 

The CII activator protein is rapidly degraded by host proteases in metabolically-active 

bacterial cells, which allows the lytic cycle to progress. Therefore, high levels of CII protein 

accumulates in inactive cells that have low protease levels, driving the synthesis of the 

phage CI repressor and integrase proteins, which blocks the lytic replication of the phage 

and allow stable integration into the host chromosome. Gene expression from pL and pRE 
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regulate CII and CIII which are necessary for producing CI from promoter pRE and then 

switches to promoter Pint. This transcribes integrase to specifically integrate phage DNA 

into the bacterial genome at location attB, as described previously (section 1.5.2.3). CIII is 

transcribed from the pL promoter and regulates the lysogenic pathway by stabilising CII 

(Altuvia et al., 1987) and stabilised CII activates CI gene expression (Kornitzer et al., 1991). 

CI has two promoters: pRE, for establishing lysogeny and pRM, for maintaining lysogeny 

(Dodd et al., 2001). Due to this lysogeny, the CI repressor is constitutively expressed, 

repressing the production of all genes required for phage replication (Ptashne, 2004). 

The prophage replicates alongside with the host genome unless an induction signal is 

detected, such as SOS response of the host cell. The bacterial SOS response is an ancient 

gene expression cascade which is activated by DNA-damage (Baharoglu and Mazel, 2014, 

Michel, 2005). Upon interaction with single-stranded DNA, the bacterial RecA protein 

becomes ‘activated’ (Sassanfar and Roberts, 1990), though the exact molecular basis of 

RecA protein ‘activation’ is not fully understood. Consequently, the phage lytic replication 

pathway proceeds. Specifically, the prophage excises from the host chromosome, 

replicates its DNA, synthesises and packages itself inside a protein capsid and tail, and 

induces cell lysis by the synthesis of proteins which hydrolyse the bacterial cell wall. 

1.5.7.3.2 Prophage Induction 
 

Even if lysogeny is established, the prophage can revert to the lytic cycle at any time by a 

process called induction. The induction of a phage from a bacterium is often stimulated by 

damage to bacterial DNA and involves excision of the prophage from the bacterial 

chromosome. There are a number of ways bacterium can be artificially forced to induce 

phages, as well as phages going through spontaneous induction. Experimental induction 

can be done either chemically by using antibiotics, such as mitomycin C (Humphrey et al., 

1995) and norfloxacin (Matsushiro et al., 1999), or with UV light (Takebe et al., 1967), which 

forces the prophage into the lytic cycle as it makes the bacterial genome unstable by 

stimulating the same bacterial response mechanism towards DNA damage. This happens 

via the SOS response that activates RecA, which additionally causes auto-cleavage of the 

cI repressor, essential for maintenance of lysogeny. This triggers a cascade of genes 

involved in the λ 
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lytic cycle, including excisionase, which allows the phage DNA to excise from the bacterial 

genome (Ptashne, 2004). Exicionases are needed for excision from the genome, including 

some other genetic factors that help with DNA bending. 

1.5.8 Mechanisms of phage resistance 
 

Many bacteria evolve to carry phage resistance mechanisms within their genome to prevent 

or terminate phage infection as a survival tactic, as the majority of phage infections result in 

lysis of the cell. The phage-bacteria co-evolutionary arms race, proposed as the Red Queen 

hypothesis, suggests that phages are constantly adapting and evolving in a host/prey 

relationship. Other mechanisms by which bacteria attempt to resist the infection of phages 

include superinfection exclusion and the abortive infection system. Bacteria have numerous 

mechanisms to prevent or terminate phage infection. The simplest mechanism involves 

changing the sites where phages infect, through masking or mutation. This inhibits the 

absorption of the phage and can limit or stop phage infection (detailed below in section 

1.5.8.1). Loss of a target epitope for the phage can make the bacterium immune to specific 

phages. However, phages can also evolve to enable them to infect by using other epitopes. 

1.5.8.1 Inhibition of adsorption 
 

The prevention of adsorption is the first and simplest way a bacteria can evade infection. 

As the phages need the specific receptor to enable adsorption, the absence or alteration of 

the receptor prevents this interaction. Type IV pili are a common receptor of Pa phages 

(Ceyssens, Noben et al. 2009). Pili mutations within the Pa piliA gene results in a loss of 

motility, as well as removing the phage target receptor, conferring bacterial immunity. 

Immunity is dependent upon which pil gene is mutatated as mutations in pilU do not lead to 

phage resistance (Whitchurch and Mattick 1994). 

1.5.8.2 Superinfection exclusion (Sie) 
 

By inhibiting bacteriophages from injecting their DNA into the cell, this mechanism can 

support immunity to the targeting bacteriophage. Sie proteins encoded by prophages already 

present in the bacterial cell fulfill this role against related phages. If the phage DNA manages 

to enter the bacterial cytoplasm it can be cleaved or methylated, which makes it resistant to 

restriction and inhibits the phage lytic cycle (Gingeras and Brooks, 1983).  
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1.5.8.3 The abortive infection systems (Abis) 

Abis are another strategy encoded by the bacterium to negate incoming genetic material. 

This is an altruistic system to protect surrounding bacteria, where cell death or senescence 

occurs in the cell to inhibit phage infection and replication (Chopin et al., 2005, Fineran et 

al., 2009) by termination of cellular metabolism (Dy et al., 2014). AbiE and AbiF are gene 

products identified to cause an abortive infection (Garvey et al., 1995). The AbiE system 

has been shown to halt phage proliferation by having a bacteriostatic effect (Dy et al., 

2014). Abis are used as last resort, where the bacterial cell sacrifices itself to protect other 

bacteria from phage infection. There have been no Pa specific Abi systems yet described 

in the literature. Such systems are common in the Lactococcus lactis (used in the cheese 

making industry), where 20 Abi systems have been identified (Chopin et al, 2005). 

 

1.5.8.4 CRISPR/cas 
 

The Clustered Regularly Interspersed Palindromic Repeat or CRISPR-Cas system is 

another bacterial response to phage infection and can offer immunity to phage infection 

based on the incoming phage gene sequence. It was first reported in 1987 by Ishino et al. 

(1987) who found a 29 nucleotide repeat with 32 nucleotide spacer sequences. However, the 

function was unknown at this point. The CRISPR locus was further characterised by 

Francisco Mojica and Ruud Jansen and termed CRISPR (Jansen et al., 2002) but it was not 

until 2005 that the spacer sequences were shown to be complementary to bacteriophages 

(Mojica et al., 2005). The carriage of these recognition regions illustrates adaptive bacterial 

phage immunity to phage infection by genetically similar bacteriophages. The CRISPR 

system has been identified in many bacterial species (Barrangou et al., 2007), with one 

study showing it was present in 36% of clinical Pa strains tested (Cady et al., 2011). Two 

types of CRISPR- Cas have been uncovered in Pa, type I-E (similar to E.coli) and the more 

common type I-F (Yersinia-like) (Cady et al., 2011). This has been shown experimentally in 

PA14, a Pa strain with a known functional type I-F system, and a panel of phages. It 

demonstrated that the bacteria acquired CRISPR-mediated resistance in response to 

phage challenge of the infection (Cady et al., 2011). 
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1.5.9 Lysogenic conversion 
 
 

Lysogenic conversion occurs is when new genetic information (phage genome) is added 

to a bacterial genome by a lysogenic phage. This new genetic information then can change 

the properties of a bacterium through infection with a temperate phage, therefore lysogenic 

conversion constitutes the phenotypic effects of prophage carriage to its host cell. Due to 

this they not only alter the biology of their bacterial hosts but in turn can influence the 

surrounding community of host and non-host cells. Three such effects of lysogenic 

conversion, that have been previously reviewed are metioned here. First, integrating 

prophages can engineer a host’s genome (Menouni et al., 2015) and help to regulate gene 

expression and function such that integration and excision alters cellular processes (Feiner 

et al., 2015). Second, prophages can change cell physiology by introducing novel functions 

or altering pre-existing ones, such as virulence factor production, metabolism, cell 

development and immunity to phages (Hargreaves et al., 2014). Third, through 

transduction, temperate phages can facilitate the transfer of bacterial DNA that potentially 

confer new phenotypes such as antibiotic resistance (Davies et al., 2016).  E.coli phage 

lambda is regularly used as a model of lysogenic conversion (Oppenheim and 

Slonim,1971). One study has shown when E. coli K-12 is infected with lambda phage and 

lysogenically converted cells produced temperature-sensitive repressors, and were 

significantly more resistant to normal serum than the uninfected organisms (Muschel et 

al.,1968). Infection of E. coli K-12 with a lambdoid phage, phi80, whose prophage 

attachment site is different from that of lambda, did not result in a detectable change in 

serum resistance, showing how conversion can benefit the host, with these benefits being 

phage specific. Another classic example of lysogenic conversion benefiting the host is the 

Shiga-toxin encoding phage ϕ24B, which as the name suggest carries a gene that 

encodes for the Shiga-toxin in E.coli drastically changing the virulence of the host 

(Friedman and Court, 2001). This shows the importance in studying lysogenic conversion 

and the effects of prophages on their hosts.
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1.6 AIMS 

 

• Evaluate prophage identification tools and compare their features, and compare the best 

prophage identification tools to identify prophage regions from the well-defined Pa genome 

LESB58. 

• Compare prophage genomes carried in colony variants of Pa isolated from the same patient’s 

lung, and ascertain whether phages transferred in the lung environment. 

• Investigate how the temperate LES phages and temperate phages from clinical Pa isolates 

from CF and BR patients subvert the host bacterial cell’s metabolism, using individual and 

polylysogens of common Pa lab strains. 

• Determine if the metabolic changes caused by the addition of Pa temperate phages from CF 

and BR patient have the ability to change the virulence of Pa. 

• Identify temperate phages from the sequenced Pa genomes in the IPCD, and compare the 

prophage genomes to identify any prevalent phage types in a global Pa dataset. 

• Determine if the phages from each clade in the IPCD subvert the metabolic physiology of their 

Pa host. To compare between the phage groupings and to compare/contrast which metabolic 

pathways are subverted by phage conversion. 

• Use longitudinally collected Pa samples from BR patients to determine if prophage carriage 

changes over time and if they play a role in evolution of the bacteria in the lung environment 

in chronic infection. 

 

1.7 Objectives 
 

▪ Compare the features of commonly used prophage identification tools to evaluate which would 

be the best and most suitable for our needs in each of our projects. 

▪ To compare the putative prophages in these co- colonising isolates to ascertain the number 

of prophage regions per bacterial genome, identify the attB site of prophage integration assess 

whether this would impact on cellular function and lead to phenotypic alterations and 

determine whether phages are shared between isolates taken from the same patient indicating 

transfer. 
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▪ Using LC-MS and metabolomics analysis, investigate how phages change the bacterial 

metabolism of PAO1 in Artificial Sputum Media (ASM) to better represent the environment of 

lung sputa. Firstly, LES phage lysogens of PAO1 will be investigated and then PAO1 that have 

been infected with clinical phages induced from CF and BR patient Pa samples. Using a 

Galleria virulence model, compare the infection of PAO1 with PAO1 that have been infected 

with clinical phages induced from CF and BR patient Pa samples. 

▪ Use PHASTER to identify each phage class (intact, questionable and incomplete) prophages 

within the IPCD Pa genomes, then compare the intact phage genomes using SaturnV (which 

uses protein-protein comparison in an ‘all versus all’ manner) to group similar prophages 

carried by Pa isolates from the IPCD and determine the diversity of temperate phages in Pa. 

▪ Induce phages from Pa isolates from each clade identified that only carry one phage and infect 

a suitable lab Pa strain to make a lysogen and check integration using PCR and primers for 

each clade, them grow each lysogen in ASM and prepare for metabolomics analysis to 

determine how phages from each clade effect the Pa host. 

▪ Use pairwise comparison to compare the prophage genomes within Pa samples collected 

longitudinally from BR patients between isolates from the same patient to identify whether they 

differ and how this my play a part in evolution of Pa in the chronically infected lungs of BR 

patients. 
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2 MATERIALS AND METHODS 

 

 
2.1 MATERIALS AND GROWTH MEDIA CONSTITUENTS 

 
2.1.1 Sterilisation 

 
Sterlisation was performed by autoclaving at 121 °C for a 20 minute cycle at a pressure of 15 

psi before use. 

2.1.2 Media 
 

Table 2.1 List of Media and their constituents 
 
 

Media Ingredients 

Bottom LB agar for plates; 12.5 g (2.5% w/v) of LB broth (Sigma 

Aldrich, Gillingham, UK) and 7.5 g (1.5% 

w/v) (Lab M, Heywood, UK) of phage 

agar in 500 ml of distilled water. 

1M CaCl2 147.02 g dissolved in 800 ml , make up 

to 1 L 

Soft (top) agar 5 g (2.5% w/v) of LB broth and 0.8 g 

(0.4% w/v) of phage agar, 0.01 M 

calcium chloride before having 200 ml of 

distilled water added. 

Norfloxacin (NFLX) (Sigma Aldrich, 

Gillingham, UK) 

1 mg/ml stocks, in water, few drops of 1 

M NaOH were added to alter pH so drug 

dissolves into solution 

Phage buffer/Growth media LB Broth, 

plus 0.01 M CaCl2 

12.5 g (2.5% w/v) of LB broth + 5 ml of 1 

M CaCl2 stock in 495 ml of distilled water 
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2.1.3 Pseudomonas aeruginosa bacterial growth media 
 

All Pa strains were grown at 37°C, unless stated otherwise, either in liquid or on solid Luria 

Bertani media (LB) (Sigma Aldrich, Gillingham, UK) + 0.1 M CaCl2 (Sigma Aldrich, 

Gillingham, UK) and high clarity agar (Lab M, Heywood, UK) used for soft agar overlay 

(0.4%) or bottom agar (1.5%). 

2.1.4 Storage and maintenance of bacterial cells 
 

Strains of Pa were stored in Glycerol Skimmed Milk (GSM) at -80°C. GSM was prepared 

using 20 ml Glycerol (ReAgents, Runcorn, UK) 180 ml dH2O (pH 5.6) 6 g TSB (Lab M, 

Heywood, UK) 4 g skimmed milk powder (SMP) (Tesco, Newcastle upon Tyne, UK) 1 g D-

Glucose (Fisher Scientific, Loughborough, UK). 

2.2 BACTERIAL STRAINS 
 

Longitudinal bacterial strains were obtained from the Freeman Hospital at Newcastle upon 

Tyne, NHS trust. The patients were selected, their sample taken, typed using Matrix-

Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) and stored by members 

of the trust. The patient and isolate numbers for BR patients are described in appendix A 

Table 1. Pa isolates were supplied by Craig Winstanley’s lab at the University of Liverpool, 

from BR patients with Pa samples with multiple strains (described in appendix A, Table 2). 

They also supplied the LES lysogens of PAO1 (described in appendix A Table 3). 

Pa strains were also obtained from the IPCD via Roger Levesque, with the owner’s 

permission. These are Pa samples from all over the world collated in a database at the 

university of Laval Quebec, Canada and details for these strains are described in appendix 

A, Table 4, There were also lysogens that were made using phages infected into a lab strain 

of PAO1 from clinical isolates and stored (described in appendix B, Table 5). 

 
 
 

Ethical approval was granted (REC reference: 11082). 
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2.2.1 Storage of viable bacteria in a sample 
 

All strains came from previously prepared glycerol stocks stored at -80°C. These were 

streaked out for single colonies and incubated at 37°C overnight to see if the sample was 

viable. A single colony was taken and re-streaked and incubated at 37°C overnight again. 

For the strains collected from the Freeman hospital, the colonies were also tested using a 

MALDI-TOF to confirm that the colony is Pa. New glycerol stocks were made from the second 

overnight if it was confirmed to be Pa (for the samples from the Freeman) and stored at -

80°C. 

2.3 PSEUODOMONAS AERUGINOSA CULTURE PARAMETERS 

 
2.3.1 Pseudomonas culture in liquid broth 

 
Unless stated in the text the standard culture conditions for Pseudomonas aeruginosa 

samples are as follows. All stocks of bacterial isolates were held at Ultra Low Temperature 

(-80°C) in 50% glycerol (Sigma Aldrich), stocks were raised as streak plates on Luria Bertani 

agar. From the streak plate, single colonies were inoculated into 10 ml of phage buffer and 

grown ~18 h at 37 ° C (overnight), shaking at 200 rpm. 

2.3.2 Use of artificial sputum medium (ASM) to culture bacteria 

 
2.3.2.1 Preparation of ASM 

 
ASM was prepared as described in (Kirchner et al., 2012) (Appendix B) and stored at 4˚C 

for a maximum of eight weeks. 

2.3.2.2 Pseudonmonas culture in ASM 
 

Bacterial cultures were set up using standard culture conditions from a single colony (37°C, 

shaking at 200 rpm) of P. aeruginosa for ~18 h. The culture was diluted in LB to an OD600 

of 0.05 (±0.01), then further diluted 1:100 in fresh ASM (total volume 1.8 ml). This ASM 

bacteria mixture was then added to each well of a 24-well tissue culture sterile plate. Three 

wells contained ASM only for use as a blank. The plates were then secured with parafilm 

and incubated for 3 days (72 hours) at 37°C, with shaking at 75 rpm. 
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2.4 BACTERIAL MOTILITY ASSAY 

 
2.4.1 Twitching motility 

 
A colony was stabbed through to the bottom of a LB agar plate and incubated for 24 hours. 

The agar was removed with tweezers and 5 ml 0.25 % (w/v) crystal violet (TCS Biosciences, 

Botolph Claydon, UK) added to the plate and left at room temperature for 30 minutes to 

stain the area of bacterial growth. The crystal violet was poured off and plate rinsed with 

water. The diameter of bacterial growth was measured at the widest point. An isolate with 

a diameter <10 mm was considered to have impaired twitching motility. LESB58 was used 

as a negative control during these assays as it is known to be non-motile (Winstanley et al., 

2009). PAO1 was used as a positive control. 

2.5 GENERAL BACTERIOPHAGE PROTOCOLS 

 
2.5.1 Temperate Phage induction of the lytic life cycle 

 
Temperate bacteriophages were chemically induced using norfloxacin from bacterial 

isolates (Matsushiro et al., 1999). Overnight cultures (37°C, shaking at 200 rpm) were sub 

cultured 2 % (v/v) into 10 ml Luria Bertani (LB) Broth (Sigma Aldrich, Gillingham, UK) 

supplemented with 100 mM CaCl2. At mid exponential growth phase 0.5-0.6 (OD 600nm) 

the bacteria were exposed to norfloxacin (1 μg mL-1) (Sigma Aldrich) for 1 hour (37°C, 200 

rpm). Cultures were diluted in LB (1:10) to reduce the effects of norfloxacin and to begin the 

recovery for 2 hours at 37°C. A negative control was always used to validate results by 

negating the addition of the bacteria. 

2.5.2 Separation of free infective bacteriophages from bacterial host 

Bacterial cultures were filtered through a 0.2 μm filter (Millipore) to remove cells and debris, 

unless otherwise stated. The phage-containing filtrate was stored at 4˚C for < 1 week. 

2.5.3 Standard plaque assay 
 

In order to determine whether the lysates contained viable temperate phages, plaque 

assays were performed. A dilution series of the lysate was made and 100 μl of each dilution 

was added to 100 μl of a suitable indicator strain, usually PAO1 grown to mid-exponential 

growth phase 0.5-0.6 (OD600nm), vortexed and left at 37oC for 20 minutes. Then 5 ml of 

molten soft agar was added and the tube slowly inverted three times to minimise bubble 

formation. The mixture was overlaid onto a standard LB agar (1% w/v) plate and allowed to 
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set, before incubation overnight at 37˚C. Plaques were counted and plaque forming units 

(p.f.u.) per ml calculated as an estimate of the number of infective phages present. Three 

technical replicates were performed per bacteriophage dilution. 

2.5.4 Spot assay 
 

Where a more high-throughput method was required, a modification of the traditional plaque 

assay was used. The suitable indicator strain was mixed with soft agar and overlaid onto 

LB agar. Spots of 20 μl of lysate dilutions were spotted on top of the soft agar and allowed 

to dry, before incubation overnight at 37˚C. If a zone of clearing was seen, the lysates were 

diluted to define individual plaques to negate clearing due to pyocins and demonstrate 

productive infection. 

2.5.5 Bacteriophage cross-infections and bacterial sensitivity 
 

In order to assess the infection profiles of the temperate phages in the lysates, spot assays 

were firstly performed against a range of Pa bacterial hosts, each as a lawn on a separate 

plate, to assess which hosts the phages could infect to form an infection profile of each 

lysate. These plates were grown overnight at 37˚C and observed for zones of clearance. 

Plaque assays (section 2.3.3) were then performed with the corresponding lysates that 

showed clearance against the same host lawn, to define individual plaques to negate 

clearing due to pyocins. 

2.5.6 Lysogen preparation 
 

Firstly, phages were checked to determine whether they infected the specific bacteria 

needed to make a lysogeny, by performing a plaque assay (section 2.3.3). A 100 μl volume of 

purified or mixed phage lysate (either having one type of phage or a mixed population of 

phages) was added to 100 μl of mid-exponential bacterial host and incubated at 37°C for 20 

minutes. A serial dilution of the mix was made and 100 μl of each dilution was plated onto 

a solid LB plate and incubated overnight at 37°C. Five to ten colonies were selected and 

PCR was used to confirm lysogeny of the phage. A crude DNA extraction (section 2.6.1.) 

was used on each of the isolates to make a template DNA for the PCR (section 2.5). If 

lysogeny had occurred, this was shown by a positive band. DNA from the original isolate 

was used as the control. For unknown phages, or to confirm the insertion sites, DNA 

extraction (section 2.5.1.2) was used and the DNA was sequenced (section 2.7) to confirm 



45  

the phage insertion. The positive lysogens were stored at -80°C. 

2.6 DNA EXTRACTION AND PREPARATION 

 
2.6.1 Bacterial Phenol chloroform DNA extraction method 

 
A culture of each bacteria was grown overnight in 10 ml of LB. A 1.5 ml aliquot of overnight 

culture was transferred to an microcentrifuge tube, the cells were pelleted through 

centrifugation at 12,000 x g for 2 minutes and the supernatant was discarded. Tubes were 

then transferred to a gas hood and one volume of phenol:chloroform:isoamyl alcohol 

(25:24:1) (Thermo Fisher, Loughborough,  UK) was added to each sample and vortexed 

thoroughly for approximately 20 seconds. Samples were then centrifuged (within the hood) 

at room temperature for 5 minutes at 16,000 x g. The upper aqueous phase was then 

removed and transferred to a fresh tube, taking care not to carry over any phenol from 

below. An ethanol precipitation step was carried out next. 1 μl of glycogen (20 μg/μl) was 

added to each sample, followed by 0.5 volumes of 7.5 M NH4OAc (ammonium acetate). To 

precipitate the DNA from the sample 2.5 volumes of 100% v/v ethanol was then added, 

vortexed and placed at -20°C overnight. The samples were then centrifuged at 4°C for 30 

minutes at 16,000 x g to pellet the cDNA. The supernatant was then removed without 

disturbing the DNA pellet and 150 μl of 70% v/v ethanol was added and centrifuged again 

at 4°C for 2 minutes at 16,000 x g and the supernatant removed. The pellet was then dried 

in a concentrator (SpeedVac, Thermo Scientific) at room temperature for 5-10 minutes. The 

DNA pellets were then resuspended in 150 μl of TE (Tris- EDTA) buffer by pipetting up and 

down 30-40 times and then stored at -80°C until ready to be sequenced. 

2.6.2 Bacterial genomic miniprep kit method 
 

The GenElute bacterial genomic DNA kit (Sigma Aldrich, Gillingham, UK) was used to 

extract DNA from all bacterial isolates, except the longitudinal isolates. Samples were 

processed using the manufacturer's protocol and stored at -80°C until further processing. 
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2.6.3 Phage isolation and DNA extraction 
 

After confirmation of phage presence in the lysate (method 2.4.1), any remaining bacterial 

DNA and RNA within the lysate was degraded using 1 μl of TURBO DNAse and 1 μl of 

RNAse Cocktail (Life Technologies Limited). The lysate was incubated at 37 °C for 30 

minutes. The DNAse and RNAse were inactivated at 65°C in 15 mM EDTA (final 

concentration) for 10 minutes. NORGEN Phage DNA Isolation Kits (Geneflow Limited, 

Lichfield, UK) were used to extract viral DNA. The manufacturer's protocol was followed 

apart from the final DNA elution step where 50 μl of elution buffer was used and passed 

through the elution column twice to increase the total yield. The DNA samples were stored 

at -80°C until they were sequenced. 

2.6.4 QUBIT 2.0 
 

In order to quantify the DNA concentration prior to sequencing, the QUBIT dsDNA high 

sensitivity assay kit was used in conjunction with a QUBIT 2.0 fluorometer (Life 

Technologies Ltd, Paisley, UK) was used. Briefly, 197 µl of HS buffer was combined with 1 

µl of fluorescence dye and 2 µl of DNA. The tubes were vortexed for 5 seconds prior to 

incubation in the dark for 2 minutes, in order to let any bubbles generated by vortexing 

settle. The sample was then read on the fluorometer, selecting the dsDNA option. Care was 

taken to observe for bubbles and scratches on the tube, which could influence the output 

reading. 

2.7 GENERAL PCR METHODOLOGY 

 
2.7.1 Crude DNA preparation using boiled bacterial colonies 

 
A small portion of a single colony was transferred into 50 μl SDW in a 0.2 ml PCR tube. The 

suspension was heated to 100˚C for 5 minutes and then used immediately in the standard 

PCR. 
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2.7.2 Standard polymerase chain reaction (PCR) 
 

Standard PCR was carried out in 96 well PCR plates or 0.2 ml PCR tubes, depending on 

the number of samples. Each reaction contained: 2.5 μl of 10x taq buffer (New England 

Biolabs), 0.5 μl of 10 μM dNTPs (New England Biolabs), 0.5 μl each of 10 μM forward and 

reverse  primers (Eurofins), (Table 2.2) and 1 μl of crude DNA template. SDW was added 

to a final volume of 25 μl. All primer sequences and PCR cycling conditions are described in 

Table 2.2. PCR cycling was carried out in an Eppendorf MasterCycler Gradient. 

 
 
 
 
 
 

 
Table 2.2 Oligonucleotide primers used in this study 
 

 
Name 5̍→3̍ sequence Product 

 
size (bp) 

Target gene/ 
 
region 

Cycling conditions 

CL1F GAGGACTTCGAYGCGGTGG 206 Clade 1 
 
phage region 

95°C, 4 min then 30 

cycles: 95°C, 30 s; 

58°C, 30 s; 72°C, 30 

s; final extension 

step, 72°C, 7 min 

CL1R TGCTTCTTCGCGCTGTTCAC 

CL2F GCTCTGCGCGTACATCCTC 155 Clade 2 
 
phage region CL2R TGTTGCCCTTGTTGCGGTA 

CL3F GTTGCTGCCTGGAATTCCG 157 Clade 3 
 
phage region CL3R CAACGCAACCGGACACGC 

CL4F CTCGATCGGYAACAGCGCG 315 Clade 4 
 
phage region CL4R GCAGTGTCGATCTGCGCC 

CL5F GTTCTACTGAAAGGCGAGTT 155 Clade 5 
 
phage region 

95°C, 4 min then 30 

cycles: 95°C, 30 s; 

53°C, 30 s; 72°C, 30 

s;     final   extension 
 
step, 72°C, 7 min 

CL5R GACTCGGTGCGATAGGCC 

CL6F TATAACGTCCACGACACCG 
C 

137   
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CL6R TTTTCGCCCTTGATCTCGCT  Clade 6 
 
phage region 

95°C, 4 min then 30 

cycles: 95°C, 30 s; 

58°C, 30 s; 72°C, 30 

s; final extension 

step, 72°C, 7 min 

CL7F GCACCGCGCCGTTCTGCTC 164 Clade 7 
 

phage region CL7R GTCGAGGTCACGGCGGATG 
C 

CL8F CGGCGGGCGGTTTCAT 207 Clade 8 
 

phage region CL8R GTTCGTAGGTCAGGCTTTC 
 
C 

2.7.3 Visualisation of PCR products 
 

PCR products were visualised by agarose gel electrophoresis. Molecular grade agarose 

(Sigma Aldrich, Gillingham, UK) was dissolved in 0.5X TBE buffer. A 3% (w/v) agarose gel 

was used for PCR products below 650 bp and a 1% (w/v) gel used for larger DNA fragments, 

or visualisation of intact genomic DNA. The agarose was melted by heating and 1 μl of 

SYBR safe (Thermo Fisher) was added. PCR products were mixed with 1 part loading dye 

(New England Biolabs), and 5 μl was added to each well. A 1 KB+ or 100bp marker (New 

England Biolabs) was run alongside for size determination of products. Electrophoresis was 

performed for 25-30 minutes at 120V or 10V/cm and DNA was visualised under an UV 

transilluminator (Syngene InGenius). 

2.8 GENOME SEQUENCING 
 

Sequencing was partly conducted at the NU-OMICS DNA sequencing facility (Northumbria 

University at Newcastle, UK) on an Illumina MiSeq, and partly at Laval University, Quebec 

(IBIS) on an Illumina MiSeq platform. The phage genomes and the lysogens were 

sequenced in house by NU-OMICS and the longitudinal bacterial Pa isolates (chapter 4) 

were sequenced at Laval University. Libraries were prepared using Illumina NexteraXT and 

run on the V2 500bp chemistry. The samples were demultiplexed on the instrument and 

>Q30 paired end sequencing reads were provided as FASTQ files (NU-OMICS, 

Northumbria University at Newcastle, UK). 

2.9 IN-VIVO ANIMAL MODEL 

 
2.9.1 Galleria mellonella larvae model 

 
The in vivo assay was conducted on a wax moth larvae model (G. mellonella, Livefoods 

Direct, Sheffield, UK) by Zuzanna Drulis-Kawa’s group at the University of Wroclaw using 
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the following protocol. The in vivo assay was conducted on a wax moth larvae model (G. 

mellonella, Livefoods Direct, Sheffield, UK). Prior to each experiment, the larvae were subjected to a 

7-day acclimatization period in the dark at 15 °C. Experiments were performed in triplicate (ten larvae 

per trial). For survival control, we observed both untouched larvae and larvae injected with 20 μl of 

sterile saline buffer. Depending on the growth rate of the tested bacterial strains, experiments were 

conducted up to 96 h. Freshly plated bacterial cultures were inoculated into Luria Broth (LB, Sigma-

Aldrich) tubes and incubated at 37 °C overnight under agitation. After 18 h, the bacterial suspension 

was diluted with physiological saline to OD600 = 0.1 and this was used as a starting point for serial 

dilutions. For the measurement of P. aeruginosa virulence, 10 μl of diluted bacterial suspension 

(serially diluted to 10−8 CFU) were used to infect larvae. Bacteria were administered to larvae by 

injection into the ventral side of the last pair of pseudopods. After injection, the larvae were incubated 

for 72 h at 37 °C. The effects of infection were checked at 8, 24, 48, 72, and 96 h after injection by 

assessment of survival and macroscopic appearance. The results were expressed as the 

percentage survival rates. The experiments were performed at least three separate occasions. The 

experiments were controlled by observation of uninfected larvae, sham- infected larvae, larvae 

receiving phage lysate only, and infected but phage untreated larvae. 

 

2.10 LCMS METABOLOMICS PREPARATION AND RUN 

 

2.10.1 Metabolomic preparation 
 

Experiments were replicated in triplicate (n=9 for each strain). Bacterial cultures were grown 

in ASM (1.8 ml) as previously described (section 2.1.3.2). After 72 hours of growth the 

culture was transferred to an microcentrifuge tube. 

The samples were then placed at -80C for at least an hour prior to lyophilisation. 

Lyophilisation was performed by using a multi-pipe lab freeze dyer with manifold vacuum lyophiliser, 

frozen samples had perforated holes placeds in the tops of the tubes and were placed inside were setting 

to freeze dry for  at least 18hrs. Lyophilised samples were then weighed and normalised for 

weight/vol (2.5 mg/ml) with methanol, which were then vortexed for 30 seconds. The 

samples were then placed in liquid nitrogen for 1 minute and then allowed to thaw on ice. 

This was repeated twice more, then vortexed for 30 seconds. The supernatant was filtered 
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through 0.22 µm filter (Millipore). This was then concentrated in a vacuum concentrator 

(SpeedVac Thermo Scientific) and stored at -80°C until ready to be run on the LCMS. 

2.10.2 Ultra High Pressure Liquid chromatography (UHPLC) or LCMS 

Metabolite profiling of the ASM bacterial samples were acquired on a Dionex 3000 Ultra 

High Pressure Liquid chromatography (UHPLC) system connected to the Q-Exactive 

classic high resolution mass spectrometer system (ThermoScientific, Bremen, Germany). 

All solvents and ionisation agents used were of analytical grade. The UHPLC or LCMS run 

was carried out in the metabolomics lab by Dr William Cheung, using materials and methods 

detailed in appendix D. 

2.11 BIOINFOMATIC ANALYSIS 

 
2.11.1 PHAge Search Tool Enhanced Release (PHASTER) 

 
PHASTER (Zhou et al., 2011, Arndt et al., 2016) version 2, was used to identify prophage 

sequences within the assembled contigs of each genome. All contigs 

<2 Kb were discarded before submitting the assembly to PHASTER, as PHASTER 

processes only contigs of length ≥ 2 kb. PHASTER identifies phages within bacterial 

genomes and labels them as incomplete, questionable and intact phages by rapidly 

performing a number of database comparisons as well as phage “cornerstone” feature 

identification steps. This then forms a score and, if the score is over a minimum threshold, it is 

identified as a prophage prediction these predicted prophage regions are then annotated 

(Arndt et al., 2016). The default settings were used. This gave putative values for how many 

phages were in each bacterial genome. These were manually curated to check that they 

were phage-like. 

2.1.1 MUMmmer 
 

MUMmer is a system for rapidly aligning entire genomes, whether incomplete or draft form. 

The NUCmer command in MUMmer was used to generate nucleotide alignments between 

reference and query genomes (both bacterial and phage genomes). Default parameters 

were used to align the two inputs. However, if the alignment was too sensitive or not 

sensitive enough, the minimum match length and cluster sizes could be adjusted 

accordingly. Circos (section 2.11.4) was then used to visualise the comparisons. 
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2.1.2 BLAST 
 

BLAST (basic local alignment search tool) (Altschul et al., 1990) is an algorithm for 

comparing genome sequences, such as the amino-acid sequences of proteins or the 

nucleotides of DNA. A BLAST search was used to compare a subject protein or nucleotide 

sequences (called a query) by using either BLASTn, comparing nucleotide to nucleotide, or 

blastx, which translated nucleotides into proteins. This could then be compared with either 

the online database of sequences, or when using command line, be compared against our 

own databases. The following default parameters were used in BLASTn: word_size = 7, 

gapopen = 5, gapextend = 2, reward = 2, penalty = -3 when comparing bacterial sequences. 

When phage genome sequences were used as the query, BLAST was used to identify the 

most similar phage type it resembled. Command line BLAST was used as a tool to locate 

similar phages or phage regions in bacterial genomes with an output that showed 

percentage similarity. 

2.1.3 Prokka 
 

Prokka is a genome annotation tool that finds and annotates features (both protein coding 

regions and RNA genes) present in a sequence (Seemann, 2014). Prokka v1.11 was used 

through the Galaxy platform  (Giardine et al., 2005) using default parameters of an e-value 

threshold of 10−6. Prokka uses a two-step process for the annotation of protein coding 

regions: firstly the coding regions are identified using Prodigal (Hyatt et al., 2010), secondly, 

the function of the identified proteins are predicted by similarity to proteins on databases. 

Prokka is a software tool that can be used to annotate bacterial, archaeal and viral genomes 

quickly, generating standard output files in GenBank, EMBL and GFF formats. This was 

used to annotate bacterial and phage genomes. 

2.1.4 Roary 
 

Roary is a high-speed standalone pan genome pipeline, which takes annotated assemblies 

in GFF format (produced by Prokka (section 2.11.4) and calculates the pangenome (Page 

et al., 2015). The default parameters were used to create a pangenome with the threshold 

default being 99% and the minimum percentage identity for sequence comparisons 

performed by BlastP default being 95%. The gene presence and absence spreadsheet lists 

each gene and which samples they are present in and how many. Therefore, the genes that 
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are highly prevalent in a cohort of bacteria or phage are highlighted, allowing identification 

of core, accessory and singleton genes. 

2.1.5 Saturn V 
 

Saturn V is software used to compare two or more genomes in order to determine the core 

and accessory proteins (Jeukens et al., 2017). Saturn V is a protein-wise comparison, which 

compares the presence and absence of proteins between genomes. The core proteins are 

the set of proteins that are present in all genomes of a given dataset in bacteria. However, 

due to the rate of diversity, when comparing the phage genomes the percentage identity 

was lowered to ≥ 50% between proteins and ≥ 85% of alignment coverage for the proteins 

to be considered orthologues. This was carried out by the bioinformatics team at the 

University of Laval, Quebec, in collaboration with Roger Levesque. 

2.2 VISUALISATION TOOLS 

 
2.2.1 Artemis and Artemis comparison tool (ACT) 

 

Artemis is a genome browser and annotation tool that enables visualisation of bacterial and 

phage sequences (Rutherford et al., 2000), and allowed visualisation of the insertion sites 

of the prophages that were predicted using PHASTER. ACT was used to visualise the 

BLASTn or MUMmer comparisons between genomes and similarities/differences could be 

seen. 
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2.2.2 Mauve 
 

Once the prophage regions had been identified and extracted using PHASTER (section 

2.11.1), regions were then compared at the nucleotide level and visualised, which was 

achieved using MAUVE (Darling et al., 2004). MAUVE visually highlighted regions of 

similarity between the phages showing regions and level of heterogeneity.  

2.2.3 Circos 
 

Circos is a software package for visualising a range of data and information. Circa (a GUI 

for making circos plots) (Krzywinski et al., 2009) was used as it is a fast, user friendly way 

to make complex images. It visualises data in a circular layout, making it ideal for exploring 

relationships between objects or positions on a genome. Nucmer was used to compare 

various genomes either one on one, or concatenated genomes so that one genome could 

be compared to multiple others in one comparison and any regions of similarly or difference 

could be identified. The insertion sites of the phages made it possible to also show them in 

a circos plot. 

2.2.4 Fig tree 

 

FigTree is a program used to graphically view phylogenetic trees and was used to map the 

comparisons between prophage genomes from the International Pseudomonas Consortium 

database (IPCD) using the output from Saturn V (section 2.11.6). This allowed the colouring 

of the nodes to depict the origins of the phages. 

 
 

2.3 METABOLOMIC ANALYSIS 

 

Firstly, to streamline the LCMS features identified down to only the metabolites that were 

significant, analysis of the dataset was performed using the Statistical analysis mode of 

MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) (Xia et al., 2009), from which the peak 

table is uploaded, and the parameters set to Peak Integrity Table with the format (unpaired). 

Data filtering was performed using non-parametric relative standard deviation 

(MAD/median), with normalisation achieved by log transformation and pareto scaling. The 

resulting analysis path facilitated both Univariate and Chemometric analysis as well as 

clustering analysis. By using the Partial Least Squares - Discriminant Analysis (PLS-DA) 
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(data not shown), it gave the Variable Importance in Projection (VIP) score and any 

metabolite with a VIP score under 1 was discarded. The VIP is a weighted sum of squares 

of the PLS loadings considering the amount of explained Y-variation in each dimension, 

therefore the higher the VIP score, the more significant the metabolite change in 

concentration. 

The Pseudomonas aeruginosa metabolite database (PAMDB) was used to generate a 

compound list prior to analysis using MetaboAnalyst 4.0, by searching the given molecular 

mass of each of the significant metabolites against the database and selecting the top result 

each time. This provided a list of compounds to take forward. Firstly, the compound list was 

ranked lowest to highest based upon column retention time with each metabolite assigned 

a metabolite number (M). Next, each condition/group of lysogens or control was assigned 

a class value and samples were renamed S1, S2 and so on. For software compatibility, the 

molecular weight and retention time columns were removed and the spreadsheet saved as 

a .csv file. Analysis of the dataset was performed using the Statistical analysis node of 

MetaboAnalyst 4.0 as previously described, this time with fewer metabolites and with 

compound names. The resulting analysis path facilitated both Univariate and Chemometric 

analysis as well as clustering analysis and heatmaps. 
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3. EVALUATION AND OPTIMISATION OF PROPHAGE IDENTIFICATION FROM 
 

PSEUDOMONAS AERUGINOSA GENOMES 

 
 

3.1 INTRODUCTION 
 

There are two commonly used methods to identify prophages; experimentally and 

computationally. The experimental approach involves stimulating stress in the bacterium, 

which elicits the induction of the phage from the host bacteria. This method determines the 

existence of viable phages if there is a sensitive bacterial host it can infect. Pseudomonas 

aeruginosa (Pa) are known to carry high numbers of prophages within their genomes, 

shown in a number of studies by the induction of the phages and sequencing of the phage 

genomes (Silby et al., 2011). However, induction, phage purification and sequencing are 

time consuming and costly. Not all prophages within the Pa genomes can be induced and 

to confirm induction of the phages it is necessary for the phage to infect a sensitive host 

and plaque purification to be performed. For some species of bacteria plaque assays cannot 

be performed as the bacteria cannot be grown as a lawn. Therefore, the second method by 

identifying prophages in the bacterial genome computationally is a cost effective and rapid 

way of looking at prophage content without experimentation. This can also relate to an 

environment, thus by examining the genomes of bacteria isolated from an infected lung 

would mean prophages within them are likely to have also evolved in the lung environment. 

With the increase of genome sequencing, th computational prediction of prophages from 

bacterial genomes has become the more commonly used method as many temperate 

phages are not able to be induced. These non-inducible prophage regions that remain 

dormant in the bacterial genome, and are not lost over time, may be beneficial to the 

bacterium and therefore must not be seen as junk DNA inserts. There are numerous 

bioinformatics programs that can be used for both the identification of prophage regions 

within bacterial genomes, enabling the analysis and comparison of phage genomes. 

3.1.1 Prophages 
 

Prophages make up a significant proportion (> 20%) of the Pa genome but the number and 

composition can differ significantly between bacterial species with more restricted genomes, 

such as Campylobacter. Prophages are major contributors of diversification in microbes 
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(Hendrix et al., 1999) as they are one of the key drivers of inter-strain variability in Pa 

(Casjens, 2003) with many remnant prophages (some within the genome) in a state of 

mutational decay (Srividhya et al., 2007). Collectively genes of remnant and viable 

prophages may offer positive environmental and evolutionary selection for the bacterium. 

The impact of prophages on bacterial gene expression has not been significantly 

researched and reviewed compared to their lytic counterparts (Canchaya et al., 2004; 

Brussow et al., 2004; Tinsley et al., 2006; Rice et al., 2009). Even more so, the impact of 

phages on their bacterial host’s physiology is a relatively new field of research and often 

overlooked. One question that is a driving point of this research and for others who work in 

this area is: if a prophage slightly changes the metabolism and phenotype of a bacterium, 

is it the same bacterium? Within the lung different phenotypes of Pa have been isolated, 

which could be due to prophages. These differing phenotypes could be due to prophage 

infections that give a selective advantage, such as the mucoid phenotype in Pa (Webb et 

al., 2004) that is prevalent in the lung infection of CF patients (Valenza et al., 2008). It is 

known that prophages mediate and drive adaptive evolution of Pa (Davies et al., 2016b). 

Therefore, it is important to identify them within Pa genomes, especially from chronically 

infected patients, to help investigate the role that prophages may have in the chronicity of 

infection. 

3.1.2 Identification of prophages from bacterial genomes 
 

As experimental identification targets only mobilisable phage fractions, it does not reveal 

incomplete/remnant prophages (Casjens, 2003). Therefore, computational identification of 

prophages from bacterial genomes has become a useful tool to study these prophage 

regions in clinical isolates, to compare inducible to remnant prophage regions. Prophages 

can be considered as a region of an ordered cluster of phage-like genes that compare to 

previously identified bacteriophages (Zhou et al., 2011). Bioinformatics tools use clustering 

algorithms to determine if these genes are sequential and related locally enough to each 

other to constitute a prophage region (Lima-Mendez et al., 2008, Zhou et al., 2011). 

Identifying prophages within bacterial genome sequences is not simple, as prophage 

sequences are heterogeneous and are often poorly annotated with many orphan and 

hypothetical proteins, making unequivocal identification difficult (Casjens, 2003). Prior to 

these automated bioinformatics tools, identification was completed manually by inspection of 
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gene regions of altered G + C content and disruption of genes usually found in the backbone 

of the bacterial host, to allow ways to determine definition of the boundaries of prophage 

regions. These simple approaches proved to be too unreliable (Nelson et al., 2002), 

therefore, further research was directed towards detecting ‘cornerstone genes’ for the 

purpoSe of prophage identification (Fouts et al., 2004). Cornerstone genes are those that 

are essential to the temperate phages biology and encoding its life cycle. An example of 

this is the integrase gene, which was one of the first proteins used as they are usually 

identifiable. However, although all temperate phages have an integrase gene, this is not a 

good indicator of the presence of a prophages (Casjens, 2003). The function of integrase is 

generated from specific motifs linked to catalysing the strand exchange of attP and attB. 

These motifs can be located at different locations on the gene or genome and therefore are 

subject to high levels of diversity outside of these regions. This is apparent in this study by 

Balding et al. (2005), which used a strategy targeting multiple sites across the gene to 

determine presence or absence (Balding et al., 2005). This illustrates the high level of 

intergenic heterogeneity in phage genes but it does make it extremely difficult to use single 

target genes as a robust method of identifying bacteriophage conversion and lysogeny. 

Recent genomics methods have looked at more rounded and integrated approaches to 

identify prophages. These methods bring together pairwise sequence comparisons and 

alignment to known prophage genes, and also comparisons to known bacterial genes 

(Altschul et al., 1990, Fouts, 2006). This combination of methods is found in a number of 

bioinformatics tools, making phage identification more accessible and faster. These tools 

are reviewed in this chapter. 

3.1.2.1 Bioinformatics tools used to identify prophages 
 

Some examples of the bioinformatics tools that were first developed to identify prophage 

regions in bacterial genome include; Phage_Finder (Fouts, 2006), Prophinder (Lima- 

Mendez et al., 2008) Prophage Finder (Bose and Barber, 2006), PHAST (Zhou et al., 2011) 

and the updated version of PHAST, PHASTER (Arndt et al., 2016) (described in section 

2.11.1). Phage_Finder searches against a collection of bacteriophage sequences and 

results from HMMSEARCH (analysis of 441 phage-specific hidden Markov models [HMMs]) 

locate prophage regions. By using MUMMER (Marcais et al., 2018) 
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 or BLASTN (Altschul et al., 1990), potential attachment (att) sites of the phage region(s) 

can be found. Prophinder was one of the first web tools for prophage detection. It searches 

coding sequences (CDS) that are similar to those found in the ACLAME (A CLAssification 

of Mobile Genetic Elements) database (Leplae et al., 2010) using BLAST. Based on the 

annotation of the ACLAME database, Prophinder selects the genes with the best 

correspondence to a potential prophage. Prophage Finder was developed to predict 

prophage loci based upon clusters of phage-related gene products encoded within DNA 

sequences. This application provides results detailing several features of these clusters to 

enable rapid prediction and analysis of prophage sequences without the need for annotated 

genomes. PHAST was one of the later tools to be developed (2011) and is an integrated 

search and annotation tool that combines gene prediction and translation (via GLIMMER), 

protein identification (via BLAST matching and annotation by homology), phage sequence 

identification (via BLAST matching to a phage-specific sequence database), tRNA 

identification, attachment site recognition and sequence annotation text mining. PHAST 

also evaluates the completeness of the putative prophage, allowing the user to focus on 

phages that are more likely to be inducible, if necessary. PHAST was then upgraded to 

PHASTER in 2016. 

These tools have evolved to offer much faster and more accurate identification of prophages 

from bacterial genomes. Most phage identification programs mentioned previously were 

developed between 2005 and 2011. At this time the methods they used involved identifying 

the ‘corner stone genes’ (Zhou et al., 2011). The downfall of this approach is the high level 

of heterogeneity in bacteriophage genomes and low sequence similarity. This extends to 

the inability to annotate the genes needed for identification of the phage, which is further 

hindered by the low numbers of phage genomes published to compare against. Therefore, 

new algorithms for phage identification have been developed recently to improve and 

update the original programs (Arndt et al., 2016), which aid identification through increasing 

sensitivity and accuracy. 

Important developments in the field since 2011 include the increased number of sequenced 

and published phage genomes, with the size of the NCBI phage database increasing 15- 
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fold since 2011 from 600 to 9,000 sequenced genomes. These greatly increased datasets 

help overcome the high levels of heterogeneity in phage genes and has enabled the 

development of higher resolution search tools, including PhiSpy (Akhter et al., 2012), 

VirSorter (Roux et al., 2015a) and ProphET (Reis-Cunha et al., 2019), in accordance with 

new and increased demands of phage research, such as working with metagenomic data. 

A final tool that has been developed very recently (January 2021) named PhageBoost uses 

a generalising machine learning method based on feature space to facilitate novel prophage 

discovery (Sirén et al., 2021). The approach calculates biological features for each gene 

from both nucleotide and amino acid sequences, and then uses machine learning to predict 

which genes belong to bacteria or phages. This is an exciting new development in prophage 

identification that could be utilised in future analyses (developed following completion of data 

analysis of this thesis). 

3.2 AIMS 
 

• Evaluate prophage identification tools and compare their features. 
 

• Compare the best prophage identification tools to identify prophage regions from the 

well-defined Pa genome LESB58. 

• Determine how accurate these phage predictions are between the chosen prophage 

identification tools compared to the published phages. 

 

 
3.3 OBJECTIVES 

 

• Compare the features of commonly used prophage identification tools to evaluate 

which would be the best and most suitable for our needs in each of our projects. 
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3.4 RESULTS 

 
3.4.1 Evaluation of prophage identification tools 

 
The prophage identification tools were evaluated for accuracy, assurance, ease of use and 

ability to input the data that was available for the genomes above. Therefore, a bacterial 

genome LESB58 with known prophages was analysed with multiple tools first to select the 

best tool. 

The first stage of this approach was to look at the most cited and recently published 

prophage identification tools from the literature to date (October 2016). The programs 

chosen for evaluation were; Phage_Finder (Fouts, 2006), ProPhinder (2008), PHAST (Zhou 

et al., 2011) PhiSpy (Akhter et al., 2012), VirSorter (Roux et al., 2015a) and PHASTER 

(Arndt et al., 2016). Each tool was assessed based on the following criteria: (i) input data 

format required, as for parts of this study the genomes available were unannotated fasta 

files. Therefore, a tool was needed that could accept this format; (ii) how they match to 

known phage sequences e.g. which database was being used to assess if the tool had any 

limitations; (iii) the detection method used to identify the prophages, to assess which was 

the most accurate; (iv) the platform the programs were accessed on, to see how accessible 

each programme was (Windows/Unix/Linux). 

One of the first criteria that needed to be met was that some of the bacterial genomes had 

inaccurate annotations. We therefore looked to use tools where the input data was in a 

unannotated format, such as an assembled genome, possibly in multiple contiguous 

sequences. Of these, PHASTER and VirSorter would accept this type of data. These were 

then compared whether one of the other programs offered greater function and subsequent 

bacterial genome annotation and curation, which would offer added value to the study. After 

comparing all tools, PHASTER and VirSorter were the preferred options to take forward 

(Table 3.1). 
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Table 3.1 Comparison of prophages identifications tools 
 
 

Program 
(year 
published) 

Input data 
required 

Matching 
to known 
phage 
sequences 

Prophage 
detection 
method 

Database 
searched 

Platform 

Phage_Finder 
(2006) 
(Fouts, 2006) 

Pre- 
annotated 
contigs 
accepted 

HMMER 
(Eddy, 
1998), 
BLASTP 
(Altschul 
et al., 
1990) 

Knowledge 
based 
rules/ 
metrics, 
gene 
function 

NCBI Unix-based 
OSs (e.g. 
Linux, 
MacOS) 
(download) 

Prophinder 
(2008) (Lima- 
Mendez et 
al., 2008) 

Pre- 
annotated 

BLASTP Statistical 
metrics 

NCBI Web service 
via Perl 
script run on 
Unix-based 
Oss 

PHAST (2011) 
(Zhou et al., 
2011) 

Unannotated 
FASTA or 
pre- 
annotated 

BLASTP Knowledge 
based 
rules/ 
metrics, 
gene 
function 

NCBI Web-based 

PhiSpy (2012) 
(Akhter et al., 
2012) 

Pre- 
annotated 

None Similarity 
agnostic 
statistical 
metrics, 
phage 
insertion 
point, gene 
function 

ACLAME 
phage 
protein 
database 

Unix-based 
OSs (e.g. 
Linux, 
MacOS) 
(download) 

VirSorter 
(2015) (Roux 
et al., 2015a) 

Unannotated 
FASTA 
contigs 
accepted 

HMMER, 
BLASTP 

Statistical 
metrics, 
gene 
function 

Custom 
Refseq 
database 

CyVerse 
discovery 
environment 
(Merchant 
et al., 2016) 

PHASTER 
(2016) (Arndt 
et al., 2016) 

Unannotated 
FASTA or 
pre- 
annotated 
contigs 
accepted 

BLASTP Knowledge- 
based 
rules/ 
metrics, 
gene 
function 

NCBI Web-based 

 

 

3.4.2 Accuracy and assurance 
 

PHASTER (Arndt et al., 2016) and VirSorter (Roux et al., 2015a) were tested for accuracy 

in identifying prophages within the well-curated genome annotation of Pa LES B58 

(Winstanley et al., 2009), which has well-studied prophages and genomic islands. The 
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results of the comparison between PHASTER and Virsorter demonstrated that both 

VirSorter and PHASTER accurately identified the 6 prophage regions in LES B58 (Table 

3.2). However, VirSorter falsely identified two of the genomic islands as prophages and 

PHASTER falsely identified one of these genomic islands as a prophage. PHASTER 

identified one of the genomic islands as an incomplete prophage and the other two genomic 

islands identified by VirSorter were category 3 (possible phage). VirSorter only classified one 

of the prophages (Prophage 5) as category 1 (most confident predictions) and the other 5 

as category 2 (likely predictions), whereas PHASTER classified 4 out of 6 prophages as 

intact and classified the other 2 as questionable and incomplete, respectively. It was 

determined that PHASTER, regarding the identification of prophages and inducible 

prophages that can be mobilised, had the greater utility. Both tools also gave the co-

ordinates of the predicted prophage region to allow comparison to the original data 

published by Winstanley et al (2009), where the co-ordinates for all prophages and genomic 

islands were added. In LES B58, four of the prophages are known to be inducible and 

therefore definite genome ends are known for LES phages 2-5. The accuracy of the tool to 

identify the ends of the prophages could be seen best by comparing against these phages. 

PHASTER predicted the LES phage 2 genome to be 9.5kb larger compared to data 

produced by Winstanley et al. (2009), whereas VirSorter only predicted it to be 820bp larger. 

However, overall, PHASTER predicted two out of four phages accurately enough that no 

extra genes were included in the genome, whereas VirSorter only predicted one to have no 

change in gene number. Therefore it was realised that there may be some need for manual 

curation downstream if the phages could be sequenced and genomes and ends determined. 



 

Table 3.2 Comparison of PHASTER and VirSorter of indentifing LES phages from LESB58 
 

 

 
VirSorter results PHASTER results 

Feature in LES 
B58 

Coordinates of LES 
phages from 

Winstanley 2009 

VirSorter 
result 

Comparison with prophage 
region in paper 

PHASTER 
result 

Comparison with prophage region 
in paper 

Prophage1 
665561-680385 Prophage -2 

 
1328 bp larger 

1 more gene Questionable 3646 bp larger 2 more genes 

Prophage 2 
863875–906018 Prophage -2 

 
820 bp larger 

1 more gene Intact 9499 bp larger 8 more genes 

Prophage 3 1433756–1476547 Prophage -2 1679 bp larger 3 more genes Intact 1 bp larger No change 

Prophage 4 1684045–1720850 Prophage -2 1835 bp larger 1 more gene Intact 107 bp larger No change 

Genomic Island 1 2504700–2551100 Prophage -3 149622 bp larger 88 more genes Incomplete 34299 bp shorter 18 fewer genes 

Prophage 5 2690450–2740350 Prophage -1 14 bp larger No change Intact 2735bp larger 1 more genes 

Genomic Island 2 2751800–2783500 None - - None - - 

Genomic Island 3 2796836–2907406 None - - None - - 

Genomic Island 4 3392800–3432228 None - - None - - 

Prophage 6 4545190–4552788 Prophage -2 
 

654 bp larger 
No change Incomplete 10524bp larger 9 more genes 

Genomic Island 5 4931528–4960941 Prophage -3 9589 bp larger 8 more genes None - - 
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3.5 DISCUSSION 
 

There are very few bioinformatics programs developed specifically for the analysis of 

temperate bacteriophages. Hence, those that are available for phage or bacterial analysis 

were tested to see if they were compatible with our study. The first aim was to evaluate 

which phage identification tool was the most suitable for our needs, namely, the rapid 

identification of phages with a user-friendly GUI and the ability to work online with low 

computing power. The tool also needed to have the ability to be used with command line 

and to have offline capabilities to be used on a server with a higher computing power when 

searching for large numbers of bacterial genomes. Six commonly used phage identification 

tools were compared to look at a number of important factors, which included the input data 

required for the tool, the prophage detection method and the method used to match to 

known phage sequences (Table 3.1). The majority of the projects in this PhD required the 

bacterial genomes to be sequenced from clinical Pa samples that were not pre-annotated. 

Therefore, the tool must be able to work directly from the unannotated genome fasta files. 

This narrowed the tools available for use to two: PHASTER (Arndt et al., 2016) and VirSorter 

(Roux et al., 2015a). They were the most up to date tools, being released in 2016 and 2015, 

respectively, and also both tools use the Blast database to match to known phages, which 

is constantly being updated. The second part of this optimisation was to establish which 

tool had the best accuracy rate at predicting prophages in a bacterial genome. PHASTER 

and VirSorter were tested against each other using the well annotated Pa genome LESB58, 

which has six well defined prophages, four of which have been shown to be viable, and five 

genomic islands (Winstanley et al. 2009). As Pa from patients with chronically infected lungs 

were the main source of samples analysed in subsequent studies, LESB58 was a suitable 

strain to test the tools in this chapter, as it was first isolated from a chronically infected CF 

patient lung. Comparing the output of these two tools to the prophages that are 

experimentally defined and validated previously by Winstanley et al. (2009), allowed an 

assessment of how accurately these tools predict the prophages, by what classification the 

phage is predicted to be (i.e. intact phage or incomplete) and how close the insertion sites 

are to the previously published data. As there are also known genomic islands in this 
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genome, these tools were assessed to ascertain whether they could distinguish between a 

prophage and a genomic island and that would constitute a false positive result. The results 

suggest that PHASTER was the more accurate prophage identification tool as it predicted 

the four LES phages that are known to be inducible (LES phages 2-5) as intact phages and 

LES phages 1 and 6 as questionable and incomplete, respectively. PHASTER also 

predicted genomic island 1 as an incomplete phage, which was a false positive. However, 

VirSorter predicted two genomic islands as phages and also only predicted prophage 5 out 

of the LES phages as category 1 (most confident predictions) and the others as category 2 

(likely predictions). This means PHASTER is able to predict inducible phages as intact 

phages more accurately than VirSorter. When it comes to the accuracy of where the 

prophages are predicted in the genome, both tools did not predict any of the prophage 

insertion sites down to the base-pair. PHASTER was only 1bp away on one of the phages 

but both tools had similar levels of inaccuracy in predicting the ends of the phages. 

Therefore, overall, PHASTER was found to be the best phage prediction tool in 2016 for 

our needs.However this is not an extensive validation of both tools and only suits the needs 

of these projects at this time. 

3.6 SUMMARY 
 

By comparing six phage prophage identification tools, VirSorter and PHASTER were 

chosen as the most suitable for our data and our needs. PHASTER and VirSorter were then 

used to identify prophages with LESB58 to assess ease of use and output. Using the 

LESB58 genome, which contains 6 well defined prophages, accuracy was tested in 

VirSorter and PHASTER, with PHASTER proving to be the most accurate when identifying 

the known prophages in LESB58, both in completeness of genome and accuracy of the 

start and ends of the phage genome. 
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4. THE CARRIAGE, DIVERSITY AND TRANSFER OF PROPHAGES IDENTIFIED 
BETWEEN PSEUDOMONAS AERUGINOSA STRAINS WITHIN THE 
CHRONICALLY INFECTED LUNG 

 

4.1 INTRODUCTION 
 

In the previous chapter assessed two; informatics tools VirSorter and PHASTER were used 

to determine prophage regions within bacterial genomes and compared for function and 

utility using the well-studied LESB58 as a control. The outcome determined that both 

PHASTER and VirSorter could be used as tools, where the former offered utility in providing 

some level of prediction to inducible and remnant prophage regions with more confidence 

when comparing the inducible prophages from LESB58. This chapter uses PHASTER to 

characterise temperate phages that are carried as lysogens in bacterial populations in a 

greater diversity of bacterial populations. It was previously thought that Pseudomonas 

aeruginosa (Pa) infections present in the chronically infected lung had clonal populations, 

however, it is now known there can be more than one strain present at one time (Tingpej et 

al., 2007). With the presence of multiple sub-species of Pa in the chronic lung there is an 

additional compartment of genetic diversity that offers positive evolutionary selection 

potential, some of which may be carried by phages that could be shared between 

populations. For this reason, this carriage of phages between populations needs to be 

studied to identify the level of phage carriage, to try and determine the potential that 

horizontal gene transfer has between bacteria in the lung. To date, no study has focussed 

on the carriage of phages within lung populations of Pa, with no scientific rationale or 

hypothesis for the impact they may have. Having the ability to work between sub-

populations identified from colony variants isolated from the lung of the same patient at the 

same time-point, may illustrate phages that are more frequently found or can infect between 

sub-populations within the lung environment. This chapter represents a retrospective study, 

looking directly at the genomic differences between Pa variants/strains isolated in the 

chronically infected lung of a patient that show co-colonisation in the lung of BR patients. 

PHASTER was used to identify prophages within Pa colony variants that were isolated 

from the same BR patient sputum sample. The prophage genomes carried were then 

be compared to the co-colonising strain(s). It has been previously reported that temperate 
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phages in Pa drive adaptive evolution (Davies et al., 2016b), therefore analysing and 

comparing temperate phages from chronically infected patients may give an insight into the 

role of temperate phages in chronic Pa lung infections. It may also determine whether these 

phages, that drive evolution, are inducible and able to transfer within the lung environment. 

4.1.1 Non-clonal bacterial populations within chronically infected lungs 
 

It is important to note that up until 20 years ago it was believed that the majority of CF or 

BR patients were colonised by clonal Pa strains independently (Jelsbak et al., 2007, 

O'Carroll et al., 2004). However, studies have shown phenotypic differences of proposed 

clonal variants that have been frequently observed, including increased antibiotic 

resistance, (Ratjen, 2009), altered metabolism and attenuated virulence (Hoiby et al., 

2010b). 

The focus of these studies is usually on the core genome of the Pa, with the accessory 

genome, including prophages and other transposable genetic elements, usually overlooked. 

This could be due in part to the high number of genes in bacteriophages, and horizontal 

gene transfer (HGT), that are small in size with no associated function at gene or protein 

level. This could be an important area to study, as there is limited distinction in the variation 

when comparing the core genomes (Winstanley et al., 2016). Therefore, the study of the 

accessory genome of these bacteria may help to uncover their biology, function and 

adaptive evolution in the lung. Co-infection with two different strains of Pa can also occur, 

rather than just genetic diversification within the lung (Aaron et al., 2004). When there are 

multiple strains in an environment, HGT can take place between the different strains, which 

may drive evolution within an environment such as the lung, by providing genes or plasmids 

that encode a selective advantage. 

4.1.2 P. aeruginosa genomes from BR patients 
 

The panel of genomes analysed in this study were chosen from a much larger library of Pa 

isolates from a national and international study by Hilliam et al. (2017), with access provided 

as part of a collaboration with the University of Liverpool. The chosen data consisted of 

genomes from 13 co-colonising Pa isolates isolated from six of the BR patients. The full study 
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by Hilliam et al (2017) contained a panel of 189 Pa isolates obtained from the sputa of 91 

BR patients (Hilliam et al., 2017). The chosen isolates showed multiple morphological 

variants when cultured from a single time point, and from genomic analysis had differing 

MLST (Multi-Locus Sequence Typing) types, implying co-colonisation by different strains 

(Hilliam et al., 2017). From the six patients, five showed two colony morphologies and one 

showed three (Table 2.1). The morphological variation seen between isolates could not be 

explained by the differences in the core genome of the bacteria (Hilliam et al., 2017). These 

findings support the hypothesis that these differences may arise from the accessory 

genome, specifically the temperate phages studding the bacterial chromosome, which may 

link to the alternate phenotypes. 

4.1.3 Carriage of prophages by P. aeruginosa 
 

Prophages are a frequent feature of Pa sequenced genomes (Silby et al., 2011) and can 

contribute to bacterial fitness and virulence by the carriage of additional genes or 

modification of bacterial genes (Davies et al., 2016b). Studies have shown that the carriage 

of prophages can promote the lysis of competitors and also support isogenic-phage 

superinfection (McCallum et al., 2001). As the carriage of prophages by Pa can confer a 

fitness as a selective advantage, this could explain the high numbers of prophages and why 

they are observed in Pa strains, particularly in clinical strains such as LES (Liverpool 

epidemic strain), which show increased virulence when harbouring the LES prophages 

(Winstanley et al., 2009, Davies et al., 2016a). Phage conversion has also been associated 

with the evolution of fundamental clinical phenotypes in Pa, such as the mucoid phenotype 

(Miller and Rubero, 1984), but whether this is linked to lysogeny or driven by MOI is unclear. 

Busby et al. (2013) suggested that isolates that have a higher proportion of phage-related 

genes in their genomes are shown to be more pathogenic in E.coli (Busby et al., 2013). 

Many highly pathogenic bacteria other than Pa also carry multiple prophages e.g. E.coli 

O157:H7 (Hayashi et al., 2001b, Winstanley et al., 2009). This may suggest that prophages 

play a role in bacterial pathogenicity through carriage of function in the cargo genes encoded 

by these genetic elements. Therefore, it is likely that the carriage of prophages both support 

selection of Pa in the chronically infected lung and contribute to the adaptation of Pa in that 
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environment. 

4.1.4 Temperate phage insertion as a source of genetic variation for evolution 

As part of infection and conversion, temperate phages integrate into the bacterial genomes, 

therefore many have evolved ways to minimise the disturbance to the bacterial genome or 

its function that could be caused by integration. One way of minimising disturbance is by 

targeting highly conserved insertion sites in regions that do not disrupt essential host 

function, such as near to or within tRNA genes (Bobay et al., 2013). Temperate phages can 

even carry gene regions into insertion sites, permitting the maintenance of the coding 

sequence (Campbell, 1992). However, other transposable phages, such as Mu-like phages 

of Pa, insert into the bacterial genome at seemingly random sites (Toussaint and Rice, 

2017), which is an approach they use to replicate before induction and lysis. Transposable 

phages are capable of copying and integrating into other sites in the genome, thereby 

causing large scale structural changes in the bacterial genome, as well as high numbers of 

gene mutations and inhibition of function due to transposition into functional genes in a 

manner analogous to to transposon mutagenesis (Toussaint and Rice, 2017, Rehmat and 

Shapiro, 1983). This increase in genetic variation may be beneficial to the host during 

adaptation to new environments, due to the increased likelihood of a mutation accelerating 

evolution (Chao and Cox, 1983). In a recent study looking at evolution in populations of Pa, 

the bacteria adapted faster to a biofilm environment when co-cultured in ASM with temperate 

phages containing the transposable phage LES ϕ4 (Davies et al., 2016b). This suggests 

that mutations caused by phages leads to increased rates of adaption to evolutionary 

pressures, indicating that phages play a significant role in bacterial adaptation (Davies et al., 

2016b). This relates very closely to our study as evolution experiments by Davies et al. 

(2017) were modelled on Pa in the CF lung environment. They used ASM (artificial sputum 

media) mimicking lung sputum, which is very similar to the chronically infected BR lung, 

where Pa must rapidly adapt to the lung environment. This shows the significance of 

temperate phages, especially transposable phages, and the importance of genome insertion 

in chronic infection, where extensive genetic diversification and evolution can occur over 

the course of a chronic infection. This leads to two, possible non-exclusive hypotheses; (i) 
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do the bacteria receive function from the temperate phage (ii) do they mutate by phage 

transposition? 

4.1.5 Spead of of temperate phages between Pa in a co-infected lung 
enviroment 

 

Temperate phages have the ability to induce from their chromosomal integration in the 

bacterial genome via the lytic life cycle. On lysis of the bacterial cell, these phages are 

released into their direct environment and may infect nearby cells. It has been shown that 

free phages are present in the sputum of CF patients. These phages were thought to be 

lytic after testing their infectivity, as 40% showed a positive plaque assay when extracted 

directly from CF sputum (Fothergill et al., 2011). However, they are just as likely to be 

temperate phages that have been induced from bacteria the in the lung, such as Pa (James 

et al., 2015). In the environment of the chronically infected lung, where antibiotics are 

administered into the lungs, the potential of inducing temperate phages is higher due to the 

ability of some antibiotics to act as chemical inducing agents (Fothergill et al., 2011). Once 

these temperate phages are free in the lung they may have the ability to infect a new host, 

which may be a different strain if there is a co-infection. Phages have been linked to 

promoting horizontal gene transfer in this way (Blahova et al., 1994) between strains of the 

same species, but also to closely related species, and have been associated with virulence 

in other bacterial hosts (Brussow et al., 2004). This highlights the need for research into the 

prevalence of transfer of temperate phages in Pa in the lung environment and the effects it 

may have. This study looks at patients co-infected with multiple strains of Pa by analysing 

the sequenced bacterial genomes, attempting to reveal the carriage, diversity and transfer 

of temperate phages that occurs between the Pa isolates from the same lung environment. 

4.2 AIMS 
 

The aims of this study were to determine the differences and similarities between prophages 

carried in colony variants of Pa isolated from the same patient’s lungs at the same time-

point. Other aims were to ascertain if phages transferred across strains in the lung 

environment and top determine whether phage carriage is linked to the colony variant 

phenotype. 
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4.3 OBJECTIVES 
 

The objectives of this research were to compare the putative prophages in these co- 

colonising isolates. Objectives included determining the following - 

• Ascertain the number of prophage regions per bacterial genome. 

 
• Identify the attB site of prophage integration asses whether this would impact 

on cellular function and lead to phenotypic alterations. 
 

• Determine the levels of heterogeneity between phage regions identified. 

 
• Determine whether phages are shared between isolates taken from the 

same patient. 

• Compare prophage regions from all against all analysis of identified 
prophage region. 

4.4 RESULTS 

 
4.4.1 Identification of prophages within Pa genomes 

 
In chapter 3, a number of phage identification tools were compared with PHASTER being 

chosen as the most fit for purpoSe, as it was able to identify the LES phages previously 

studied by the Winstanley group in Liverpool. Here, PHASTER was used to identify the 

prophage regions in 13 Pa genomes isolated from six BR patients. Each patient carried at 

least two colony morphologies when isolated from their sputa. A total of 72 phages were 

identified within the 13 bacterial genomes. These were either classed as intact (27), 

questionable (16) or incomplete (remnant) (29) phage genomes. (Figure 4.3.1). There was 

at least one prophage region identified in 12 out of 13 isolates. The most prophage regions 

identified in an isolate was 10, in isolates C125 and C86 from two unrelated patients. There 

were only three that did not contain any intact phages A100, C109 and C13. The prophages 

classed as intact are the most likely to be inducible, as they contain the structural and 

replication genes that enable a phage to proliferate and lyse from the cell. Without 

experimentation it is impossible to tell which phages are truly viable and infective. However, 

prophages classed as intact provides a strong indication of whether a prophage is putatively 

mobilisable and therefore able to transfer to another Pa genome. 
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Figure 4.1. The number of prophages predicted using PHASTER in 13 Pa genomes. Numbers of intact (blue), questionable (orange) and incomplete 
(grey) prophages prediced in each Pa isolate genome from the same BR patient. 
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4.4.2 Integration points of prophage 
 

As PHASTER predicts the attB location of the prophages within the bacterial genome, these 

are also the integration sites and can be used to determine bacterial chromosomal location. 

As shown in section 3.3.1.1, which analysed the accuracy of PHASTER prediction of the 

prophage, it is not entirely accurate at predicting where the start and end of the phage 

genomes are within the bacterial genome. However, it is the best way to predict the 

integration site without experimentation, by sequencing the bacterial and the phage genome 

induced from it and see where it fits within the bacterial sequence. If it were of further 

interest, it would also be possible to pinpoint the attP-attB junction via manual inspection of 

sequence. All 72 phages were analysed using bioinformatics approaches to ascertain whether 

the phage was inserted into a bacterial gene and whether it may have an impact on cellular 

function, by manually observing if the prophage boundaries map across the bacterial gene. 

The results showed that 30% of the predicted prophages in the cohort integrated into a 

known gene, with 7 being intact phage, 6 being questionable and 9 being incomplete. Only 

one isolate (C86) had phages that did not have a phage that integrated into a bacterial gene. 

In 6 cases, phages integrated into Indole-3-glycerol phosphate synthase, which was the only 

case where multiple phages integrated into the same gene, other than ‘protein of unknown 

function/ hypothetic protein’. Other genes that were disrupted by the integration of phages 

were involved in secretion systems and extracellular matrixes, such as ‘Carboxyl-terminal 

protease’, ‘Type I secretion system, outer membrane component LapE’ and ‘Extra cellular 

matrix protein PslE’. These are all important in pathogenicity, being associated with biofilm 

formation. Interestingly, one phage in A100_1, classed as questionable by PHASTER, 

integrated into a transposase. This may mediate or catalyse the integration, or may limit 

further phage integration and act as restriction method. Table 4.1 shows the results taken 

from analysing each of the insertion points that were predicted by PHASTER. 

Numerous temperate phages integrate near to or into tRNA genes. However, only one 

phage appeared to integrate downstream of bacterial tRNA genes. 12 out of 13 isolates 

were predicted to have downstream impact on gene function. Collectively, these data suggest 

that even from this small cohort number, many prophages likely impact on the cellular 
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function of the bacterial host by integration alone, even before integrated prophage genes 

are taken into consideration. 
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Table 4.1 The integration positions of prophages identified from Pa genomes 
 

 
 

Patient 

 
 

Isolate_phage 

 
 

Phage class predicted 

 
Closest 
phage 

relative 

Intragenic 
insertion 

 

 
 

Integration location 

 
 
 
 

 
148 

A100_1 Questionable F10 Y transposase 

A100_2 Incomplete YMC11 N  

A100_3 Incomplete Strep_Jay21 N  

A100_4 Incomplete Pf1 N  

A106_1 intact YMC11 N  

A106_2 intact phiCTX Y Indole-3-glycerol phosphate synthase 

A106_3 intact F10 N  

A106_4 intact D3 N  

A106_5 intact Mu Y Extra cellular matrix protein PslE 

A106_6 intact phiCTX N  

 
 
 
 
 

42 

C12_1 intact YMC11 N  

C12_2 questionable 
F10 

Y 
Cysteine desulfurase CsdA-CsdE sulfur 

acceptor protein CsdE 

C12_3 intact ECO1230 N  

C12_4 intact PM105 Y Carboxyl-terminal protease 

C12_5 questionable Pf1 Y Protein of unknown function 

C12_6 incomplete YMC11 N  

C12_7 questionable Pf1 N  

C13_1 incomplete Phi297 Y Protein of unknown function 

C13_2 incomplete YMC11 Y Indole-3-glycerol phosphate synthase 

 

 
84 

C107_1 intact F10 Y Formiminoglutamase 

C107_2 intact PM105 N  

C107_3 intact YMC11 N  

C107_4 questionable Pf1 N  

C107_5 intact JBD88a N  
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 C107_6 questionable D3 Y tRNA- (ms[2]io[6]A -hydroxylase 

C108_1 incomplete PMG1 N  

C108_2 intact F10 N  

C108_3 incomplete Phi297 N  

C108_4 questionable Pf1 N  

C108_5 intact phiCTX N  

 
 

85 

C109_1 questionable Pf1 N  

C109_2 incomplete YMC11 Y Indole-3-glycerol phosphate synthase 

C110_1 intact Ep3 Y Indole-3-glycerol phosphate synthase 

C110_2 questionable 
F10 

Y 
Transcriptional activator of acetoin dyhydrogenase 

operon AcoR 

C110_3 questionable Pf1 N  

 
 
 
 
 
 
 
 
 
 

92 

C125_1 intact PM105 N  

C125_2 incomplete F10 N  

C125_3 incomplete F10 N  

C125_4 incomplete H70 Y Protein of unknown function 

C125_5 incomplete Pf1 Y Chemotactic transducter 

C125_6 intact YMC11 N  

C125_7 questionable phiO19P N  

C125_8 intact PM105 N  

C125_9 intact YMC11 N  

C125_10 intact B3 Y mobile element protein 

C127_1 intact YMC11 Y Indole-3-glycerol phosphate synthase 

C127_2 incomplete F10 N  

C127_3 incomplete F10 N  

C127_4 questionable Tr60 Y Protein of unknown function 

C127_5 Incomplete 
PAJU2 

Y 
Type I secretion system, outer membrane component 

LapE 

C127_6 incomplete Pf1 N  

C127_7 incomplete Pf1 N  

C127_8 incomplete F10 Y Protein of unknown function 

C127_9 incomplete Ab30 N  
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 C129_1 intact PPpW Y Indole-3-glycerol phosphate synthase 

 
 
 
 
 
 
 
 
 
 

73 

C86_1 questionable F10 N  

C86_2 incomplete F10 N  

C86_3 incomplete F10 N  

C86_4 incomplete Pf1 N  

C86_5 incomplete Phi297 N  

C86_6 incomplete Pf1 N  

C86_7 intact Phi297 N  

C86_8 questionable Ab30 N  

C86_9 intact YMC11 N  

C86_10 incomplete F10 N  

C87_1 incomplete F10 N  

 

C87_2 
 

incomplete 
Ectoca 

siliculosus 
virus 

 

Y 
 

hypothetical protein 

C87_3 incomplete Phi297 Y Molybdenum cofactor biosythesis protein MoaA 

C87_4 questionable Phi297 N  

C87_5 questionable Pf1 N  

C87_6 incomplete phiNITI N  

C87_7 intact Ep3 N  
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4.4.3 Comparison of phage carriage across each isolate 

 
4.4.3.1 Comparison of identified prophages using MAUVE 

 
The phages of each Pa isolate were concatenated into multi-fasta files containing all phage 

genomes from each Pa isolate. Initially, MAUVE was used to visualise the phage 

comparisons, which uses ClustalW to compare these phage regions at the nucleotide level, 

with the concatenated phages from one isolate being the reference and the other isolate’s 

phages from the same patient being the query. Therefore, as there were 6 patients, 6 

comparisons were completed in a pairwise manner. 

The results are displayed in figures 4.2a - 4.2f. The comparison between phages carried 

between morphotypes in patient 42 are shown in figure 4.2a. It shows that isolate C12 has 

8 phages and C13 has only 2 phages. Only one phage appears to have high similarity, phage 

number 7 of C12 (C12_7) and phage number 2 of C13 (C13_2). They are characterised 

differently by PHASTER, with phage C12_7 characterised as questionable and C13_2 as 

incomplete. This indicates that there are features missing from C13_2 that are present in 

C12_7, even though their genomes are highly similar. Identification of similar phages in 

each morphotype may mean that these are the same bacterium that, over time, have 

evolved separately in the lung. It may also mean that this phage has transferred from one 

strain to the other, which would be the first report of this in the lung environment. This shows 

the greater need to determine carriage of phages across a wider cohort of Pa to give a 

better understanding of which phages are commonly carried and which may be 

advantageous to the Pa host. The comparison between patient 73’s Pa morphotypes, shown 

in 4.3.3b, shows that isolate C86 and C87 had 6 phages with some homologous regions 

within their genomes, most with only part of another phage, which suggests expansion or 

attenuation of the phage genome or it could also indicate a prior recombination event. The 

results for patients 84 and 148, shown in 4.2c and 4.2f, respectively, show similar results to 

patient 73. These results are useful to identify and target specific phage genomes that are 

similar. The results for patient 85, shown in 4.2d, shows that isolates C109 and C110 have 

2 phages that have distinct similarity at their boundaries. However, the central region of the 
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phage genome is very different, suggesting evolution or possibly the same type of phage but 

with rearrangement. Patient 92’s phage genome comparison is shown in 4.3.3e and is 

slightly different from the others, as there were 3 isolates collected and therefore 3 phage 

complements to compare. Isolate C125 (on the top), C127 (in the middle) and C129 (on the 

bottom) only contained one phage. The one phage that was found in C129 was shown to 

be highly similar to an intact phage in both C125 and C127. C129’s phage genome was 

14kb smaller, possibly showing some expansion of attenuation that was mentioned 

previously. 

MAUVE is an effective tool in comparing two sequences. However, when comparing 

multiple sequences at the same time the visualisations are less useful as pairwise. Being 

able to compare each phage across the whole panel of phages from all patients is important 

as it allows the study of carriage. Therefore, other visualisation methods were necessary to 

show in more detail, which parts of the phage genomes were similar to each other and which 

were different. 
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Figure 4.2a 
 

 

 
 
 
 
 
 

 

b 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.2a-b. MAUVE comparisons of prophage regions. Prophages from Pa isolates 

with differing phenotypes, taken at the same time point from the same patient, comparing 

between concatenated phages from isolates from the same patient. The vertical red lines 

show where each phage genome starts and ends. The block above or below the horizontal 

line dictates which strand the gene is on. The filled in colour shows regions of nucleotide 

similarity. The more colour and less white that is shown in a region suggests a higher 

percentage similarity in that region. 

a) Patient 42, comparing the phage complements of isolates C12 and C13. 

b) Patient 73, comparing the phage complements of isolates C86 and C87. 
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Figure 4.2c 
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Figure 4.2c-d. MAUVE comparisons of prophage regions. Prophages from Pa isolates 
with differing phenotypes taken at the same time point from the same patient comparing 
between concatenated phages from isolates from the same patient. The red lines show 
where each phage genome starts and ends. The block above or below the horizontal line 
dictates which strand the gene is on. The filled in colour shows regions of nucleotide 
similarity. The more colour and less white that is shown in a region suggests a higher 
percentage similarity in that region. 

 

 
c) Patient 84, comparing the phage complements of isolates C107 and C108. 

d) Patient 85, comparing the phage complements of isolates C109 and C110. 
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Figure 4.2e 
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Figure 4.2e-f. MAUVE comparisons of prophage regions. Prophages from Pa isolates 
with differing phenotypes taken at the same time point from the same patient, comparing 
between concatenated phages from isolates from the same patient. The red lines show 
where each phage genome starts and ends. The block above or below the horizontal line 
dictates which strand the gene is on. The filled in colour shows regions of nucleotide 
similarity. The more colour and less white that is shown in a region suggests a higher 
percentage similarity in that region. 

e) Patient 92, comparing the phage complements of isolates C125, C127 and C129, and 
has three rows. 

f) Patient 148, comparing the phage complements of isolates A100 and A106. 



83  

4.4.3.2 Comparison of intact phages using MUMmer and Circos 
 

To improve visualisation of pairwise genome comparison, other methods were needed. An 

approach used here had been previously used in other phage genome comparison studies 

(Smith et al. 2012). This pairwise comparison approach used MUMmer to compare the 

genomes against one another and the results visualised with Circos. The NUCmer command 

in MUMmer was used to generate nucleotide alignments using a compare to reference 

approach. The parameters were set at the default of a comparison of a minimum of 20 

basepairs and 95% identity. Circos allows visualisation when comparing one region to 

multiple tests based on the pairwise alignment generated in NUCmer, allowing the 

comparisons to be layered and seen in the same image. This enables the visualisation of 

the comparison of all phages from one Pa genome against all the phages in the other, from 

each patient. 

Figure 4.3 shows an example of this analysis, illustrating phages that were similar or had 

comparable regions at the nucleotide level. This is important in phages as they are modular 

in genome construction and thought of as mosaic in nature. Figures 4.4-4.9 shows Circos 

comparisons of the phage genomes from each of the Pa isolates for each patient, with a 

figure shown per patient. Figures are divided into sections A, B and C: (A) is colour coded 

in red and blue, with (A) representing the reference phage genomes from one isolate and 

blue representing the query phage genomes from the second isolate, from the same patient. 

Where three isolates are present, in figure 4.9, the third isolate’s phage genome is coloured 

green. Images display the similarities between carriage of all phages between patient 

morphotypes. (B) shows the same comparison as (A) but the colours were altered so that 

the colours represent if the phage genomes were classed as intact (red), questionable 

(orange), or incomplete (yellow). This offers a better way of determining if the phage was 

mobilisable and therefore transferred between isolates. Then (C) shows all the phage 

genomes from that patient versus all the other phages to see difference in carriage between 

other patients and to see how similar the phage regions were in the cohort of 72 phages. 

This may begin to illustrate phage regions that are important in the chronic lung if found in 
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multiple patient isolates. 

From all the patient results in figures 4.4-4.9, all isolates showed some similarity between one 

or more of the prophage genomes. In some cases, such as patients 42 and 85 (figures 4.5 and 

4.7), these regions of similarity were small, suggesting that there are only a few genes that are 

similar. However, in other cases such as patients 73, 84 and 92 (figures 4.4, 4.6 and 4.9), there 

is extensive similarity between the other phages found in the comparator isolate from the same 

patient. This is shown in the thickness of the ribbons and number of ribbons between the phage 

genomes in the Circos images. These phages appear to be highly similar, however, they have 

differing genome lengths, which means the percentage of coverage that is homologous could 

be low. The phage genome lengths, percentage query coverage and percentage identity 

between each phage and its most similar phage from the comparator isolate from the same 

patient, are shown in table 4.2. There are regions for possible expansion or reduction to the 

prophage genomes, as a full genome can be homogeneous to part of the compared prophage 

genome, seen in figure 4.4 for patient 73, which compares phage C86_9 and C87_7. The 

prophage C86_9 has a much larger genome than C87_7, showing possible expansion or 

incorrect estimation of the insertion site on one of the phages. Table 4.2 shows genome lengths 

of C86_9 is 30.2kb and C87_7 is 20.2Kb in length, showing an expansion or restriction of 10Kb. 

The results in table 4.2 also show that 88% of C87_7’s genome was homologous with C86_6, 

whereas only 58% of the C86_9 genome is homologous with C87_7. These similarities between 

the prophage genomes could illustrate conservation of a phage in the lung environment, 

especially for the phages that have a high percentage coverage and identity and are classified 

as intact phages. Phages such as C125_6 and C127_1, which have 85% coverage compared 

to the larger genome, suggest possible phage transfer between isolates, together with both 

being classified as intact and therefore putatively mobilisable. There were regions in the 

incomplete/remnant prophages, shown in yellow in B figures 4.4-4.9, that showed similarity 

between other incomplete phage genomes from different strains of Pa. This suggests that there 

are conserved regions of phages that are or were once mobilisable and transferred between 

each other, such as between C86_5 and C87_3 in figure 4.4b. 
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Concatenated genomes of 
phages from the particular 
isolate from the lung of a 
BR patient 

 
 

Showing the boundaries 
of the phages when 
concatenated 

 
 
 

Ribbons showing the 
similarity of genomes 
between the reference and 
the query genomes 
representing 95% identity 
over the 20bp sliding 
window 

 
 

 
 

P148_A106 

 
 

P = Patient, in this case 
patient 148. 
A or C = isolate from 
patients’ lungs, in this case 
isolate A106 

 
 
 

Figure 4.3 – An example of a Circos diagram - comparing all prophages from the 3 isolates from patient 92, compared against all of the 

other prophages from the other isolates in the cohort. The outer ring and the colours of the ribbons represent the isolate that the prophages 

came from. The inner ring is sectioned to show the start and end point of the concatenated phages for that particular isolate. 
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Figure 4.4a-c Circos comparison of phage genomes from Pa isolates C86 and C87 from patient 73. A) Circos plot showing the 

comparison between phage genomes from 2 isolates; C86 (reference) in red with 10 phages and C87 (query) in blue with 7 phages, with 

ribbons between them showing homology. B) Circos plot showing the same comparisons as (A) but coloured to show phage prediction with 

intact phages coloured red, questionable coloured orange and incomplete coloured yellow. C) Circos plot comparing all prophages from the 

isolates of both patient 73 Pa isolates compared against all of the other prophages from the other isolates in the cohort (explained in figure 

4.3). 

C 
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Figure 4.5a-c Circos comparison of phage genomes from Pa isolates C12 and C13 from patient 42. A) Circos plot showing the 

comparison between phage genomes from 2 isolates; C12 (reference) in red with 7 phages and C13 (query) in blue with 2 phages, with ribbons 

between them showing homology. B) Circos plot showing the same comparisons as (A) but coloured to show phage prediction with intact 

phages coloured red, questionable coloured orange and incomplete coloured yellow. C) Circos plot comparing all prophages from the isolates 

of both patient 42 Pa isolates compared against all of the other prophages from isolates in the cohort (explained in figure 4.3). 

B C 
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Figure 4.6a-c Circos comparison of phage genomes from Pa isolates C107 and C108 from patient 84. A) Circos plot showing the 

comparison between phage genomes from 2 isolates; C107 (reference) in red with 6 phages and C108 (query) in blue with 5 phages, with 

ribbons between them showing homology. B) Circos plot showing the same comparisons as (A) but coloured to show phage prediction with 

intact phages coloured red, questionable coloured orange and incomplete coloured yellow. C) Circos plot comparing all prophages from the 

isolates of both patient 84 Pa isolates compared against all of the other prophages from isolates in the cohort (explained in figure 4.3). 
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Figure 4.7a-c Circos comparison of phage genomes from Pa isolates C109 and C110 from patient 85. A) Circos plot showing the 

comparison between phage genomes from 2 isolates; C109 (reference) in red with 2 phages and C110 (query) in blue with 3 phages, with 

ribbons between them showing homology. B) Circos plot showing the same comparisons as (A) but coloured to show phage prediction with 

intact phages coloured red, questionable coloured orange and incomplete coloured yellow. C) Circos plot comparing all prophages from the 

isolates of both patient 85 Pa isolates compared against all of the other prophages from the other isolates in the cohort (explained in figure 

4.3). 
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A B C 
 
 

 
 

 

Figure 4.8a-c Circos comparison of phage genomes from Pa isolates A100 and A106 from patient 148. A) Circos plot showing the 

comparison between phage genomes from 2 isolates; A100 (reference) in red with 4 phages and A106 (query) in blue with 6 phages, with 

ribbons between them showing homology. B) Circos plot showing the same comparisons as (A) but coloured to show phage prediction with 

intact phages coloured red, questionable coloured orange and incomplete coloured yellow. C) Circos plot comparing all prophages from the 

isolates of both patient 148 Pa isolates compared against all of the other prophages from the other isolates in the cohort (explained in figure 

4.3). 
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A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9a-c Circos comparison of phage genomes from Pa isolates C125, C127 and C129 from patient 92. A) Circos plot showing the 

comparison between phage genomes from 3 isolates; C125 (reference) in red with 10 phages and C127 (query) in blue with 9 phages and 

C129 (second query) in green with 1 phage, with ribbons between them showing homology. B) Circos plot showing the same comparisons as 

(A) but coloured to show phage prediction with intact phages coloured red, questionable coloured orange and incomplete coloured yellow. C) 

Circos plot comparing all prophages from the isolates of both patient 92 Pa isolates compared against all of the other prophages from the other 

isolates in the cohort (explained in figure 4.3). 

B C 
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Table 4.2 The length of each phages genome, percentage identity and coverage of each phage to the most similar other phage from the 
comparison isolate from the same patient. 

 
 
 

Patient 

 
 
 

Isolate 

 
 
 

Phage 

 
 
 

Completeness 

 
 
 

Predic
ted 
size 

 
 

Most similar 
phage from 

second 
isolate 

 
 

% 
Identity 

 
 

% Query 
cover 

Most 
similar 
phage 
from 
third 

isolate 

 
 

% 
Identity 

 
 

% Query 
cover 

 
 
 
 

P148 

 

A100 

A100_1 questionable 32.3Kb A106_3 95% 36%    

A100_2 incomplete 22Kb A106_2 98% 36% 

A100_3 incomplete 21.6Kb N/A N/A N/A 

A100_4 incomplete 18.6Kb N/A N/A N/A 

 
 

A106 

A106_1 intact 55.5Kb N/A N/A N/A    

A106_2 intact 20.1Kb A100_2 98% 39% 

A106_3 intact 60.1Kb A100_1 95% 19% 

A106_4 intact 64.7Kb N/A N/A N/A 

A106_5 intact 32.5Kb N/A N/A N/A 

A106_6 intact 20.8Kb N/A N/A N/A 

 
 
 

 
P42 

 
 

 
C12 

C12_1 intact 54Kb N/A N/A N/A    

C12_2 questionable 42.7Kb N/A N/A N/A 

C12_3 intact 47.3Kb N/A N/A N/A 

C12_4 intact 39.7Kb N/A N/A N/A 

C12_5 questionable 20.5Kb N/A N/A N/A 

C12_6 incomplete 19.1Kb N/A N/A N/A 

C12_7 questionable 7.5Kb N/A N/A N/A 

C13 
C13_1 incomplete 11.2Kb N/A N/A N/A    

C13_2 incomplete 22Kb N/A N/A N/A 

 
 

 
P73 

 
 

 
C86 

C86_1 questionable 27Kb N/A N/A N/A    

C86_2 incomplete 14Kb C87_1 92% 59% 

C86_3 incomplete 12.6Kb C87_1 95% 35% 

C86_4 incomplete 15.6Kb N/A N/A N/A 

C86_5 incomplete 25Kb C87_3 96% 70% 

C86_6 incomplete 29.7Kb C87_5 96% 14% 

C86_7 intact 38Kb C84_4 98% 50% 
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  C86_8 questionable 40.5Kb N/A N/A N/A    

C86_9 intact 30.2Kb C87_7 96% 58% 

C86_10 incomplete 12.6Kb C87_1 93% 24% 

 
 

 
C87 

C87_1 incomplete 29.4Kb C86_2 92% 28%    

C87_2 incomplete 36.5Kb N/A N/A N/A 

C87_3 incomplete 28.7Kb C86_5 96% 61% 

C87_4 questionable 29.2Kb C86_7 98% 66% 

C87_5 questionable 13.4Kb C86_6 96% 33% 

C87_6 incomplete 26.2Kb N/A N/A N/A 

C87_7 intact 20.2Kb C86_9 96% 88% 

 
 
 
 

 
P84 

 
 

C107 

C107_1 intact 47.5Kb C108_2 98% 18%    

C107_2 intact 42.2Kb N/A N/A N/A 

C107_3 intact 30.2Kb C108_5 99% 50% 

C107_4 questionable 19Kb C108_4 98% 18% 

C107_5 intact 38.3Kb N/A N/A N/A 

C107_6 questionable 56.5Kb N/A 95% N/A 

 

 
C108 

C108_1 incomplete 15.2Kb C107_6 95% 15%    

C108_2 intact 68.6Kb C107_1 98% 13% 

C108_3 incomplete 34.8Kb N/A N/A N/A 

C108_4 questionable 13.4Kb C107_4 98% 26% 

C108_5 intact 18.4Kb C107_3 98% 82% 

 

 
P85 

C109 
C109_1 questionable 11.5Kb C110_3 98% 27%    

C109_2 incomplete 21.5Kb C110_1 98% 36% 

 
C110 

C110_1 intact 20.5Kb C109_2 98% 39%    

C110_2 questionable 60.6Kb N/A N/A N/A 

C110_3 questionable 13.4Kb C109_1 98% 23% 

 
 
 
 

 
P92 

 
 
 
 

C125 

C125_1 incomplete 12.4Kb N/A N/A N/A N/A N/A N/A 

C125_2 incomplete 25.7Kb N/A N/A N/A N/A N/A N/A 

C125_3 incomplete 23.6Kb C127_3 85% 13% N/A N/A N/A 

C125_4 intact 34.3Kb C127_9 90% 71% N/A N/A N/A 

C125_5 questionable 16.3Kb C127_6 89% 27% N/A N/A N/A 

C125_6 intact 30.2Kb C127_1 98% 94% C129_1 99% 55% 

C125_7 intact 54.3Kb N/A N/A N/A N/A N/A N/A 

C125_8 intact 27.1Kb N/A N/A N/A N/A N/A N/A 

C125_9 intact 34.1Kb N/A N/A N/A N/A N/A N/A 

C125_10 incomplete 9.5Kb N/A N/A N/A N/A N/A N/A 

C127 C127_1 intact 34.1Kb C125_6 98% 85% C129_1 99% 55% 
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  C127_2 incomplete 44.2Kb N/A N/A N/A N/A N/A N/A 

C127_3 incomplete 34.4Kb N/A N/A N/A N/A N/A N/A 

C127_4 questionable 19Kb N/A N/A N/A N/A N/A N/A 

C127_5 incomplete 12.1Kb N/A N/A N/A N/A N/A N/A 

C127_6 incomplete 24.4Kb C125_5 89% 18% N/A N/A N/A 

C127_7 incomplete 20.7Kb N/A N/A N/A N/A N/A N/A 

C127_8 incomplete 32.1Kb N/A N/A N/A N/A N/A N/A 

C127_9 incomplete 36Kb C125_4 90% 67% N/A N/A N/A 

C129 C129_1 intact 20.1Kb C125_6 99% 84% C127_1 99% 93% 

N/A – If there was under 10% coverage between the phage and any other phage from the comparison isolate from the same patient 
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4.4.4 Induction, DNA extraction and sequencing of phages from isolates to 

unequivocally identify the mobilisable phages 

All 13 isolates were induced by exposure to norfloxacin (section 2.5.1). The lysate was 

processed to extract the DNA of any phages that had been induced, using DNase to remove 

high levels of background bacterial chromosomal DNA, with heat inactivation rupturing the 

capsid to present the genomes of the phages. These were then sequenced by NU-OMICS 

as per method in 2.8. Of the isolates, six out of 13 had detectable phages present when 

sequencing data was analysed. Seven isolates did not demonstrate inducible phages, 

whether this was due to a lack of mobilisable phages in that isolate or due to resistance to 

NFLX meaning they could not be induced using that method. However, four of the seven 

isolates had low sequence data (Not enough DNA that could be sequenced to form a 

genome) and therefore it was not possible to determine whether any phages were present. 

A summary table of the sequencing outcomes is shown in table 4.3 and shows that there 

were only 2 patients (patient 73 and patient 92) that demonstrated presence of phages in 

all their isolates and therefore there phages could be compared. The individual phages that 

could be re-assembled were mapped back against the bacterial genome data, using local 

pairwise BLAST to establish if they had been identified by PHASTER. 

Each of the phages that were sequenced from isolates of patients 73 and 92, which had 

phages present in both/all three of their isolates, were then compared against the other 

phages from the other isolates from that patient by BLASTn (Table 4.4). From the results, 

the phages from patient 73’s isolates that had the highest percentage identity and coverage 

were C86a and C87a. This high percentage similarity strongly suggests that they are the 

same phage. These phages also had a high similarity to C86c, identified by PHASTER. The 

phages in patient 92’s isolates that had the highest percentage identity and highest 

percentage coverage were C125a and C127a. However, the phage sequenced in the third 

isolate (C129) was not similar to any phages from the other two isolates. As both patients 

73 and 92 have isolates of differing morphologies that harbour 



96  

highly similar inducible phages, they are likely to have been transferred between isolates 

while co-colonising the chronically infected BR lung. 

Table 4.3 Phage lysate sequencing results of phages induced from Pa strains isolated from BR patients 
 

Patient 
Isolate 

induced 
SAMPLE 

No mean high 
coverage 
contigs = 

potential Phages 

Name of 
phage 

Phage 
length 

BLASTn-
viral refseq 
(NCBI) 

42 
C12 LDH8 N/A- low seq data    

C13 LDG4 N/A- low seq data    

 

73 

C87 LDG5 1 C87a 27367 PAJU2 

 
C86 

 
LDG6 

3 C86a 39615 PAJU2 

C86b 36993 PhiCTX 

C86c 16213 YMC11/02/R656 

 
148 

A100 LDG7 N/A- low seq data    

A106 LDG8 
potentially chimeric 
could not resolve 

   

84 
C107 LDH1 No phage identified    

C108 LDH2 No phage identified    

85 
C109 LDH3 1 C109a 50764 Phi297 

C110 LDH4 N/A- low seq data    

 

92 

C125 LDH5 1 C125a 55893 PAJU2 

C127 LDH6 2 C127a 55891 PAJU2 

C127b 23501 PhiCTX 

C129 LDH7 1 C129a 50102 Phi297 

 

 

Table 4.4 BLASTn comparison of sequenced phages induced from Pa strains isolated 

from BR patients 

 

 
 

Patient 

 
 

Isolate 

 
 

Phage 

 
 

Size 
(Kb) 

 
 

Most similar 
phage from 
2nd isolate 

 
 

% 
Identity 

 
 

% 
Query 
cover 

Most 
similar 
phage 

from 3nd 
isolate 

 
 

% 
Identity 

 
 

% 
Query 
cover 

 
 

P73 

 
C86 

C86a 27367 C87a 100% 99%  
C86b 39615 N/A N/A N/A 

C86c 36993 C87a 100% 99% 

C87 C87a 
16213 C86a 100% 66% 

C86c 100% 27% 

 
P92 

C125 C125a 55893 C127a 100% 100% N/A N/A N/A 

C127 
C127a 55891 C125a 100% 100% N/A N/A N/A 

C127b 23501 N/A N/A N/A N/A N/A N/A 

C129 C129a 50102 N/A N/A N/A N/A N/A N/A 

N/A – If there was under 10% coverage between the phage and any other phage from the comparison 
isolate from the same patient 
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4.5 DISCUSSION 
 

The aim of this chapter was to compare phage carriage between Pa strains isolated at the 

same time-point from the same patient but which exhibited different colony morphologies. 

The chronically infected lung was previously thought to be clonal but morphological 

difference has been noted between colonies of Pa isolated from the same patient at the 

same timepoint. By looking at the genomes of the multiple Pa isolates that were isolated 

from the same patient it was confirmed that they were non-clonal strains by being different 

MLST types, this was also done as part of the Hilliam et al (2017) paper when comparing 

the core genomes of these bacteria (Hilliam et al., 2017). This data allowed the focus in this 

study to be on comparison of the accessory genome, specifically integrated temperate 

phages shared in the bacterial morphotypes genome. A key aim was to try to determine 

whether these phages transfer between the multiple shared isolates, possibly spreading 

genes that could offer a selective advantage within the lung microenvironment. 

4.5.1 Phenotypic differences in Pa from the chronically infected lung 
 

Other studies have seen transition? from mucoid to non-mucoid through environmental 

pressure, without change in their genome (Mathee et al., 1999) possibly through epigenetic 

regulation. Typically, the core genome of a bacterium is investigated for markers of 

adaptation, diversification and evolution. For example, in the first study of these isolates 

Hilliam et al. (2017) did not focus on the accessory genome in any way (Hilliam et al., 2017). 

There have been previous studies investigating the phenotypic diversity among Pa isolates 

between sputum samples, due to little being known about the underlying genetic diversity. 

Williams et al (2015) revealed extensive heterogeneity within Pa populations, including the 

co-existence of multiple divergent lineages in the CF lung (Williams et al., 2015), which also 

supports this study and the focus on the accessory genome. However, temperate phages 

were not looked at in depth as a possible cause of the genetic diversity and phenotypic 

changes in these studies. 



98  

4.5.2 Bacteriophage identification and integration 
 

By identifying the temperate phages in the Pa genomes using PHASTER (section 2.11.1) 

and studying the integration sites of these prophages, it was established that 30% of 

prophages integrated into a bacterial gene. This has the potential to lead to phenotypic 

changes due to the interruption of a gene. In 6 cases, phages integrated into ‘Indole-3- 

glycerol phosphate synthase’ (IGPS), which was the only case where multiple phages 

integrated into the same gene, with 3 out of 6 being YMC11-like phages. YMC11 phages 

are Pa phages part of the Siphoviridae family. YMC11/02/R656 has been shown to be 

present in multidrug resistant strains of Pa from infected sputa and has shown to lower the 

virulence of Pa in the Galleria mellonella virulence model (Jeon and Yong, 2019). This 

suggests that this integration site may be phage specific. There is evidence that the deletion 

of the gene for IGPS reduces the fitness of Pa strain PAO1 in synthetic cystic fibrosis 

sputum (Gerth et al., 2012). Other genes that were disrupted by the integration of phages 

were involved in secretion systems and extracellular matrixes, such as ‘Carboxyl-terminal 

protease’, ‘Type I secretion system, outer membrane compent LapE’ and ‘Extra cellular 

matrix protein PslE’. All of these gene products contribute to the fitness of Pa, of particular 

relevance is the exopolysaccharide PslE, a key biofilm matrix component that initiates 

attachment to maintain biofilm architecture. Therefore, the disruption and knocking out of 

PslE by the phage integration limits biofilm formation (Overhage et al., 2005), which in turn 

results in fewer vegetative bacterial cells for the phages to infect. As well as disrupting gene 

function, the integration of phages creates genomic variation to enable adaption and 

evolution (Williams, 2013). Other than disrupting the bacterial genome, the phages add their 

own genes into the genomes of the bacteria that can alter the bacterial metabolism directly, 

such as providing virulence factors in the way of a toxin like CTX and STX toxins in E.coli 

and Vibrio species (Smith et al., 2012, Wagner and Waldor, 2002). There is also a positive 

correlation between lysogeny in Enterobacteria and pathogenicity (Bobay et al., 2013). 

Integration of these phages can alter bacterial physiology. Therefore, it was also important 

to determine the diversity of the phages between isolates from the same patient to see if 

transfer of temperate phages occurs between isolates. By comparing and mapping phages 
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across all isolates from BR patients, this may illustrate phage presence frequency and 

whether they are conserved. It may also illustrate whether they integrate into the same 

location on the bacterial chromosome, which was seen here by YMC11-like phages 

integrating into Indole-3-glycerol phosphate synthase. 

4.5.3 Prophage carriage and comparison between co-colonising Pa isolates 

The Hilliam et al (2017) study determined that the co-isolated strains are not clonal. 

Therefore, unsurprisingly, a different complement of phages was seen in each isolate from 

the same patient. At least one phage was identified in every isolate with a maximum of 10 

phages with varying levels of completeness identified, observed for two of the isolates 

(C125 and C86). This number of predicted viable phages is high compared to other Gram-

negative bacteria, with the number of prophages in bacterial genomes being highly 

variable. Many species of bacteria do not form lysogens (Fouts, 2006, Roux et al., 2015b), 

whereas other species, such as Pseudomonas isolates, usually form lysogens and 

frequently carry multiple prophages (James et al., 2015). This is due to the lack of 

restriction-modification systems found in their genomes, as they are the only feature 

discovered as yet that mediates phage infection (Oliveira et al., 2014). This makes C129 

the only isolate that carries only a single prophage. This is an isolate of interest as it 

suggests it has a restriction-modification system and could be studied in further detail. 

All of the prophage genomes identified were extracted and compared using BLASTn. Firstly, 

phage carriage between isolates from the same patient were compared, showing prophages 

with high percentage homogeneity to prophages from the comparable isolate, suggesting 

possible transfer of temperate phages. This was anticipated as induction of temperate 

phages and reinfection is likely, especially in a patient that is exposed to antibiotics on a 

long term basis (Tariq et al., 2019), such as in the case of a chronic infection, where lytic 

activity of temperate phages has been previously reported (James et al., 2015). 

Inflammation seen in a chronic lung infection also has the ability to induce phages through 

the inflammation response and the release of cytokines, seen in Salmonella in the gut, to 

boost the transfer of phages (Diard et al., 2017). Conversely, Pf phages from Pa have been 

shown to alter the progression of the inflammatory response, possibly to remain within the 
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lysogenic cycle (Secor et al., 2017). 

These comparisons between the phages from the isolates from the same patient were 

visualised using Circos to clarify the parts of the genome that were similar and how similar 

the genomes were. The class of phage, whether it was intact, questionable or incomplete, 

was taken into consideration. If the prophage was classed as intact by PHASTER it was the 

most likely to be inducible as it has an intact genome and all the phage’s essential genes 

for infection, conversion and replication. The phages that had high levels of similarity 

throughout the whole genome, and were classed as intact, suggest strongly that these 

phages are inducible and transferred while in the lung environment. This was then further 

supported by experimental work to induce and isolate the temperate phages from the Pa 

isolates. These isolates were then sequenced and the phage DNA was compared to one 

another. The DNA sequencing of the induced phages was only successful in two out of six 

patients. However, the results showed the phages that were induced from non-clonal 

isolates from the same patient were nearly genetically identical, with only a few base pair 

changes, strongly suggesting that these phages were transferred while in the lung 

environment. This also supports the hypothesis that antibiotic therapy may cause the 

induction of temperate phages and lead to transfer into other strains within the chronic 

environment. It is therefore possible that transferring genes may give antibiotic resistance 

or increase bacterial fitness and play a role in Pa chronicity. This hypothesis could also be 

tested in ASM co-culture experiments to see if the same temperate phages transfer. 

4.6 SUMMARY 

 

This study has shown the carriage of prophages in Pa genomes isolated from the chronically 

infected lung of BR patients co-colonised with multiple strains of Pa. The integration sites 

of these phages may knock-out bacterial genes where they integrate, which may change 

the phenotype of the Pa. There is also evidence of transfer of prophages between strains 

of Pa, which is the first time it has been reported to happen in the chronic lung environment. 
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5. WHAT ROLE DO TEMPERATE PHAGES PLAY IN SUBVERTING THE 

METABOLIC FUNCTION OF THEIR P. AERUGINOSA HOST? 

 

 
5.1 INTRODUCTION 

 
Chapters 3 and 4 mostly focussed on the identification and genomic diversity of temperate 

phages in a small cross-sectional panel of Pseudomonas aeruginosa (Pa). How the diversity 

in prophage genomes translates to alteration of bacterial cell function is still an understudied 

area in phage-bacterial host interactions. This is made more complex by polylysogeny and 

the high numbers of bacteriophage genomes that are present with high numbers of genes 

of small size with no or limited associated function. Approaches outside of genomics are 

needed to try to align function to conversion and lysogeny. A focus is needed to try and 

understand the association of lysogeny to environmental evolutionary adaptation of the 

bacterial host. How subversion of cell function by temperate phages plays a role in microbial 

infection and disease progression is not fully understood. Classically, they do alter cell 

function, in part, by carrying specific genes that promote positive evolutionary selection for 

the lysogen e.g. antibiotic resistance. It has been reported that temperate phages in Pa 

have the ability to enhance pathogen fitness in chronic lung infection (Davies et al., 2016a). 

It is valuable to know how this takes place and how can we understand what changes 

metabolically during lysogeny, and if these changes have the ability to enhance the fitness 

and alter the pathogenicity or virulence of Pa. To focus on the metabolism of the lysogen, 

comparative metabolite profiling was used to identify any phage-mediated changes in 

bacterial cell metabolism. The initial focus of this work was targeted at the well-characterised 

LES (Liverpool epidemic strain) phages as both individual and in-complex phages 

integrated into the genome of Pa host PAO1 are available (Winstanley et al., 2009). 

Previous studies by this group have illustrated that prophages induced from Pa from chronic 

lung infection accrue genes with specific function over time. Following these studies on the 

LES phages, the same methods were used to examine the metabolic changes to lysogens 

of PAO1 carrying a full complement of phages induced from clinical Pa isolates from patients 

at different stages of disease progression in CF and BR. 
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5.1.1 Effects temperate phages can have on their bacterial hosts 
 

Temperate phage carriage is often associated with increased bacterial virulence (Waldor, 

1998), where prophage carriage has been increasingly highlighted by the rise in the use of 

genome sequencing over the last 20 years, supported further by transcriptomics, allowing 

greater characterisation of the subtle ways in which prophages contribute to bacterial 

pathogenicity. Temperate phage infection and subsequent expression of phage-encoded 

genes by the host can have significant effects on a bacterial phenotype. These phage- 

encoded genes are usually not directly involved in viral replication and may provide a benefit 

to their bacterial host, classed as genes of ‘moronic’ function or moron genes (Brussow et 

al., 2004). These moron genes can benefit the host in a number of ways, by enhancing their 

virulence, either by encoding toxins e.g. Shiga toxin (Plunkett et al., 1999) or indirectly, and 

by enhancing the biological fitness (Davies et al., 2016a, Plunkett et al., 1999) of bacteria 

during infection (Hacker and Carniel, 2001). For instance, the majority of the genetic 

difference in bacterial genomes are associated to mobile genetic elements, notably phages 

in strains of E.coli denote whether they are an avirulent or virulent strain as temperate 

phages carry the Shiga toxin gene (Hayashi et al., 2001b, Ohnishi et al., 2002, Wagner et 

al., 2001). In Pa temperate phages can enhance their host by adding function that may offer 

a selective advantage within the environment of the chronically infected lung. They are able 

to manipulate cellular gene expression (Donnelly et al., 2015) and metabolism 

(Chevallereau et al., 2016). They can also drive genomic differences in their Pa host through 

integration into the chromosome. The effects of temperate phage on their hosts are 

becoming increasingly recognised. However, there needs to be further focus as the 

literature on the metabolic impact of temperate phage on their host is limited. 

5.1.2 LES bacteriophages 
 

The six temperate LES phages from the genome of the Pa isolate LESB58 (details of the 

phages shown in table 5.1) (Winstanley et al., 2009) are well defined and their effects on 

their Pa host have been studied previously (Fothergill et al., 2011, Ashish et al., 2012, 

James et al., 2012, James et al., 2015, Davies et al., 2016a), but not at a metabolic level. 

Davies et al (2016a) demonstrated that the temperate LES phages can enhance the fitness 
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of their Pa host. To demonstrate this, PAO1 lysogens were created using each of the 

mobilisable LES phages alongside a combination of PAO1 polylysogens with LES phages 

in a defined complex. These lysogens and polylysogens were tested for competitive fitness 

in a rat chronic lung infection model. The results showed temperate LES phages improved 

the competitiveness of lysogens against phage-susceptible populations in chronic lung 

infection (Davies et al., 2016a). These studies suggest that the temperate LES phages 

influence and enhance multiple stages of infection, altering the fitness of the host bacteria 

in the chronic lung environment. However, it is unclear how the LES phages effect the 

bacterial host to provide this enhanced fitness, which is something that the metabolomic 

analysis may be able to explain. 

Table 5.1 Prophages identified in Pseudomonas aeruginosa strain LESB58. Data from 

Winstanley et al. (2009). 

LES 
prophage 

Characteristics Number of 
genes 

Related 
phages in 
reference 
strain PAO1 

Known related 
phages most – 
like??? 

Phage 
morphology 

φ1 Defective 
prophage, 
predicted to 
encode pyocin 
R2 

19 Defective 
prophage 
gene cluster 
encoding 
pyocin R2 

N/A Pyocin gene 
clusters 
predicted to 
have evolved 
from phage 
tail genes 

φ2 Active 
prophage, 
encodes 
integrase 

44 None F10 Siphoviridae 

φ3 Active 
prophage, 
encodes 
integrase 

53 None F10 Siphoviridae 

φ4 Active 
prophage, 
encodes 
transposase 

48 None D3112 Siphoviridae 

φ5 Active 
prophage, 
encodes 
integrase 

65 None D3 
(transposable 
phage) 

Siphoviridae 

φ6 Active 
prophage, 
encodes 
integrase 

12 Pf4 
(filamentous 
phage 
implicated 
in biofilm 
dispersal) 

Pf1 (family: 
Inoviridae) 

Filamentous 
phage 
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5.1.3 Metabolomics to analyse prophage-host interactions 
 

It is widely known that bacteriophages carry small genes, some less than 200-300bp, that 

have no known function when studied at the genetic and amino acid level. These factors 

make it difficult to align function to phage conversion. A study in E.coli reported that around 

65% of the genes carried by Shiga toxin encoding bacteriophages could not be related to a 

known cellular function (Smith et al., 2012). These studies see similar levels of phages and 

similar gene carriage in Pa temperate phages. Metabolomics approaches can be used to 

further understand phage host interactions and the significance of environmental 

evolutionary adaptation that may be driven by phages that have evolved in that 

environment. From the moment of phage infection, the virus transfers auxiliary metabolic 

genes (vAMGs), which can enhance the metabolic potential of the host during the infection 

process (Rosenwasser et al., 2016). An example of this outside of Pa is the carriage of 

photosynthetic genes in SPM-2, a phage that infects Cyanobacteria, which carries a gene 

that increases cell energy, allowing for lytic phage infection to occur (Shan et al., 2008). 

Phage- mediated metabolic changes in bacteria are hypothesised to markedly influence 

global nutrient and biochemical cycles, mainly by microbial mortality following infection, 

impacting microbial diversity. Phages exploit the resources of the host cells during lytic 

infection to drive viral replication, such as by intervening roles in phosphate and nitrogen 

metabolism, (Sullivan et al., 2010) and other metabolic pathways (Falkowski et al., 2008, 

Suttle, 2007). 

However, experimental data on the impact of phage infection and temperate phage carriage 

on bacterial metabolism are still limited. Advances in metabolomics, enabled by the 

progress in mass spectrometry, has allowed analysis with high metabolite coverage and at 

multiple time points during infection (Timischl et al., 2008). The first study to use 

metabolomics approaches to investigate the phage infection of an environmentally relevant 

marine bacterium Sulfitobacter sp. 2047 was by Ankrah et al. (2014). Their results showed 

significant physiological differences between phage-infected and non-infected cells and 

speculated whether this response could be widespread in different phage-host systems 

(Ankrah et al., 2014). 
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Metabolomics links phenotypic and genotypic studies in order to generate a better overview 

of the effects a certain condition has on a cell (Weckwerth, 2003). Most of the metabolomics 

research into phage-host interaction in Pa up to now has been focused on lytic phages (De 

Smet et al., 2016, Chevallereau et al., 2016, Zhao et al., 2017) and temporal change to host 

metabolism between initial infection and lysis of the host cell. De Smet et al. (2016) used 

PAO1 reference strain and infected it during exponential growth with six different phages to 

determine if phage infection results in a metabolic ‘universal' host response or if different 

phage species gave different metabolic changes. From LC-MS analysis, 118 metabolites 

were observed and phage infection had a significant influence on the concentration of 24.5% 

of these metabolites. It showed that lytic phages, as part of active infection, provoke an 

increase in pyrimidine and nucleotide sugar metabolism, probably linked to nucleic acid 

replication. However, only 2.4% of these changes were common to all investigated phages. 

These results show that the metabolomic changes mediated by lytic phage infection are not 

universal and differ between the individual phages tested (De Smet et al., 2016). There have 

been few studies looking at the metabolomics of lysogens that carry prophages after 

established lysogenic phage infection, despite the benefits of prophage carriage being well 

published. One study looking at the metabolomics of lysogens focused on the shiga toxin-

prophage ϕ24B on its E.coli host, which showed phage-mediated control of E.coli biotin and 

fatty acid synthesis and is rate limiting to cell growth. Also, through ϕ24B integration, the 

lysogen gains increased antimicrobial tolerance to chloroxylenol and 8-hydroxyquinoline, 

providing validation into the method of metabolomics to look at the possible impact of 

integration of a prophage on the lysogen and the possible benefits they can give. Here, an 

untargeted metabolomic approach is taken that offers a semi-quantitative result of the 

possible metabolites present and their abundance with/without the integration of different 

prophages (Chokkathukalam et al., 2014) 
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5.1.4 Changes in virulence caused by temperate phages in P. aeruginosa in 

chronic lung infections 

Temperate phages have been implicated in the pathogenesis of Pa lung infection in recent 

studies (Burgener et al., 2019, Tsao et al., 2018) and may aid the establishment of chronic 

infection. Filamentous phages (Pf) have been readily found in chronically infected lungs of 

CF patients and are associated with increased biofilm formation (Burgener et al., 2019). 

They have been shown to promote the formation of biofilms in Pa by spontaneously 

assembling into a liquid crystalline structure when alongside polymers found in CF sputum. 

These liquid crystals also insulate against antibiotic entry by stopping diffusion through 

biofilms. This can drive antibiotic tolerance against the most common anti-pseudomonas 

antibiotics, causing an increase in the virulence of the Pa (Secor et al., 2015). Therefore, Pf 

phages are likely to play a role in the pathogenesis of Pa chronic lung infections. They have 

also been shown to increase the virulence of Pa in animal models (Rice et al., 2009, Secor 

et al., 2017). 

A recent study by Tsao et al (2018) considers the association between temperate phage 

genes (‘phage morons’) in Pa and the reduction in virulence of Pa. They identified moron 

genes that inhibit twitching and swimming motilities and observed an inhibition in the 

production of virulence factors in Pa, such as rhamnolipids and elastase (Tsao et al., 2018). 

This possibly allows the Pa to remain in the lungs for longer without detection and clearance 

by the immune system. Importantly, this demonstrates the scope of phage-mediated 

phenotypic changes that can be shown experimentally. These phenotypic changes 

provoked by the prophage are likely to be caused by a metabolic shift in the Pa, which may 

be picked up by metabolomics and allow the mechanics to be researched further. 

5.2 AIMS 
 

• Investigate how the temperate LES phages subvert the host bacterial cell’s metabolism, 

using individual and polylysogens of PAO1. 

• Investigate how temperate phages from clinical Pa isolates from CF and BR patients at 

different disease progressions effect the metabolism of PAO1 lysogens. 
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• Determine if clinically related phages induced from CF and BR patient Pa samples have 

the ability to change the virulence of PAO1. 

5.3 OBJECTIVES 
 

• Using LC-MS and metabolomics analysis, investigate how phages change the 

bacterial metabolism of PAO1 in Artificial Sputum Media (ASM) to better represent 

the environment of lung sputa. Firstly, LES phage lysogens of PAO1 will be 

investigated and then PAO1 that have been infected with clinical phages induced 

from CF and BR patient Pa samples.Using a Galleria virulence model, compare the 

infection of PAO1 with PAO1 that have been infected with clinical phages induced 

from CF and BR patient Pa samples. 

 

 
5.4 RESULTS 

 
5.4.1 Metabolomics results for PAO1 and LES phage lysogens 

 
The lysogens of the three mobilisable LES phages infected into PAO1 were made by 

collaborators at the University of Liverpool. These lysogens were PAO1 containing LES2, 

3, and 4 separately, and these were then created as polylysogens, LES3+4 and LES2+3+4. 

The lysogens LES2, LES3, LES4, LES3+4, LES2+3+4 and PAO1 (without added phages 

as a control) were grown in ASM for 3 days (see method section 2.3.2.2), carried out in 

triplicate for each lysogen. This method was previously reported by Kirchner et al (2012) to 

look at bacterial growth of biofilms by PAO1. It also has greater relatedness to the conditions 

within the chronically infected lungs compared to liquid media LB. The samples were 

prepared and extracted for LC-MS processing using the method in section 

2.10.1. The samples were run on a Dionex 3000 Ultra High Pressure Liquid chromatography 

(UHPLC) system connected to the Q-Exactive classic high resolution mass spectrometer 

system by the metabolomics team at Northumbria University (see section 2.10.2 for detailed 

methods). 
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The output spectra identified 4768 metabolites. To streamline to the most significant 

metabolites, analysis of the dataset was performed using the Statistical analysis software 

of MetaboAnalyst, an online metabolomics informatics tool (using method in section 2.13), 

from which the dataset is uploaded and the parameters set to Peak Integrity Table with the 

format (unpaired). Data filtering was performed using Non-parametric relative standard 

deviation (MAD/median), with normalisation achieved by log transformation and pareto 

scaling. The resulting analysis path facilitated both Univariate, Chemometric as well as 

clustering analysis. By using the Partial Least Squares - Discriminant Analysis (PLS-DA), 

this gave the Variable Importance in Projection (VIP) score and any metabolite with a VIP 

score under 1 was discarded. The VIP is a weighted sum of squares of the PLS loadings, 

considering the amount of explained Y-variation in each dimension. Therefore, the higher 

the VIP score, the more significant the metabolite change in concentration. The 166 

metabolites that were deemed to be important in explaining the difference between samples 

were compared to the PAMDB (Pseudomonas aeruginosa metabolomic database) using 

their molecular mass (Mr) to give putative compound/metabolite names replacing the M 

numbers generated by the LC-MS. 

The significant metabolites were then analysed by using the Statistical analysis mode of 

MetaboAnalyst in the same way as described previously, but with fewer metabolites and 

compound names. Of the 166 metabolites, 123 (74%) were recognised by MetaboAnalyst. 

The compound names that were not recognised were denoted by N/A, instead of a 

compound name. The multivariate data or clustering analysis was studied from the output 

of the statistical analysis, as it compared all the lysogen groups and is shown on a principal 

component analysis (PCoA) plot in figure 5.1. The PCoA for each comparison has a 

corresponding heat map defining the upregulation or downregulation of those metabolites 

that confer the differences seen in the PCoA (Figure 5.2b). Data is also shown as a 

corresponding dendrogram (Figure 5.2a), illustrating how the lysogens cluster based on 

similarity of their metabolism. The PCoA plot shown in figure 5.1 demonstrates that the 

metabolism of PAO1 (without infection by LES phage) and the phage derived metabolism 

of each of the LES lysogens are markedly different. This is illustrated by the separation 
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between lysogen and PAO1 datapoints/nodes. 

All lysogen datapoints are tightly clustered and therefore intra-variability is limited, showing 

the data’s reproducibility. The points for lysogens LES3, LES4 and LES3+4 are clustered 

together, showing that LES3 and LES4 evoke similar phage-mediated metabolic responses 

in their PAO1 host when infected separately or in complement. LES2 and LES2+3+4 

lysogens show the greatest impact on the bacterial cell metabolism in the PCoA (figure 5.1). 

The corresponding heatmap in figure 5.2b displays differential abundances of each of the 

metabolites that were classed as significant in describing the difference between PAO1 and 

the lysogens. It shows multiple clusters of metabolites that are highly up regulated in PAO1 

and are down regulated by all of the lysogens, including homocarnosine, L-ornithine and 

riboflavin, and vice versa in many metabolites. 

Place initial figures (5.1, 5.2) here, otherwise the reader has to keep skipping forward and 

backwards. 

To investigate altered metabolites in further detail, each of the LES lysogens were 

compared individually to PAO1, as shown in figures 5.3-5.7. The PCoAs in figures (a) 5.4-

5.7 confirm that there is a phage-mediated alteration in metabolism between PAO1 and 

each of the LES lysogens. The dendrograms shown in figures (b) 5.3-5.7 show that the LES 

lysogens cluster separately from PAO1 samples, showing a distinct difference between the 

lysogen metabolisms and the controls. In addition, the sample replicates cluster, which 

demonstrates reproducibility. Comparing these separately allows direct comparison to see 

how each of them alter the regulation in turn, comparing Mass Spectra to the control, and 

is shown in the heatmaps in figures (c) 5.3- 5.7 (these are shown in a larger view in appendix 

E figures 1a-e). As there were a high number of metabolites, it was necessary and 

informative to use pathway analysis to determine which metabolic pathways of the bacterial 

host are altered by lysogeny. 
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b 

 

 
 

 
Figure 5.1 – PCoA analysis of all LES lysogens’s metabolomic profiles compared with one another and the 

control. (a) 2D PCoA plot. (b) 3D PCoA plot with each node representing the metabolic signature results (significant 

metabolites only) of each LES lysogen and the PAO1 control grown in ASM and ran in negative mode, showing the 

dissimilarity between the metabolisms of each lysogen. 

a 
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b 
a 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2 – Dendrogram and heatmap of all the LES lysogens’ metabolomic profiles compared with one another 

and the control (a) Hierarchical clustering result shown as a dendrogram (distance measure using Euclidean and clustering 

algorithm using ward D), showing all samples of LES lysogens and control compared. (b) Clustering result shown as 

heatmap representing the up and down regulation of each significant metabolite between the lysogens and the control. Full 

list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S numbers are associated to is 

detailed in appendix F. 
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Figure 5.3 – PCoA, dendrogram and heatmap of the LES2 lysogens metabolomic profiles compared to the control. (a) 2D PCoA plot 

with each node representing the MS results (significant metabolites only) of each LES-2 lysogen and the PAO1, showing the dissimilarity 

between the metabolism of the LES-2 lysogen and PAO1 without the prophage. (b) Hierarchical clustering result shown as dendrogram, 

showing LES-2 lysogen and the control compared. (c) Clustering result shown as heatmap, representing the up and down regulation of each 

significant metabolite between the LES-2 lysogen and the control. Full list of metabolites can be seen in a larger view in appendix E. The 

lysogen the sample (S) numbers are associated to is detailed in appendix F. 

c 
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b 

 

 
 

 
Figure 5.4– PCoA, dendrogram and heatmap of the LES3 lysogens metabolomic profiles compared to the control (a) 2D PCoA plot 

with each node representing the MS results (significant metabolites only) of each LES-3 lysogen and the PAO1, showing the dissimilarity 

between the metabolism of the LES-3 lysogen and PAO1 without the prophage. (b) Hierarchical clustering result shown as dendrogram, 

showing LES-3 lysogen and the control compared. (c) Clustering result shown as heatmap, representing the up and down regulation of each 

significant metabolite between the LES-3 lysogen and the control. Full list of metabolites can be seen in a larger view in appendix E. The 

lysogen the sample/S numbers are associated to is detailed in appendix F. 

c 

a 
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Figure 5.5– PCoA, dendrogram and heatmap of the LES4 lysogens metabolomic profiles compared to the control (a) 2D PCoA plot 

with each node representing the MS results (significant metabolites only) of each LES-4 lysogen and the PAO1, showing the dissimilarity 

between the metabolism of the LES-4 lysogen and PAO1 without the prophage. (b) Hierarchical clustering result shown as dendrogram, 

showing LES-4 lysogen and the control compared. (c) Clustering result shown as heatmap, representing the up and down regulation of each 

significant metabolite between the LES-4 lysogen and the control. Full list of metabolites can be seen in a larger view in appendix E. The 

lysogen the sample/S numbers are associated to is detailed in appendix F. 

b 

a 
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Figure 5.6 – PCoA, dendrogram and heatmap of the LES2+3+4 lysogens metabolomic profiles compared to the control (a) 2D PCoA 

plot with each node representing the MS results (significant metabolites only) of each LES-2+3+4 polylysogen and the PAO1, showing the 

dissimilarity between the metabolism of the LES-2+3+4 lysogen and PAO1 without the prophage. (b) Hierarchical clustering result shown as 

dendrogram, showing LES-2+3+4 polylysogen and the control compared. (c) Clustering result shown as heatmap, representing the up and 

down regulation of each significant metabolite between the LES-2+3+4 polylysogen and the control. Full list of metabolites can be seen in a 

larger view in appendix E. The lysogen the sample/S numbers are associated to is detailed in appendix F. 

a 
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Figure 5.7– PCoA, dendrogram and heatmap of the LES3+4 lysogens metabolomic profiles compared to the control a) 2D PCoA plot 

with each node representing the MS results (significant metabolites only) of each LES-3+4 polylysogen and the PAO1, showing the dissimilarity 

between the metabolism of the LES-3+4 polylysogen and PAO1 without the prophage. (b) Hierarchical clustering result shown as dendrogram, 

showing LES-3+4 polylysogen and the control compared. (c) Clustering result shown as heatmap, representing the up and down regulation of 

each significant metabolite between the LES-3+4 polylysogen and the control. Full list of metabolites can be seen in a larger view in appendix 

E. The lysogen the sample/S numbers are associated to is detailed in appendix F 
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5.4.1.1 Pathway analysis and metabolite concentration comparison of LES 

lysogens 

 

The pathway analysis was performed again using MetaboAnalyst, using data generated 

from a metabolic spectra search and metabolites that were identified comparing to PAMDB 

(74%). Metabolites were then narrowed down to only metabolites with associated Kyoto 

Encyclopedia of Genes and Genomes (KEGG) IDs (54%). This increased the likelihood of 

MetaboAnalyst being able to map the metabolites to a pathway. The impact results from 

each of the pathways compared to the control were then concatenated to give the heatmap 

shown in figure 5.9. These results show significant phage mediated metabolic pathway 

differences in the lysogens when compared to the control (p value <0.05). The impacts of 

each of the LES phages on their bacterial host’s metabolic pathways are relatively similar, 

apart from LES-2. The pathways that were impacted the most by the addition of the LES 

phages (top 6) were ‘Carbapenem biosynthesis’, ‘Taurine and hypotaurine metabolism’, ‘D-

Glutamine and D-glutamate metabolism’, ‘Biotin metabolism’, ‘One carbon pool by folate’ 

and ‘Pantothenate and CoA biosynthesis’. The exception is LES-2, which was shown to not 

have a highly significant impact on the ‘Taurine and hypotaurine metabolism’, whereas the 

other LES lysogens did. The LES-2 lysogen also showed altered sulphur biosynthesis, which 

was not seen in the other lysogens. The other 5 pathways had similarly high levels of impact 

across all 5 LES lysogens. The effects these pathway changes may have on the Pa host 

are discussed further in section 5.5. 
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Figure 5.9 - Pathway analysis of LES phage lysogens. A heatmap showing the phage 

mediated bacterial host metabolic pathway ‘impact’ of LES phage/s compared to the 

uninfected PAO1 control. Darker blue represents more significant changes to the pathway 

i.e. more metabolites are changed within a pathway or a significant metabolite to that 

pathway has been affected compared to the control. These data was collated from 

MetaboAnalyst pathway analysis tool on each lysogen. 
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5.4.2 Metabolomics results for lysogens of PAO1 and clinical P. aeruginosa 
 

lysogenic phages from BR and CF patients 

 
 

This work builds on earlier research carried out by our research group, with data published 

on the characterisation of 20 lysogens of PAO1 (Tariq et al., 2019), where phages were 

induced from Pa from four clinical groups based upon the aetiology of their isolation; ‘Adult 

CF’ (>15 years of age), ‘Paediatric CF’ (<15 years of age), ‘>10 BR (>10 years since date of 

diagnosis)’ and ‘<10 BR (<10 years since date of diagnosis)’. The aim was to compare 

lysogens depending on aetiology of the infection of the bacteria the phages were induced 

from. PAO1 lysogens were created that contained single or multiple prophages induced 

from a single Pa culture from one of these groupings. All 20 were sequenced for 

confirmation of integration and phage genome type (Tariq et al., 2019). These previous 

studies work under the hypothesis that evolution in the lung of both the bacteria and 

predating phage will be exposed to high amounts of selective pressure and will therefore 

undergo rounds of adaptation and evolution driven by the lung environment . Some of these 

genetic traits, which cause metabolic shift(s), may be carried by these phages and having 

aetiology-based function that directly links to the pathophysiology of disease. This study 

uses the same approach in the preparation and analysis for the metabolite data as was 

used for the metabolomics analysis of LES lysogens. 

The output from the LC-MS gave a Peak Integrity Table identifying 2475 metabolites, which 

were then streamlined to the most significant metabolites as previously described (section 

5.4.1). Reduction techniques based on quality matrices gave 546 significant metabolites, 

significantly more than were identified for LES lysogens. These were plotted on a PCoA 

(figure 5.10) using the statistical analysis mode on MetaboAnalyst, which displayed very little 

dissimilarity between the groups of lysogens and the control. To attempt to identify which 

metabolites had been changed between groups and the control, reduction to only the most 

significant metabolites was necessary to detect the shift in metabolism better between 

the groups. This was achieved by running the statistical analysis mode of MetaboAnalyst 

on each group and comparing it to the control and taking the top 100 most significant 
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metabolites from each, which were concatenated, and subsequently yielded 142 

metabolites. These were the most significant metabolites associated with the metabolic 

difference between the uninfected bacterium PAO1 and each lysogen. 

Both the full list of 546 significant metabolites and the streamlined list of 142 metabolites 

were ran through MetaboAnalyst’s statistical analysis mode again to compare the outcome 

of streamlining the metabolites further. Multivariate data analysis comparing all the lysogen 

groups for the full and streamlined sets of significant metabolites are shown on a PCoA plot 

in figure 5.10a and figure 5.11a, respectively. From these PCoA plots (Figure 5.10a), there 

is very little separation between the nodes from each group and the control, whereas in figure 

5.11a the nodes that represent the control PAO1 without phages cluster separately, showing 

that there is a change in the streamlined metabolites between the control and the lysogens. 

However, it also shows there is a limited difference in metabolism between the groups of 

lysogens when all the significant metabolites are considered. It is interesting that there may 

be a core phage-derived control of metabolism and further tools maybe needed to identify 

into the unknown metabolites present. Each PCoA plot has a corresponding heatmap that 

shows the specific metabolites that are up or down regulated in each sample from each 

clinical group. They are shown in figures 5.10c and 5.11c with a corresponding dendrogram 

shown in figure 5.10b and 5.11b, which illustrates how the samples from each of the lysogen 

groups cluster together based on their metabolism. Alongside the PCoA, this also displays 

that the samples within different clinical groups cluster with one another, showing similar 

metabolisms. This is unlike the obvious separation seen in the LES lysogen groups. This 

may be due to the phages, that were integrated into the PAO1, being from clinical isolates 

with 5 different phage/s per clinical group (each with an n=5), rather than a single phage 

change (with an n=3) in the LES lysogens, which means there were more variables to take 

into consideration. However, figure 5.11 (the streamlined metabolite group) shows an 

obvious cluster of the PAO1 (control) samples away from the lysogens (Figure 5.11d), which 

shows the average of all samples from each group, confirming the differences in the 

metabolites regulation between the control and the lysogen groups. 

To look at this in further detail, each of the lysogen groups were compared separately 
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against PAO1, comparing the streamlined metabolites (Figures 5.12-5.14). The PCoAs in 

figures 5.12a, 5.13a, 5.14a and 5.15a confirm that there is a marked change in the 

metabolism between PAO1 and each of the lysogen groups. The nodes in the PCoA plots 

were not as tightly clustered as the nodes for the LES lysogens replicates as these groups 

contained 5 different lysogens, rather than biological replicates of the same lysogen. The 

dendrograms shown in figures 5.12b, 5.13b, 5.14b and 5.15b show that the lysogens cluster 

separately from PAO1 samples, showing a distinct difference between the lysogens 

metabolisms and the controls. However, the results in figure 5.12b, which show lysogens in 

the Paed_CF clinical group compared to the control, show that the lysogens cluster in two 

groups either side of the control samples, which could suggest there were two separate 

types of phage that changed the metabolism in different ways within the group. 

Comparing these separately allows for direct comparison between PAO1 and each 

lysogen/polylysogen within the clinical groups to see how each of them regulate metabolites 

identified by MS compared to the control, as shown by the heatmaps in figures 5.12c, 5.13c, 

5.14c and 5.15c (these are shown in a larger view in appendix E figures 2-4). In the 

heatmaps in figures (c) the majority of lysogens in each group regulated each of the 

metabolites in a similar way. However, it is apparent that some of the samples/lysogens 

within the clinical groups regulated the metabolites in opposing ways, such as sample S24 

in the adult CF group (figure 5.12). This shows that different temperate phages isolated from 

Pa strains from patients with the same clinical conditions can affect the Pa metabolism 

differently. If a lysogen within a group altered a particular metabolite of interest significantly, 

it can easily be identified here, and further work can be carried out to investigate it in more 

detail. However, this study was not looking for differences within the groups of lysogens but 

focusing on whether there were changes of PAO1 in the metabolism due to the addition of 

clinical prophages, and determining the functions they might have on the Pa host. 

As there were a high number of metabolites it was necessary and informative to perform 

pathway analysis to determine which pathways the significantly changed metabolites fit into.  
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Figure 5.10 – Metabolomics results of all 546 metabolites for all lysogens from each of the four clinical groups compared 

with one another and the control. (a) 2D PCoA plot with each node representing the MS results for the significant metabolites 

only (546 metabolites total) of each lysogen and the PAO1 control grown in ASM and run in negative mode, showing the 

dissimilarity between the metabolisms of each lysogen. (b) Hierarchical clustering result shown as dendrogram (distance measure 

using euclidean, and clustering algorithm using ward D), showing all samples of lysogens from each group and control compared. 

(c) Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm using ward D), representing 

the up and down regulation of each significant metabolite between the lysogens and the control. 
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Figure 5.11 – Metabolomics results of 142 streamlined metabolites for all lysogens from each of the four clinical groups compared with 

one another and the control. Narrowed down to only the most significant metabolites. (a) 2D PCoA plot with each node representing the MS results 

for the top 100 most significant metabolites when each group was compared to the control (142 metabolites total) of each lysogen and the PAO1 

control grown in ASM and ran in negative mode, showing the dissimilarity between the metabolisms of each lysogen. (b) Hierarchical clustering 

result shown as dendrogram (distance measure using euclidean, and clustering algorithm using ward D), showing all samples of lysogens from each 

group and control compared. (c) Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm using ward D), 

representing the up and down regulation of each significant metabolite between the lysogens and the control. (d) The average score of the samples 

from the clade, and for the control, was taken for each metabolite and re-clustered as a heatmap to show the differences between the lysogens and 

the control more clearly. Full list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S numbers are associated to is 

detailed in appendix F. 
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Figure 5.12 – PCoA, dendrogram and heatmaps for the metabolic profiles of lysogens from the adult_CF clinical group (lysogens 

containing prophages from Pa samples from adult CF patients) compared with the PAO1 control. (a) 2D PCoA plot with each node 

representing the MS results for the top 100 most significant metabolites from each group concatenated (142 metabolites total) for the lysogens from 

the adult_CF clinical group and the PAO1 control grown in ASM and ran in negative mode. (b) Hierarchical clustering result shown as dendrogram 

(distance measure using euclidean, and clustering algorithm using ward D), showing all samples of adult_CF lysogens and control compared. (c) 

Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm using ward D), representing the up and down 

regulation of each significant metabolite between the lysogens and the control. (d) The average score of the samples from the group and for the 

control were taken for each metabolite and re-clustered as a heatmap to show the differences between the lysogens and the control more clearly. 

Full list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S numbers are associated to is detailed in appendix F. 
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Figure 5.13 – PCoA, dendrogram and heatmaps for the metabolic profiles of lysogens from the paed_CF clinical group (lysogens 

containing prophages from Pa samples from adult CF patients) compared with the PAO1 control. (a) 2D PCoA plot with each node 

representing the MS results for the top 100 most significant metabolites from each group concatenated (142 metabolites total) for the lysogens 

from the paed_CF clinical group and the PAO1 control grown in ASM and ran in negative mode. (b) Hierarchical clustering result shown as 

dendrogram (distance measure using euclidean, and clustering algorithm using ward D), showing all samples of paed_CF lysogens and control 

compared. (c) Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm using ward D), representing the 

up and down regulation of each significant metabolite between the lysogens and the control. (d) The average score of the samples from the group 

and for the control were taken for each metabolite and re-clustered as a heatmap to show the differences between the lysogens and the control 

more clearly. Full list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S numbers are associated to is detailed 

in appendix F. 
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Figure 5.14 – PCoA, dendrogram and heatmaps for the metabolic profiles of lysogens from >10 BR_CF clinical group (lysogens containing 

prophages from Pa samples from bronchiectasis patients diagnosed >10 years prior) compared with the PAO1 control. (a) 2D PCoA plot 

with each node representing the MS results for the top 100 most significant metabolites from each group concatenated (142 metabolites total) for 

the lysogens from the >10_BR clinical group and the PAO1 control grown in ASM and ran in negative mode. (b) Hierarchical clustering result shown 

as dendrogram (distance measure using euclidean, and clustering algorithm using ward D), showing all samples of >10_BR lysogens and control 

compared. (c) Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm using ward D), representing the up 

and down regulation of each significant metabolite between the lysogens and the control. (d) The average score of the samples from the group and 

for the control were taken for each metabolite and re-clustered as a heatmap to show the differences between the lysogens and the control more 

clearly. Full list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S numbers are associated to is detailed in 

appendix F. 

c d 



127  

b c d 

 

 
a 

 

 
 
 
 
 

Figure 5.15 PCoA, dendrogram and heatmaps for the metabolic profiles of lysogens from <10 BR_CF clinical group (lysogens 

containing prophages from Pa samples from bronchiectasis patients diagnosed <10 years prior) compared with the PAO1 control. (a) 

2D PCoA plot with each node representing the MS results for the top 100 most significant metabolites from each group concatenated (142 

metabolites total) for the lysogens from the >10_BR clinical group and the PAO1 control grown in ASM and ran in negative mode. (b) Hierarchical 

clustering result shown as dendrogram (distance measure using euclidean, and clustering algorithm using ward D), showing all samples of 

>10_BR lysogens and control compared. (c) Clustering result shown as heatmap (distance measure using euclidean, and clustering algorithm 

using ward D), representing the up and down regulation of each significant metabolite between the lysogens and the control. (d) The average 

score of the samples from the group and for the control were taken for each metabolite and re-clustered as a heatmap to show the differences 

between the lysogens and the control more clearly. Full list of metabolites can be seen in a larger view in appendix E. The lysogen the sample/S 

numbers are associated to is detailed in appendix F. 
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5.4.2.1 Pathway analysis of CF and BR phage PAO1 lysogens differentiated into 

4 groups, stratified by age or since date of diagnosis 

 

The pathway analysis between the lysogens in each clinical group compared to PAO1 was 

performed using MetaboAnalyst, again using PAMDB, of which 92% were recognised by 

MetaboAnalyst for comparison. This was then reduced to metabolites with associated 

KEGG IDs (81% of total 142 metabolites). The impact scores for each pathway compared 

to the control were used to create a heatmap (Figure 5.16). These results show the phage 

mediated metabolic pathways that were changed significantly in the lysogen (p value <0.05) 

compared to the PAO1 control, with 26 pathways being significantly impacted by one or 

more of the lysogen groups compared to the control. Of particular interest was the high level 

of similarity in pathways between clinical groups (figure 5.16), which may be beginning to 

show a core impact of phage conversion by Pa phages in the lung environment. The 

pathway results from MetaboAnalyst only show if the pathway has been impacted 

(metabolites within that pathway have changed significantly up or down in concentration 

when the lysogen is compared to the control). Therefore, the metabolites within each 

pathway need to be referred back to the heat maps in figures 5.11-5.15 to determine if the 

metabolites are positively or negatively impacted by the addition of the phage. However, 

unless the majority of the metabolites present in the pathway are up or down regulated, it is 

difficult to determine if the pathway itself is up or down regulated. The six pathways that were 

impacted the most by the addition of these phages were: ‘Novobiocin biosynthesis’, ‘One 

carbon pool by folate’, ‘Arginine and proline metabolism’, ‘Arginine biosynthesis’, 

‘Glycerophospholipid metabolism’ and ‘Biotin metabolism’. The effects these pathway 

changes may have on the Pa host is discussed further in section 5.5. 
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Figure 5.16- Pathway analysis of lysogens containing clinical Pa phages from four 

clinical groups. A heatmap showing the phage mediated bacterial host metabolic pathway 

‘impact’ of clinical phage/s in each clinical group compared to the uninfected PAO1 control. 

Darker blue represents more significant changes to the pathway i.e. more metabolites are 

changed within a pathway or a significant metabolite to that pathway has been affected 

compared to the control. This data was collated from MetaboAnalyst pathway analysis tool 

on each lysogen. 
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5.4.3 Virulence testing of PAO1 lysogens containing the clinical P.aeruginosa 
 

phages from BR and CF patients 
 

The twenty CF and BR phage lysogens of PAO1 from section 5.4.2 were taken forward and 

used to infect Galleria moth larvae (for method see section 2.8.1) to test the virulence in 

comparison to the PAO1 control (carried out by our collaborators at the University of 

Wroclaw with specific acknowledgement to Dr Tomasz Olszak). Figures 5.17-5.21 show the 

virulence results, demonstrated by larvae kill curves after being injected with an equal CFU 

of lysogen bacterial cells. These figures are then grouped into the four groups, with each 

figure having graphs a-e for the 5 different lysogens in the group. These virulence results 

showed the addition of temperate CF and BR phage PAO1 lysogens into a Galleria virulence 

model. Within 24 hours the wild-type PAO1, with no additional temperate phages , killed 

100% of the Galleria larvae. However, all of the CF and BR lysogens of PAO1 had at least 

10% surviving 24 hours after infection, with 18 out of 20 of the lysogens having 10% of 

larvae still surviving after 72 hours with all graphs showing a p value of 0.0488 or less. The 

two lysogens that had the lowest survival and therefore the phages that evoked the least 

reduction in virulence on their host were BR299 (< 10 year Bronchiectasis) and BR313 (>10 

years Bronchiectasis) (figures 5.20c and 5.21d), where 100% larvae were dead 48 hours post-

infection with both lysogens containing a F10-like phage (Tariq et al., 2019). The lysogen 

with the highest survival and therefore the phages evoking the highest reduction in virulence 

on its host was CF52 (Adult Cystic Fibrosis) (figure 5.9b), which had 50% of Galleria 

surviving 72 hours post-infection. There was a slightly higher average survival 72 hours after 

infection in the lysogens in the later stage CF group than the early CF stage group (but this 

was not statistically significant). The BR data showed the opposite result with the early-

stage data showing slightly increased survival. 
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Figure 5.17a-e Survival curves Virulence results for Galleria model tests against 5 PAO1 lysogens clinical group - early stages of CF (aged under 
16 years). 

Each containing phages from Pa clinical isolates induced from Pa samples from patients with early stages of CF (aged under 16 years). 
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Figure 5.18a-e Virulence results for galleria model tests against 5 PAO1 lysogens clinical group - later stages of CF (aged over 16 years). 

Each containing phages from Pa clinical isolates induced from Pa samples from patients with later stages of CF (aged over 16 years). 
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Figure 5.19a-e Virulence results for galleria model tests against 5 PAO1 lysogens clinical group - early stages of non-CF-BR (diagnosed 
>10 years before). Each containing phages from Pa clinical isolates induced from Pa samples from patients with early stages of non-CF-BR (diagnosed >10 
years before). 
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Figure 5.20a-e Virulence results for galleria model tests against 5 PAO1 lysogens clinical group - late stages of non-CF-BR (diagnosed <10 

years before). Each containing phages from Pa clinical isolates induced from Pa samples from patients with late stages of non-CF-BR (diagnosed <10 

years before). 

A B 
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5.5 DISCUSSION 

 
5.5.1 Subversion of the PAO1 metabolism caused by LES prophages 

 
This study aimed to investigate the effect of different temperate phage carriage on the 

metabolism of the host Pa bacteria, and to compare the virulence of those lysogens to the 

wild-type control Pa without the addition of temperate phages. This would enable us to begin 

to unravel what the metabolic alterations caused by prophage carriage metabolically, and 

infer which functions have an impact on the virulence of the bacteria. This was undertaken 

using phages induced from two small cross-sectional studies of clinically relevant phages. 

Firstly, phages from the Liverpool Epidemic Strain (LES) of Pa and secondly, phages from 

a previous study undertaken by our research group focusing on CF and BR patient isolates 

from chronic respiratory disease. 

The metabolomics results for the LES phages enabled conclusions to be made about how 

the LES phages differ from one another in terms of how they affect their host Pa separately 

and in combination. The LC-MS results identified 4768 features, demonstrating the 

sensitivity of the LC-MS to be able to identify such a high number of metabolites. From these 

metabolites 166 were shown to be significant, where the abundance of these metabolites is 

significantly altered compared to the other lysogen groups or the PAO1 wild-type. Therefore, 

3.4% of the identified metabolites had alterations mediated by the LES temperate phages. 

This seems low in comparison to other studies looking at metabolic changes in phage 

infection from lytic phages, which showed 24.5% of the metabolites had been affected when 

the phage was added (De Smet et al., 2016). However, in that study only 918 metabolites 

were identified. In addition, it is expected that lytic phages would have a more significant 

effect on the bacterial host’s metabolism than a lysogenic phage. It also illustrates the 

subtlety of the phage control between lytic and lysogenic infection. The hit and run lytic 

infection stimulates high rates of changes during infection, where the temperate phages 

stimulate a continual low level impact on the host cell. The features that were shown to be 

significant were then compared to the PAMDB to give putative compound names to each 

metabolite. By comparing to the PAMDB, it gave the most reliable result as it is only 

compared against 



136  

metabolites known to be found in Pa. 

There are drawbacks to metabolomics work, the main one being the lack of specific 

metabolite databases to search against and other Pa bacterial metabolomes to compare to. 

While metabolomics in humans has been used since 1970 (Cunnick et al., 1972), recent 

improvements in the resolution of mass spectrometry has made this approach more 

available for bacterial metabolomics, especially in terms of the metabolic effect that phages 

have on their host bacteria. This study has given an insight into what is achievable, 

alongside current drawbacks to this approach. It has also given specific pathways for further 

experimental study, which may not have been thought to be phage-mediated or phage-

controlled previously. 

The statistical analysis of the Peak Integrity Table from the MS results displayed in the 

PCoA in figure 5.1 shows that there was a difference in metabolism between the 5 LES 

lysogens. This was then observed in further detail in the heatmap in figure 5.2. This 

demonstrated that the LES 3 and 4 separately, in combination with each other and in 

combination with LES2, impact the metabolites in similar ways. However, LES2 has a very 

different metabolic profile. These results are supported by previous studies investigating the 

LES phages that show how they have different infection properties (James et al., 2012) and 

therefore effect the hosts in different ways and also how the LES phages increase competitive 

fitness during lung infection at different rates (Davies et al., 2016a). By looking at the 

genomes of LES2 and LES3, they have a high level of heterogeneity with 82.2% shared 

identity (Winstanley et al., 2009). This suggests that there is only a small part of LES2’s 

genome that is responsible for the metabolic changes it evokes on its host that are different 

to LES3. This also shows how similar phages can subvert the same host in different ways. 

All LES? lysogens showed a significant change in 166 of the identified metabolites in 

comparison with the PAO1 control. The changes the phages are evoking could be 

advantageous to the bacteria, given the symbiotic relationship between the bacteria and the 

phage. By looking more closely into these metabolites it can explain how temperate phages 

may play a role in enhancing bacterial fitness and changing the virulence of the Pa host, 
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which has not been investigated previously. 

To understand the Pa lysogen metabolome further, pathway analysis was performed ( figure 

5.9). The top pathways that are impacted by the addition of LES phages are listed in 5.4.1.1. 

The carbapenem biosynthesis pathway was highly impacted in all the lysogens, and by 

cross referencing to the heatmap in figure 5.3b, the metabolites associated with 

carbapenem pathway upregulation show that the pathway was upregulated by the addition 

of phages. Upregulating this pathway suggests that it would allow synthesis of carbapenems 

and therefore gives the ability to bacteria to tolerate or be resistant to carbapenem 

antibiotics. This would be beneficial to the prophage, as this would enable the Pa to survive 

an environment containing carbapenem antibiotics, which are commonly used to treat Pa 

infections. This hypothesis could be tested experimentally by assaying for resistance. 

Taurine and hypotaurine metabolism are also highly impacted by the addition of the LES 

phages. It is reported to be an antioxidant and membrane stabiliser in Pseudomonas putida 

(Bojanovič et al., 2017), which could also be its role in Pa. However, if down regulated it 

could destabilise the cell membrane. This may offer a selective advantage that links to cell 

surface differences such as immune detection, antibiotic tolerance or biofilm formation. D-

Glutamine and D-glutamate pathway metabolism was seen to be upregulated in all the 

lysogens compared to the control. This was expected as this pathway is used to make new 

proteins, which is necessary to make phage proteins. 

Biotin metabolism has been shown to be upregulated with the addition of prophages in E.coli 

(Holt et al., 2017) and it is shown to be upregulated here in all lysogens. Biotin metabolism 

is intrinsically linked to the fatty acid synthesis pathway (Lin et al., 2010) and, in the 

presence of antimicrobials, it may be that prophage carriage promotes broad-range 

antimicrobial tolerance by increasing cell wall lipids, which in turn alters membrane fluidity 

lowering ease of access to the cell wall by B-lactams or by blocking transport of intracellular 

targeting antibiotics. This could also be the case in Pa and would be beneficial to the 

bacteria and the prophage. Altered tolerance to clinically relevant antibiotics was seen at 

sub-inhibitory concentration in Pa by Tariq et al. (2019), although prophage carriage also 

offered increased sensitivity to some antibiotics. 
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The one carbon pool by folate pathway has been shown to support multiple physiological 

processes and was impacted significantly by the addition of LES phages . These include 

biosynthesis of purines, thymidine and amino acid homeostasis of glycine, serine, and 

methionine. This pathway is upregulated in all the lysogens due to purine and thymidine 

being necessary for the prophage, as they play key roles in the construction of DNA and 

RNA in phages, as well as bacteria. Pantothenate and CoA biosynthesis was upregulated 

in all the lysogens and is associated with production of fatty acids, like biotin metabolism 

(Leonardi and Jackowski, 2007). Pantothenate (vitamin B5) is the key precursor for the 

biosynthesis of coenzyme A (CoA). CoA is an essential cofactor for cell growth and is 

involved in many metabolic reactions, including the synthesis of phospholipids, synthesis 

and degradation of fatty acids, and the operation of the tricarboxylic acid cycle. This 

suggests again that the prophages can alter the membrane fluidity of their Pa host, meaning 

these prophages have highly impacted two pathways involved in fatty acids and lipids, which 

are characteristics that can be experimentally tested with further work. 

If the pathways are looked at together, some comparisons can be made as some of the 

impacted pathways affect similar areas of the Pa metabolism. Biotin metabolism, 

peptidoglycan biosynthesis, pantothenate and CoA biosynthesis and glycerophospholipid 

metabolism and are all involved in fatty acid metabolism, which is associated to the cell 

membrane. With all these pathways being significantly impacted, it suggests that the cell 

membrane is affected by temperate phage integration. There have been studies showing 

prophages upregulating the biotin pathway in E.coli, which is rate limiting to cell growth, 

whilst also promoting a broad-range of antimicrobial tolerance by increasing cell wall lipids 

(Holt et al., 2017). The LES phages could have a similar effect on the biotin and other fatty 

acid associated pathways, as seen in E.coli. However, further experimental evidence would 

be required, such as carrying out a biotin assay and antibiotic testing, to indicate if there is 

antibiotic tolerance gained. If this is the case, it would confirm that temperate phages can 

play a significant role in antibiotic tolerance, without the need to carry antimicrobial 

resistance genes on their genome. 

The pathway analysis using MetaboAnalyst has some shortcomings, as comparisons could 



139  

only be made to metabolic pathways that are within its database. Therefore, the metabolism 

of Pseudomonas putida was used as it represents the closest relative to Pa available. As 

P. putida is a plant pathogen and is found in soil, the selective pressures would be different 

to Pa and the metabolism might be quite different. Also, to enable matching to a pathway, 

only metabolites that were associated with a KEGG number were taken forward for the 

pathway analysis, as those not associated to a KEGG pathway were not recognised and 

therefore not considered. This narrowed down the number of metabolites but may have put 

some level of bias into the results from the pathway analysis, as only metabolites that were 

recognised could be used. It does illustrate with the reduction in data between lysogen and 

wild-type PAO1 that there is a lot more to unveil from this data. 

5.5.2 Effects of temperate phage communities from Pa isolated from different 

aetiologies 

The other results in this study were regarding the PAO1 lysogens carrying full complements 

of phages induced from Pa from four clinical groups at differing stages of disease 

progression. This meant that the metabolomics results were the effects of mainly 

polylysogeny, where the phages had evolved together in the respiratory tract, which may 

better illustrate both the multiple phage carriage and altered metabolism in synergy. Some 

phages, like Acr phages, give cooperative infection with one phage offering sensitivity to the 

second phage, possibly by blocking a phage resistance mechanism, such as CRISPR-Cas 

in the case of Acr phages (Bertani, 1971; Chevallereau et al., 2020,). The lysogens and the 

control were also cultured in ASM media (Sriramulu et al., 2005, Kirchner et al., 2012) to 

mimic the environment of the chronically infected lung. ASM has been used previously in Pa 

and phage research (Kirchner et al., 2012, Davies et al., 2016b, Davies et al., 2017) and in 

some recent metabolomic analysis of Pa biofilms (Depke et al., 2020). There has also been 

metabolomic analysis showing different metabolic shifts when Pa is grown as a biofilm 

(Gjersing et al., 2007), that occurs when grown in ASM. Using ASM makes the environment 

more similar to the clinical environment these phages were isolated from, in the hope that 

the phages would cause the same effects to PAO1 as they do in their original Pa host strain. 

The limitation of ASM compared to in vivo models is there is no fluctuation in the 
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components during infection, such as mucin levels in the CF lung (Hill et al., 2018). There 

is also no interaction with immune cells that would normally play a role during infection and 

may influence how the function of the Pa. 

The LC-MS analysis was able to identify 2475 features, of which 546 were significant, which 

was higher than seen in the LES phages even though there were a lower total number of 

features identified. Due to the high numbers of significant metabolites, this was narrowed 

down further to observe the shift in metabolism between the different groupings of phages. 

The was demonstrated to be effective when comparing the PCoA plots in figures 5.10a and 

5.11a where all of the significant features and the streamlined set of 142 are shown, 

respectively. The statistical analysis on the abundances of the metabolites from the MS 

results showed that the 4 groups of phages from differing aetiologies subvert the PAO1’s 

metabolism in a similar way to each other (figure 5.11) and all groups significantly changed 

the metabolism in comparison to the PAO1 control. These results suggest there may be a 

core metabolic shift that is caused by the insertion of Pa phages from the lung environment, 

as that is the commonality between these sets of 20 phages. The phages were from different 

aetiologies but have all evolved in the chronic lung for different periods of time during 

disease progression. This also suggests that these core metabolites are changing, which 

may be giving the Pa an advantage within the lung. 

For pathway analysis, only the metabolites that were associated to KEGG numbers were 

taken forward. As said previously, this adds a degree of bias, which may account for the 

similarity in the levels of impact between the lysogen groups shown in figure 5.16, which 

show that all lysogen groups affected each of the pathways at the same level. This also 

may be because the phages in each of the groups were similar and there was not a distinct 

difference between the groups of phages, or it could be because only the most significant 

metabolites were taken into  consideration.  However, these may be the most impacted 

pathways and could be the core pathways effected by these prophages and possibly other 

prophages associated with the chronically infected lung environment. The impact the 

prophages have on these pathways may be advantageous to the Pa host and may play a 

role into why it is able to cause a chronic infection. 
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The pathways that showed the greatest change are mentioned in section 5.4.2.1 (Figure 

5.16) and are considered in detail here. The most changed pathway in all lysogen groups 

was the Novobiocin biosynthesis pathway,  meaning that more novobiocin could be 

synthesised in the lysogens compared to the control, which has also been seen in 

Streptomyces (Steffensky et al., 2000). Novobiocin belongs to the amino coumarin 

antibiotics and targets bacterial DNA gyrase by interacting with the N-terminal 24-kDa 

subdomain of the gyrB subunit, inhibiting DNA gyrase (Pravin and Shahul, 2012). This is 

interesting as this could kill the bacteria if enough was made, which would not be beneficial 

to the prophage, or it could provide a competitive advantage to the cell producing it, if 

secreted. Therefore, the purpoSe of this may be to slow down the replication and growth 

rate of the bacteria, which would be beneficial if in low nutrient environments. It is also 

possible that this pathway is involved in catabolism of novobiocin rather than synthesis. 

Arginine and proline metabolism is highly impacted and upregulated in all the clinical 

lysogen groups. This pathway synthesises amino-acids from glutamate, and has shown to 

be upregulated in PAO1 by different growth conditions in a previous metabolomics study 

(Frimmersdorf et al., 2010). Amino-acid synthesis is also necessary for the prophage to 

build their own proteins. The arginine biosynthesis pathway, similar to the last pathway 

mentioned, leads to the production of arginine. It is synthesised from citrulline in arginine 

and proline metabolism by the sequential action of the cytosolic enzymes arginine succinate 

synthetase and arginine succinatelyase. This pathway is highly impacted in all the lysogen 

groups, as this pathway synthesises the amino-acid arginine, which is necessary for the 

prophages to build their own proteins. Glycerophospholipid metabolism is highly impacted 

in all the lysogen groups, in line with the upregulation of the biotin pathway. Both of these 

pathways are associated with fatty acid synthesis and homeostasis (Kondakova et al., 

2015). Pa glycerophospholipids support structural functions and play important roles in 

bacterial adaptation to environmental modifications (Kondakova et al., 2015). Therefore, by 

prophages affecting the regulation of these pathways, it will affect the level of bacterial 

adaption, which has been shown to be increased in Pa by the addition of prophages (Davies 

et al., 2016b) and would be advantageous to both bacteria and prophage. 
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Purine and pyrimidine metabolism pathways are also impacted in all clinical lysogen groups 

as highly as the others mentioned. However, these pathways are of interest as phages have 

been shown to subvert purine and pyrimidine synthesis to aid viral construction and 

proliferation in lytic infection (De Smet et al., 2016, Friedman and Gots, 1953). It has also 

been shown through metagenomic analysis that well adapted prophages of Pa in the lung 

carry genes that are involved with purine, pyrimidine and different phosphate utilisation 

(Tariq et al., 2015), which was supported by another study that showed significant changes 

in RNA metabolism during bacteriophage infection of Pa (Chevallereau et al., 2016). This 

gives support to this metabolomics result and gives reason for the phages benefiting from 

the subversion of this pathway. To enable this data to be published, the second MS step 

must be completed or experimental evidence for some of these pathways has to be 

completed. However, this data gives target metabolites and pathways of interest to search 

and confirm. 

If the that were seen to be impacted by both set of metabolomics data for the LES phages 

and for the clinical phage pathways are compared , there are common pathways that are 

seen to be significantly impacted in both data sets. This suggests that these pathways are 

associated with core changes resulting from the presence of these prophages in Pa. These 

would be the first pathways and associated metabolites to investigate when performing MS-

2 (the second mass-spectrometery step to ID the metabolites of intererest by further 

fragmentation) the or by testing experimentally with associated functional assays such as a 

biotin assay. 

5.5.3 Temperate phage effects of the virulence of Pa 
 

The last part of this study was to look at the virulence of these same lysogens containing 

phages from clinical Pa samples from CF and BR patients at different levels of disease 

progression. These virulence results showed that the addition of temperate phages from 

clinical Pa isolates significantly lowers the virulence of the PAO1 in a Galleria  

model. Reductions in virulence due to a prophage has been reported before with Pf phages 

(Rice et al., 2009). Pf phages also alter the inflammatory response due to this loss of 

virulence (Secor et al., 2017), which is beneficial to the Pa host. This is the first time, to the 
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best of our knowledge, that a decrease in virulence is being associated to a much larger 

diversity of non-filamentous inducible phages, suggesting this characteristic evoked by 

prophage integration is more widespread than reported. 

There was a slightly higher average survival 72 hours after infection in the lysogens in the 

later stage CF group than the early CF stage group. This may suggest that the phages 

induced from the later stage have evolved to make their host less virulent. However, this 

result was not significant and was not seen between the early and late stage BR results that 

showed the opposite outcome, with the early stage showing slightly increased survival. The 

number of bacteria harvested at time of larval death was similar and not statistically 

significant. 

Interestingly, the pathway results showed the lysogens to impact the pathways at the same 

level, independent of the clinical group the phage was from. However, from the heatmaps 

in figure 5.11-5.14, variation between how the different lysogens within the same group 

affect each of the metabolites is shown. Here we see the difference in the virulence between 

each of these lysogens even with lysogens with phages from the same clinical group, as 

supported by the heatmaps in figures 5.11-5.14. This could mean that metabolites with a 

lower significance, which evoke smaller changes, have a larger impact on Pa virulence than 

first thought and all metabolites of significance should be looked at in more detail, rather 

than looking simply at the most significant metabolites. With more experimentation it would 

be possible to identify which metabolites are responsible for lowering the virulence of PAO1 

and this would shed some light onto how the Pa may avoid the human immune system and 

cause Pa infections to become chronic. 

5.6 SUMMARY 
 

This chapter demonstrates that untargeted metabolomics can be used to identify the 

subversion caused by the addition of prophages into a common Pa host, by firstly looking 

at the addition of the well-defined LES phages to PAO1 singularly and in combination as 

polylysogens. This demonstrated that the different LES phages cause a significant 

metabolic shift in comparison to the control. The single LES2 phage also evokes a different 
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change in metabolism compared to LES3 and LES4. When combined with the other phages, 

the metabolism of LES2+3+4 becomes more similar to that of LES2. This was paired with 

pathway analysis of the significantly changed metabolites, which has highlighted pathways 

that are impacted significantly to provide a target for further MS-2 analysis or experimental 

confirmation of metabolite change. A number of pathways were impacted in all lysogens, 

suggesting they might be a common feature of Pa lysogenic infection and were associated 

with lipids and cell wall stability. 

The metabolic effects on PAO1 from integration of full complements of phages from differing 

aetiologies, showed that they all had a core metabolic shift that was not dependent on 

aetiology. This showed that 20 different phage communities all subvert the Pa host in the 

same way, which is exciting as it shows there is evidence of a uniform change that takes place 

in Pa in the lung environment. If these metabolites and associated pathways (that showed 

the same result) can be confirmed, it would allow greater understanding into the role of 

prophages in chronic Pa lung infection. 

The virulence of some lysogens, as mentioned above, containing clinical phage 

communities, were tested using the Galleria model, which showed that all the lysogens 

significantly reduced the virulence of PAO1, suggesting that possibly some of the core 

metabolites that were subverted are the cause of this reduction in virulence. 
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6 GENOME COMPARISON OF TEMPERATE PHAGES FROM THE 

INTERNATIONAL PSEUDOMONAS CONSORTIUM DATABASE. 

 

 
6.1 INTRODUCTION 

 
There has been a sizeable amount of work directed at the prophages of the Liverpool 

epidemic strain (LES) of Pa, due to its transmissibility and infectivity (Winstanley et al., 2009, 

Fothergill et al., 2011, James et al., 2015, Davies et al., 2016a, Davies et al., 2016c). Yet 

there is little known from larger genomic datasets available whether these bacteriophages 

are a good representation of temperate phages in Pa or are specifically lung associated Pa 

temperate bacteriophages. The aim of the research in this chapter was to take the 

approaches developed in chapters 3, 4 and 5 to investigate a larger repository of Pa 

genomes focusing on prophage diversity. In collaboration with Professor Roger Levesque, 

the lead investigator of the International Pseudomonas Consortium Database (IPCD), a 

repository of >1500 Pa genomes that have been sequenced by Illumina sequencing. This is 

a well-curated repository, most isolates have been sequenced and assembled, usually to 

under 100 contigs per genome (Freschi et al., 2015b). It is important to note that even 

though most of the repository is built from international isolates linked to respiratory infection 

(mainly CF), it also contains other clinical, environmental and animal samples. This offers a 

greater opportunity to compare lung related phage carriage and diversity between 

environments. 

6.1.1 The International Pseudomonas Consortium Database – IPCD 
 

The IPCD is the largest collection of Pa isolates and genomes sequenced to date, held at 

the University of Laval. The IPCD was started in 2014 by an international community of 

research scientists from 31 institutions globally, offering their Pseudomonas isolates to the 

collection (Freschi et al., 2015b). The aim of the consortium was to create a panel to 

represent the maximal genomic diversity of Pa. The IPCD currently (at the time of writing 

August 2020) contains 1763 Pa isolates, spanning as period of 125 years, covering 35 

countries and 5 continents. The genomes of 1165 of the panel have been sequenced, 
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annotated and are well curated. The IPCD differs from other Pa repositories (Pirnay et al., 

2002, Wiehlmann et al., 2007) as it is not solely focused on clinical strains. However, within 

the panel there is still a strong emphasis on Pa from CF lung infections. The IPCD has been 

used for a Pa pan-genome study using the whole database looking into how the IPCD may 

provide new insights on population structure, horizontal gene transfer, and pathogenicity of 

Pa (Freschi et al., 2019). It has also been used to make comparisons between Pa isolated 

from different geographical locations (Subedi et al., 2018). It is possible to request access 

to isolates from a specific source or location to study, for example; Pa isolated from 

companion animals, to study shared reservoirs of resistance (Scott et al., 2019). However, 

there has not been any studies into surveying the prophages within these Pa isolates. The 

range of isolates enables a wider cross-sectional examination of global temperate phage 

diversity and is independent of isolation environment. 

6.1.1.1 Why are pan-genome studies of Pseudomonas aeruginosa important? 
 

Research on the genetic diversity of microbial populations is vital to the understanding of 

the evolution, ecology and epidemiology of infectious diseases caused by a particular 

bacterium. However, most studies on bacterial chromosomal diversity are usually focused 

on strains of bacteria that cause human infections (Wiehlmann et al., 2007; Pirnay et al., 

2009). This causes only a partial view of the diversity of a bacterial species such as Pa, as 

well as the distribution of antibiotic resistance genes and mobile genetic elements (MGEs) 

(Perry and Wright, 2013) by not also looking at environmental strains. Members of the genus 

Pseudomonas colonise a variety of environments, shown in their adaptable metabolic 

capacity and ability to manage fluctuating environmental conditions (Palleroni, 1992). The 

metabolic adaptability of Pa aids bacterial survival in clinical environments, such as the CF 

lung, but also a variety of environmental niches such as sea water (Silby et al., 2011). This 

shows the importance in examining the genomes not just of clinically relevant Pa isolates 

but environmental isolates, as this may give an insight into the evolutionary history of Pa. 
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The first pan-genome study using IPCD identified 5 phylogenetic groups based on the core 

genome (Freschi et al., 2019). Comparisons showed that variation among isolates was 

partly linked to this population structure. They also detected a total of 3,010 plasmids 

(putative complete and fragmented), some of which contained resistance or virulence genes 

(Freschi et al., 2019). Thus, showing that HGT may play an important role in the evolution 

and virulence of Pa and confirms the importance of research into MGE, such as phages in 

Pa. 

6.1.2 The carriage of virulence factors by phages 
 

Phages are responsible for transduction of a wide range of different virulence factors into a 

bacterial cell. These virulence factors can include bacterial toxins, such as the Stx toxin in 

E.coli (Strauch et al., 2008), and cell surface proteins that mediate bacterial attachment, 

illustrated in Streptococcus mitis, where phage encoded virulence factor aids bacterial 

platelet adherence in bacteremia infection (Bensing et al., 2001). Virulence factors that are 

carried on the phage genome can be accrued by mispackaging or through recombination 

within the cell (Frobisher, 1927). Some phages encode regulatory factors that show more 

subtle changes in the metabolism of the bacteria that leads to a fitness advantage. A good 

example of this is pckA gene regulation in E.coli required for gluconeogenesis, which is 

regulated directly by the principal repressor of many different temperate prophages, the cI 

protein. cI binds to the regulatory region of pckA, thereby shutting down pckA transcription. 

Thus, down-regulation of the host pckA pathway, which in turn increases lysogen fitness by 

lowering the growth rate of lysogens in energy-poor environments (Chen et al., 2005). They 

can also increase expression of virulence genes not encoded by the phage. For example, 

temperate phage have been shown to increase the expression of protein M in group A 

Streptococci, a protein present on the bacterial genome that when promoted by the phage 

allows the bacteria to be anti-phagocytic (Spanier and Cleary, 1980). In section 1.5.5 there 

are more details into the virulence factors carried by Pa and their effects. These more subtle 

regulatory changes are harder to notice than a toxin gene on the genome of the prophages. 

Therefore, these cannot be observed solely from the genetics of the phage and may be 
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overlooked. They may also change depending on the strain the phage infects. This is where 

metabolomics is useful to see the effects of prophages on the metabolism of the bacteria, 

giving a better insight than the genetics alone (this is covered in chapter 5). 

6.2 AIMS 
 

• Identify temperate phages from the sequenced Pa genomes in the IPCD, the largest 

data-mining assessment of temperate phages in Pa to date. 

• Search determined phage genomes against the VFDB (virulence factor database). 
 

• Compare the genomes of all the intact phages to determine the genotype and 

compare back to the aetiological data. 

• Compare all the intact phage genomes to identify any prevalent phage types in Pa 

isolates from the IPCD. 

6.3 OBJECTIVES 
 

• Use PHASTER to identify each phage class (intact, questionable and incomplete) 

prophages within the IPCD Pa genomes. 

• Use the VFDB to determine virulence factors or genes that may be advantageous 

to the Pa host within the intact prophage genomes identified. 

• Compare the intact phage genomes using SaturnV (which uses protein-protein 

comparison in an ‘all versus all’ manner) to group similar prophages carried by Pa 

isolates from the IPCD and determine the diversity of temperate phages in Pa. 

 
 

 
6.4 RESULTS 

 
6.4.1 Prophage identification from P. aeruginosa genomes in the IPCD 

 
As part of the study we completed the PHASTER search on 1030 Pa genomes. A total of 

6499 phages were identified (see section 2.11.1 for method), 1854 intact (putatively mobile 

phages), 1358 questionable prophages and 3287 incomplete prophages (figure 6.1). 

Within the panel of bacteria there is a bias towards CF lung infection and other human 
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infection such as burns, UTIs and non-CF lung infections. The distribution and average 

number of phages per isolate was calculated (figure 6.2). Environmentally isolates of Pa 

carried the highest number of phages for all classes (intact, questionable, and incomplete), 

with a slightly higher number of intact prophages per isolate than those derived from human 

and animal hosts. However, even though the isolates with the highest number of overall 

phages (28 phages) was from an environmental isolate, the Pa isolate with the highest 

number of intact phages carried 8 and was isolated from a human host. A total of 175 of the 

1030 Pa isolates (17%) had no intact phages identified and there was one isolate that had 

no phages at all. This isolate was from a soil sample in Canada and could be used for further 

study regarding restriction against phage DNA. However, of the 175 isolates that had no 

intact phages, 166 (95%) had one or more questionable phages identified which could also 

be putatively mobile
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Figure 6.1 Distribution of prophages in Pa from IPCD identified by PHASTER (n=1030 

strains). A total of 6499 phages were identified using PHASTER and classed as intact, 

questionable or incomplete. 
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Figure 6.2 -The average number of prophages from each class. The average number of prophages in all classes identified Pa from each origin the Pa were isolated from (blue). Intact prophages (orange), 

questionable (yellow), and incomplete (green) per isolate depending on their origin. Data re grouped depending on the environment of isolation, whether human, environmental, animal or plant derived. 
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6.4.1.1 Distribution of putative virulence genes within the IPCD prophages panel. 
 

Each phage genome region identified in the IPCD panel was compared in a pairwise 

manner to the virulence factor database (VFDB). From the 6499 prophages detected using 

PHASTER from the IPCD panel there were 2100 hits against the VFDB, ranging from  23-

100% identity. Within the intact (putatively mobile) phages there were 524 hits, with 23 

exhibiting 100% identity to virulence genes within the VFDB. Interestingly, only the intact 

phages had regions of 100% nucleotide sequence similarity to the database derived 

virulence genes. It was only these genes that were taken forward for further study as they 

are putatively mobile and share 100% sequence similarity. If these virulence genes were 

found in remnant phages, at high conservation, this would suggest that it is important for 

these positive environmental selection. The 23 phages that were identified as carrying these 

putative virulence gene regions matching the search criteria can be seen in in table 6.1. Of 

the 23 virulence genes identified with 100% identity and carried on phages that are deemed 

to be mobilisable, only 7 different virulence factor genes were found. The most common was 

rpoN, an RNA polymerase sigma-54 factor that was distributed between 10 of the 23 phages 

(however, these 10 phages are the same phage found in 10 different isolates). The 23 

prophages were found in Pa isolated from a range of environments, including lung infections 

(n=7) and sea water (n=6). Some of the isolates, however, are the same phage and therefore 

the same virulence gene, due to some of the samples being taken from the same patient, 

such as VF_P10, VF_P11 and VF_P12, isolated from Pa from a UTI. This leads to a degree 

of bias as it appears there are more phages carrying virulence genes, but the phages may 

be duplicated in the cohort. Interestingly, there were phages that were the same (have >95% 

nucleotide sequence similarity) and were found within Pa genomes of isolates that were 

collected from different origins in different countries, which makes these phages very 

interesting as genome conservation may be linked to selective pressure. These 10 phages 

are identified in clade 6 and all posses a genome size of ~34kb, made more interesting by 

carriage of the RNA polymerase sigma factor virulence gene (rpoS). This also shows that 
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within the 6499 identified prophages there are phages that have sequence conservation, 

possibly caused by environmental selection pressures. 
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Table 6.1 – Prophage carriage of virulence genes identified with genome comparison to the VFDB. 
 

Phage ID Pa isolate 
 
ID 

Isolation 
 
Site 

Region 
 
length 

% identity Phage 
 
clade 

Virulence gene name 

VF_P1 331 Environment 

(CF patient 

home) 

50.8Kb 100 Clade 4 (rpoS) RNA polymerase sigma factor RpoS [type IV pili 

(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P2 390 Bacteraemia 48.1Kb 100 Clade 4 (rpoS) RNA polymerase sigma factor RpoS [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P3 30 CF sputum 43Kb 100 Clade 5 (waaA) lipopolysaccharide core biosynthesis protein 

WaaP [LPS (VF0085)] [Pseudomonas aeruginosa 

PAO1] 

VF_P4 748 Sea water 43.5Kb 100 Clade 4 (pvdE) pyoverdine biosynthesis protein PvdE 

[Pyoverdine (VF0094)] [Pseudomonas aeruginosa 

PAO1] 

VF_P5 748 Sea water 43.5Kb 100 Clade 4 (pvdF) pyoverdine synthetase F [pyoverdine (IA001)] 
 
[Pseudomonas aeruginosa PAO1] 
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VF_P6 747 Sea water 43.5Kb 100 Clade 5 (pvdE) pyoverdine biosynthesis protein PvdE 

[Pyoverdine (VF0094)] [Pseudomonas aeruginosa 

PAO1] 

VF_P7 747 Sea water 43.5Kb 100 Clade 5 (pvdF) pyoverdine synthetase F [pyoverdine (IA001)] 
 
[Pseudomonas aeruginosa PAO1] 

VF_P8 755 Sea water 43.2Kb 100 Clade 5 (stp1) serine/threonine phosphoprotein phosphatase 
 
Stp1 [HSI-2 (SS179)] [Pseudomonas aeruginosa PAO1] 

VF_P9 753 Sea water 42.9Kb 100 Clade 5 (stp1) serine/threonine phosphoprotein phosphatase 
 
Stp1 [HSI-2 (SS179)] [Pseudomonas aeruginosa PAO1] 

VF_P10 1189 UTI 41.7Kb 100 Clade 5 (cupE2) hypothetical protein [CupE fimbriae (AI449)] 
 
[Pseudomonas aeruginosa PAO1] 

VF_P11 1190 UTI 41.7Kb 100 Clade 5 (cupE2) hypothetical protein [CupE fimbriae (AI449)] 
 

[Pseudomonas aeruginosa PAO1] 

VF_P12 1191 UTI 41.7Kb 100 Clade 5 (cupE2) hypothetical protein [CupE fimbriae (AI449)] 
 
[Pseudomonas aeruginosa PAO1] 

VF_P13 1269 Acute 
 
Infection 

39Kb 100 Clade 4 (rpoS) RNA polymerase sigma factor RpoS [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 
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VF_P14 669 Catheter 34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P15 644 Non-CF 
 

Sputum 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 

(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P16 642 Non-CF 
 
Sputum 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P17 651 Non-CF 
 
Sputum 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P18 640 Non-CF 
 
Sputum 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P19 710 Non-CF 
 
Sputum 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P20 718 Blood 34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 

(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P21 1053 Urine 34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 
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VF_P22 664 Hospital 
 
environment 

34Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 
(AI097)] [Pseudomonas aeruginosa PAO1] 

VF_P23 1377 CF throat 
 

Swap 

34.6Kb 100 Clade 6 (rpoN) RNA polymerase factor sigma-54 [type IV pili 
 

(AI097)] [Pseudomonas aeruginosa PAO1] 
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6.4.1.2 Transmission electron microscopy (TEM) images of induced phages 
 

To enable downstream study of whether the phages carrying these putative virulence gene 

regions could be mobilised from their bacterial host, attempts were made to induce the 

phages using norfloxacin (NFLX) at the University of Laval, one of the leading Universities 

in the world for imaging bacterial viruses and the University of the late Hans Ackermann. 

TEM was used to visualise phages present in the lysates from the induction. Figures 6.3a-

o show TEM images that were taken of phages from phage lysates that showed a positive 

spot assay. 15 out of the 23 showed a positive spot assay, showing that there were active 

phages present in the lysate. The number below each TEM image corresponds to the IPCD 

ID for the isolate the phage was induced from. The phage/s in the images can not be 

confirmed to carry the virulence genes as there were multiple phages in each of the 

genomes that could be induced. All the images show phages in the lysate and fall within 

either the Myoviridae or Siphoviridae phage families in morphology and presence of putative 

contractile/non-contractile tails, respectively. From TEM imaging it is not possible to know 

whether these phages are carrying the virulence genes. These phages were not purified or 

sequenced to confirm the virulence gene due to time restrictions at the University of Laval. 

However, this could be done as further study as the phage DNA was extracted from each 

lysate, which could be used to confirm if the phages carrying the virulence genes were 

present in the lysate. 
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Figure 6.3a-i – Crude transmission electron microscopy (TEM) images of induced 

phages from ICPD Pa isolates stained with 2% v/v uranyl acetate. They contained 

phages that carry virulence genes. The Pa isolate ID in table 6.1 corresponds to the number 

under the image showing which isolate the phages were induced from. 
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Figure 6.3j-o – Transmission electron microscopy images of induced phages from Pa 

isolates that are from the IPCD stained with 2% v/v uranyl acetate. They contained 

phages that carry virulence genes. The Pa isolate ID in table 6.1 corresponds to the number 

under the image showing which isolate the phages were induced from. 
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6.4.2 SaturnV diversity analysis of Pseudomonas aeruginosa prophage 

 

As we delve deeper into differential carriage of genes by inducible prophages that may offer 

selective function for their receptive bacterial host, sometimes identifying this function at the 

nucleotide level can be difficult. This is because temperate bacteriophages are modular in 

genome organisation, yet their genes encoding similar function can be greatly 

heterogeneous (Smith et al. 2012). We therefore utilised the bioinformatics tool SaturnV 

(Freschi et al., 2015a). This tool translates each prophage’s putative coding region to an 

amino acid sequence, comparing between amino acid sequences in the cohort in a pairwise 

manner, to cluster based on carriage of these phage gene encoded proteins between 

prophages. As these phages have been isolated from bacteria isolated globally, amino acid 

similarity and conservation in carriage between phages is important as it begins to 

determine important genes, either within the life cycle of the bacteriophage or that link to 

evolution within a specific environment. 

The dendrogram derived from the SaturnV comparison for all the intact phages from the 

IPCD is shown in figure 6.4. It illustrates that these phages cluster into 8 main and 

identifiable clades with only a few outliers. These phages are grouped determided by protein 

similarity, by using BLAST to compare all the phage genomes in each clade against the 

NCBI virus database, giving the most common phage in the database to he phages in each 

clade. This suggests that each clade of phages has specific and conserved proteins that 

differ from one another through their clustering. However, since analysing this data and going 

back to the dendergram there appears to be many smaller clades within the larger ones suggesting 

even more diversity within genomes of Pa prophages. Prior to publication this data will be re-

analysed to give a more accurate representation on the number of clades present to show the 

considerable about of genomic diversity of prophage of Pa, which would be the largerest and most 

diverse analysis of Pa prophages.  

Figure 6.4 also illustrates the isolation source of the Pa isolate that the prophage was 

identified in by the colour of the node on the tree. There are many more phages from Pa 
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isolates from humans due to the IPCD originally being a collection of these respiratory 

infections. Therefore, there is a bias to Pa isolated from lung infections. From the tree in 

figure 6.4 we can see that phages from Pa from different sources tend to cluster with each 

of the clades, such as the cluster of purple (phages from environmental samples) in clade 

1. This suggests that phages in Pa from similar environments are more similar than 

phages from a different environment. This again supports this work and the ability to study 

and define function derived from evolution in chronic respiratory disease. 
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Figure 6.4 Comparison of the intact temperate phages identified in all the IPCD 

isolates using SaturnV. SaturnV was used to compare the proteins in all the intact 

temperate phages identified in all the IPCD isolates and clusters them depending on the 

presence or absence of proteins in the phage genomes. The colour of the node and branch 

shows the host in which the Pa that carried the phages, shown here, was derived (shown 

in the key on the left). The key on the right shows which phage in each clade was most 

similar to, when compared on the blast database. The cut off for SaturnV was >50% identity 

for the protein across >85% of alignment, covering the length to be considered as an 

ortholog protein. 
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6.5 DISCUSSION 

 
6.5.1 Prophage Identification 

 

The chapters in this thesis thus far have focused on carriage of phages across a small 

number of bacteria isolated from the lung. But how widespread and the complexity of 

bacteriophages carriage in Pseudomonas aeruginosa is yet to be determined, as the usual 

focus is the non-accessory backbone of the bacterial genome. The collaboration with 

Professor Levesque at the University of Laval and the research visit grant funded by the 

Microbiology Society allowed access to the 1030 IPCD genomes for us to data-mine for 

prophages. Our first findings revealed that there are a high number of prophages carried by 

Pa isolates, with higher numbers of incomplete prophages in the Pa genomes than intact or 

questionable prophages. This has been reported in other bacterial backgrounds, for 

example E.coli O157:H7 strain EDL933, 17 remnant or cryptic prophages are reported 

alongside the single inducible bacteriophage 933W (Plunkett et al, 1999). These incomplete 

remnant prophage regions or cryptic phages are thought to have been mobilisable viruses 

that, through mutation, have lost the ability to induce from their integration site. Over time 

the genome will lose areas that do not confer the bacterium a selective advantage. We 

originally hypothesised that clinical isolates may carry larger numbers of prophage regions 

due to the possible accrual of function that may be offered by infecting phages. These 

findings determine that the complexity in the numbers of prophage carriage is shared 

between both clinical and environmental isolates. Only one isolate out of 1030 had no 

prophages identified in its genome and the highest number of prophages in a single isolate 

was 28. This demonstrates just how much phages can impact the bacterial genome as 

prophages significantly contribute to the accessory genome and thus represent a 

substantial factor in the genomic diversity of Pa. Both of these bacterial isolates would be 

important for further study downstream of this research, as one is receptive to high numbers 

of phage infections that may be linked to an altered immunity to incoming phages and 

therefore, an attenuated resistance to phage infection (Bondy- Denomy et al., 2013, Pawluk 

et al., 2014). Secondly, studying why the other isolate does not carry any phage regions 
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at all and what is the exclusion and immunity mechanism associated with it, are further 

questions that could be asked. 

This work focused only on intact prophage genomes, due to their putative ability to induce 

and transduce across other bacteria. However, the importance importance of the incomplete 

prophage genomes should not be overlooked, as these regions were most likely intact and 

over generations progressive deletion and evolution have selected any genes that could 

give their bacterial host an advantage and kept them within the genome (Canchaya et al., 

2002, Rezaei Javan et al., 2019). As all the incomplete prophage genomes have been 

identified and are stored, this is something that could be investigated further in the future. 

6.5.1 Comparison of origin of Pa host and prophage carriage 
 

There are, on average, slightly more phages per isolate from environmental Pa samples 

than from human or animal hosts. This may be down to Pa samples from environments, 

such as sea or sewage, being more exposed to more phages due to the complexity of the 

microbial environment. Investigations of temperate phages in other bacteria showed 

showed that every genome of 482 pneumococcal strains contained prophages and some 

persisted for extended periods of time without changes at the nucleotide sequence level 

(Brueggemann et al., 2017). In E.coli O157, 18 prophages were identified. However, most 

of them were incomplete and so could not be induced and released from the host cell 

(Asadulghani et al., 2009). There has been little research comparing temperate phages 

between bacterial strains. However the numbers seen in Pa isolates in the IPCD are on par 

with those observed for other clinically relevant species. In the environment, such as sea 

and sewage, there is evidence of high numbers of lytic phages, some of which may actually 

be temperate phages that have been induced, which would concur with our results showing 

Pa environmental samples having slightly higher numbers of prophages than clinical 

samples.
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6.5.2 Presence of virulence factors within Pa prophage genomes 
 

It has been previously reported that bacteriophages can carry functional genes that may 

alter the pathogenic profile of the infected bacterium. Examples include; stx, lom and bor 

(Wagner et al., 2001, Vica Pacheco et al., 1997, Plunkett et al., 1999). With increasing 

numbers of well curated databases like VFDB, it is possible to complete pairwise 

comparisons offering a hit or positive ID of a virulence gene within the panel, which shows 

similarity as distant as 23% identity to a gene within the database. Due to the number of 

prophages identified in the IPCD, our findings and ability to test if all were viable as AMR 

genes, was limited to 100% sequence identity to the virulence gene. Of the 23 phages that 

were shown to carry a virulence gene with a 100% identity to the whole gene, only 7 different 

virulence genes were identified, with the most common being (rpoN) RNA polymerase factor 

sigma-54, which was found in 10 out of 23 phages. As mentioned previously (section 

6.4.1.1), these 10 phages have high sequence similarity, which suggests they are the same 

phage. This makes this phage containing (rpoN) RNA polymerase factor sigma-54 relatively 

common, rather than the gene being common in different phages. RNA polymerase factor 

sigma-54 has been shown to increase bacterial pathogenesis by increasing motility of Pa 

and increased efficiency of the Pa being internalised by human host cells compared to the 

rpoN mutant in Pa (Totten et al., 1990, Plotkowski et al., 1994). Therefore, it would be 

beneficial to a Pa host to carry this phage. Transcription initiation is highly regulated in 

bacterial cells, allowing adaptive gene regulation in response to environment cues. RNA 

polymerase factor sigma-54 enables such adaptive gene expression through its ability to 

lock the RNA polymerase down into a state that is unable to melt out promoter DNA for 

transcription initiation. 

Another virulence factor that was identified was (rpoS) RNA polymerase factor sigma- 

RpoS, which plays a key role in protecting Pa from different environmental stress conditions, 

including starvation, hyperosmolarity, oxidative damage and reduced pH (Jørgensen et al., 

1999). The bacteria will probably have a copy of rpoS, therefore the phage carrying it could 

have two copies in the genome. This would probably increase its expression through gene 
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addition, which could mean that the lysogen is more reactive to stress and able to survive 

over Pa without the prophage. It could also mean that there is an increase in production of 

rpoS when it is stimulated by environmental factors and allows a faster response, which 

could give a selective advantage over the Pa without the prophage and only one copy of 

rpoS. Studies show that the survival of rpoS knock-out mutants is significantly affected, 

especially in the presence of antibiotics (Mata et al., 2017). A study that placed an additional 

copy of the rpoS gene into Pseudomonas knackmussii showed that the addition of a second 

rpoS copy, under control of its native promoter, resulted in an increase of the proportion of 

cells expressing the Pint and PinR promoters. When it was replaced by a rpoS-mcherry 

fusion, a double-copy rpoS-mcherry–containing strain displayed twice as much mCherry 

fluorescence. This suggests that a double copy of rpoS, as seen in the lysogeny, would 

double the dose of the protein being regulated (Miyazaki et al., 2012), therefore, increasing 

the survival of the Pa giving the lysogen a selective advantage. 

Other virulence factors identified, such as PvdE and PvdF, are involved in pyoverdine 

biosynthesis. It has been reported pyoverdine, that is secreted by Pa and regulated by PvdE 

and PvdF, regulates the production of exotoxin A, an endoprotease, as well as itself, which 

contributes to Pa causing disease (Lamont et al., 2002). As these genes are also present 

in the Pa genome, the presence of them in the prophage would also mean there would be 

two copies of the gene in the genome. These are both promotors, which may mean that the 

duplication of a promotor, or expression from a single promoter in situ, would increase the 

regulation on the protein, in this case pyoverdine, which would also lead to increased iron 

uptake from transferrin and lactoferrin. This could be tested experimentally to see if iron 

uptake increases in the lysogen compared to without the phage. A study showed that PvdE 

knock-out lost invasive ability toward HCECs (human corneal epithelial cells), therefore this 

also may suggest that an additional gene may aid the Pa’s ability to invade human cells, 

which could also be tested on HCEC and on lung epithelial in further studies. The virulence 

factor WaaA lipopolysaccharide core biosynthesis protein WaaP was identified in a phage 

from CF sputum. It plays roles in lipopolysaccharide biosynthesis, which aids the Pa in the 
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evasion of macrophage-mediated killing (Elamin et al., 2017). This is beneficial in the 

environment of the Pa isolate that the phage was identified, as it was isolated from the CF 

lung. 

The drawback of using the VFDB is that these are virulence factors found in bacteria rather 

than in phages. Therefore, it is likely that these genes have been picked up by the bacteria 

over time by recombination or mis-packaging of phage DNA and then kept over rounds of 

evolution. With more phages being sequenced and annotated it may be possible to create 

a phage virulence factor database that would be able to identify genes that may have subtly 

changed the metabolism of the bacteria.  

6.5.3 Imaging of induced phages 
 

The TEM images shown in figure 6.3 show that there are inducible phages that can be 

visualised in the 23 Pa isolates tested. The next step to verify that these phages, or phages 

within the mix of phages in the lysate that were used to create the TEM, contain the phage 

with the virulence factor. This can be done by purifying and sequencing each phage genome 

or simple approaches like PCR of the purified phage DNA for the incidence of these 

identified putative genes with virulence factors that were identified. If positive, these can be 

purified and made into lysogens of a common Pa strain to test how the virulence factor 

affects its host. This was unable to be completed due to time constraints. The phages that 

had hits of a lower percentage identity could also be looked into, especially if the VF 

identified is of specific interest. For example, if only part of the VF gene is seen in the phage 

genome, that part of the gene may be offering phage function. 

6.5.4 Genetic diversity of Pa prophages identified from the IPCD 
 

The diversity of the intact temperate phages shown in figure 6.4 demonstrates the high level 

of diversity seen in the temperate phages of Pa. There have not been any large 

investigations published studying the diversity of temperate phages (prophages) within Pa 

isolates, but many studies on lytic phages that infect Pa (Sepulveda-Robles et al., 2012, 

Essoh et al., 2015, Ha and Denver, 2018). These results, when compared to the lytic phage, 
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show that temperate phages in Pa are as diverse as the lytic phages in Sepulveda-Robles 

et al. (2012), as they too grouped into 8 taxonomic groups. However, this was done by 

comparing the phages using MUMmer against 40 tailed Pa phages that were reported in 

GenBank at the time. Also, they used a different method than SaturnV by calculating the 

sum of the identical regions divided by the length of the longest sequence and a break 

length of 60 nucleotides was used to determine the extent of the identical regions. Since 

the known species share 53% nucleotide sequence homology, that threshold was used to 

separate the new Pa phage sequences into species (Sepulveda-Robles et al., 2012). 

Tariq et al. (2019) compared 105 Pa temperate phages specifically from Pa isolates from 

CF and BR patients (Tariq et al., 2019). However, all these phages were induced and 

sequenced, therefore confirming that they are intact and inducible rather than predictions of 

putative phages. Tariq et al also found 8 clades of phages, which suggests that even with a 

much larger cohort, diversity does not significantly increase. Of the 8 clades seen in this 

paper, 3 were the same as seen during this study, namely F10-like, PhiCTX-like (which is 

now known as Citexvirus) and Phi297-like. However, the other clades seen in the paper 

could possibly have phages they were more similar to if there were a higher diversity of 

phages, as seen in this study. This suggests it may be worth looking at each of the 8 clades 

individually as a cohort and trying to identify clusters within each of the clades of different 

phage types. 

The way that the prophages clustered into the 8 clades, presented by SaturnV analysis, 

suggests they clustered mainly due to their number of shared orthologous proteins. 

Therefore, each clade of phages was able to be associated with a phage type, such as 

phiCTX-like shown in figure 

6.4. Given the importance of phages in driving adaptive evolution of bacterial pathogens 

and Pa, these findings highlight a number of temperate phage types that are the most 

common in Pa from a very varied database (IPCD). This will enable further studies to focus 

on these in greater detail. The majority of the phage types have limited research into their 
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biology. However, some noteworthy examples that have reported characteristics are 

phiCTX-like phage (clade 1), which is a cytotoxin-converting phage and carries the CTX 

gene. Phi297 phages (clade 2) have been described as producing halo-morphologies in 

plaque assays and have a narrow host range (Burkal'tseva et al., 2011). The Phi297-like 

phages also show genome homology to D3 phages (clade 3), hence them clustering closely. 

The D3 phages (clade 3) are responsible for serotype conversion in their host Pa, which is 

very beneficial to the Pa in avoiding the human immune system (Kropinski, 2000). Clade 5 

consisted of JBD93/JBD26-like phages. JBD93 and JBD26 phages contain genes for 

prophages that mediate defense against phage infection, with JBD93 phages being 

reported to contain an anti-CRISPR gene, which actively stop the Pa host’s CRISPR system 

from working and allowing phage infection (Bondy-Denomy et al., 2013). This clade was the 

second largest clade with 311 phages, suggesting this type of prophage is common in Pa. 

In addition, it is possible that the inactivation of phage defense mechanisms in Pa, which 

allows the infection of new phages, is beneficial in some way as the group was so large. 

Pf1-like phages (clade 7) were a relatively small number of phages (78 in total). However, Pf 

phages are known to play a role in the pathogenicity of Pa in CF. They also increase the 

tolerance of the Pa host to antipseudomonal antibiotics. Therefore, more of these types of 

phages would have been expected with a database that is biased towards CF samples 

(Burgener et al., 2019). 

The largest clade was clade 8, which were YMC11-like phages and have had little 

investigation. However, it has been reported that phages within this YMC11 group, 

specifically YMC11-R656 and YMC11-R1836, enhance the survival of Galleria mellonella 

larvae (Jeon and Yong, 2019), which we have also shown to be true in other types of phages 

in chapter 3. 

Within these 8 clades of phages there was diversity, as well as differentiation between 

phages from different origins. In figure 6.4, phages from the environmental isolates mostly 
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cluster separately from the lung isolates, showing that there are parts of the phage genome 

that are associated to its environment. These are the genes that are of interest, especially 

if there are prevalent ones within phages from a certain environment. These genes are likely 

to be in the accessory genome of the phages. As we are comparing whole phage genomes, 

the clustering is based on the phages architecture and as most viruses have a conserved 

architecture of genes linked to its integration and replication strategies, this will make up 

most of these comparisons. Thus, within the clades, the diversity is more based on 

intragenic differences or the carriage of small numbers of different genes instead of the 

phages architecture. 

Further work would be necessary to look at the diversity of the accessory genes in the 

prophages of each clade to identify prevalent genes of interest to focus on. If the core 

proteins were removed and the accessory proteins of the phages were compared this could 

enable identification of groups of phages to focus on and genes they have in common. As 

the accessory genome of prophages has the ability to adapt and evolve with its environment, 

these common genes may suggest they offer an advantage to the Pa from the specific 

environment they were isolated from. Also further analysis of the dendogram would enable a more 

accurate representation of the number of different groups/clades that are present as describes in the 

results, and give a better picture of the overall diversity of Pa prophages on a global scale. 

This study supports all work on temperate phages in Pa, as it shows how common they are 

within the Pa genome from all environments. Also, some Pa phages carry virulence factors 

and therefore may impact the virulence of the Pa host. The following chapter looks into this 

further, using metabolomics to highlight the subtle changes that phages from each of the 8 

clades can cause on the host’s metabolism. 

6.6 SUMMARY 
 

Datamining of 1030 genomes for prophage genomes using PHASTER resulted in 6499 

intact prophage genomes that were taken forward to analyse genetic diversity. The genetic 

diversity was analysed using Saturn V, which translated the prophage genomes and then 
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compared them at the protein level depending on the presence or absence of each protein. 

This gave 8 clades that were compared against the BLAST database to give their nearest 

phage type. Phages that were identified in Pa genome isolates from lungs were compared 

separately, but as there was such a bias to CF isolates in the IPCD there was not much 

difference. The phage genomes were also compared against the VFDB to identify any 

virulence factor genes that were carried by the phages. The results showed that there were 

many partial hits and 23 hits that have 100% identity to genes in the VFDB. The PA isolates 

that harboured these genes and were induced were imaged to show the presence of 

induced phages. 
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7 METABOLOMIC AND FUNCTIONAL COMPARISON OF LYSOGENS 

CONVERTED WITH PHAGES FROM THE INTERNATIONAL PSEUDOMONAS 

CONSORTIUM DATABASE (IPCD). 

 

7.1 INTRODUCTION 

 
7.1.1 Importance of understanding the effects of temperate phages on their 

bacterial host on a large scale 

The previous chapter looked at the genomics and diversity between lysogenic phages found 

in the IPCD panel. The diversity illustrates 8 groups of these phages that are common in Pa 

(potentially numerous more after reanalysis on the data). There have been multiple studies 

focusing on Pa temperate phages’ effects on the host, including focus on the LES phages 

and Pf phages. These were also considered within the research presented in this thesis, 

looking at the metabolic effects of the LES phages in chapter 5. There have been further 

studies looking at functionality and phage-encoded phenotypes driven by temperate phages 

from Pa isolated from specific sources, such as CF lungs (Tariq et al., 2019, James et al., 

2015), which was also the focus in chapter 5. There have been some studies analysing the 

genetic diversity of phages in Pa, including chapter 6 of this thesis, but these are mostly on 

a small scale with limited phage host combinations and no further experimental work to 

assess the effect of these phages on the host (Ha and Denver, 2018). Thus far there have 

been no publications (to the best of our knowledge) assessing the metabolic impact of 

environmentally relevant and genetically diverse temperate phages in Pa. This is important 

as it could show that infection by genetically diverse temperate phages can cause different 

metabolic shifts in the same bacteria and whether this influences host fitness and or 

virulence in chronic respiratory disease. It may also show that there is core control of 

bacterial function that is beneficial for the phages when integrated as a prophage. This is 

valuable in determining if there are types of temperate phage or genes within phages that 

are key to facilitating enhanced fitness in the host and, in the case of Pa in lung infection, 

moving from colonisation and increasing the ability to adapt and evolve to allow chronic 
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infection of the lung. 

7.2 AIMS 
 

• Identify prevalent/common carriage of genes between phages determined to be 

taxonomically distinct within the IPCD panel of Pa. To also determine unique genes 

in each clade of phage diversity so that it can be used as a marker of lysogeny for 

isolation purpoSes. 

• Create Pa lysogens with representative phages from each clade and confirm 

prophage presence by PCR using olignonucleotide primers selected for each clade. 

• Determine if the phages from each clade alter the metabolic physiology of their Pa 

host. To compare between the phage groupings and to compare/contrast which 

metabolic pathways are subverted by phage conversion. 

7.3 OBJECTIVES 
 

• Use bioinformatic tool ROARY to ascertain which phage genes are the most 

prevalent in each clade of phages and which are not present in the other clades. 

Make primers to these specific genes to enable confirmation of integration when 

making lysogens. 

• Select isolates from the IPCD that contain only a single intact phage representing each 
clade. 

 

• Induce phages from Pa isolates from each clade that only carry one phage and test 

their host range on lab strains PAO1, PA14 and PAK to determine which is the best 

host to create lysogens for each of the selected phages. 

• Infect the chosen Pa host with the phage to make a lysogen and check integration 

using PCR and primers for each clade. 

• Grow each lysogen in ASM and prepare for metabolomics analysis to determine 

how phages from each clade effect the Pa host. 
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7.4 RESULTS 

 
7.4.1 Characterisation of bacteriophage gene frequency using ROARY and 

subsequent selection of target species from the IPCD panel that carry only 

one predicted inducible phage from each clade. 

ROARY is a protein-based search tool that translates the DNA sequence before pairwise 

‘all on all’ comparison using the default parameters that were 8 threads that generates a 

core gene alignment using 8 threads and a minimum blastp percentage identity of 90%. The 

tool was sequentially run on each clade identified in Chapter 6. The aim was to ascertain 

which coding genes are carried at high frequency between phages in each clade, enabling 

the selection of a gene to be used to make primers for identification of phages from that 

specific clade by PCR. The results in table 7.1 show the top 10 genes carried at high 

frequency for each clade. The original annotations were completed by prokka. However, the 

genes of high prevalence were then run against the NCBI viral database to obtain a more 

accurate annotation for the genes. These genes were then compared to the genomes of 

phages from the other clades to make sure these genes were truly clade specific. Primers 

were then designed for each of these genes (shown in table 2.2). 

7.4.1.1 Selection of phages from clades in the IPCD 
 

Only prophages carried in Pa strains isolated from lung infections were selected, as the role 

of temperate Pa phages in lung infection was the main focus of this study. Phages were 

selected from each clade by also choosing only Pa isolates with one intact (putatively 

mobile) prophage. This was done so that during induction there was no need to differentiate 

between plaques and avoided a plaque purifications step. To maximise the chance of being 

able to select, induce and convert one of the bacterial hosts mentioned, 10 isolates (where 

possible) fitting the inclusion criteria for each clade were taken forward (shown in table 7.2. 
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Table 7.1 Most prevalent genes in phages from each clade from prophages of the IPCD isolates 
 

 
 
 

Clade 

 
 
 

Prokka Annotation 

 
 
Viral database annotation 

No. phages 
in clade 
with gene 

 
No. 
phages 
in clade 

 
Clade 1 

 
hypothetical protein 

baseplate assembly 
protein 

 
194 

 
214 

 

Clade 1 
 

hypothetical protein 
putative Peptidoglycan 
domain protein 

 

193 
 

214 

Clade 1 hypothetical protein phage tail protein 193 214 

 
Clade 1 

 
hypothetical protein 

putative Peptidoglycan 
domain protein 

 
193 

 
214 

 

Clade 1 
 

hypothetical protein 
baseplate assembly 
protein 

 

192 
 

214 

 

Clade 1 
 

hypothetical protein 
phage Tail Protein X 
family protein 

 

191 
 

214 

 
Clade 1 

 
hypothetical protein 

phage major tail tube 
protein 

 
190 

 
214 

 
Clade 1 

Putative prophage major tail 
sheath protein 

phage tail sheath protein  
190 

 
214 

 
Clade 1 

 
hypothetical protein 

phage major capsid 
protein, P2 family 

 
189 

 
214 

 

Clade 1 
 

hypothetical protein 
capsid-scaffolding 
protein 

 

189 
 

214 

Clade 2 Carbon storage regulator global regulatory protein 248 292 

 
 

Clade 2 

 
 

hypothetical protein 

Hypothetical protein/ 
phage-encoded 
membrane protein 

 
 

198 

 
 

292 

 
 

Clade 2 

 
 

hypothetical protein 

Hypothetical protein/ 
phage-encoded 
membrane protein 

 
 

198 

 
 

292 

Clade 2 hypothetical protein hypothetical protein 171 292 

Clade 2 hypothetical protein hypothetical protein 153 292 

Clade 2 hypothetical protein exonuclease 138 292 

Clade 2 Protein RecT hypothetical protein 138 292 

 
Clade 2 

 
hypothetical protein 

Holliday junction 
resolvase 

 
135 

 
292 

 

Clade 2 
 

hypothetical protein 
putative DNA 
segregation ATPase 

 

135 
 

292 

Clade 2 hypothetical protein hypothetical protein 131 292 

Clade 3 hypothetical protein major capsid protein 95 169 

Clade 3 hypothetical protein terminase large subunit 95 169 

Clade 3 hypothetical protein hypothetical protein 95 169 
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Clade 3 

 
hypothetical protein 

putative phage head-tail 
adaptor 

 
94 

 
169 

 
 

Clade 3 

ATP-dependent Clp 
protease proteolytic 
subunit 

 
 

ClpP protease 

 
 

94 

 
 

169 

 

Clade 3 
 

hypothetical protein 
putative head-tail 
connector protein 

 

94 
 

169 

Clade 3 hypothetical protein hypothetical protein 93 169 

Clade 3 hypothetical protein hypothetical protein 93 169 

Clade 3 hypothetical protein hypothetical protein 93 169 

Clade 3 hypothetical protein portal protein 89 169 

Clade 4 hypothetical protein hypothetical protein 164 219 

Clade 4 hypothetical protein hypothetical protein 158 219 

Clade 4 hypothetical protein hypothetical protein 158 219 

Clade 4 hypothetical protein hypothetical protein 151 219 

Clade 4 hypothetical protein hypothetical protein 140 219 

Clade 4 hypothetical protein hypothetical protein 120 219 

Clade 4 hypothetical protein hypothetical protein 117 219 

Clade 4 hypothetical protein hypothetical protein 110 219 

Clade 4 hypothetical protein hypothetical protein 110 219 

 

Clade 4 
 

hypothetical protein 
Putative tail length tape 
measure protein 

 

109 
 

219 

Clade 5 hypothetical protein hypothetical protein 210 311 

Clade 5 hypothetical protein hypothetical protein 195 311 

 
 

Clade 5 

Membrane-bound lytic 
murein transglycosylase 
F 

 

transglycosylase SLT 
domain protein 

 
 

172 

 
 

311 

 

Clade 5 
 

hypothetical protein 
hypothetical protein/ 
putative holin protein 

 

156 
 

311 

 

Clade 5 
 

hypothetical protein 
hypothetical protein/ 
endolysin 

 

152 
 

311 

Clade 5 hypothetical protein hypothetical protein 145 311 

Clade 5 hypothetical protein hypothetical protein 142 311 

Clade 5 hypothetical protein hypothetical protein 138 311 

Clade 5 hypothetical protein hypothetical protein 134 311 

Clade 5 hypothetical protein hypothetical protein 133 311 

Clade 6 hypothetical protein portal protein 23 30 

Clade 6 hypothetical protein serine peptidase 22 30 

Clade 6 hypothetical protein major capsid protein 22 30 

 

Clade 6 
 

hypothetical protein 
putative terminase 
ATPase subunit 

 

21 
 

30 

Clade 6 hypothetical protein hypothetical protein 13 30 

Clade 6 hypothetical protein hypothetical protein 13 30 

Clade 6 hypothetical protein hypothetical protein 13 30 
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Clade 6 hypothetical protein hypothetical protein 13 30 

Clade 6 hypothetical protein hypothetical protein 13 30 

Clade 6 hypothetical protein hypothetical protein 13 30 

Clade 7 hypothetical protein ssDNA binding protein 70 78 

Clade 7 hypothetical protein hypothetical protein 61 78 

Clade 7 hypothetical protein hypothetical protein 61 78 

Clade 7 hypothetical protein hypothetical protein 60 78 

Clade 7 hypothetical protein hypothetical protein 59 78 

Clade 7 hypothetical protein hypothetical protein 59 78 

 

Clade 7 
Tyrosine recombinase XerD  

integrase 
 

57 
 

78 

Clade 7 hypothetical protein hypothetical protein 52 78 

Clade 7 hypothetical protein hypothetical protein 51 78 

Clade 7 hypothetical protein hypothetical protein 51 78 

Clade 8 hypothetical protein hypothetical protein 313 339 

Clade 8 hypothetical protein lytic enzyme 313 339 

 

Clade 8 
 

hypothetical protein 
hypothetical phage protein  

311 
 

339 

 

Clade 8 
HTH-type transcriptional 
regulator PrtR 

HTH-type transcriptional 
regulator PrtR 

 

309 
 

339 

Clade 8 hypothetical protein hypothetical protein 309 339 

Clade 8 hypothetical protein hypothetical protein 309 339 

Clade 8 hypothetical protein excisionase 308 339 

 
 

Clade 8 

 
 

putative protein YbiI 

DksA-like zinc finger 
domain containing protein 

 
 

308 

 
 

339 

Clade 8 hypothetical protein hypothetical protein 299 339 

 

Clade 8 
 

hypothetical protein 
putative major tail 
protein 

 

275 
 

339 
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7.4.2 Induction and spot assay to test infectivity of phages 
 

The isolates containing the phages that were chosen, shown in table 7.2, were subject to 

NFLX induction (using the method in section 2.5.1) and spot assays were completed for 

each against three lab strains; PAO1, PA14 and PAK (using the method in section 2.5.4). 

The results in table 7.3 shows if there are phages induced from the original IPCD isolates 

can infect any of the three Pa lab strains to make a lysogen. PA14 was the most susceptible 

of the three strains and was also able to be infected by phages from the most clades, unlike 

PAO1 and PAK. The phages that showed to positively infect PA14 were then taken forward 

to form lysogens with PA14. 

Table 7.2 - P. aeruginosa isolates selected from the IPCD for phage induction. Pa 

isolates that are from lung infection and contain only one intact phage from a particular clade 

identified using PHASTER, highlighted in yellow and orange are Pa isolates where 

prophages were successfully induced and made into lysogens in PA14. 

 

Isolate 
ID 

IPCD ID 
Phage 
clade 

Isolation location 
Human Isolation 

site 
Human 

Pathology 

1 108 clade1 unknown Sputum Bronchiectasis 

2 148 clade1 Sherbrooke Sputum Cystic fibrosis 

3 1330 clade1 Quebec Sputum Cystic fibrosis 

4 32 clade1 Montreal Sputum Cystic fibrosis 

5 1323 clade1 Quebec Sputum Cystic fibrosis 

6 1584 clade1 Chicoutimi Sputum Cystic fibrosis 

7 177 clade1 Sherbrooke 
Nasopharyngeal 

swab 
Cystic fibrosis 

8 1450 clade1 
Saint-Roch-de- 

Achigan 
infected lung Cystic fibrosis 

9 170 clade2 Sherbrooke Sputum Cystic fibrosis 

10 1319 clade2 Quebec Sputum Cystic fibrosis 

11 1627 clade2 Calgary (CACFC) Sputum Cystic fibrosis 

12 1325 clade2 Quebec Sputum Cystic fibrosis 

13 1632 clade2 Calgary (CACFC) Sputum Cystic fibrosis 

14 164 clade2 Sherbrooke 
Nasopharyngeal 

swab 
Cystic fibrosis 

15 355 clade2 Brisbane Sputum Cystic fibrosis 

16 1592 clade2 Chicoutimi Sputum Cystic fibrosis 



180  

17 1572 clade2 Montreal Sputum Cystic fibrosis 

18 922 clade3 Hobart Sputum Cystic fibrosis 

19 948 clade3 Hobart Sputum Cystic fibrosis 

20 971 clade3 Hobart Sputum Cystic fibrosis 

21 976 clade3 Hobart Sputum Cystic fibrosis 

22 1257 clade3 Melbourne Sputum Cystic fibrosis 

23 1258 clade3 Hobart Sputum Cystic fibrosis 

24 1360 clade3 unknown Throat swab Cystic fibrosis 

25 1408 clade3 Hannover Throat swab Cystic fibrosis 

26 1579 clade3 unknown Sputum Cystic fibrosis 

27 103 clade3 Unknown Sputum Pneumonia 

28 346 clade4 Brisbane Sputum Cystic fibrosis 

29 940 clade4 Hobart Sputum Cystic fibrosis 

30 73 clade4 Montreal Sputum Cystic fibrosis 

31 1069 clade4 Nottingham Sputum Cystic fibrosis 

32 74 clade4 Montreal Sputum Cystic fibrosis 

33 1085 clade4 Nottingham Sputum Cystic fibrosis 

34 1589 clade4 Chicoutimi Sputum Cystic fibrosis 

35 1517 clade4 Rouyn-Noranda Throat Cystis fibrosis 

36 1072 clade4 Nottingham Sputum Cystic fibrosis 

37 128 clade5 Sherbrooke Sputum Cystic fibrosis 

38 1333 clade5 Quebec Sputum Cystic fibrosis 

39 1067 clade5 Nottingham Sputum Cystic fibrosis 

40 1080 clade5 Nottingham Sputum Cystic fibrosis 

41 1335 clade5 Quebec Sputum Cystic fibrosis 

42 905 clade5 Dunedin Sputum Cystic fibrosis 

43 1436 clade5 Lund Throat swab Cystic fibrosis 

44 1629 clade5 Calgary (CACFC) Sputum Cystic fibrosis 

45 1515 clade5 Rouyn-Noranda Throat Cystis fibrosis 

46 644 clade6 Leiden Sputum Non-CF 

47 1363 clade6 Munich Throat swab Cystic fibrosis 

48 124 clade7 Sherbrooke Sputum Cystic fibrosis 

49 810 clade7 Birmingham Sputum Cystic fibrosis 

50 1328 clade7 Quebec Sputum Cystic fibrosis 

51 1412 clade7 Hannover Throat swab Cystic fibrosis 

52 1574 clade7 Montreal Sputum Cystic fibrosis 

53 545 clade7 Seattle Throat Cystic fibrosis 

54 1604 clade7 Chicoutimi Sputum Cystic fibrosis 

55 159 clade7 Sherbrooke 
Nasopharyngeal 

swab 
Cystic fibrosis 

56 715 clade7 Vancouver Sputum Cystic fibrosis 

57 1451 clade7 Montreal-Nord infected lung Cystic fibrosis 
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58 43 clade8 Montreal Sputum Cystic fibrosis 

59 112 clade8 Sherbrooke Sputum Cystic fibrosis 

60 1308 clade8 Quebec Sputum Cystic fibrosis 

61 1309 clade8 Quebec Sputum Cystic fibrosis 

62 1307 clade8 Quebec Sputum Cystic fibrosis 

63 1341 clade8 Quebec Sputum Cystic fibrosis 

64 1370 clade8 Munich Throat swab Cystic fibrosis 

65 1433 clade8 Hannover Throat swab Cystic fibrosis 

66 1593 clade8 Chicoutimi Sputum Cystic fibrosis 

67 29 clade8 Montreal Sputum Cystic fibrosis 

68 1488 clade8 Rouyn-Noranda Sputum Cystis fibrosis 

69 334 clade8 Brisbane Sputum Cystic fibrosis 

 

 
Table 7.3 Prophages were induced from Pa isolates from the IPCD collection and tested for 
lysogeny against Pa strains PA01, PA14 and PAK by spot plaque assay. Red and green cells 
indicate the absence and presence of zones of clearing, respectively. 
 

 
Clade 

Isolate/Phage 
ID 

 
PA01 

 
PA14 

 
PAK 

1 S1    

1 S2    

1 S3    

1 S4    

1 S5    

1 S6    

1 S7    

1 S8    

2 S9    

2 S10    

2 S11    

2 S12    

2 S13    

2 S14    

2 S15    

2 S16    

2 S17    

2 S18    

3 S19    

3 S20    

3 S21    

3 S22    

3 S23    

3 S24    

3 S25    

3 S26    

3 S27    

4 S28    

4 S29    

4 S30    
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4 31    

4 32    

4 33    

4 34    

4 35    

5 36    

5 37    

5 38    

5 39    

5 40    

5 41    

5 42    

5 43    

5 44    

5 45    

6 46    

6 47    

7 48    

7 49    

7 50    

7 51    

7 52    

7 53    

7 54    

7 55    

7 56    

7 57    

8 58    

8 59    

8 60    

8 61    

8 62    

8 63    

8 64    

8 65    

8 66    

8 67    

8 68    

8 69    
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7.4.3 Formation and confirmation of PA14 lysogens containing phages from 

each clade 

Each of the phage lysates that could infect PA14 in table 7.3 were then used to form PA14 

lysogens (using the lysogen formation method in section 2.5.6). DNA from these putative 

lysogens were then extracted (using a DNA extraction kit method detailed in section 2.6.2). 

Oligonucleotide primers were designed to differentiate between the phage clades. This 

lysogen gDNA was used as the input template for the discriminatory PCR. PA14 gDNA was 

used as the negative control to show that there was no presence of the target phage gene 

in the bacteria prior to infection of the phages. The gDNA from the original bacterial host 

was used as the positive control. Out of the 26 samples that showed to positively infect PA14 

in the spot assays, 16 isolates from 4 clades displayed the presence of the marker genes, 

showing that the correct phages had integrated into the PA14 genome; clade 1 (n=5), clade 

2 (n=4), clade 5 (n=4) and clade 8 (n=3) highlighted in table 7.2. An example of the results 

from the PCR products  run on an electrophoresis gel (using method in section 2.7.3) are 

shown in figure 7.1, which shows the gene marker for phages from clade 5 were present in 

the PA14. This confirms a clade 5 phage integrated and that clade 6 marker genes were 

not present in the PA14, therefore it was not a lysogen. The other PCRs, including controls 

and confirmation that the oligonucleotides are specific to the particular clade, are shown in 

a working PCR test in (Appendix G). 
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Key 
 

 
1 2 3 4 5 6 7 8 9 10 11 

1- Ladder 100kb 

2- Original isolate 37 (clade 5 positive control) 

3- PA14 lysogen containing phage from 37 

4- Original isolate 42 (clade 5 positive control) 

5- PA14 lysogen containing phage from 42 

6- Original isolate 43 (clade 5 positive control) 

7- PA14 lysogen containing phage from 43 

8- PA14 with no lysogen (negative control) 

9- Original isolate 46 (clade 6 positive control) 

10- PA14 lysogen containing phage from 46 

11- PA14 with no lysogen (negative control) 

 
 
 
 
 
 
 
 

100bp- 

 
 
 
 
 
 

Figure 7.1 – Indicative electrophoresis gel showing the results of the PCR reactions to confirm lysogeny. This gel shows if the 

selected phage gene marker is present. This indicates that the phage integrated into the PA14 isolate, compared to the PA14 negative 

control without the phage integrated. 
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7.4.4 Metabolomic analysis and comparison of IPCD Phage-PA14 lysogens 
 

The 16 confirmed lysogens that represent 4 of the clades were; clade 1 (n-4), clade 2 (n-3), 

clade 5 (n-4) and clade 8 (n-3). They were prepared for metabolomic analysis following the 

same protocol as used in chapter 5. They were grown in ASM (using method in section 

2.1.3), with an n=10 for each lysogen, extracted and prepared for LC-MS processing (using 

method in section 2.4.1) and ran on a LC-MS (using methods in section 2.9.2). The 

untargeted data output gave 2667 metabolites. The metabolites that were identified to 

differentiate significantly between samples allowed reduction to 1647 metabolites. Due to 

high numbers of significant metabolites, they needed further reduction, to enable 

observation of the metabolomic shift between the control and the lysogen groups (using the 

same method described in section 5.4.2). Using this approach, it focused the data to 292 

metabolites. The 292 metabolites were compared to the PAMDB (using method in 2.12) to 

give putative compound/metabolite names as done in chapter 5. 

Comparisons of these metabolites were achieved using the online tool MetaboAnalyst, as 

previously mentioned and used in chapter 5. These metabolites were then ran through 

MetaboAnalyst statistical analysis software and the results of the multivariate data analysis 

comparing all the lysogen groups are shown on a PCoA plot (Principal Components 

Analysis) in figure 7.2. The PCoA shows that there is separation of the nodes, therefore 

difference between the metabolism of the control and lysogens in all clades. Lysogens of 

clade 1 and clade 8 cluster individually, which shows diversity of metabolisms to all other 

clades and the control. Whereas the other two clades (2 and 5) cluster together, which 

suggests that the phages from those clades cause a similar shift in host bacterial metabolism. 

However, a key point to be made is that all lysogens differentiate away from the PA14 

control, showing that all phages from every clade have an impact on the cellular metabolism 

of their Pa host. 
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The PCoA plot has a corresponding heatmap and dendrogram, shown in figure 7.3, which 

shows the specific metabolites that are differentially regulated between lysogen clades. The 

dendrogram illustrates how the lysogens group based on their metabolism, showing the 

same results as the PCoA but also the check within-clade diversity, as there were multiple 

lysogens from each clade. This highlights any variation in how they affect the PA14’s 

metabolism (seen in further detail in the dendrograms in figures 7.4-7.7). 

To investigate metabolic shifts in further detail, each of the clades were compared 

separately against the control PA14 (Figures 7.4-7.7). The PCoAs in figures 7.4a, 7.5a, 7.6a 

and 7.7a confirm that there is a marked change in the metabolism between PA14 and each 

of the phage subverted lysogen clades. The dendrograms shown in figures 7.3b, 7.4b, 7.5b 

and 7.6b show again that the lysogens cluster separately from the PA14 control, showing a 

distinct difference between the control versus the lysogen metabolic profiles. 

Comparing these clades separately against the control allows for direct comparison 

between PA14 and each of the lysogens within a clade, illustrating phage-specific alteration 

of metabolic function. This is shown in figures 7.3c, 7.4c, 7.5c and 7.6c (an image with 

greater pixel density and resolution of individual metabolites can be seen in appendix H 

figures A-C). The heatmaps illustrate the similarity in the phage subversion of bacterial host 

metabolism that is different from PA14. For example, in clade 2 all samples apart from S71, 

S72 and S73 (shown at the bottom of the heat map), which are technical replicates of PA14 

lysogen containing phage 32, appear to regulate the metabolites very similarly (as shown in 

the heatmap in 7.5c) with other clade 2 type phages. (The list of which samples correspond 

to which lysogens can be seen in appendix H). Conversely, there are specific phages that 

alter other metabolic pathways that differ from these core patterns (S129-S134 in figure 

7.7c). This shows that different temperate phages, even within the same clade, can subvert 

the Pa metabolism in an altered way. Due to the high number of metabolites, pathway 

analysis was required to narrow down and assess which pathways in the Pa metabolism is 

altered by conversion of these IPCD phages. 
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Figure 7.2 – PCoA of the metabolic profile comparison of lysogens from 4 different clade (phage types) grown in ASM. 

Comparison of all lysogens to the PA14 control. 2D PCoA plot with each node representing the MS results ran in negative mode (top 

100 significant metabolites from each clade only), showing the dissimilarity between the metabolism of each set of lysogens. 
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a 

 

 

Figure 7.3 – Metabolic comparison of all lysogens metabolic profiles from all clades compared against one another and the PA14 

control. (a) Hierarchical clustering result shown as a dendrogram, showing each clade’s lysogen samples and the control compared. (b) A 

heatmap representing the up and down regulation of each significant metabolite between each of the lysogen samples from each clade, 

compared against the other lysogens and the control. A clearer image with readable labels is shown in figure 1a in appendix H. (c) The average 

score of the samples from each clade was taken for each metabolite and re-clustered as a heatmap to show the differences between the 

lysogens and the control more clearly. The lysogen the sample/S numbers are associated to is detailed in appendix I. 

b 
c 
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Figure 7.4 – PCoA, dendrogram and heatmaps of the metabolic profiles of the lysogens containing phages from Clade 1 compared to 

PA14 control. (a) 2D PCoA plot with each node representing the MS results (significant metabolites only) of only the Clade1 lysogens and the 

PAO1, which shows the dissimilarity between the metabolism of the Clade1 lysogens and PAO1 without the prophage. (b) Hierarchical clustering 

result shown as a dendrogram, showing Clade1 lysogens and the control compared. (c) Clustering result shown as a heatmap, representing the up 

and down regulation of each significant metabolite between the Clade1 lysogens and the control. A clearer image with readable labels is shown in 

figure 1b in appendix H. (d) The average score of the samples from each clade was taken for each metabolite and re-clustered as a heatmap to 

show the differences between the lysogens and the control more clearly. The lysogen the sample/S numbers are associated to is detailed in appendix 

I. 

d 
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Figure 7.5 – PCoA, dendrogram and heatmaps of the metabolic profiles of the lysogens containing phages from Clade 2 compared 

to PA14 control. (a) 2D PCoA plot each node representing the MS results (significant metabolites only) of only the Clade2 lysogens and the 

PAO1, showing the dissimilarity between the metabolism of the Clade2 lysogens and PAO1 without the prophage. (b) Hierarchical clustering 

result shown as a dendrogram, showing Clade 2 lysogens and the control compared. (c) Clustering result shown as a heatmap, representing 

the up and down regulation of each significant metabolite between the Clade 2 lysogens and the control. A clearer image with readable labels 

is shown in figure 1c in appendix H. (d) The average score of the samples from each clade was taken for each metabolite and re-clustered as 

a heatmap to show the differences between the lysogens and the control more clearly. The lysogen the sample/S numbers are associated to 

is detailed in appendix I. 

d 
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Figure 7.6 – PCoA, dendrogram and heatmaps of the metabolic profiles of the lysogens containing phages from Clade 5 compared 

to PA14 control. (a) 2D PCoA plot each node representing the MS results (significant metabolites only) of only the Clade 5 lysogens and the 

PAO1, showing the dissimilarity between the metabolism of the Clade 5 lysogens and PAO1 without the prophage. (b) Hierarchical clustering 

result shown as a dendrogram, showing Clade 5 lysogens and the control compared. (c) Clustering result shown as a heatmap, representing 

the up and down regulation of each significant metabolite between the Clade 5 lysogens and the control. A clearer image with readable labels 

is shown in figure 1d in appendix H. (d) The average score of the samples from each clade was taken for each metabolite and re-clustered as 

a heatmap to show the differences between the lysogens and the control more clearly. The lysogen the sample/S numbers are associated to 

is detailed in appendix I. 
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Figure 7.7 – PCoA, dendrogram and heatmaps of the metabolic profiles of the lysogens containing phages from Clade 8 compared 

to PA14 control. (a) 2D PCoA plot each node representing the MS results (significant metabolites only) of only the Clade 8 lysogens and 

the PAO1, showing the dissimilarity between the metabolism of the Clade 8 lysogens and PAO1 without the prophage. (b) Hierarchical 

clustering result shown as a dendrogram, showing Clade 8 lysogens and the control compared. (c) Clustering result shown as a heatmap, 

representing the up and down regulation of each significant metabolite between the Clade 8 lysogens and the control. A clearer image with 

readable labels is shown in figure 1e in appendix H. (d) The average score of the samples from the clade, and for the control was taken for 

each metabolite and re-clustered as a heatmap to show the differences between the lysogens and the control more clearly. The lysogen 

the sample/S numbers are associated to is detailed in appendix I. 

c 
d 
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7.4.5 Pathway analysis of metabolomics 
 

The data generated from MetabolAnaylyst (statistical analysis) in figure 7.3 was then used 

for pathway analysis, performed also using MetaboAnalyst (pathway analysis) as per 

chapter 5, using PAMDB and metabolites only with associated KEGG IDs. Therefore, 94 

metabolites out of the 292 significant metabolites were shown in the metabolomics results. 

Each significant metabolite with a KEGG ID in each of the lysogens from the clades was 

placed in its pathway and the total impact on each pathway was compared to that of the 

PA14 control. For each of the comparisons, the impact score for each of the pathways was 

translated into a heatmap, as shown in figure 7.8. These results show the pathways that 

were changed significantly (p value <0.05) in comparison to the PA14 control in at least one 

of the clades. It shows 33 pathways were significantly changed by the addition of phages 

from the 4 clades. The heatmap in figure 7.8 shows that the level of impact that clades 1, 2, 

and 5 have were all the same as one another for all 33 pathways. However, clade 8 was 

shown to impact the pathways at different levels, notably having a much lower impact on 

thiamine and lysine metabolism but a higher impact on retinol metabolism. This concurs 

with the metabolomic statistical results showing that clade 8 has a different metabolic profile 

to the other clades. However, clade 1 also looked to have a different metabolic profile to 

clades 2 and 5 from figures 7.1 and 7.2, but this is not represented by the pathway analysis 

results. 

The pathway results only show if the pathway has been impacted (metabolites within that 

pathway have significantly changed between the lysogen and the control) rather than if it is 

up or down regulated. Therefore, the lysogens may have differing effects on the pathways 

to one another but impact the same pathways. 

By referring to the heatmaps and identifying the metabolites that are in the pathway, it could 

be possible to work out for some of the pathways if the impact is referring to up or down 

regulation. However, for many results, where the metabolites from each pathway had some 
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up regulation and some down regulation, further research would be needed to target the 

pathways to determine greater resolution of the regulation of specific metabolism pathways. 

The pathways that were impacted the most by phages in clades 1, 2 and 5 (top 6) were; 

‘One carbon pool by folate’, ‘Arginine biosynthesis’, ‘Glutathione metabolism’, ‘Thiamine 

metabolism’, ‘Biotin metabolism’ and ‘Arginine and proline metabolism’. As clade 8 showed 

a distinctly different metabolic pathway profile, the most impacted pathways (top 6) by the 

phages in clade 8 were as follows in order of impact; ‘One carbon pool by folate’, ‘Retinol 

metabolism’, ‘Phenylalanine, tyrosine and tryptophan biosynthesis’, ‘Riboflavin metabolism’, 

‘Arginine biosynthesis’ and ‘Glutathione metabolism’. There is some overlap between clade 

8 and the other clades in terms of the top 6 most impacted pathways, showing their 

importance as possible core pathways that change in response to phage infection. 
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Figure 7.8 - Pathway analysis showing the ‘impact’ of the phages in each clade on the metabolic pathways compared to the 

PA14 control without phages. Shown as a heat map, darker blue represents more significant changes to the pathway i.e. more 

metabolites are changed within a pathway or a significant metabolite to that pathway has been affected compared to the control. This 

data was collated from running the MetaboAnalyst pathway analysis programme on each clade against the control and comparing the 

impact values against the control to enable comparison between phages and how they impact metabolic pathways differently. 
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7.5 DICUSSION 
 

The main aim of this study was to investigate the effects of temperate Pa phages diversity 

on the metabolism of their Pa host when converted to a lysogen. There were 8 clades 

identified from the prophages in the isolates from the IPCD in the previous chapter (chapter 

6). These clades were based on the SaturnV results that clustered the prophage genomes 

at the protein level. As the phages in the same clade were the most similar at the protein 

level, we hypothesised that the lysogens generated from phages in the same clade would 

subvert their host in a similar way. Here we attempted to integrate phages identified from 

each clade into a common well-defined Pa strain to allow direct comparisons between the 

phages in each clade and how they alter the metabolism of a common host. 

7.5.1 Lysogen formation 
 

Firstly, lysogens containing phages from the 8 clades for metabolomic analysis needed to 

be formed. All phages that were selected for lysogen formation were from the IPCD from 

Pa isolates that were taken from lung infections, to keep in line with the overarching aim of 

this project and investigate the role of temperate Pa phage in chronic Pa lung infections. 

The phages were induced from their original Pa isolate using NFLX as this has been shown 

to be effective at inducing Pa phages (Fothergill et al., 2011). However, Pa isolates are 

commonly resistant to fluoroquinolone antibiotics which in turn could prevent induction. The 

spot assay results displayed that several of the lysates showed no zones of clearance to 

any of the three Pa lab strains tested against, suggesting they either may not have been 

induced or were unable to infect any of the lab strains. Another option to induce prophage, 

if the isolate is resistant to NFLX, is Mitomycin C induction as it has a different mode of 

action to NFLX (Iyer and Szybalski, 1964) and is widely used as an inducing agent (Ramirez 

et al., 1999, Otsuji et al., 1959, Dziewit and Radlinska, 2016). The three lab strains were 

chosen as they have shown to be highly infective with the previously induced temperate 

phages, increasing the chances of lysogen formation. These Pa strains are also well 

studied, therefore the metabolites produced by them are more likely to provides matches on 
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the PAMDB. 

The phages may behave differently in the lab strain to its original host. However, for 

comparative studies it is important to have the same metabolic background being affected 

by the integrated prophage. PA14 was able to be infected by the broadest range of phages 

(26 out of 69), therefore was used as the host and metabolic background for these phages 

to be compared in metabolomic analysis. PA14 has a degree of conservation compared to 

PAO1 (used in chapter 5 as the host Pa). However, the PA14 genome also contains two 

pathogenicity islands that are absent in PAO1 and was isolated originally from a chronic 

lung infection (He et al., 2004). This may make PA14 lysogens more clinically relevant to 

the chronic lung infection than PAO1 lysogens. As PA14 is a highly virulent strain opposed 

to PAO1, which is a moderately virulent strain, it would be of interest to determine whether 

the addition of prophages could also lower the virulence as seen for PAO1 lysogens in 

chapter 5. 

The conversion of the 26 PA14 lysogens needed to be confirmed to ensure phages were 

present in the genome. In chapter 5, lysogeny was confirmed by genome sequencing, 

performed as part of previous studies (Tariq et al., 2019, James et al., 2012). However, the 

genome sequence of the target phages was already known through PHASTER 

identification, therefore confirmation of lysogeny could be performed by PCR, which has 

been used previously to detect prophages within bacteria (O'Sullivan et al., 2000, Zaburlin 

et al., 2017). ROARY was used to identify the most common genes carried by each clade 

to select the target gene to make clade-specific primers. Optimisation of the PCR and 

confirmatory amplification of the putative lysogens determined 16 individual phage infections 

in PA14 had been created from the 26 samples. These lysogens contained phages that 

covered 4 of the 8 clades. However, the 16 lysogens contained phages from four clades (1, 

2, 5 and 8), which represents the largest number of different types of prophages in a common 

background to be compared by metabolomics. The lower-than-expected numbers of 

confirmed lysogens could be due to any phage resistance systems. For example, lack or 

modification of the host cell receptor required for adsorption.(High et al., 1993) or CRISPR 
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(Mojica et al., 2005). It could also be due to the original isolate containing an inducible 

phage that was not classed as intact by PHASTER. Therefore, the phage may not be from 

the expected clade and, instead, showed to be negative for phage infection from the PCR 

result, but showed a positive spot assay. With time, phages from the other clades could be 

infected into a common Pa to see if the phages from the other clades provoke the same or 

a different metabolic shift in their Pa host that is seen here. 

 

7.5.2 Metabolic subversion of Pa by different types of prophage 
 

All the phages in the lysogens in this study originated from Pa isolates from lung infections. 

and were grown in ASM media for metabolomic analysis, as in chapter 5, to more closely 

model the conditions in the infected lung that the lysogen originated from. 

The results from the LC-MS identified 2667 features across the samples with 1647 of these 

being significant metabolites. This high number of significant metabolites could be due to 

there being 16 different variables (lysogens) were tested against one another. Therefore, 

there is larger number of phages that can affect the metabolites in different ways, compared 

to the LES lysogens where there were only 6 different variables/lysogens being compared 

and a lower number of significantly changed metabolites. 

A metabolic shift was observed from metabolic analysis of the streamlined 292 metabolites 

when phages from the different clades were added compared to PA14 control. This supports 

the results seen in chapter 5 with the LES phages and the clinical CF and BR phages. There 

was also a marked difference in the metabolic profiles between some of the clades, such as 

clade 1 and 8. This demonstrates that temperate phages from the different clades can 

manipulate the Pa host metabolism in different ways. By looking at figure 7.2c, which shows 

a heat map of the up and down regulation of each of the metabolites, comparisons can be 

made between the clades. It also enables identification of metabolites of interest, which may 

be upregulated in one clade but not in the others, such as d-arabitol, which was highly 

upregulated in lysogens with clade 1 phages in but downregulated in the other 3 clades. 
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This work provides the basis for further investigation of specific target metabolites. This 

metabolic analysis of the addition of temperate phages has not been performed previously, 

therefore no comparisons can be made to the wider literature. However, it was expected 

that the prophages would change the metabolism of the Pa but it was not known to what 

extent, due to our experimental data showing the effects prophage addition has upon Pa. 

Phenotypic changes can occur, such as alterations to mucoid and over production of 

alginate, as well as and increased fitness for the host, all of which require an alteration of 

host metabolism and or gene expression to take place (Davies et al., 2016a, Miller and 

Rubero, 1984, Hentzer et al., 2001). To further this work, tandem MS would have to be 

performed to confirm the metabolites have been accurately identified. This involves a further 

fragmentation step making it possible to identify and separate ions that have very similar 

m/z-ratios in regular mass spectrometers.  

The pathway analysis results showed from the metabolomics results there were 33 

pathways that were significantly impacted by one clade of phages or more when compared 

to the control. The pathways that were shown to be the most impacted by phages in each 

clade were stated in section 7.4.5. Unexpectedly, 3 out of the 4 clades were seen to have 

the same level of impact on all the 33 pathways. Conversely, the metabolomics PCoA and 

heatmaps showed that clade 1 and 8 to cluster away from clade 2 and 5, suggesting they 

had shown a different metabolism. However, clade 8’s pathway results did show that clade 

8 phages impacted the PA14 pathways in different levels compared to the other clades. 

These results may be due to the lack of databases, as only metabolites with KEGG numbers 

could be assigned to a pathway, therefore, only taking 32% of the metabolites analysed 

previously into account. There are pathways that are impacted by all of the clades, possibly 

showing a core set of pathways that are impacted in some way by many temperate phage 

in Pa, similar to the pathway results of the clinical phages in chapter 5. In addition, different 

phages from the same clade affected the metabolism of the host in a similar way, suggesting 

the type of phage may have an impact on which metabolites are affected.  

Some notable pathways that may benefit the phage and/or the Pa, which were highly 
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impacted by the phages in all clades, and therefore maybe seen as core pathways impacted 

within this cohort, were the one carbon pool by folate pathway, which supports multiple 

physiological processes. These include biosynthesis of purines and thymidine, amino acid 

homeostasis glycine, serine, and methionine. This pathway is impacted in all the lysogens, 

as purine and thymidine are needed by prophages for the construction of DNA and RNA, 

which is needed to make phage DNA as well as bacterial DNA. The biotin metabolism 

pathway again was impacted in all the lysogens, as seen in chapter 5. This pathway, in 

E.coli, is rate limiting to cell growth and also promotes broad-range antimicrobial tolerance 

by increasing cell wall lipids (Holt et al., 2017), which could also be the case in Pa. The 

arginine biosynthesis pathway and the arginine and proline metabolism pathway are all 

impacted by the addition of phages from all 4 clades. Arginine and proline metabolism is 

one of the central pathways for the biosynthesis of the amino-acids arginine and proline 

from glutamate (Isaac and Holloway, 1972). Similarly, the arginine biosynthesis pathway 

leads to the production of arginine, but is synthesised from citrulline in arginine and proline 

metabolism by the sequential action of the cytosolic enzymes arginosuccinate synthetase 

and arginosuccinate lyase (Isaac and Holloway, 1972). Arginine and proline are necessary 

amino-acids for the prophages to build their own proteins, but also necessary for the host. 

Glutathione metabolism has been shown to be important for the expression of Pa type III 

secretion system (T3SS) genes. It has been suggested that glutathione serves as an 

intracellular redox signal, sensed by Vfr protein, to upregulate T3SS expression in Pa 

(Zhang et al., 2019). T3SS expression is associated with increased virulence of Pa in 

humans and in animal models, suggesting the upregulation of glutathione metabolism may 

increase the T3SS and therefore increase virulence of the Pa (Zhang et al., 2019). 

Glutathione was highly impacted by all lysogen groups suggesting that carriage of these 

prophages may increase virulence of the Pa compared to the PA14 control. 



205  

Thiamine metabolism plays important roles as (TPP) is a cofactor in various essential 

cellular processes, including carbohydrate, lipid, and amino acid metabolism. Thiamine 

monophosphate kinase (ThiL) catalyses the final step of the pathway by phosphorylating 

TMP to TPP, which is the biologically active form of the cofactor. It has also been shown in 

Pa that the pathogenesis of the ΔthiL mutants were markedly attenuated compared to wild- 

type bacteria, suggesting that the thiamine metabolic pathway plays a role in Pa 

pathogenesis (Kim et al., 2020). As this pathway was impacted by the addition of phages in 

the majority of the clades, this could mean that the phages are impacting this to affect the 

pathogenicity of the Pa. 

There were drawbacks to this pathway analysis method (mentioned in chapter 5), as 

comparisons could only be made to pathways of metabolisms that are within its database. 

Therefore, the Pseudomonas putida metabolism had to be used as the closest to the Pa 

metabolism. Also, only metabolites that have an associated KEGG number were taken 

forward for the pathway analysis (32% of metabolites), as those without a KEGG number 

were not recognised. This may lead to missing the intricacy of the analysis due to not being 

able to offer a pathway to a large proportion of the metabolites determined. This could be 

the reason that the heatmap showing the impact each clade has on each metabolic pathway 

(Figure 7.8) shows that 3 out of 4 clades have the same impact on all 33 of the pathways. 

These results were still insightful and enabled inferences to be made about how the different 

clades of phages may differ from one another in terms of how they affect their host Pa, as 

well as pinpointing metabolic targets of interest that can be verified experimentally with 

functional assays, such as biotinylation, changes in fatty acids synthesis and alteration of 

fatty acids at the cell surface that can be analysed by lipid profiling (Han et al., 2018). 

Although these metabolomic results are based on a single MS, they are the preliminary 

results and untargeted. Future studies are now able to focus now on these individual 

metabolic pathways at a greater resolution. As there are few studies on the metabolic effects 

of temperate phages (Hargreaves et al., 2014, Feiner et al., 2015) and no other published 
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work looking specifically at Pa, nor temperate Pa phages from the chronically infected lung, 

this illustrates the importance of this research. Further study into the metabolites altered by 

the addition of phages will allow us to identify if any of these changes to the host’s 

metabolism gives rise to enhanced fitness (Davies et al., 2016a), antibiotic tolerance or 

resistance (Burgener et al., 2019) or change in virulence of the Pa (shown in chapter 5), 

which could then enable the Pa lung infection to become chronic. If these characteristics 

that benefit the Pa can be associated with a particular phage type or phage gene, it could 

be used as a marker for severe infection, as done with Pf phages. 

7.6 SUMMARY 
 

This study is the first to show that different types of Pa temperate phages can subvert the 

same host in different ways, therefore, phage diversity can have an impact on how they 

change their Pa host’s metabolism. Also, there may be core changes in the metabolism in 

PA14 when prophages are added to the genome, further supported by the analysis of 

metabolomics data from the clinical CF and BR lysogens in chapter 5. 
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8 COMPARISON OF PSEUDOMONAS AERUGINOSA TEMPERATE 

BACTERIOPHAGES ISOLATED FROM CHRONICALLY INFECTED NON- 

CYSTIC FIBROSIS BRONCHIECTASIS PATIENT ISOLATES, OVER A PERIOD 

OF 10 YEARS 

 

 
8.1 INTRODUCTION 

 
The previous chapter illustrates the diversity of temperate phages from a large cross- 

sectional repository of Pseudomonas aeruginosa (Pa). It illustrates the diversity across Pa 

from multiple environments that begins to illustrate the differences that relate to 

environmental adaptation, selection and evolution. To focus on how phages change in the 

lung over time, this longitudinal study focuses on temperate bacteriophages in the lung 

environment of patients diagnosed with non-CF Bronchiectasis (BR). Over a period of 10 

years sputum samples were collected from BR patients at the Freeman hospital, Newcastle, 

at a frequency that linked to patients presenting at clinic with exacerbation of symptoms. 

These samples were then screened for the presence of bacteria and if Pa was identified, 

isolates were stored at -80°C. This collection is ongoing with new patients being added 

regularly and supplementing each patient panel. Through collaboration with Dr Anthony de 

Soyza (who these patients are under the care of) and Audrey Perry and John Perry (who 

manage the collection at the Freeman hospital), access to these Pa samples was permitted 

for this study. At the time of the study there were 27 patients that had more than one sample 

and a total of 220 Pa isolates in the collection. By looking at the Pa isolates longitudinally in 

patients with chronic Pa lung infections and with 2 or more samples, it may be possible to 

illustrate temperate phage genomic change that may be linked to adaptation and evolution 

of Pa in the lung. 

8.1.1 Longitudinal studies of Pa from chronically infected BR patient lungs 

There have been multiple longitudinal studies on the evolution and patho-adaptation of Pa 

infections in CF patients (Winstanley et al., 2016, Burns et al., 2001, Bartell et al., 2019), 
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whereas there are only a small number focusing on Pa infections in BR patients (Hilliam et 

al., 2017, Woo et al., 2019). Much of the current understanding of Pa lung infections in BR 

has been inferred from data derived from CF patients’ chronic respiratory infections. 

Observations have been made regarding Pa infections in CF and also inferred to BR, until 

recently, as they have a similar pathophysiology of infection. Some of the observations that 

were made in CF and assumed to be the same in BR include, the strains seen in adult 

chronic Pa airway infections are generally stable, with the exception of rare events of 

acquisition and eventual replacement or co-infection of epidemic Pa strains (Aaron et al., 

2004, Williams et al., 2015). Also, transmission of Pa infections is possible and may be 

associated with adverse clinical consequences (Fothergill et al., 2012). Again, this is only 

seen in CF and has yet to be investigated in BR. The few studies on Pa from BR have 

focused on investigating these trends, such as the rate of co-infection and change in 

strain/replacement on Pa strain in BR patients (Hilliam et al., 2017, Mitchelmore et al., 

2017), as well as the evolution of Pa from BR patients. A recent study by Woo et al (2018) 

was the first extensive longitudinal study to look at Pa from BR compared to CF samples, 

to compare between findings (Woo et al., 2018). They observed several distinctions in the 

epidemiology of Pa infections in BR compared to CF, one being Pa infections in CF adults 

are usually clonal and strain displacement is not seen, whilst unique strains were observed 

more commonly in BR. Where displacement was observed it was not associated with 

pulmonary exacerbation events, as previously observed in CF through acquisition of a new 

strain. They also observed that there was no evidence of cross-infection amongst BR 

patients, whereas cross-infection of Pa has been observed in CF and measures put in place 

to prevent it (Woo et al., 2018). 

In this study, the aim is to not only investigate displacement of Pa strains from BR patients 

longitudinally, but also consider the possibility of displacement of prophages in the genome. 

In addition, the transfer of prophages between Pa strains, if there is bacterial displacement 

occurring, will also be investigated. 
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8.1.2 Evolution of temperate phages in Pseudomonas aeruginosa over time  

The study of temperate phages compared to lytic bacteriophages is less common but 

some work has focussed on prophages and how they lead to the evolution of the bacterial 

Pa host (O'Brien et al., 2019, Davies et al., 2016b). However, there have been fewer 

studies investigating the evolution of temperate phages within a Pa bacterial 

background (James et al., 2015). As a result of phage evolution being complex and their 

genomes being composed of genes with distinct and varied evolutionary histories 

(Hendrix et al., 1999), it makes the comparison of phages and determining their origin 

difficult. Phage evolution happens at a high rate, therefore changes can occur even over 

a short period of time, meaning phages can evolve to overcome bacterial anti-phage 

mechanisms, which allows phages to infect bacteria more effectively (Murphy et al., 

2013). In addition, they may also acquire genes from HGT or recombination, which may 

be advantageous to the bacteria and prolong the prophages survival in the genome. 

Here we look at the changes of the prophages in Pa over a period of chronic infection 

and disease progression to observe if there are any changes to the phage genome that 

may show evolution in this way. 

 

 
8.2 AIMS 

 

• Use cross-infection results of induced phages from the longitudinal Pa isolates panel 

and infect against the same longitudinal Pa isolates from BR patients (n=220 from 

27 patients). The aim, if adaptation in the host range can be determined, would be 

to track the evolution of the bacteria in the lung environment over time. 

• Use cross-infection results to select patient panels and isolates that may have 

temperate phages of interest to study further. 

• Use twitching motility to show different phenotypes and possible different strains of 
 

Pa. 
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• Compare bacterial genomes sequenced between the isolates taken from each 

patient over time to see if they are infected by the same or a different strain of Pa. 

• Identify prophages within each of the Pa genomes that are sequenced and compare 
the diversity of all the prophages identified. 

 

• Compare the phages between isolates from the same patient longitudinally. 
 

• Sequence phages to ascertain which phages identified are inducible. 

 
8.3 OBJECTIVES 

 

• Cross infect the induced phages from the Pa isolates against the other isolates from 

the same patient to ascertain if phages isolated at a later stage of disease 

progression can more readily infect the isolates from an early stage of the disease. 

• Select patient isolate panels and isolates within them that may have temperate 

phages of interest to study further by using cross-infection data and resistance data 

supplied by the hospital and subsequently sequencing them. 

• Use pairwise comparison to compare the phage genomes between isolates from the 

same patient longitudinally. 

 
 
 
 

8.4 RESULTS 

 

8.4.1 Selection of longitudinal Pa isolates to sequence 
 

Our collaboration with Professor Levesque at the University of Laval, with the Microbiology 

Society funding a visit for 3 months to use their informatic tools and receive training, offered 

the ability to sequence and analyse 60 Pa isolates from the longitudinal collection. From the 

220 isolates, we streamlined to 60 isolates from 6 BR patients, with each patient presenting 

at clinic on multiple occasions (a minimum of 6 times). These isolates were selected to 

maximise the longitudinal carriage of phages. Due to the limitation on the number of 

samples, patients were selected with ≥ 6 samples spanning greater than 3 years. The 

clinical metadata for each patient was also taken into account, including antibiotics used at 
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the time the sample was isolated (data provided by the hospital), detailed in appendix 
 

J. Importantly, all samples that were selected for each patient had samples taken before, 

during and after the administration of different antibiotics. The selected isolates span the 

disease progression of the patient, illustrated in figure 8.1. The figure shows that patient B 

has had samples collected for the longest time period, spanning from 2008 to 2017, and 

patient F the shortest selected. During occasions where multiple colony morphologies of Pa 

from the same time point were seen, samples were selected for the panel and are shown 

as overlapping points (Figure 8.1). The prophage carriage of patients harbouring Pa of 

multiple colony morphologies at a single time point was investigated initially in chapter 4. 

Therefore, if these non-clonal isolates display similar prophage carriage findings, this would 

complement the previous work in chapter 4 on carriage of temperate bacteriophages in non- 

clonal Pa within the lung. 
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Figure 8.1 – Disease progression and sample collection of 6 BR patients. Points show when the samples (that were taken forward for sequencing) were 

taken at points of exacerbation. A complete list of samples that were taken for these patients is shown in appendix J. Where multiple samples were taken at 

the same time point, 2 over lapping points are seen.
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8.4.1.1 Antimicrobial resistance testing of the Pa chosen for sequencing 
 

The antibiotic resistance profiles for the 60 isolates against a range of antibiotics were 

obtained from the Freeman hospital and are shown in figure 8.2. They showed that the Pa 

isolates taken from the same patients longitudinally have differing resistance profiles, 

suggesting that the Pa isolated may be different at each time point, despite being chronically 

infected. Through selective pressure of multiple antibiotic challenges, it is possible that the 

Pa has adapted and evolved over time to exhibit or acquire tolerance or resistance to an 

antimicrobial. However, some patients’ samples have shown the opposite results, showing 

an isolate having resistance to a particular antibiotic and a later isolate being sensitive to 

the same antibiotic. If the isolate is the same as the previous sample, it is possible if the 

selection pressure is taken away, i.e. it is no longer treated with that antibiotic (due to it 

being resistant), it becomes sensitive to the antibiotic again through evolution. 

This microbial data, coupled with the patients’ clinical data, can be used to see if any of the 

antibiotics that the bacteria acquired resistance to are from those previously administered 

to the patient. 
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Figure 8.2a-c Antibiotic resistance results of the longitudinal Pa isolates from BR patients A-C 
that were taken forward for sequencing. The points match those in figure 

8.1 to show when the isolate was taken and the colour shows if the isolate was resistant 
(red) or sensitive (green). Points which are not coloured indicate that the resistance was not 
tested. 
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Figure 8.2d-f Antibiotic resistance results of the longitudinal Pa isolates from BR patients D-F 
that were taken forward for sequencing. The points match those in figure 

8.1 to show when the isolate was taken and the colour shows if the isolate was resistant 
(red) or sensitive (green) and the points not coloured indicate that the resistance was not 
tested. 



216  

8.4.1.2 Twitching motility assays 
 

The 60 isolates were tested for twitching motility to see if there were differences in motility 

of the isolates taken at each of the time points. If differences were seen it would suggest 

they were different strains or that the strain had adapted in the lung over time in some way 

that affected the motility of the Pa. Twitching motility assays are displayed in table 8.1. 

Images for the twitching motility plates for patients F, the positive control PAO1 and negative 

control LESB58 are shown in appendix K. These data show a gain or loss in motility and 

whether gain of motility is associated with displacement of Pa. There was change in the 

twitching motility between the longitudinal isolates in all patients except patient F. There were 

slightly more isolates that were positive for twitching motility with 32 being positive and 28 

negative. However, there was not a trend for a patients isolate panel to turn either positive or 

negative over time, and the results show sporadic changes over time. Patient C’s panel did 

show more motile strains towards the later stages of testing, with all 8 isolates collected in 

the final 2 years showing motility, where it had fluctuated prior to that, suggesting possible 

stabilisation in that phenotype. 

Table 8.1 – Twitching motility of longitudinal Pa isolates from BR patients 
 
 

Isolate ID Patient Isolation date Twitching motility 

141 A 12/01/2011 Negative 

550 A 07/06/2012 Positive 

915 A 25/03/2013 Positive 

1082 A 20/08/2013 Positive 

1192 A 16/09/2013 Negative 

2101 A 09/06/2015 Positive 

2107 A 26/06/2015 Positive 

2165 A 12/08/2015 Positive 

2437 A 07/09/2016 Positive 

2459 A 07/10/2016 Negative 

83a B 22/10/2008 Negative 

89b B 22/10/2008 Negative 

253 B 31/08/2011 Negative 

604 B 01/08/2012 Negative 

844 B 30/01/2013 Positive 
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1544 B 09/05/2014 Negative 

1956a B 06/02/2015 Positive 

1957b B 06/02/2015 Negative 

1970 B 16/02/2015 Negative 

2514 B 16/11/2016 Negative 

125 C 19/05/2010 Negative 

209 C 27/07/2011 Positive 

213 C 21/07/2011 Positive 

240a C 12/08/2011 Negative 

241b C 12/08/2011 Positive 

664a C 16/08/2012 Positive 

665b C 16/08/2012 Negative 

1297 C 14/11/2013 Negative 

1487a C 22/03/2014 Positive 

1501b C 22/03/2014 Positive 

1592 C 10/07/2014 Positive 

1623a C 04/08/2014 Positive 

1624 C 04/08/2014 Positive 

2009a C 15/04/2015 Positive 

2010b C 15/04/2015 Positive 

2334 C 29/04/2016 Positive 

102 D 09/01/2009 Positive 

727 D 01/11/2012 Positive 

997 D 13/06/2013 Negative 

1669 D 28/08/2014 Negative 

1911 D 09/12/2014 Negative 

2034a D 30/04/2015 Positive 

2035b D 30/04/2015 Positive 

2088 D 28/05/2015 Positive 

79 E 22/10/2008 Positive 

208 E 26/07/2011 Negative 

464 E 14/03/2012 Positive 

722 E 29/10/2012 Positive 

1243 E 16/10/2013 Positive 

1348 E 03/12/2013 Negative 

1846 E 19/11/2014 Positive 

1986 E 05/03/2015 Positive 

2015 E 08/04/2015 Negative 

945 F 24/04/2013 Negative 

1427 F 05/02/2014 Negative 

1434 F 11/02/2014 Negative 
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1481 F 26/03/2014 Negative 

1620 F 05/08/2014 Negative 

1954 F 11/02/2015 Negative 

2207 F 16/09/2015 Negative 

 
 
 

8.4.2 Genomic Diversity of longitudinal Pa isolates from BR patients 
 

Of the 60 Pa isolates that were extracted for sequencing, 3 had degraded DNA with 

insufficient libraries and could not be sequenced. Table 1 of appendix L shows the numbers 

of sequences with >Q40 quality used and also illustrates the numbers of contigs generated 

for each assembly. 

The 57 assemblies and genomes were first annotated using Prokka, and were then ran 

through ROARY, which takes annotated assemblies and calculates the pan-genome at the 

protein level. Using BLASTp, ROARY compares the gene products of each genome in an all-

against-all manner, using the default cut-off of 95% sequence identity. This allows 

comparisons to be made between isolates from the same patient to see if the same strain 

was isolated each time or if there was displacement taking place. Also, observations were 

made by comparing all of the bacteria genomes agasint one another using BLASTn,  to see 

if there were any strains seen in multiple patients, which may suggest cross infection. These 

data were utilised to create the dendrogram displayed in figure 8.3. The distance between 

the nodes denotes the Pa bacterial isolate’s genomes once translated into proteins. This is 

beneficial as it negates silent point mutations that may be picked up in the genome over 

time which would be viewed as differences if compared at the nucleotide level. These results 

show that most of the isolates from the same patient are very similar. Each patient had a 

definitive clade of isolates that have similar gene carriage, which differentiates them from 

the other patients, implying they are the same strain with some mutations. However, there 

are some isolates from the patient panels that do not cluster together, such as B_Pa3, which 

shows this isolate is a different strain. This suggests that co-infection or displacement by 

another strain occurred and this is seen in at least one isolate from patients A, B, D and E. 

There is also evidence of cross infection as A_Pa1 clusters with, and is therefore most 
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similar to, isolates from patient E. Also, B_Pa1 clusters with, and is therefore most similar 

to, isolates from patient D. Interestingly, these isolates from samples taken later than the 

first isolates that were collected, proposing that these isolates may have been displaced by 

a new Pa strain in the patient lung. 

A dendrogram was generated using the pan-genome tool ROARY, as mentioned previously, 

for each patient’s isolates individually to see how different the isolates from each patient are 

in more detail and these are shown in appendix M figures 1a-f. This data shows which 

isolates are the most similar and we could hypothesise that diversity within the clade of 

bacteria should branch and relate to the longevity of colonisation, as more mutations are 

accumulated over time due to evolution. 
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Figure 8.3 – Bacterial diversity of longitudinal Pa isolates from BR patients using 
ROARY pangenome analysis. ROARY generated bacterial genome comparison of Pa 
isolates from 6 patients. The labelling, such as A_Pa1, shows that the genome is from 
patient A and is isolate Pa1, which was the first isolate to be collected from that patient. 
Subsequent isolates are labelled Pa2, Pa3 etc. The length and subdivisions of the branches 
shows the relatedness/similarity of the genomes, with isolates with short branches being 
most similar. The scale bar represents the dissimilarity score. 
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8.4.3 Prophage identification from the longitudinal Pa isolates from each BR 

patient 

From the 57 genomes sequenced, analysis with PHASTER predicted 92 intact, 101 

questionable and 226 incomplete prophages. Firstly, there is a difference in the total number 

of prophages within longitudinal isolates from the same patient. This could illustrate accrual, 

displacement or a marker of different Pa being present. There were relatively low numbers 

of intact phages within this overall cohort of Pa isolates, ranging from 0-4 per isolate with 

higher numbers of incomplete phages from 1-8. There is not a trend of an increase or 

decrease in numbers of intact prophages over time, rather they are a set of prophages that 

are seen to appear and disappear from the bacterial genomes over time (Figure 8.4). 

Figure 8.4 shows the number of intact phage regions in each isolate over time and which 

clade the phage is in, as determined by PHASTER (the identification of these clades for 

these phages are shown in the following section 8.4.4). This enabled visualisation of the 

differences in prophage carriage in the different Pa isolates over time. For example, in the 

phages from figure 8.4a, the same clade is seen throughout the longitudinal isolate series, 

which is shown to be an F10-like phage and is seen in the 2nd to the 10th isolate. 

Furthermore, it shows the addition of a Burkholderia-like phage in isolate 8 but is not seen 

in the subsequent isolates, indicating it was possibly gained but then lost before the next 

sample was taken. 
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Figure 8.4 - Carriage of prophages by Pa isolates collected longitudinally from chronically infected BR patients. Sample denotes the sample number 
collected longitudinally, with 1 being the earliest, and abundance shows the number of different types/clades of phage in each of the isolates. a) Patient A’s 
Pa isolates carriage of prophages of differing types. b) Patient B’s Pa isolates carriage of prophages of differing types. c) Patient C’s Pa isolates carriage of 
prophages of differing types. d) Patient D’s Pa isolates carriage of prophages of differing types. e) Patient E’s Pa isolates carriage of prophages of differing 
types. f) Patient F’s Pa isolates carriage of prophages of differing types. 

e 
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8.4.3.1 Prophage diversity within longitudinal Pa isolates from the same 

patient over time at the nucleotide and protein level 

 

In the previous section we compared between the longitudinal bacterial isolates at a 

genomic level, focusing on the patient longitudinally. Here we use SaturnV to translate these 

putative prophage genomes to amino acids and compare the results of each phage region 

in a pairwise manner against all translated putative prophage coding regions. This is useful 

as it takes into account heterogeneity within a gene that does not offer a coding change. 

This was used to compare all the prophages identified in the 57 Pa isolates against each 

other (as carried out in chapter 6 for the prophages in the IPCD). A SaturnV generated 

cladogram is displayed using figtree in figure 8.5, which focuses on the diversity of all 

prophages identified in the bacterial genomes sequenced. The cladogram illustrates the 

similarity and level of diversity between the prophages identified. The patients are colour 

coded at the node level and each clade has been given the closest genome comparator 

from GenBank using BLASTn as its phage type (as carried out in chapter 6). The prophages 

mostly cluster in groups of the same colour (same patient), showing that prophages that are 

from different isolates from the same patient are similar. However, the spread of the cluster 

denotes that the prophage genomes are not identical and illustrates genome differences at 

an amino acid level. There are several phages illustrated in figure 8.5 that do not cluster 

with other phages from the same patient (same colour), which shows that it is not present 

in any other isolate from that patient. For example; patient B (blue nodes) has 1 phage 

(node) that cluster with patient A’s phages (nodes) and 2 phages that clusters with patient 

D’s. This suggests that the phage is a new phage that has infected the Pa isolate at that 

time-point or it is from a different strain of Pa containing new phages. Prophages are also 

lost as well as gained from one time point to the next. This suggests that the phage has 

been induced. The specific phages that were lost, and at which time-point, can be seen in 

figure 8.4. From these results, the phages that are present but are then not 

(disappear/induce) in the Pa isolate at the next time-point are frequently seen again in 

isolates further down the timeline. For example, in patient C the phage in clade 7 is present 
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in isolates 1 and 2, then not seen in isolates 3 and 4 and then present again in 5. This 

suggests that the phages are inducing and re-infecting, possibly due to the administration 

of antibiotics that may cause induction of phages. 
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Clade 5 

Clade 6 

Clade Phage type 

1 Phi297-like 

2 D3-like 

3 PhiCTX-like 

4 F10-like 

5 Phi2-like 

6 Burkholderia 
phage-like 

7 Pf1-like 

 
 
 
 
 
 

Clade 7 
 
 
 
 
 
 
 
 
 

Figure 8.5 – Diversity of prophages identified in longitudinal Pa isolates from BR patient. Cladogram produced from SaturnV results 

showing the protein-wise comparison between prophages identified in the longitudinally collected Pa genomes of BR patients. The nodes are 

colour coded depending on the patient that the Pa the prophage was identified in. The clades show what type of phage the group are most 

similar to from Genbank and were compared using blast. 
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8.4.3.2 Comparison of the prophage genomes carried by the Pa longitudinal 

isolates from each patient 

The previous sections in this chapter have illustrated that there is a shift in both bacterial 

and prophage genomes that links to the longevity of bacterial infection of the lung. Pairwise 

comparisons of the phages that are present longitudinally may uncover additions or 

deletions from their genomes that are important to support the phages or bacterial longevity 

in the lung. The comparison tool Nucmer was used to complete this pairwise analysis of the 

query phage genome to all phages identified within that patient’s isolates. The output from 

Nucmer was visualised using Circos as it allows imaging of one phage versus all in the 

comparison panel. 

Patients A, B and E all have isolates that only carry 2 or fewer intact phages. Due to this 

low number of phages, it was possible to illustrate this on a single Circos image per patient 

(Figure 8.6a-c), comparing each phage in succession over the time of collection, therefore 

comparing over time to see any changes. In Figure 8.6a, phage A2_1 (from the 2nd isolate 

collected from patient A) is smaller than A3_1. However, the majority of the genome (65% 

of A3_1) is almost identical (99.93% similarity) to A2_1 shown by the red ribbon. The areas 

circled in yellow represents a prophage genome expansion (a 35% expansion, looked at in 

further detail in section 8.4.3.2.1). The phage A3_1 is then shown to be the same as A4_1 

(100% similarity) throughout all the following isolates, shown by the red ribbon from A3_1 

to a phage in every other isolate in the series, meaning it is conserved longitudinally. Phage 

A8_1 does not have any similar phages in any of the other isolates and A8 is the only isolate 

with 2 phages, suggesting it was gained and lost again over time. Figure 8.6b shows the 

comparison of the phages identified in the Pa isolates from patient B. These results show 

that phage B1_1 and B2_1 show regions of similarity accounting for 70% coverage at 98% 

identity, interspersed with regions with no sequence similarity, suggesting expansions 

throughout the genome rather than only at the beginning or the end. These expansions are 

looked at in further detail in section 8.4.3.2.1. The following 5 isolates contain a phage that is 
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identical to B2_1, suggesting it stabilised with the expansions. Isolate B3 had 2 phages, 

unlike the other isolates, and the second B3_2 shares no similarity to any phages from the 

other isolates from the patient. This implies that it is a new phage that infected the bacteria 

or it may be a different strain of Pa that infected/co-infected the patient. By looking back at 

figure 8.3, showing the bacterial genome diversity, B3 does not cluster with the other 

isolates, suggesting it is a different strain and may provide a reason why it would have a 

new phage present in its genome. Figure 8.6c shows the phage comparisons for patient E. 

Intact phages were identified in only two of eight isolates, . Sequence comparison reveals 

that the two phages in E3 are highly similar to two of the phages in E4. However, E4_4 has 

an expansion of 4% compared to E3_2, with the rest of the genome having 100% similarity, 

which suggests the addition of genes on the ends of the genome (discussed further in 

section 8.4.3.2.1). The other 2 phages in E4 are new and have no similarity to phages in 

E3. These 2 isolates are shown to cluster together but away from the other isolates for patient 

E (Figure 8.3), suggesting they are the same strain but due to differences in the accessory 

genome. However, E4 was infected with a further 2 phages as well as the phage genome 

expansion. 
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Figure 8.6a – Prophage comparison from the prophages identified in Pa isolates from patient A. The phage genomes were compared using pair-wise 
comparison from each isolate’s phage/s compared to the next isolate’s phage/s in the order of earliest to the latest collected. The labels denote patient_isolate 
number_phage number in that isolate e.g. A2_1. A) The outer track shows the phage genomes present in each of the patient’s isolates (A8_2 is the second 
phage in isolate A8). B) The parts of A3_1 circled in yellow are where the phage has expanded and gained more genetic information, compared to the phage 
found in the earlier isolate A2_1 (this is looked at in more detail in section 8.4.3.2.1). C) Phage A8_1 is seen as the lone pink node in clade 6, while the other 
pink nodes that are clustered together in clade 4 are all the other phages that share a high similarity (referring to figure 8.5 enlarged section). 

A 
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Figure 8.6b – Prophage comparison from the prophages identified in Pa isolates from patient B. The phage genomes were compared using pair-wise 

comparison from each isolate’s phage/s compare to the next isolate’s phage/s in the order of earliest to the latest collected. The labels denote patient_isolate 

number_phage number in that isolate e.g. B1_1. The arrows show where particular phages are in the cladogram compared to others. A) B1_1 falls in the 

same clade as the other phages due to it being highly similar but there is distinct space from it and the phages in the blue circle with B) B3_2 falling in clade 

one and showing no similarity (referring to figure 8.5 enlarged section). 

A 

B 
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Figure 8.6c – Prophage comparison from the prophages identified in Pa isolates from patient E. The phage genomes were compared using pair-wise 

comparison from each isolate’s phage/s compare to the next isolate’s phage/s in the order of earliest to the latest collected. The labels denote patient_isolate 

number_phage number in that isolate e.g. E3_1. Ribbons from one genome to another show exact similarity. Patient E’s other 6 isolates did not have any 

intact phages identified, hence only 2 isolate’s prophages are being compared.
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Patients C, D and F all carry >2 phages and they were compared to see how these phages 

compare across the panel of phages within the patient longitudinal isolates. Therefore, 

separate Circos diagrams were constructed that compared the phages per isolate. Each 

phage cohort within each isolate was then compared against all phages from all the other 

isolates from the same patient. Within each patient isolate there are phages that, when 

acquired, are prevalent across the isolates from that patient longitudinally where others are 

identified and then disappear over time. In figure 8.7 there are 14 circos images, each 

showing one isolate’s prophages compared to all the other phages identified in the Pa panel. 

The phages present in Pa isolate C1 (the earliest sample from patient C) have a high similarity 

(100% identity) to all or over 65% coverage of phage genomes in isolates C2, C4, C11 and 

C14 (figure 8.7a). When comparing the second isolate (C2) phages (shown in figure 8.7b), 

C2_2 is similar in whole or in part to one phage in all other isolates, apart from C3, C6, C9 

and C12, which shows that the same phage may be transient over time. As seen in the 

previous patients we can also see noticeable expansions of the phage genomes in the 

comparison between C2_2 and C5_3, where there is 56% coverage at 100% identity, which 

means there is a 44% expansion (looked at further in section 8.4.3.2.1). This also shows that 

there are a number of phages that are not similar to any other phages showing infection, and 

then loss of the phage in a short space of  time.
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Figure 8.7 Comparison of the prophage genomes identified in Pa longitudinal isolates 
from patient C. The prophages identified in each isolate are compared against all other 
prophage genomes in the other 13 isolates. The labelling is as follows; isolate number _phage 
number e.g. C1_1. A) Isolate C1’s Ф vs all other isolates Ф. B) Isolate C2’s Ф vs all other isolates 
Ф C) Isolate C3’s Ф vs all other isolates Ф. D) Isolate C4’s Ф vs all other isolates Ф. E) Isolate 
C5’s Ф vs all other isolates Ф. F) Isolate C6’s Ф vs all other isolates Ф. G) Isolate C7’s Ф vs all 
other isolates Ф. H) Isolate C8’s Ф vs all other isolates Ф. I) Isolate C9’s Ф vs all other isolates 
Ф. J) Isolate C10’s Ф vs all other isolates Ф. K) Isolate C11’s Ф vs all other isolates Ф. L) Isolate 
C12’s Ф vs all other isolates Ф. M) Isolate C13’s Ф vs all other isolates Ф. N) Isolate C14’s Ф vs 
all other isolates Ф.  
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The phages identified in Patient D’s isolates are compared in figure 8.8. The results show 

that there are phages that have 100% similarity. These are D1_1, D3_1 and D7_1, as shown 

by the ribbons from D1_1 in figure 8.8a. There is also evidence of possible mosaicism 

shown in these results as a region of D1_1 and the whole genome of D1_2 are shown to 

be present in D5_1 and D6_1. However, from figures 8.7d and 8.7e it shows ribbons from 

D5_1 and D6_1 are showing that the mosaicism that occurred in D5 was conserved into the 

following isolate (D6), though the original phages were then seen in the isolates thereafter. 

Figure 8.8 shows the comparison of the prophages from the isolates from patient F. These 

results show that each isolate has 2 phages that are highly similar (100% similarity) and did 

not show any change over time. The three phages seen in F1 seem to be stable within the 

Pa strain and there is no change in 2 of them. However, in isolates F5 and F6, where the 

smallest of the 3 phages seem to either be replaced with a new phage or it changes over 

time as the ‘new’ phage, F5_1 and F6_1 still have some similarity but a coverage of 28% to 

the original, which indicates that it is a change in the phage rather than a phage 

displacement (The expansion seen here is looked at in more detail in 8.4.3.2.1). The phages 

F5_1 and F6_1 have 100% similarity, however, this phage is only present for these 2 

consecutive isolates. In the later isolates, a phage carriage reverts back to a phage seen in 

earlier isolates with a high similarity to F1_2 or possibly a different bacterium. This shows 

that prophages can change and be lost and gained over time during a chronic lung infection. 

In addition, it is possible that they swap and change, depending on environmental changes, 

into phages that may give them benefits at a given moment. 
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Figure 8.8 Comparison of the prophage genomes identified in Pa longitudinal isolates from patient D. The prophages identified in each isolate are 
compared against all other prophage genomes in the other 5 isolates. The labelling is as follows; isolate number _phage number e.g. D1_1. A) Isolate D1’s Ф 
vs all other isolates Ф. B) Isolate D2’s Ф vs all other isolates Ф C) Isolate D3’s Ф vs all other isolates Ф. D) Isolate D4’s Ф vs all other isolates Ф. E) Isolate D5’s 
Ф vs all other isolates Ф. F) Isolate D6’s Ф vs all other isolates Ф. 
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Figure 8.9 Comparison of the prophage genomes identified in Pa longitudinal isolates from patient F. The prophages identified in each isolate are 
compared against all other prophage genomes in the other 6 isolates. The labelling is as follows isolate number _phage number e.g. F1_1. A) Isolate F1’s Ф vs 
all other isolates Ф. B) Isolate F2’s Ф vs all other isolates Ф C) Isolate F3’s Ф vs all other isolates Ф. D) Isolate F4’s Ф vs all other isolates Ф. E) Isolate F5’s Ф 
vs all other isolates Ф. F) Isolate F6’s Ф vs all other isolates Ф. G) Isolate F7’s Ф vs all other isolates Ф. 
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8.4.3.2.1 Evolutionary expansions in prophage genomes between 

longitudinal Pa isolates 

 

From the previous section, it was shown that prophages within longitudinally collected Pa 

samples displayed expansion of their genomes over time when comparing prophage 

genomes from one Pa genome to the next chronologically. These expansions in the genome 

over time suggest that they may have an evolutionary benefit to the phage and/or the Pa 

isolate. Here, the regions of expansion are looked at in closer detail to determine the genes 

that are added and if they could be advantageous. Where there were expansions seen 

between the phages across the longitudinal isolates from the same patient, the regions were 

annotated by Prokka to predict the function, as many of the genes were shown to code for 

hypothetical proteins. The hypothetical genes were also run queried against the 

Pseudomonas genome database in an attempt to find the function of the protein in Pa. Table 

8.2 shows the expansion shown between phages A2_1 and A3_1 (shown in figure 8.6a) 

with the expansion regions circled in yellow. These regions were at the start and end of the 

phage genome rather than midway through, lengthening the genome by 35%. 

Where expansions of phage genomes were seen between the phages from the longitudinal 

isolates from the same patient in the following patients; B, C, D, E, and F (Figures 8.6b-f), 

the proteins in the expanded regions were extracted and annotated (as carried out for 

patient A in Table 8.2). These results are shown in appendix N tables 1-12 and display the 

proteins carried in these expanded regions of prophage within the Pa isolates from each 

patient. Patient B’s earliest isolate (B1) contained a phage that was seen to be expanded 

in the second Pa isolate (B2), as shown in figure 8.6b. It showed, unlike the expanded 

regions in patient A that appears at the start and end of the phage genome, the additional 

proteins here are seen added throughout the prophage genome. 

Proteins present in the expansions in the prophages in isolates from patient A that may give 

the phage or Pa an advantage (Table 8.2) included ‘TetR family transcriptional regulator’, 

which are proteins that play a role in DNA binding which regulate gene expression. Many of 
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these act as global multi-target regulators, which could be beneficial to the Pa host. Also, 

‘Rhs element Vgr protein’, a Rhs protein found on a plasmid in Pa, has been implicated in 

bacteriocin production in Pseudomonas savastanoi. The ‘ice nucleation protein’ that was 

seen in the expansion enables Gram-negative bacteria to promote nucleation of ice at 

relatively high temperatures. The benefit that these additional proteins may give to their host 

might be why this expansion was seen in prophages sequentially in the longitudinal Pa 

isolates from patient A. Other notable proteins found in the prophage genome expansions 

with the Pa isolates from the other patients (shown in appendix N) are the ‘Bax 

inhibitor/YccA family’ and ‘DNA cytosine methyltransferases’. Both of which are from a 

prophage expansion seen in patient B’s isolate, with ‘methyltransferases’ also being seen 

in multiple expanded phage regions when comparing the prophages in patient C’s Pa 

isolates. The YccA in E.coli has been shown to interact with ATP-dependent protease FtsH, 

which degrades abnormal membrane proteins as part of a quality control mechanism to 

maintain the integrity of biological membranes and it is possible it plays a similar role in Pa 

. Genomes of lytic and lysogenic phages have been shown to encode multi- and mono- 

specific methyltransferases that have the ability to confer protection from restriction 

endonucleases of their bacterial host, enabling the phages to stay within the Pa host 

(Murphy et al., 2013). Therefore, the addition and carriage of this protein would be beneficial 

for maintenance of the phage genome. ‘ImmA/IrrE family metallo-endopeptidase’ was also 

identified in multiple expanded phage regions when comparing phages of isolates from 

patient’s C and D. ImmA is encoded on a conjugative transposon, which could mean the 

expansions are the addition of transposons and conjugating bacteria are able to transfer 

conjugative transposons to other bacteria or possibly other phages. 
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These expansions are of interest. However, without further experimentation and looking at 

these genes in the context of the whole phage and the whole Pa genome, it is hard to know 

their true function. This could be further investigated with metabolomics or RNA sequencing 

to see if these proteins are transcribed and translated, and therefore are more likely to affect 

the Pa host. It would also be valuable to confirm whether these genome expansions are 

excised within the phage genome or if they are an addition to the Pa genome, such as a 

transposon, which has inserted near to a phage and has been classed as part of the phage 

genome incorrectly. 

 

Table 8.2 - Gene annotation results from the prophage expansion region in Pa isolate 3 
from patient A. 

 

Protein name Prokka identification Pseudomonas database 
 
identification 

NKDGOEBB_00056 hypothetical protein MULTISPECIES: hypothetical 
 
protein 

NKDGOEBB_00057 hypothetical protein Transposase 

NKDGOEBB_00058 Ice nucleation protein ice nucleation protein 

NKDGOEBB_00059 hypothetical protein arc-like DNA binding domain 
 
protein 

NKDGOEBB_00060 hypothetical protein hypothetical protein 

NKDGOEBB_00061 hypothetical protein hypothetical protein 

NKDGOEBB_00062 hypothetical protein putative membrane protein 

NKDGOEBB_00063 hypothetical protein hypothetical protein 
 

PPF10_gp031 

NKDGOEBB_00064 hypothetical protein hypothetical protein 

NKDGOEBB_00065 hypothetical protein hypothetical protein 
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NKDGOEBB_00066 Putative defective protein 
 
IntQ 

site-specific integrase 

NKDGOEBB_00067 Antitoxin SocA DUF4065 domain-containing 
 

protein 

NKDGOEBB_00068 hypothetical protein hypothetical protein 

NKDGOEBB_00069 hypothetical protein hypothetical protein 

NKDGOEBB_00070 hypothetical protein hypothetical protein 

NKDGOEBB_00071 hypothetical protein MULTISPECIES: TM2 

 
domain-containing protein 

NKDGOEBB_00072 hypothetical protein Rhs element Vgr protein 

NKDGOEBB_00073 hypothetical protein MULTISPECIES: VRR-
NUC 
 
domain-containing protein 

NKDGOEBB_00074 hypothetical protein DUF3396 domain-
containing 
 
protein 

NKDGOEBB_00001 2-hydroxy-6-oxo-6- 
phenylhexa-2,4-dienoate 
hydrolase 

alpha/beta fold hydrolase 

NKDGOEBB_00002 hypothetical protein TetR family
 transcri
ptional 
 
regulator 

NKDGOEBB_00003 hypothetical protein hypothetical protein 
 
CLM86_28910 

NKDGOEBB_00052 hypothetical protein ADP-ribosyl-(dinitrogen 
 
reductase) hydrolase 

NKDGOEBB_00053 hypothetical protein hypothetical protein 
 
T223_06585 

NKDGOEBB_00054 hypothetical protein helix-turn-helix transcriptional 
 
regulator 

NKDGOEBB_00055 hypothetical protein transcriptional regulator, LuxR 
 
family 
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8.4.4 Phage Induction of longitudinal isolates and cross-infection and host 

range analysis. 

 

Each of the Pa isolates were induced using norfloxacin (methods section 2.5.1) and 

bacteriophage lysates obtained were used for cross-infection against the other isolates from 

the same patient. The results for these cross infections for patients A-F are shown in tables 

8.2a-f and the isolates were numbered from the earliest isolated (0 showing no infection 

and 1 showing infection of the bacteria by the phage lysate). These results show that there 

was at least one isolate per patient set that was able to infect at least one of the other 

isolates. Out of the 57 isolates induced, there were 26 that were not able to infect any of the 

other isolates from the same patient, and the isolates that showed to have active phages 

showed differing infection profiles. However, there are no correlations that can be drawn 

from how they infect. It was hypothesised that longevity may determine phages with broader 

infectivity across earlier isolates as they may evolve to overcome bacterial phage restriction 

functions over time. The phages that were the most infectious were induced from isolates 2 

and 6 from patient C, where they were able to infect all other isolates from patient C. 



242  

 
Table 8.3a – Cross-infection of Pa isolates from patient A against phages induced from 
them 

 

 Phage lysate 

 Patient A 1 2 3 4 5 6 7 8 9 10 

 

B
a

c
te

ri
a
 

1 0 0 0 0 0 0 0 0 0 0 

2 0 0 1 1 1 0 0 0 0 0 

3 0 0 1 1 0 0 0 0 0 0 

4 0 0 1 1 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 0 

6 0 0 1 1 1 0 0 0 0 0 

7 0 0 1 1 1 0 0 0 0 0 

8 0 0 0 0 0 0 0 0 0 0 

9 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 

 
 

 
Table 8.3b - Cross-infection of Pa isolates from patient B against phages induced 

from them 
 

 Phage lysate 

 

B
a

c
te

ri
a
 

Patient B 1 2 3 4 5 6 7 8 9 10 

1 1 0 1 0 0 0 0 0 0 0 

2 1 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 0 

4 1 0 0 0 0 0 0 0 0 0 

5 1 1 0 0 0 0 1 0 0 1 

6 1 0 0 0 0 0 0 0 0 1 

7 1 0 0 0 0 0 0 0 0 0 

8 1 0 0 0 0 0 0 0 0 0 

9 1 0 0 0 1 0 0 0 0 0 

10 1 0 0 0 0 0 0 0 0 0 
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Table 8.3c - Cross-infection of Pa isolates from patient C against phages induced from 
them 

 

 
Phage lysate 

 Patient C 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

 
B

a
c
te

ri
a
 

1 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 

3 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

4 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

5 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

6 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

7 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

8 0 1 0 0 0 1 0 0 0 0 0 0 0 0 

9 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

10 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

11 0 1 0 0 0 1 0 0 0 0 0 0 0 0 

12 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

13 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

14 0 1 0 0 0 1 0 0 0 0 1 0 0 0 

 
 

 
Table 8.3d – Cross-infection of Pa isolates from patient D against phages induced from 
them 

 

 Phage lysate 

 

B
a

c
te

ri
a
 

Patient D 1 2 3 4 5 6 7 

1 1 1 1 1 1 1 1 

2 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 

6 0 1 0 1 1 1 1 

7 0 1 0 1 1 0 0 
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Table 8.3e – Cross-infection of Pa isolates from patient E against phages induced from 
them 

 

 Phage lysate 

 Patient E 1 2 3 4 5 6 7 8 

 

B
a

c
te

ri
a
 

1 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 

4 0 0 1 1 1 1 0 0 

5 0 0 0 0 0 0 0 0 

6 0 0 1 0 0 0 0 0 

7 0 0 1 0 1 0 0 0 

8 0 0 1 1 1 0 0 0 

 
 

 
Table 8.3f – Cross-infection of Pa isolates from patient F against phages induced 

from them 
 

 Phage lysate 

B
a

c
te

ri
a
 

Patient F 1 2 3 4 5 6 7 

1 1 1 1 0 1 0 0 

2 1 1 1 0 1 0 0 

3 1 1 1 0 1 0 0 

4 1 1 1 0 0 0 0 

5 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 
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8.5 DISCUSSION 
 

This chapter illustrates the first longitudinal study in determining the temperate phage 

genomes of Pa isolates from BR patients. These results show that phages may be a way of 

showing that bacterial isolates from the same chronically infected lungs are not necessarily 

clonal. This was determined by analysis of genome sequencing that showed multiple strains 

of Pa were observed over time based on analysis of gene content, rather than one strain 

being present throughout a chronic infection. This change in specific isolates of Pa is 

probably caused by displacement or co-infection, supporting research that suggests 

displacement occurs at a higher rate in BR rather than in CF patients (Woo et al., 2018). 

Patients A and B both show possible displacement as their earliest isolate is a different 

strain to the other isolates collected later from the patient, which implies that the new Pa 

strain displaced the isolate seen in the first sample. There could also possibly be a mixed 

community of Pa present. Patient B also shows a different strain again in the 3rd sample that 

was taken. This was possibly a co-infection as the samples thereafter were the same strain 

as had been seen prior to this sample. From the comparison of the bacterial genomes from 

the same patient, where there is a single strain seen over time, changes are seen in the 

genomes probably due to continuing adaption and evolution of the bacteria within the lung, 

which has been reported previously in Pa isolates from BR and CF patients (Hilliam et al., 

2017, Winstanley et al., 2016). 

8.5.1 Changes to antibiotic resistance of Pa from longitudinally during chronic 

infection 

These genetic changes in the Pa genomes are important as they may cause antibiotic 

resistance, as shown in figure 8.2. For example, patient C results show that all 14 of the 

isolates were highly similar/ the same strain. However, there were changes over time that 

changed the resistance profile with patient C’s isolates developing resistance to 

Ceftazidime, Temocillin, and Ticarcillin that the earliest Pa isolate was susceptible to. 

However, over the 14 time points for patient C there were also isolates that were shown to 
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be resistant to an antibiotic but were then sensitive at a later time point, such as Fosfomycin 

where the earliest isolate is resistant and then the 2nd, 3rd and 4th isolates are sensitive to it 

again. This was seen in 6 out of 12 antibiotics tested in patient C’s isolates. This could be 

due to the selection pressure being taken away (an antibiotic), meaning the resistance is 

not necessary and is lost through evolution. From analysing the IV antibiotics administered 

to the patient this appears to be the case for Fosfomycin in patient C, as Fosfomycin is 

administered when the antibiotic testing shows the Pa to be sensitive, the next test shows 

it is resistant and Fosfomycin stops being administered, then during the following AB testing 

it is shown to have regained sensitivity. There are other reasons for a regain of sensitivity 

to an antibiotic, such as loss of a resistance plasmid (Igumbor et al., 2000), or possibly the 

induction of a prophage that confers resistance, which has been reported to occur in 

Salmonella (Zhang and LeJeune, 2008). There have been many phage-associated AMR 

genes in Pa from CF patient lungs (Rolain et al., 2011, Fancello et al., 2011, Modi et al., 

2013), indicating it is a possible explanation for AMR changes in Pa within the lung. 

These results illustrate that there is broader resistance that relates to a later stage of 

infection and disease progression, providing evidence that if these are the same strains, 

resistance was gained over time. 

8.5.2 Motility alteration to Pa from over the course of chronic infection 
 

This evolution of the Pa strains over time also led to changes in motility of the isolates. As 

there was no displacement, the motility changes were also due to adaption. For example, 

the earliest isolates were negative, the following 3 isolates collected fluctuate between 

negative and positive motility and the last 10 isolates all were positively motile. This 

suggests an adaption by the Pa to become motile, which is in contrast to the adaptions that 

have been seen previously from Pa isolates in the infected lung environment that have a 

reduction in motility, which has been associated with increased bacterial burden and 

increased disease severity (Faure et al., 2018, Veses-Garcia et al., 2015). Phages could be 

considered a driving force of motility being re-established to a strain if it coincided with a 

new prophage being present in the genome. The final point that the bacterial comparisons 
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show is that the bacterial genomes of isolates from patients were very similar to those of 

other patients. For example, patient A isolate A1 is highly similar to patient E’s isolates, and 

patient B’s isolate B1 clusters with patient D’s isolates, suggesting there may have been 

cross-infection between patients, which is thought to be not as common in BR as in CF, 

where there are prevention measures in place (Woo et al., 2018). 

8.5.3 Analysis of prophage genomes from longitudinal Pa isolates to 

determine evolutionary adaptation over time 

Identification of prophages from the Pa genomes revealed different temperate phage 

profiles are seen in the isolates longitudinally collected from each patient. There is evidence 

of either displacement of Pa strains or co-colonisation, which may be a reason for new 

phages being gained or lost, rather than the same strain being infected by a new phage. 

Phage numbers were also seen to change where no displacement was seen (in chapter 4), 

illustrating that there is gain and loss of phages over time as well as expansion of the phage 

genomes. This suggests selective pressures lead to evolution of phages over the 

progression of the chronic lung infection. Pressures, such as antibiotic administration, may 

cause induction of temperate phages and alterations to their genomes. For phages, this 

inclusion of other bacteria at low frequency offers an extended gene pool and possible other 

phages that may allow a reservoir for recombination and allow positive selection for 

mobilisable phages. 

The prophage diversity results illustrated that the phages from isolates from the same 

patient share a higher similarity between each other than those from other patients, as they 

are probably the same phage within the same Pa isolate. This shows that phage diversity 

is relatively stable with few changes in phages over time if it is within the same isolate. Yet 

in figure 8.5, there is a slight dispersion in the clusters from the same patient, showing there 

is some diversity in the phages when compared at the protein level. They are not all 

identical, suggesting genetic drift has occurred over time, which may play a role in the 

bacterial evolution. 

To focus in more detail on the diversity over time, the phages in each of the patient’s isolates 
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were compared to the entire panel from this part of the study. This also shows which phages 

were integrated or lost over time. The results show there are regions of genome expansion 

and deletion over time, suggesting there may be domestication of phage or recombination 

and accrual of genes that could offer positive evolutionary selection for the phage. However, 

there is some inaccuracy in PHASTER determining the start and end of phages, although it 

has determined these ends in the previous search when comparing a limited study of the 

LES prophages. For subsequent publication, manual curation of the ends of the phage will 

be needed to unequivocally verify their start and end points. Referencing back to the 

bacterial genome to see if the deleted/added region is present would also confirm whether 

this is the case. Also verification of bacterial genome assembly. Importantly, this research 

provides evidence of transfer of phages between strains within the lungs shown in patient B, 

as B3 is a different strain to B4 (shown in figure 8.3) but both have a phage that is highly 

similar, suggesting there was transfer within the lung between these bacterial strains. The 

findings presented here confirm that phages adapt quickly over time and are able to alter 

the genomes of their Pa host over the course of a chronic infection, with the possibility that 

they contribute to the virulence and persistence of the infection. Further work using 

transcriptomics would shed more light on whether they are a contributing factor as it would 

be possible to compare the expression between Pa isolates with and without the prophage, 

but also compare what changes that a phage genome expansion may offer the Pa host and 

why the expansion may be conserved over time 

From comparing the prophages within Pa isolates longitudinally, unsurprisingly, the same 

phages appeared. Most importantly however, evolution of phages is difficult to map as 

previously discussed. This study is able to demonstrate this evolutionary progression as in 

some cases these phages had expansions in their genomes at the start, end or middle of 

the genome, identified by PHASTER. In table 8.2 the genes in one expansion, comparing a 

prophage in isolates A2 and A3, (from patient A shown circled in yellow in figure 8.6a) are 

annotated to determine whether these additional genes give any advantage to the prophage 

or the Pa host. From these results it suggests that there are a number of genes that have a 
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possible benefit and can drive evolution in phages, which has been shown previously. 

However, the majority of the genes in the expansion, like those in phage genomes, have no 

known function. As most of the phage expansions seen between the longitudinal Pa isolates 

are shown to be retained over time, it would suggest that they give a selective advantage 

and therefore are not lost over time. The genes noted in section 8.4.3.2.1 give advantages 

to the Pa in a number of different ways, from conferring antibiotic resistance to promoting 

the nucleation of ice. The expansion of bacterial genomes, due to the addition of phages, 

plasmids or transposons, has been well documented (Gao et al., 2019). However, the 

expansion of prophages within longitudinal Pa and the impact that it has on the prophage 

and the host has not been studied, even though phages are known to be diverse and 

changeable entities that can drive evolution (Rodriguez-Valera et al., 2016). As this is one 

of the first studies looking into the temporal changes within prophages within Pa from 

chronically infected lungs, it could give rise to more studies in this area as there is some 

evidence that temperate phages change over time and possibly gain genes in expansions 

that benefit the host Pa, which the phage could then transfer to other Pa strains. Through this 

process, traits beneficial to host such as antibiotic resistance, could be transferred resulting 

in a Pa isolate that is able to persist in the lungs for longer. 

The results from the induction of these Pa isolates and the re-infection of them into isolates 

from the same patient, shows that they contain inducible phages that are able to infect 

isolates from the same patient and also the originating bacterial host. This shows that 

superinfection is possible as many of the isolates are of the same strain (Tariq et al., 2019). 

Tariq and colleagues showed that phages induced from Pa isolates from patients who were 

in the later stages of chronic Pa infection could infect Pa isolates from patients in the early 

stages more readily than in later stages for chronic infection. This finding was not seen in 

these results, possibly as this was tested against isolates from the same patient. 

Isolates from the same patient, which have been shown to be different strains, showed that 

induced phages from one strain were able to infect the other strain from the same patient, 



250  

such as in patient E, illustrating that transfer of phage between strains within the lung 

environment is possible. This supports our study on the transfer of phages within the 

chronically infected lungs of BR patients in chapter 3. These results also display that some 

isolates such as E5 and E6, which were predicted by PHASTER to contain no intact phages, 

harbour active phages. This shows that PHASTER is not to be fully relied on and that 

experimental methods are necessary to confirm the presence of inducible phages. 

 

8.6 SUMMARY 
 

This is the first longitudinal study on prophage carriage in Pa isolates from chronically 

infected BR patients, showing loss, gain and transfer over time, which could be due to the 

induction and reinfection caused by exposure to antibiotics. By experimentally inducing the 

phages and showing re-infection was possible, it confirms transfer can take place in the 

lungs. The antibiotic resistance profiles show a general trend of resistance over time, but 

also that the bacteria can regain sensitivity to antibiotics over time, which is possibly 

impacted by prophages as gain and loss of prophages are also seen within these isolates. 

Bacteria/Pa could also be affected by expansions to the prophage genome, suggesting HGT 

within the phage genome, which has not been reported in Pa in the lung previously. This 

study sheds light on the complex bacterial-phage-antibiotic interactions that take place 

during the course of a chronic lung infection. 
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9 GENERAL DISCUSSION 

 
9.1 THE CONTEXT OF THIS THESIS 

 
Pseudomonas aeruginosa is an important pathogen that causes disease across the world. 

In particular, lung infections by Pa in CF and BR patients are of major concern as chronic 

infection leads to poor clinical outcomes with a high associated mortality. Many Pa lung 

infections become chronic with the Pa becoming increasingly multi-drug resistant (Obritsch 

et al., 2004). One of the possible reasons for this is the genetic pliability is due to it being open 

to horizontal genetic transfer, mediating an enhanced propensity to cause chronic infection. 

This genetic diversity is highlighted, in part, by temperate phages that stud the bacterial 

chromosome. Their role in the biology of their bacterial host is understudied, but with 

evidence of temperate phages of Pa promoting a selective fitness advantage (Davies et al., 

2016a) and harbouring antibiotic resistance genes, it implies they play a role in the chronicity 

of infection (Kondo et al., 2020). With temperate phages able to induce and mobilise, and 

that the antibiotics used to treat their bacterial host are capable of causing induction and 

possible transfer, it makes them a dangerous entity, especially within the chronically 

infected lung, which offers a positive evolutionary selection for the bacteria that could lead 

to poorer clinical outcomes for patients. This study set out to investigate further how 

temperate phages contribute to the adaption and evolution of the Pa and whether their ability 

to modulate host metabolism plays a part in the chronic phenotype. A better understanding 

of why infection with Pa becomes chronic may aid development of new diagnostic 

approaches and treatment methods for patients with chronic Pa infections. 

9.1.1 Temperate phage transfer in the chronic lung environment 
 

The nature of temperate phages, being transducible, and the reports of free living temperate 

phages being isolated from the sputa of CF patients (James et al., 2015), led to 

understandings that temperate phages were able to be induced and re-infect while in the 

chronically infected lung. In doing so these phages are capable of transferring their genetic 

information to other strains, or within non-clonal populations under conditions of lung co-

colonisation. The ability of these dsDNA phages, lambdoid in genome organisation, to 
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overcome phage immunity is seen as common in these phages and has been shown in other 

phages in E.coli, but not at the rates seen in Pa colonised from the lung (Tariq et al., 2015). 

It has been presumed that phages must transfer between strains of Pa within the lung, as 

temperate phages have been detected free floating however, to date, no study to the best 

of our knowledge has focussed on the carriage and transfer of prophages within lung 

populations of Pa at a specific point in time, or how this develops longitudinally and their 

role in chronicity and pathogenicity of infection. 

The chronically infected lung of a CF or BR patient can be colonised by multiple phenotypes 

and genotypes of Pa (Jelsbak et al., 2007). A study looking at explanted lungs showed that 

the Pa isolates occupying different regions of the lung physiology had evolved 

independently and they differed in their comparative phenotypic characteristics (Jorth et al., 

2015). These different phenotypes or co-colonisation of multiple strains in the same lung 

environment poses the questions; can temperate phages transfer between them, adding an 

extra compartment of genetic diversity and evolutionary potential? Or, do temperate phages 

and alteration of the cell metabolism offer these strains a selective advantage in colonising 

different compartments of the lung that offer the lysogen positive evolutionary selection? 

In chapter 4, the genomes of Pa isolates from 6 BR patients, where each patient had 

multiple phenotypes of Pa identified in one sputum sample, were analysed for prophage 

carriage and compared between isolates from the same patient. The Pa genomes of the 

different phenotypes from the same patient had different MLST types within a sample shown 

in the paper by Hilliam et al 2016, suggesting co-colonisation rather than evolutionary 

adaptation. A different complement of prophage/s were seen in each isolate from the same 

patient from genome sequencing data, with at least one phage being identified in every 

genome, with an upper threshold of 10 phages of varying levels of genome completeness 

identified. From comparing the intact prophage genomes carried between isolates from the 

same patient, it was reported that there were some prophages with high percentage 

homogeneity to prophages from the comparable isolates that were of a different MLST, 
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which suggests possible transfer of temperate phages. Attempts were made to induce 

these phages and sequence them for confirmation that phages thought to be transferred 

were mobilisable. It was confirmed that two out of six patients carried non-clonal Pa isolates 

(n-2 and n-3) that contained phages that were inducible with 99-100% similarity (with only a 

few base pair changes). This strongly suggests that these phages were transferred while in 

the lung environment. This movement of phages between mixed populations of Pa has not 

been reported previously and may offer an advantage for evolution of the bacteriophage, 

offering an increased genetic reservoir for the phage for recombination and evolutionary 

events. The induction of temperate phages and reinfection as seen here is likely, especially 

in a patient that is exposed to antibiotics on a long-term basis (Tariq et al., 2019). For 

example, BR patients with chronic infections, where lytic activity of temperate phages has 

been reported previously in CF (James et al., 2015) and induction by antibiotics that are 

regularly used to treat Pa infection, such as Ciprofloxacin (Fothergill et al., 2011). 

Inflammation seen in a chronic lung infection can also induce phages through the 

inflammatory response and the release of cytokines, has been observed in Salmonella in 

the gut, increasing the transfer of phages (Diard et al., 2017). The hypothesis that antibiotic 

therapy may cause the induction of temperate phages and lead to transfer into other (naive) 

strains within the chronic environment would work in a similar way. This could possibly 

cause the transfer of genes (specialised transduction), leading to adaptation and increased 

bacterial fitness in the lung environment, hence, playing a role in Pa chronicity within the 

lung. However, transduction has been shown to happen in Pa outside the lung (Monson et 

al., 2011), and in different hosts and environments (Goh et al., 2013), suggesting temperate 

phages from environmental Pa may be able to infect lung Pa strains, possibly giving them an 

advantage. 

By identifying and studying the integration sites of these prophages in the Pa bacterial 

genomes, it was established that 30% of the prophages integrated into a bacterial gene, 

which has the potential to lead to phenotypic changes due to the interruption of gene 

function. This suggests temperate phages can also drive bacterial diversity by introducing 
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altered function with each integration event. An example of disruptive lysogenic conversion 

is in  Staphylococcal  phage  L54a,  which  has been  shown  to integrate into  the lipase-

encoding gene (geh) resulting in a loss of phenotype (Lee and Iandolo, 1986), and certain 

transposable phages like Mu- phages are known to insert randomly and disrupt bacterial 

genes as part of their replication strategy. The true extent of the impact of phage-mediated 

gene disruption on bacterial evolution is not well understood. However, this study highlights 

that mobilizable prophage genomes are present within Pa isolates in the chronically infected 

lung and are capable of transferring within the lung between isolates, this informs further 

studies to look in more detail at these genomes to assertain why these particular prophages 

are kept and passed between isolates in the genomes as they possibly harbour genes that 

benefit the Pa.  

9.1.2 Metabolomics approach to identify bacterial physiological changes 

caused by temperate phages 

Metabolomics using sensitive mass spectrometry is a relatively new omics-based approach 

in bacterial populations to investigate the effects certain conditions have on a bacterium’s 

metabolism (Garcia et al., 2008). This study is the first time the addition of prophages to the 

genome of a bacteria has been investigated using metabolomics to reveal how they influence 

the bacterial metabolism. The effects of lytic phage infection on bacteria including Pa has 

been looked at using metabolomics (De Smet et al., 2016, Chevallereau et al., 2016, Zhao 

et al., 2017). However, as lytic and lysogenic phages interact with their host in very distinct 

ways, it was expected that the results would differ significantly. 

Untargeted metabolomic analysis was used to discover the impact the three sets of phages 

(all relating to chronic respiratory infection) had on the metabolism of a common well-

defined Pa host, when integrated as a prophage. They were all cultured in ASM to mimic 

the sputum in the lung environment and to aid biofilm production. As an in vitro model, it 

has the same constituents as human sputum, making it an informative approach in 

comparing the Pa metabolism under biofilm conditions. However, unlike the chronic lung 
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where these components can fluctuate, such as levels of mucin, with levels being patient 

dependent, as shown by a study looking at the metabolome of CF sputum (Quinn et al., 

2016). The immune cells in CF sputum may play a part in how Pa behaves, which is a 

limitation of this study using ASM. All three sets of phages that were studied show that 

phage conversion is associated with a metabolomic shift in their Pa host, which is the first 

time this has been shown and using metabolomics, advising futher studies in this field. 

9.1.2.1 Subversion of the PAO1 metabolism caused by LES prophages 
 

From analysing the metabolomics of lysogens containing the LES phages, the results 

clearly show the LES phages have different effects on the metabolism of the Pa, both on 

their own and in combination with the other LES phages, with LES-2 evoking a very different 

metabolic profile to the other two LES phages. These results are supported by previous 

studies investigating the LES phages, which show how they have different infection 

properties such as, that LES-2 is more sensitive to induction into the lytic cycle or has a more 

efficient replicative cycle than the other LES phages (James et al., 2012). This indicates 

that the prophages affect their host in different ways. This data is also supported by the 

work of Davies et al (2016), who demonstrates that the LES phages increase competitive 

fitness during lung infection at different rates, which could be due to the shift/drive in the Pa 

metabolism that increases competitive fitness. (Davies et al., 2016). 

9.1.2.2 Effects of temperate phage communities from Pa isolated from different 

aetiologies 

After analysis of well-defined Pa phages, the effects of different clinically relevant prophages 

from BR and well as CF isolates was analysed. The temperate phages were induced from 

clinical Pa isolates from patients in four clinical groups or aetiologies (early and late stages 

of disease progression from CF and BR patients). Also, the full complement of phages that 

were induced were integrated into PAO1, rather than a single phage. Polylysogeny is 

common in Pa (Winstanley et al., 2009) and multiple prophages can extert combinatory 

effects conferring phenotypic and metabolic change (James et al., 2012, Matos et al., 2013). 

The metabolomics results showed that there was a significant difference in how all the sets 
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of phages subverted the PAO1’s metabolism. However, there was no significant difference 

between how the phage from the differing aetiologies subverted the 142 metabolites that 

were analysed. This may be due to the metabolites that were different between aetiologies 

only provoking a small effect and therefore would not be classed as significant. 

Nevertheless, these results do demonstrate that there are some core significant metabolic 

changes that many temperate Pa phages evoke on their host, as 20 lysogens, carrying 

20 different sets of phages, from 4 clinical groups, all subverted their host Pa in a similar 

way. This suggests that these conserved metabolic changes are important for a Pa to retain 

in the lung environment, as all the phages evolved in the chronically infected lung and share 

the same metabolic subversion to their host. This suggests that there may be phage-

mediated metabolites that are commonly upregulated and downregulated in the lung 

environment, which may confer an advantage to the host. It would be possible to use these 

significantly altered metabolites as a biological marker of infection by an isolate that may 

promote more severe infection, as done using a genetic marker for Pf phages whose 

presence is associated with more severe infections in CF patients (Burgener et al., 2019). 

 

9.1.2.3 Metabolic subversion of Pa by different types of prophage 
 

In chapter 7, the effects of temperate Pa phage diversity on the metabolism was investigated 

by integrating phages from diverse genetic groups. The metabolomic results showed out of 

4 phage types, 2 subverted the metabolism of the host in a distinct way compared to the 

other 2 that had more similar metabolic profiles. This suggests that different phage types 

show independent mechanisms of altering the bacterial host metabolism. These data 

illustrate metabolomic approaches are necessary to supplement the information obtained 

from gene annotation, comparative genomics and transcriptomics to better understand the 

role of prophage within the host bacteria, as only limited numbers of genes in phages offer 

predicted function (Klumpp et al., 2013). A study in E.coli reported that around 65% of the 

genes carried by shiga-toxin encoding prophage 24B, another temperate phage, could not 

be related to a known cellular function (Smith et al., 2012). This is similar to the levels seen 
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anecdotally in Pa temperate phages. Metabolomics can help resolve questions previously 

unanswered by using other approaches (Patti et al., 2012) and elucidate new metabolic 

pathways involved in lysogenic infection. Also, metabolomics offers a more cost-effective 

approach to comparing the impact of phage conversion, without the need to perform RNA-

sequencing, which has shown to be highly effective (Owen et al., 2020) but expensive, 

comparing tens of pounds to hundreds of pounds, respectively, per test. This allows for a 

cost-effective way to analyse the impact of a number of phages on a common host in a 

single run and give an overview of the metabolites and the metabolic pathways that the 

phages alter. The pathways or metabolites that are significantly affected by the addition of a 

prophage and are of interest can then be examined further using experimental and/or 

functional assays to confirm the metabolic result. Further studies including a second MS 

stage could also be used to compare to metabolite standards or fragmentation analysis to 

determine if each metabolite is validated and correct. Moreover, a key question remains: 

which phage gene products play a role or mediate these metabolic changes? Which future 

transcriptomics would be able to reveal. 

The metabolic pathway analysis carried out on the metabolomics results on the three sets 

of lysogens, displayed that there were a set of common pathways that were impacted by all 

the groups of phages. This illustrates a core shift in metabolism caused by the addition of 

prophages, suggesting these pathways are key to the subversion of Pa by prophages. Many 

of the core pathways that were significantly impacted by all phage groups are involved in 

fatty acid metabolism, which is associated to the cell membrane. These pathways included 

but were not limited to peptidoglycan, pantothenate and CoA biosynthesis, 

glycerophospholipid metabolism, and biotin. A previous study showed that prophages 

upregulate the biotin pathway in E.coli, which is rate limiting to cell growth, and promotes 

broad-range antimicrobial tolerance by increasing cell wall lipids (Holt et al., 2017). This 

suggests that the cell membrane could be an area targeted by the Pa temperate phages. 

Interestingly, it seems that temperate phages of two different Gram-negative species, Pa 

and E.coli, both utilise biotin as part of conversion play some role in cell physiology that 
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promotes lysogeny. It may be that this work is beginning to determine a core approach of 

temperate phages to subvert cell function in Gram negative bacteria. Further work using 

commercially available kits would allow determination of biotin concentration unequivocally. 

This provides valuable information about metabolic pathways leading to an understanding 

of the phage-mediated adaptations, which may also be used in the development of new 

strategies regarding the prevention and treatment of infections (Xu et al., 2014). This also 

informs future studies off the following preliminary pathway results which can be analysed 

in further detail with supsequent studies.   

9.1.3. Ability of prophages to change the virulence of their Pa host 

 

It has been shown that temperate phages have the potential to impact their host’s virulence, 

such as the Stx phage 24B in E.coli, which increases the virulence due to the production of 

the Shiga-toxin when the prophage is induced (Wagner et al., 2001b). Pa filamentous 

phages (Pf) have been associated with an increase in the virulence of Pa (Secor et al., 

2015), as they increase biofilm formation by spontaneously assembling into a liquid 

crystalline structure (Burgener et al., 2019). This also insulates against antibiotics, driving 

antibiotic tolerance against the most common anti-pseudomonas antibiotics, with data 

showing evidence that Pf phages may contribute to the clinical outcomes in Pa infection in 

CF. 

The results from the Galleria virulence model (section 5.4.3) comparing the virulence of the 

CF and BR PAO1 lysogens (in the 4 clinical/aetiology groups) compared to wild-type PAO1 

showed that temperate phage conversion lowers the virulence of the PAO1. A reduction of 

virulence has been reported in clinical Pa isolates over time (Lelong et al., 2011) and this 

data indicates that lysogenic phage infection may play a part in this phenotype. These 

results are important as this change was seen at differing levels across all 20 PAO1 

lysogens converted with CF and BR Pa phages. This also means that prophages are very 

possibly one of the reasons for Pa becoming chronic in the lung. The core shift in the 

bacterial cell metabolism, illustrated here with conversion, may be one of the reasons that 
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this occurs. Alteration of fatty acid or peptidoglycan synthesis may stimulate a change at 

the cell surface (Rowlett et al., 2017) that masks its recognition by the larval immune 

response and leads to persistence. There is little understanding as to why chronically 

infected patients experience unpredictable exacerbations. The lowering of virulence of Pa 

in the lung could be part of the answer, as it would promote host immune evasion and may 

explain how Pa remain in the lung between periods of exacerbation without stimulating 

inflammation, alongside other factors, such as biofilm formation. It has been suggested that 

an increase in bacterial density may be a trigger, although it has been shown that this is 

not the case in CF patients (Stressmann et al., 2011). One hypothesis is that induction of 

phages could be a trigger for exacerbation. These inducible phages are less virulent when 

carrying a prophage, therefore loss through induction would cause the Pa to return to a 

higher virulent state and may cause exacerbation. This would need further study, however, 

there are numerous causes of induction that can be seen in lungs, such as exposure to 

reactive oxygen species or certain antibiotics, such as ciprofloxacin (Przerwa et al., 2006, 

Fothergill et al., 2011).These results were not in a model comparable to the CF lung and 

strains can exhibit differences in virulence between different animal models (Fothergill et al., 

2012). Therefore, it would be beneficial to determine if a similar trend could be seen in a 

more clinically relevant virulence model, such as the mouse CF lung model (Wilke et al., 

2011), the porcine lung ex vivo model (Harrison et al., 2014) or the ferret model (Sun et al., 

2014). 

Pf phages of Pa have been shown to change virulence of Pa by the production alginate and 

rhamnolipid (Zulianello et al., 2006, Tsao et al., 2018). They also suppress phagocytosis 

against bacterial infection, in turn, lowering the inflammation and associated virulence. Pf 

phages do this by being internalised by the leukocytes, which results in ssDNA phage 

producing phage RNA, which triggers Toll-like receptor 3 (TLR3) and TIR domain- 

containing adapter-inducing interferon-β (TRIF)-dependent type I interferon production, 

inhibition of tumor necrosis factor (TNF), and the suppression of phagocytosis (Sweere et 

al., 2019), therefore, allowing the bacteria to continue to colonise and possibly becoming 
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chronic. From the virulence results, together with the metabolomics from the same 

lysogens, it would be possible with further experimentation to identify which pathways or 

metabolites are responsible for lowering the virulence of PAO1. For example, looking at 

known virulence reducing mechanisms, such as in the Pf phages (Tsao et al., 2018) may 

determine the metabolic changes that could happen, and these may also be seen in other 

Pa phage and could be identified. This would shed some light onto how Pa avoids the 

human immune system and causes Pa infections to become chronic. 

9.1.4. Pseudomonas aeruginosa prophage genetic diversity 
 

The genetic diversity of temperate phages is frequently overlooked in comparison to lytic 

phages, as study of lytic phages and their genomes is more common. There’s a total of 

8,437 complete phage genomes divided into 12 families (based on the ICTV classification) 

as of September 2019. Differentiating between lytic and lysogenic phages is difficult as 

temperate phage genomes within bacterial genomes that can induce and act as mobilisable 

viral elements, and therefore be isolated as a lytic phage, meaning that genomic analysis is 

needed to see if the phage has lysogeny genes. Prophages can also be overlooked 

especially if they are not inducible, offering most repositories that are biased towards lytic 

phages. This makes it difficult to acquire data to analyse the diversity of prophages as 

individual phage genomes to compare. The research into temperate phages in Pa has 

focused upon single or small numbers of prophages of interest in detail, such as the work 

on the prophages of the Liverpool epidemic strain (LES) of Pa (Winstanley et al., 2009, 

Fothergill et al., 2011, James et al., 2015, Davies et al., 2016a, Davies et al., 2016c). 

9.1.5 Investigation of prophage diversity within Pa from the International 
 

Pseudomonas Consortium Database (IPCD) 
 

Whilst investigating temperate phages from Pa, access was obtained to the IPCD (the 

largest collection of internationally sourced Pa genomes), which was valuable to look at the 

genetic diversity of prophages in the Pa species. This could determine the distribution of 

different types of Pa temperate phages and genes present in differing environments, other 

than the lung. Also, it confirms whether any phage types or genes are more prevalent in Pa 
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from lungs. There have been a small number of studies into lytic phages that infect Pa 

(Sepulveda-Robles et al., 2012, Essoh et al., 2015, Ha and Denver, 2018) and even fewer 

looking at the diversity of temperate phages (prophages) in Pa, which have only looked at 

small numbers of phages (Tariq et al., 2015). 

In chapter 6 we show the largest study to date, comparing carriage and genetic diversity of 

temperate phages as prophages within Pa isolates from the IPCD (1030 genomes). The 

findings revealed that there are a high number of prophages carried by Pa isolates. A total 

of 6499 phages were identified in the 1030 genomes using PHASTER, with higher numbers 

of incomplete prophages in the Pa genomes than intact or questionable prophages. This 

level of carriage has been reported in other bacterial backgrounds. For example, in E.coli 

O157:H7 strain EDL933, 17 remnant or cryptic prophages are reported alongside the single 

inducible bacteriophage 933W (Plunkett et al, 1999) and therefore carriage in some Gram- 

negative bacteria is high. Cryptic phages have been associated with increase adherence in 

epithelial cells and upregulation of type III secretion systems in E.coli (Flockhart et al., 2012). 

This underlines that prophages are an important area of bacterial accessory genome that 

may carry genes beneficial to the host. These genomic regions of remnant prophages that 

are conserved across bacteria should be a future area of study. This thesis illustrates that 

the complexity in the numbers of prophage carriage is shared between both clinical and 

environmental isolates. Only one isolate out of 1030 isolates showed no prophage carriage 

and would be a bacterium to study downstream of this project to see how this exclusion is 

occurring. It is clear that these phages significantly contribute to the genomic diversity of Pa 

across the IPCD database. 

The diversity of the intact temperate phages in the IPCD is shown in figure 6.4, which 

demonstrates 8 groups of prophages clustered based on similarities at the protein level, 

however as stated in the results these 8 groups are likely to be underrepresenting the actual 

number of groups there are here as many smaller groups were classed as one larger one, 

meaning that the diversity of the prophages is likely to me even greater than shown here 
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which will be shown when publishing this data. The 8 clades that were shown demonstate 

different types of phages, which if looked at in more detail and a lower cut off could show 

even more different types of phages within these 8 groups, showing there is a high level of 

diversity seen in the temperate phages of Pa. These results also confirm other smaller 

studies comparing temperate and lytic phages of Pa are as diverse (Sepulveda- Robles et 

al., 2012). Tariq et al (2019) also found 8 clades of phages when comparing temperate 

phages of Pa, although this was from a smaller panel of only 105 phages, suggesting that 

even with a much larger number, the number of phage groups associated as prophage are 

similar, although there are differences between both this and the previous study. Of the eight 

clades identified by Tariq et al. and colleges (2019) only three showed similarity to those 

identified in this study, namely F10-like, PhiCTX- like and Phi297-like. The most prevalent 

groups in this study was the YMC11-like phages, however, this was not seen in Tariq et al 

(2019), showing there may be differing phage types found because of the larger panel of Pa 

genome studied here. The smallest clade here was Phi3-like, which was highly prevalent in 

their panel. Due to the IPCD being highly biased towards Pa from CF and lung infection, 

this may be why there are comparisons with Tariq (2019), as these phages were all from 

Pa from chronic lung infection. It would be useful to compare to a study of only environmental 

Pa prophages to see if there were any that were missed here, as there were a few outliers 

that did not cluster, which may be of interest for further study. 

By comparing whole phage genomes, the clustering is based on the numbers of shared 

proteins of the phage, which is why they cluster into types of phage, as most viruses have 

a conserved genome order linked to their integration and replication strategies. Therefore, 

it is a challenge to focus and compare the accessory genomes of prophages, and to 

determine the function of these phage accessory genes that are ones associated with the 

benefits to the host and can be carried between bacteria. There further complexities to 

determining the gene products responsible as recent work has illustrated that the CII protein 

(a core phage gene) expressed from one of the most conserved genes in lambdoid like 

temperate phages (24B) offers the bacteria cell bile acid tolerance (Veses-Garcia et al., 
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2015, Smith et al., 2012). Therefore, some core genes may also have hidden functions 

outside of prophage replication. 

Thus, the future focus should be on the accessory genomes of prophages to determine their 

role in the biology of the bacterial pathogen. Therefore, the next step in this research would 

be to look at the phages within each of the clades in more detail and disregard their core 

genome similarities, concentrating on the similarities in their accessory genomes. It would 

be of particular interest to look at those that have high conservation and are present in 

isolates associated with chronic lung infection, which may link to the importance of that gene 

for the biology of the Pa or phage within the lung environment. Therefore functional studies 

would also be necessary to show the effects of these genes on their host Pa. 

The panel of 6499 prophages identified from the IPCD were run against the VFDB to 

establish how prevalent virulence genes were within prophages of Pa, as it has been 

previously reported that prophages can carry functional virulence genes that may alter the 

pathogenic profile of the infected bacterium. Examples include, stx, lom and bor (Wagner 

et al., 2001, Vica Pacheco et al., 1997, Plunkett et al., 1999). The results indicated that 2100 

prophages carry a VF gene with 23-100% sequence identity of which 524 intact (putatively 

mobile) phages. A total of 23 intact phages carried a gene that had 100% identity to the 

genes relating to virulence genes within the VFDB, suggesting these are more likely to be 

functional genes carried by the phages. These results show that over 30% of the temperate 

phages carry a gene or part of a gene with similarity to known virulence factors. Further 

work here could focus on the VF genes carried by prophages associated to lung infection 

and examine whether they affect the virulence of the Pa host or give it an advantage within 

the lung environment, such as genes associated with biofilm formation. 

9.1.6 Evolution of prophages within Pa isolates over time in the chronically 

infected lung 

This is the first study, to the best of our knowledge, which examines the changes within 

prophages of Pa over the course of chronic infection of the lung. It has shown evidence that 
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temperate phages gain genes in expansions that could benefit the host Pa, resulting in a 

Pa isolate able to persist in the lungs for longer, hence, facilitating chronic infection. There 

have been few studies investigating the evolution of temperate phages within a Pa bacterial 

background (James et al., 2015), especially from longitudinal isolates from patients with a 

chronic infection, as experimental evolution is an easier, faster and more commonly used 

method (O'Brien et al., 2019). However, the conditions in the lung during a chronic infection 

cannot be fully modelled in vitro. Phages are genetically diverse with their genome 

architectures being mosaic and evolution driven by horizontal gene transfer (HGT) with 

other phages and host genomes (Pedulla et al., 2003). Lambdoid-like dsDNA phages 

usually carry an artillery of multiple ssDNA recombinases, which increases the 

likelihood/frequency of recombination to occur. Therefore, with prophages integrated, 

carrying these may increase the rates of gene exchange between remnant and mobilisable 

prophages. This may also mean that changes can occur even over a short period of time. 

This high rate of evolution would benefit phages and the bacterial host as we now know that 

infection in the lung is not clonal and therefore there is a genetic reservoir that can be 

transduced by phages between bacteria in the same environment. We illustrate this 

movement in the longitudinal samples in chapter 8. These genomic changes to the phage 

and bacteria are then subject to evolutionary selection in the environment they reside. 

The research in chapter 8 focussed on the prophages from a longitudinal collection of Pa 

isolates from BR patients over a period of several years, looking closely at the carriage, 

loss, and genetic change of temperate phages. The results revealed that different temperate 

phage profiles are seen in the isolates longitudinally collected from each patient. When the 

same strain of Pa is present over a number of samples, genetic changes can be seen within 

the prophages identified, such as expansions to the prophage genomes, which suggests 

evolution of the phage. A change in prophage number was also seen, showing infection by 

a new phage or loss of a temperate phage by induction, illustrating that there is gain and 

loss of phages over time. This gain, loss and evolution is assumed to happen due to their 

life cycle. However, the literature reporting the activity and evolution of temperate phages 
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in areas of chronic infection such as the lung is very limited. Selective pressures may lead 

to evolution of phages over the progression of the chronic lung infection (O'Brien et al., 

2019), such as antibiotic administration, which may cause induction of temperate phages 

and alterations to their genomes (Fothergill et al., 2011) and may be advantageous for the 

Pa host over time. We hypothsise that prophages benefit the bacterial fitness by subverting 

the Pa host in a way that enables better biofilm production in the lung or more tolerate 

antibiotics or other chemical treaments that are adminitstered to the lungs which enables 

the Pa to remain within the lungs chronically. 

Most of the phage expansions, such as phage A3_1 in patient A (Figure 8.6a), shows an 

expanded region compared to a similar phage seen in the isolate from the previous time 

point. These expansions were seen to be kept longitudinally (in the case of A3_1 it is kept 

throughout the remaining 7 isolates over a period of 3 years) with high conservation in 

sequence identity, which would suggest that they are important or neutral to the host, as 

they are conserved and not lost. From annotating the expanded regions, there were genes 

that could be beneficial to the host Pa, including TetR family transcriptional regulator, which 

play a role in DNA binding that regulate gene expression, which could be beneficial to the 

Pa host. The impact that these expanded prophage genomes may have on the Pa host 

have not yet been studied, even though prophages are known to be diverse and changeable 

entities that can drive evolution (Rodriguez-Valera et al., 2016). Therefore, this study opens 

up an area that could be of great importance in the field of Pa, and that should be examined 

in more detail in future studies.  

9.2 FURTHER STUDY 
 

In order to elucidate the core pathways and metabolites that are impacted by the addition 

of phages, a secondary MS step would need to be completed or experimental confirmation 

of the upregulation or downregulation of the pathway or metabolite would need to be carried 

out. It would also be beneficial to integrate some of the phages used in the metabolomics 

into a different host to see if the same core set of pathways are seen to be impacted. If a 
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core set of metabolites are confirmed, they can be tested against other lysogens containing 

other Pa prophages originating from the lung environment to see how wide spread these 

core changes are. Also, testing against lysogens containing environmental Pa prophages 

may elucidate pathways that are only impacted by prophages from the lungs, further 

pinpointing the pathways that are involved in adaption of the Pa to the lung environment. 

It would be interesting to see if the phages integrating into PA14 from the IPCD have the 

same effects on the virulence, as seen in the clinical Pa phages. As PA14 is a highly virulent 

strain opposed to PAO1, if a significant reduction was seen it would add evidence to the 

effect of prophages on the virulence of the Pa. 

As only the intact prophages that were identified from the IPCD were investigated here, but 

both questionable and the incomplete phages were also identified, this is something that 

should be examined in further detail. This would allow us to see if there are commonalities 

between the cryptic (incomplete) phages from Pa originating from lung infection, as there 

were virulence gene hits against the VFDB for some of the incomplete phages, suggesting 

they may play a part in the virulence of the Pa also, this could be explored further by using 

knockouts to see how the absence of this VF gene effects the host, in terms of fitness and 

virulence in a virulence model such as the galleria model used. 

The prophages that were seen to change over time in the same strain from the longitudinal 

isolates could be analysed by metabolomics as they already have a common background 

(if there are no other prophage changes). This could be done to see what effects phage 

evolution has compared to the original isolate prior to the expansion of the phage genome. 

This would allow us to examine the metabolites that change during phage evolution from 

the same patients, illustrating exactly what metabolic effects the conserved expansion has 

on the host Pa, which may convey a benefit to the host. 

This work has shown that prophages of Pa significantly change the metabolism of their Pa 

host and are able to reduce the virulence in Galleria larvae model. Temperate phages are 

also able to evolve while in the chronic lung and transfer between different strains of Pa 
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within the lung. This provides solid evidence that further work is vital to understand the 

impact of temperate phages on Pa and their role in allowing the host to persist and cause 

chronic infection. 
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11 APPENDICES 

 

Appendix A 
 

 
Table 1 Longitudinal Pa isolates from BR patients collected by the Freeman 

hospital Newcastle upon Tyne, UK 
 

BRONCHIECTASIS 
STORE REF 

PATIENT CODE DATE OF ISOLATION FROM 
PATIENT 

141 1 12/01/2011 

550 1 07/06/2012 

915 1 25/03/2013 

1082 1 20/08/2013 

1192 1 16/09/2013 

1311 1 18/11/2013 

1493 1 26/03/2014 

1758 1 15/10/2014 

1795 1 27/10/2014 

1890 1 05/12/2014 

1948 1 23/01/2015 

1980 1 25/02/2015 

1998 1 12/03/2015 

2033 1 24/04/2015 

2074 1 22/05/2015 

2101 1 09/06/2015 

2107 1 26/06/2015 

2165 1 12/08/2017 

2223 1 18/09/2015 

2264 1 16/11/2015 

2302 1 03/03/2016 

2375 1 06/07/2016 

2437 1 07/09/2016 

2459 1 07/10/2016 

83A 2 22/10/2008 

89B 2 22/10/2008 

150 2 03/03/2011 

253 2 31/08/2011 

604 2 01/08/2012 

796 2 31/08/2011 

844 2 30/01/2013 

1544 2 09/05/2014 

1952 2 13/02/2015 

1956A 2 06/02/2015 

1957B 2 06/02/2015 

1970 2 16/02/2015 

2012 2 15/04/2015 
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2173 2 12/08/2015 

2338 2 10/05/2016 

2351 2 15/06/2016 

2514 2 16/11/2016 

2547 2 01/12/2016 

125 3 19/05/2010 

209 3 27/07/2011 

213 3 21/07/2011 

240A 3 12/08/2011 

241B 3 12/08/2011 

242 3 30/08/2011 

317 3 03/11/2011 

454A 3 19/03/2012 

455B 3 19/03/2012 

664A 3 16/08/2012 

665B 3 16/08/2012 

903 3 14/03/2013 

1200 3 24/09/2013 

1297 3 14/11/2013 

1451 3 12/02/2014 

1487A 3 22/03/2014 

1501B 3 22/03/2014 

1592 3 10/07/2014 

1623A 3 04/08/2014 

1624 3 04/08/2014 

1737 3 12/10/2014 

1762 3 02/10/2014 

1765 3 03/10/2014 

1806 3 05/11/2014 

1983 3 04/03/2015 

2009A 3 15/04/2015 

2010B 3 15/04/2015 

2168 3 31/07/2015 

2193 3 03/09/2015 

2203 3 13/09/2015 

2212 3 02/10/2015 

2226 3 12/10/2015 

2284 3 29/12/2015 

2299 3 25/02/2016 

2334 3 29/04/2016 

945 4 24/04/2013 

1427 4 05/02/2014 

1434 4 11/02/2014 

1481 4 26/03/2014 

1620 4 05/08/2014 

1954 4 11/02/2015 
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2207 4 16/09/2015 

79 5 22/10/2008 

208 5 26/07/2011 

464 5 14/03/2012 

509 5 16/04/2012 

631 5 09/07/2012 

681 5 12/09/2012 

722 5 29/10/2012 

900 5 04/03/2013 

1243 5 16/10/2013 

1301 5 12/11/2013 

1348 5 03/12/2013 

1430 5 12/02/2014 

1555 5 21/05/2014 

1627 5 06/08/2014 

1846 5 19/11/2014 

1986 5 05/03/2015 

2015 5 08/04/2015 

2434 5 24/08/2016 

2492 5 26/10/2016 

102 6 09/01/2009 

727 6 01/11/2012 

804 6 13/12/2012 

852 6 11/02/2013 

997 6 13/06/2013 

1017 6 14/05/2013 

1279 6 07/11/2013 

1515 6 04/04/2014 

1622 6 04/08/2014 

1669 6 28/08/2014 

1738 6 15/10/2014 

1825 6 12/11/2014 

1911 6 09/12/2014 

2024A 6 30/04/2015 

2034B 6 30/04/2015 

2035 6 30/04/2015 

2088 6 28/05/2015 

2146 6 22/07/2015 

2373 6 06/07/2016 

2480 6 07/10/2016 

153 7 15/03/2011 

255 7 01/09/2011 

264 7 08/09/2011 

491 7 11/04/2012 

618 7 25/07/2012 

694 7 08/10/2012 
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942 7 25/04/2013 

1208 7 02/10/2013 

1690 7 03/09/2014 

1993 7 04/03/2015 

2183 7 27/08/2015 

2422 7 17/08/2016 

2456 7 20/09/2016 

73 8 21/10/2008 

205 8 27/07/2011 

657 8 08/08/2012 

845 8 30/01/2013 

1122 8 28/08/2013 

1821 8 06/11/2014 

2051 8 07/05/2015 

2098 8 12/06/2015 

2247 8 03/11/2015 

2592 8 19/12/2016 

144 9 02/02/2011 

289 9 27/09/2011 

2041 9 29/04/2015 

2249 9 06/11/2015 

2298 9 26/02/2016 

2439 9 07/09/2016 

2523 9 11/11/2016 

910 10 15/03/2013 

1465 10 07/03/2014 

1984 10 06/03/2015 

200 11 21/07/2011 

494 11 12/04/2012 

701 11 08/10/2012 

916 11 24/03/2013 

988 11 07/06/2013 

1048 11 29/07/2013 

178 12 12/07/2011 

234 12 01/08/2011 

346 12 30/11/2011 

887 12 04/03/2013 

927 12 03/04/2013 

1424 13 05/02/2014 

1609 13 29/07/2014 

1812 13 05/11/2014 

2332 13 06/05/2016 

204 14 20/07/2011 

607 14 01/08/2012 

1542 14 07/05/2014 

2612 14 11/01/2017 
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285 15 23/09/2011 

560 15 20/06/2012 

944 15 24/04/2013 

1091 15 21/08/2013 

311 16 18/10/2011 

319 16 04/11/2011 

2170 16 20/08/2015 

2522 16 09/11/2016 

459 17 21/03/2012 

686 17 19/09/2012 

2153 17 23/07/2015 

2506 17 02/11/2016 

14A 18 12/03/2008 

15B 18 12/03/2008 

146 18 02/02/2011 

312A 19 17/10/2011 

313B 19 17/10/2011 

1061 19 08/07/2013 

728 20 31/10/2012 

2346 20 08/06/2016 

2521 20 09/11/2016 

123 21 20/05/2010 

254 21 31/08/2011 

360 21 06/12//2011 

199 22 20/07/2011 

368 22 18/01/2012 

948 22 17/04/2013 

197 23 20/07/2011 

231A 23 04/08/2011 

232B 23 04/08/2011 

136 24 13/10/2010 

511 24 18/04/2012 

288 25 03/10/2011 

949 25 17/04/2013 

244 26 31/08/2011 

1071 26 05/07/2013 

8 27 30/10/2007 

53 27 06/09/2008 

257 28 01/09/2011 
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Table 2 Pa samples from University of Liverpool from co-colonised BR patients with 

 
Isolate ID Description  

C12 Pa sample A from patient 42  

C13 Pa sample B from patient 42  

C86 Pa sample A from patient 73  

C87 Pa sample B from patient 73  

C107 Pa sample A from patient 84  

C108 Pa sample B from patient 84  

C109 Pa sample A from patient 85  

C110 Pa sample B from patient 85  

C125 Pa sample A from patient 92  

C127 Pa sample B from patient 92  

C129 Pa sample C from patient 92  

A100 Pa sample A from patient 148  

A106 Pa sample B from patient 148  
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Table 3 LES phage lysogens in PAO1 obtained from the University of Liverpool 
 

 
Isolate ID Pseudomona 

s aeruginosa 
strain used 
as host 

Prophages 
present in 
genome 

Description Origin 

PAO1 N/A N/A Wild-type 
PAO1 

Winstanley strain collection: well 
studied laboratory reference strain 
(Stover et al., 2000) 

LESɸ2 PAO1 LESφ2 LESφ2 
lysogen 

Winstanley strain collection. 
Constructed by Chloe James 
(James et al., 2012). 

LESɸ3 PAO1 LESφ3 LESφ3 
lysogen 

Winstanley strain collection. 
Constructed by Chloe James 
(James et al., 2012). 

LESɸ4 PAO1 LESφ4 LESφ4 
lysogen 

Winstanley strain collection. 
Constructed by Chloe James 
(James et al., 2012). 

LESɸ2+ 
ɸ3+ɸ4 

PAO1 LESφ2, 3 
and 4 

Triple LES 
phage 
lysogen 

Winstanley strain collection. 
Constructed by Chloe James 
(James et al., 2012). 

LESɸ3+ 

ɸ4 

PAO1 LESφ 3 and 
4 

Double LES 
phage 
lysogen 

Winstanley strain collection. 
Constructed by Chloe James 
(James et al., 2012). 

 
 
 
 

Table 4 Isolates from the IPCD chosen for induction experiments to obtain temperate phages to 
form lysogens with PA14 

 
 

Isolate_ID IPCD_ID Phage_clade Isolate_city Human_Isolation_sit
e 

HumanPatholog
y 

1 108 clade1 unknown Sputum Bronchiectasis 

2 148 clade1 Sherbrooke Sputum Cystic fibrosis 

3 1330 clade1 Quebec Sputum Cystic fibrosis 

4 32 clade1 Montreal Sputum Cystic fibrosis 

5 1323 clade1 Quebec Sputum Cystic fibrosis 

6 1584 clade1 Chicoutimi Sputum Cystic fibrosis 

7 177 clade1 Sherbrooke 
Nasopharyngeal 
swab 

Cystic fibrosis 

8 1450 clade1 
Saint-Roch- 
de-Achigan 

infected lung Cystic fibrosis 

9 170 clade2 Sherbrooke Sputum Cystic fibrosis 

10 1319 clade2 Quebec Sputum Cystic fibrosis 

11 1627 clade2 
Calgary 
(CACFC) 

Sputum Cystic fibrosis 

12 1325 clade2 Quebec Sputum Cystic fibrosis 
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13 1632 clade2 
Calgary 
(CACFC) 

Sputum Cystic fibrosis 

14 164 clade2 Sherbrooke 
Nasopharyngeal 
swab 

Cystic fibrosis 

15 355 clade2 Brisbane Sputum Cystic fibrosis 

16 1592 clade2 Chicoutimi Sputum Cystic fibrosis 

17 1572 clade2 Montreal Sputum Cystic fibrosis 

18 922 clade3 Hobart Sputum Cystic fibrosis 

19 948 clade3 Hobart Sputum Cystic fibrosis 

20 971 clade3 Hobart Sputum Cystic fibrosis 

21 976 clade3 Hobart Sputum Cystic fibrosis 

22 1257 clade3 Melbourne Sputum Cystic fibrosis 

23 1258 clade3 Hobart Sputum Cystic fibrosis 

24 1360 clade3 unknown Throat swab Cystic fibrosis 

25 1408 clade3 Hannover Throat swab Cystic fibrosis 

26 1579 clade3 unknown Sputum Cystic fibrosis 

27 103 clade3 Unknown Sputum Pneumonia 

28 346 clade4 Brisbane Sputum Cystic fibrosis 

29 940 clade4 Hobart Sputum Cystic fibrosis 

30 73 clade4 Montreal Sputum Cystic fibrosis 

31 1069 clade4 Nottingham Sputum Cystic fibrosis 

32 74 clade4 Montreal Sputum Cystic fibrosis 

33 1085 clade4 Nottingham Sputum Cystic fibrosis 

34 1589 clade4 Chicoutimi Sputum Cystic fibrosis 

35 1517 clade4 
Rouyn- 
Noranda 

Throat Cystis fibrosis 

36 1072 clade4 Nottingham Sputum Cystic fibrosis 

37 128 clade5 Sherbrooke Sputum Cystic fibrosis 

38 1333 clade5 Quebec Sputum Cystic fibrosis 

39 1067 clade5 Nottingham Sputum Cystic fibrosis 

40 1080 clade5 Nottingham Sputum Cystic fibrosis 

41 1335 clade5 Quebec Sputum Cystic fibrosis 

42 905 clade5 Dunedin Sputum Cystic fibrosis 

43 1436 clade5 Lund Throat swab Cystic fibrosis 

44 1629 clade5 
Calgary 
(CACFC) 

Sputum Cystic fibrosis 
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45 1515 clade5 
Rouyn- 
Noranda 

Throat Cystis fibrosis 

46 644 clade6 Leiden Sputum Non-CF 

47 1363 clade6 Munich Throat swab Cystic fibrosis 

48 124 clade7 Sherbrooke Sputum Cystic fibrosis 

49 810 clade7 Birmingham Sputum Cystic fibrosis 

50 1328 clade7 Quebec Sputum Cystic fibrosis 

51 1412 clade7 Hannover Throat swab Cystic fibrosis 

52 1574 clade7 Montreal Sputum Cystic fibrosis 

53 545 clade7 Seattle Throat Cystic fibrosis 

54 1604 clade7 Chicoutimi Sputum Cystic fibrosis 

55 159 clade7 Sherbrooke 
Nasopharyngeal 
swab 

Cystic fibrosis 

56 715 clade7 Vancouver Sputum Cystic fibrosis 

57 1451 clade7 
Montreal- 
Nord 

infected lung Cystic fibrosis 

58 43 clade8 Montreal Sputum Cystic fibrosis 

59 112 clade8 Sherbrooke Sputum Cystic fibrosis 

60 1308 clade8 Quebec Sputum Cystic fibrosis 

61 1309 clade8 Quebec Sputum Cystic fibrosis 

62 1307 clade8 Quebec Sputum Cystic fibrosis 

63 1341 clade8 Quebec Sputum Cystic fibrosis 

64 1370 clade8 Munich Throat swab Cystic fibrosis 

65 1433 clade8 Hannover Throat swab Cystic fibrosis 

66 1593 clade8 Chicoutimi Sputum Cystic fibrosis 

67 29 clade8 Montreal Sputum Cystic fibrosis 

68 1488 clade8 
Rouyn- 
Noranda 

Sputum Cystis fibrosis 

69 334 clade8 Brisbane Sputum Cystic fibrosis 
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Table 5 PAO1 lysogens containing phages from Pa clinical CF and BR isolates made by Dr 
Adnan Tariq 

 

Lysogen Bacterial 

strain 

Disease etiology Putative 

phage 

Origin 

CF47 PAO1 Paediatric Cystic 

Fibrosis 

F10-like Lysogen made by colleague 

Adnan Tariq (Tariq et al., 2019) 

CF53 PAO1 Paediatric Cystic 

Fibrosis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF124 PAO1 Paediatric Cystic 

Fibrosis 

JBD24-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF165 PAO1 Paediatric Cystic 

Fibrosis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF187 PAO1 Paediatric Cystic 

Fibrosis 

H70-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF24 PAO1 Adult Cystic Fibrosis F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF52 PAO1 Adult Cystic Fibrosis F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF121 PAO1 Adult Cystic Fibrosis F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF177 PAO1 Adult Cystic Fibrosis D3112-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

CF74 PAO1 Adult Cystic Fibrosis F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR152 PAO1 < 10 year 

Bronchiectasis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR233 PAO1 < 10 year 

Bronchiectasis 

D3112-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR299 PAO1 < 10 year 

Bronchiectasis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR327 PAO1 < 10 year 

Bronchiectasis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR332 PAO1 < 10 year 

Bronchiectasis 

D3112-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR141 PAO1 > 10 years 

Bronchiectasis 

D3112 and 

LPB1 like 

Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 
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BR228 PAO1 > 10 years 

Bronchiectasis 

LPB1 and 

D3112-like 

Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR243 PAO1 > 10 years 

Bronchiectasis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR313 PAO1 > 10 years 

Bronchiectasis 

F10-like Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 

BR200 PAO1 > 10 years 

Bronchiectasis 

D3112 Lysogen made by colleage 

Adnan Tariq (Tariq et al., 2019) 
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Appendix B 

 

 
Preparation of Artificial Sputum Medium (ASM) 

 

ASM was prepared by addition of 4g DNA from fish sperm to 250 ml sterile water very slowly 

over a period of several hours. The DNA takes several hours to completely dissolve and 

can be stirred overnight at room temperature. 

5g of mucin from porcine stomach (type II) was slowly added to 250 ml sterile water until 

the mucin was dissolved completely. The solution can be stirred overnight at 4 °C. 

Each essential and non-essential L-amino acid, with the exception of L- tyrosine and L-

cysteine was added in to 100 ml sterile water. 0.25 g of L-cysteine was dissolved in 25 ml of 

0.5 M potassium hydroxide (Mr 56.11 g/mol) and 0.25 g of L-tyrosine in 25 ml sterile water. 

Then 5.9 mg of diethylenetriaminepentaacetic acid (DTPA), 5 g NaCl and 2.2 g of KCl was 

dissolved in 100 ml of sterile water and combined with the DNA, Mucin, L-amino acids, 

DTPA, NaCl and KCl in a 1 litre bottle and 5ml of egg yolk emulsion. Then the bottle was 

filled to approximately 850 ml with sterile water. 

pH was adjusted to 6.9 with 1 M Tris (pH 8.5; Mr 121.14) and the volume was brought to 1 

litre with sterile water. 

Sterilization of the ASM was done by filtration using a Vacuubrand ME 2 diaphragm 

vacuum pump and Millipore Steritop filter units with a pore and neck size of 0.22 μm and 

45 mm 

Unfiltered and filtered ASM should be stored at 4 °C in the dark. Using fresh ASM is 

recommended however, it can be kept under these conditions for a maximum of one month. 
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Appendix D 

 

 
UHPLC-MS protocol 

 
Metabolite profiling of the urine samples were acquired on a Dionex 3000 Ultra High 

Pressure Liquid chromatography (UHPLC) system hyphenated to the Q-Exactive classic 

high resolution mass spectrometer system (ThermoScientific, Bremen, Germany). All 

solvents and ionization agent used were of analytical grade or higher unless stated. 

 
The chromatographic separation was performed on a Water Acquity Ethylene Bridge Hybrid 

(BEH) Amide analytical column (1 x 150mm) with particle size of 1.7micron at a flow rate of 

100µL/min, the column temperature was set to 45oC. The Binary buffer system was as 

follows: Buffer A was MilliQ water and Buffer B was ACN, both with 10mM ammonium 

formate adjusted to pH 3.5 using formic acid. 

 
The LC gradient profile was as follows: T:0 min: 95%(B), T: 2min 60% (B) T: 5min 40%(B), 

T:7.5 min 40%(B), T:7.6min 95%(B), T:10 min 90% (B). 

 
The Heated spray ionization source (HESI) was set to the following parameters: Sheath gas 

flow rate of 50, the Aux gas flow rate was set to 13 and the sweep gas flow rate was 3. The 

Spray voltage of set to 3.5kV with a Capillary temperature of 275oC. The Aux gas heater 

temperature was adjusted to 425oC. 

 
MS1 mass acquisition: The mass acquisition range was as follows: 75-1000 m/z units at a 

mass resolution of 35,000 at approximately 7.6 scans per second, microscan: 1, lock mass: 

off. The AGC was set to 1e6 and the ion injection time was 100mS-1. The data was acquired 

on both Positive and Negative mode polarity (independently), the setting for the negative 

mode was the same as positive ion mode except the voltage was set to 2.5kV. 
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Peak table generation and alignment were performed using compound discoverer 2.1 

(ThermoScientific, Bremen, Germany) with an alignment window of 0.25min, mass 

tolerance: 5ppm and an signal intensity threshold of 200,000 counts with a signal to noise 

ratio of 5:1. Protonated adduct only. 

 
3µL injection was applied. 

 
 

The system was prime with a minimum of 10 sequential injections of pooled QC to stabilised 

the HESI source and to check for chromatographic stability before initialling the batch 

analysis. 
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d e 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 - Clustering result shown as heatmap. Representing the up and down regulation of each significant 

metabolite between a)the LES-2 lysogen and the control. b) the LES-3 lysogen and the control. c) the LES-4 

lysogen and the control. d) the LES-2+3+4 lysogen and the control. e) the LES-3+4 lysogen and the control. 
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Figure 2 - Clustering result shown as heatmap. Representing the up and down regulation of each 

significant metabolite between all lysogen groups consisting of PAO1 containing full complements of 

phages induced from the four groups Adult CF, Paed CF, >10 years BR and >10 years BR. 
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Figure 3 - Clustering result shown as heatmap. Representing the up and down regulation of each 

significant metabolite between a) lysogens in the Paed CF group compared to the PAO1 control. b) 

lysogens in the Adult CF group compared to the PAO1 control 
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a 
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Figure 4 - Clustering result shown as heatmap. Representing the up (red) and down (blue) 

regulation of each significant metabolite between a) lysogens in the Old BR (>10years) group 

compared to the PAO1 control. b) lysogens in the young BR (< 10years) group compared to the 

PAO1 control 
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Appendix F 

 

 
Table 1 – Lysogens associated with samples numbers from the metabolomics 

analysis of lysogens containing LES phages from chapter 5. 
 

SAMPLE LYSOGEN GROUP 

S1 LES3 ASM_PA01+3 

S2 LES3 ASM_PA01+3 

S3 LES5 ASM_PA01+3 

S4 LES2+3+4 ASM_PA01+2+3+4 

S5 LES2+3+4 ASM_PA01+2+3+4 

S6 LES2+3+4 ASM_PA01+2+3+4 

S7 LES2 ASM_PA01+2 

S8 LES2 ASM_PA01+2 

S9 LES2 ASM_PA01+2 

S10 LES3+4 ASM_PA01+3+4 

S11 LES3+4 ASM_PA01+3+4 

S12 LES3+4 ASM_PA01+3+4 

S13 PAO1 control PA01_control 

S14 PAO1 control PA01_control 

S15 PAO1 control PA01_control 

S16 LES4 ASM_PA01+4 

S17 LES4 ASM_PA01+4 

S18 LES4 ASM_PA01+4 

 
Table 2 – Lysogens associated with samples numbers from the metabolomics analysis of lysogens containing 
phages from different clinical groups from chapter 5. 
 

SAMPLE 
ID 

LYSOGEN 
ID 

CLINICAL/AETIOLOGICAL 
GROUP 

S1 PA01 control 

S2 PA01 control 

S3 PA01 control 

S4 PA01 control 

S5 PA01 control 

S6 PA01 control 

S7 PA01 control 

S8 PA01 control 

S9 CF24 Adult_CF 

S10 CF24 Adult_CF 

S11 CF24 Adult_CF 

S12 CF24 Adult_CF 

S13 CF47 Paed_CF 

S14 CF47 Paed_CF 

S15 CF47 Paed_CF 

S16 CF47 Paed_CF 
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S17 CF47 Paed_CF 

S18 CF53 Paed_CF 

S19 CF53 Paed_CF 

S20 CF53 Paed_CF 

S21 CF53 Paed_CF 

S22 CF53 Paed_CF 

S23 CF53 Paed_CF 

S24 CF52 Adult_CF 

S25 CF52 Adult_CF 

S26 CF52 Adult_CF 

S27 CF74 Adult_CF 

S28 CF74 Adult_CF 

S29 CF74 Adult_CF 

S30 CF74 Adult_CF 

S31 CF121 Adult_CF 

S32 CF121 Adult_CF 

S33 CF121 Adult_CF 

S34 CF121 Adult_CF 

S35 CF124 Paed_CF 

S36 CF124 Paed_CF 

S37 CF124 Paed_CF 

S38 CF124 Paed_CF 

S39 CF124 Paed_CF 

S40 CF124 Paed_CF 

S41 CF177 Adult_CF 

S42 CF177 Adult_CF 

S43 CF177 Adult_CF 

S44 CF177 Adult_CF 

S45 CF177 Adult_CF 

S46 CF177 Adult_CF 

S47 CF177 Adult_CF 

S48 BR141 >10_BR 

S49 BR141 >10_BR 

S50 BR141 >10_BR 

S51 BR141 >10_BR 

S52 BR141 >10_BR 

S53 BR141 >10_BR 

S54 BR141 >10_BR 

S55 BR141 >10_BR 

S56 BR152 <10_BR 

S57 BR152 <10_BR 

S58 BR152 <10_BR 

S59 BR152 <10_BR 

S60 BR152 <10_BR 

S61 CF187 Paed_CF 

S62 CF187 Paed_CF 
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S63 CF187 Paed_CF 

S64 CF187 Paed_CF 

S65 CF187 Paed_CF 

S66 CF187 Paed_CF 

S67 CF187 Paed_CF 

S68 BR223 <10_BR 

S69 BR223 <10_BR 

S70 BR223 <10_BR 

S71 BR223 <10_BR 

S72 BR223 <10_BR 

S73 BR223 <10_BR 

S74 BR223 <10_BR 

S75 BR322 <10_BR 

S76 BR322 <10_BR 

S77 BR322 <10_BR 

S78 BR322 <10_BR 

S79 BR322 <10_BR 

S80 BR322 <10_BR 

S81 BR322 <10_BR 

S82 BR322 <10_BR 

S83 BR313 >10_BR 

S84 BR313 >10_BR 

S85 BR313 >10_BR 

S86 BR313 >10_BR 

S87 BR313 >10_BR 

S88 BR313 >10_BR 

S89 BR299 <10_BR 

S90 BR299 <10_BR 

S91 BR299 <10_BR 

S92 BR299 <10_BR 

S93 BR327 <10_BR 

S94 BR328 <10_BR 

S95 BR329 <10_BR 

S96 BR330 <10_BR 

S97 BR331 <10_BR 

S98 CF165 Paed_CF 

S99 CF165 Paed_CF 

S100 CF165 Paed_CF 

S101 CF165 Paed_CF 

S102 CF165 Paed_CF 

S103 BR200 >10_BR 

S104 BR200 >10_BR 

S105 BR200 >10_BR 

S106 BR200 >10_BR 

S107 BR200 >10_BR 

S108 BR228 >10_BR 
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S109 BR228 >10_BR 

S110 BR228 >10_BR 

S111 BR228 >10_BR 

S112 BR228 >10_BR 

S113 BR243 >10_BR 

S114 BR243 >10_BR 

S115 BR243 >10_BR 
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Appendix G 

 

Figure 1- Electrophoresis gel showing the results of the PCR indicating phage 

infection clade 2. This gel shows if the selected phage gene marker is present. This 

indicates that the phage integrated into the PA14 isolate, compared to the PA14 negative 

control without the phage integrated. 
 

 

 
Figure 2- Electrophoresis gel showing the results of the PCR indicating phage 

infection clade 1. This gel shows if the selected phage gene marker is present. This 

indicates that the phage integrated into the PA14 isolate, compared to the PA14 negative 

control without the phage integrated 

1 2 3 4 5 6 7 8 9 10 11 

Key 
 

1 Ladder 100kb 

2 Original isolate 32 (clade 4 

positive control) 

3 PA14 with no lysogen 

(negative control cl4) 

4 PA14 lysogen containing 

phage from 32 

5 Original isolate 15 (clade 2 

positive control) 

6 PA14 lysogen containing 

phage from 15 

7 Original isolate 16 (clade 2 

positive control) 

8 PA14 lysogen containing 

phage from 16 

9 Original isolate 17 (clade 2 

positive control) 

10 PA14 lysogen containing 

phage from 17 

11 PA14 with no lysogen 

Key 
 

1- Ladder 100kb 

2- Original isolate 1 (clade 1 positive control) 

3- PA14 lysogen containing phage from 1 

4- Original isolate 4 (clade 1 positive control) 

5- PA14 lysogen containing phage from 4 

6- Original isolate 7 (clade 1 positive control) 

7- PA14 lysogen containing phage from 7 

8- PA14 lysogen containing phage from 8 (cl1) 

9- PA14 with no lysogen (negative control cl1) 

1 2 3 4 5 6 7 8 9 
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Figure 3- Electrophoresis gel showing the results of the PCR indicating phage infection 

clade 8. This gel shows if the selected phage gene marker is present. This indicates that the 

phage integrated into the PA14 isolate, compared to the PA14 negative control without the 

phage integrated. 

Key 
 

1- Ladder 100kb 

2- PA14 lysogen containing phage from 58 

3- PA14 lysogen containing phage from 64 

4- PA14 lysogen containing phage from 66 

5- PA14 lysogen containing phage from 69 

6- 
cl1) 

PA14 with no lysogen (negative control 

7- Original isolate 58 (clade 8 positive 
control) 
 

8- Original isolate 64 (clade 8 positive 
control) 
 

9- Original isolate 66 (clade 8 positive 
control) 

1 2 3 4 5 6 7 8 9 
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Appendix H 

 

a b c 
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d e 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1 - Clustering result shown as heatmap. Representing the up and down regulation of each 

significant metabolite between a) all of the clades3a1g6ainst one another and the PA14 control. b) the clade 

1 lysogens and the control. c) the clade 2 lysogen and the control. d) the clade 5 lysogen and the control. 

e) the clade 8 lysogen and the control. 
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Appendix I 

 

 
Table 1 Lysogens associated with sample numbers from the metabolomics analysis 

of lysogens containing phages from different clades (phage types) from chapter 7. 
 

SAMPLE LYSOGEN CLADE 

S1 1 1 

S2 1 1 

S3 1 1 

S4 1 1 

S5 1 1 

S6 1 1 

S7 1 1 

S8 1 1 

S10 1 1 

S11 4 1 

S12 4 1 

S14 4 1 

S16 4 1 

S17 4 1 

S18 4 1 

S19 4 1 

S20 5 1 

S21 5 1 

S22 5 1 

S24 5 1 

S25 5 1 

S26 5 1 

S27 5 1 

S29 5 1 

S32 5 1 

S33 7 1 

S34 7 1 

S35 7 1 

S36 7 1 

S39 7 1 

S40 7 1 

S41 8 1 

S42 8 1 

S43 8 1 

S44 8 1 

S45 8 1 

S46 8 1 

S47 8 1 

S49 8 1 
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S50 17 2 

S51 17 2 

S52 17 2 

S53 17 2 

S55 17 2 

S56 17 2 

S57 17 2 

S59 12 2 

S62 12 2 

S63 12 2 

S64 12 2 

S66 12 2 

S67 12 2 

S69 15 2 

S70 15 2 

S71 15 2 

S72 15 2 

S73 15 2 

S74 15 2 

S75 16 2 

S76 16 2 

S77 16 2 

S78 16 2 

S79 16 2 

S80 37 5 

S81 37 5 

S82 37 5 

S83 37 5 

S84 37 5 

S85 37 5 

S86 37 5 

S87 37 5 

S88 37 5 

S90 42 5 

S91 42 5 

S93 42 5 

S94 42 5 

S95 42 5 

S96 43 5 

S97 43 5 

S98 43 5 
S99 43 5 

S100 43 5 
S101 43 5 

S102 44 5 

S103 44 5 

S105 44 5 

S106 44 5 
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S107 44 5 

S108 44 5 
S109 44 5 
S111 44 5 

S112 58 8 

S113 58 8 

S114 58 8 

S115 58 8 

S116 58 8 

S117 58 8 

S118 58 8 

S119 58 8 

S120 58 8 

S121 64 8 

S122 64 8 

S123 64 8 

S124 64 8 

S125 64 8 

S126 64 8 

S127 64 8 

S129 66 8 

S130 66 8 

S131 66 8 

S132 66 8 

S133 66 8 

S134 66 8 

S135 PA14 Control 

S136 PA14 Control 
S137 PA14 Control 
S138 PA14 Control 

S139 PA14 Control 

S140 PA14 Control 

S141 PA14 Control 

S142 PA14 Control 

S143 PA14 Control 

S144 PA14 Control 

S145 PA14 Control 

S146 PA14 Control 

S147 PA14 Control 

S148 PA14 Control 
S149 PA14 Control 

S150 PA14 Control 

S151 PA14 Control 

S152 PA14 Control 
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Appendix J 

Table 1 - Full list of Pa samples taken longitudinally and clinical details for patients in chapter 8. The samples highlighted in yellow are 

the isolates selected for sequencing and genome analysis (NR = not recorded?). 
 

 

Bronchiectasis 
store ref 

 

Patient 
code 

Date of 
isolation from 

patient 

 
 

IV antibiotics 

 
 

FEV % 

 
 

admissions 

141 A 12/01/2011 NR 43.00 NR 

550 A 07/06/2012 NR 38.00 08/06/2012 

915 A 25/03/2013 NR NR 23/03/2013 

1082 A 20/08/2013 Meropenem NR 20/08/2013 

1192 A 16/09/2013 NR NR NR 

1311 A 18/11/2013 Tazocin NR 16/11/2013 

1493 A 26/03/2014 Meropenem 36.00 27/03/2014 

1758 A 15/10/2014 Ceftazidime NR 30/10/2014 

1795 A 27/10/2014 Ceftazidime NR 30/10/2014 

1890 A 05/12/2014 NR NR 07/12/2014 

1948 A 23/01/2015 NR NR NR 

1980 A 25/02/2015 NR NR NR 

1998 A 12/03/2015 Ceftazidime NR 12/03/2015 

2033 A 24/04/2015 NR NR NR 

2074 A 22/05/2015 NR NR NR 

2101 A 09/06/2015 NR NR NR 

2107 A 26/06/2015 Tazocin NR 26/06/2015 

2165 A 12/08/2015 NR NR NR 

2223 A 18/09/2015 Meropenem & Tazocin NR 18/09/2015 

2264 A 16/11/2015 Colistin NR 16/11/2015 

2302 A 03/03/2016 Meropenem NR 25/02/2016 
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2375 A 06/07/2016 NR NR NR 

2437 A 07/09/2016 NR NR NR 

2459 A 07/10/2016 Meropenem NR 06/10/2016 

83a B 22/10/2008 NR NR NR 

89b B 22/10/2008 NR NR NR 

150 B 03/03/2011 NR NR NR 

253 B 31/08/2011 NR NR NR 

604 B 01/08/2012 NR NR NR 

796 B 31/08/2012 NR NR NR 

844 B 30/01/2013 NR NR NR 

1544 B 09/05/2014 NR NR NR 

1952 B 13/02/2015 NR NR NR 

1956a B 06/02/2015 NR NR NR 

1957b B 06/02/2015 NR NR NR 

1970 B 16/02/2015 NR NR NR 

2012 B 15/04/2015 NR NR NR 

2173 B 12/08/2015 NR NR NR 

2338 B 10/05/2016 NR NR NR 

2351 B 15/06/2016 NR NR NR 

2514 B 16/11/2016 NR NR NR 

2547 B 01/12/2016 NR NR NR 

125 C 19/05/2010 NR 34.40 NR 

209 C 27/07/2011 Meropenem NR 21/07/2011 

213 C 21/07/2011 Meropenem NR 21/07/2011 

240a C 12/08/2011 NR NR NR 

241b C 12/08/2011 Ceftazidime NR 12/08/2011 

242 C 30/08/2011 Timentin & Colomycin NR 05/09/2011 
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317 C 03/11/2011 Timentin & Colomycin 26.85 19/10/2011 

454 C 19/03/2012 Ceftazidime 31.00 19/03/2012 

455 C 19/03/2012 Ceftazidime 31.00 19/03/2012 

 
 

664a 

 

 
C 

 
 

16/08/2012 

initially clavulanic acid/ticarcillin. 
switched to fosfomycin, colomycin IV 
for 14 days commenced taurolin nebs 

after trial 

 
 

Measured 0.71 

 
 

02/08/2012 

 
 

665b 

 

 
C 

 
 

16/08/2012 

initially clavulanic acid/ticarcillin. 
switched to fosfomycin, colomycin IV 
for 14 days commenced taurolin nebs 

after trial 

 
 

Measured 0.71 

 
 

02/08/2012 

903 C 14/03/2013 Fosfomycin and Colomycin NR 22/04/2013 

1200 C 24/09/2013 Colomycin & Tazocin NR 25/09/2013 

1297 C 14/11/2013 Ceftazidime and Gentamicin Measured 0.65 09/12/2013 

1451 C 12/02/2014 NR NR NR 

1487a C 22/03/2014 Tazocin & Gentamicin NR 17/03/2014 

1501b C 22/03/2014 Tazocin & Gentamicin NR 17/03/2014 

1592 C 10/07/2014 Ceftazidime, Tazocin & Gentamicin Measured 0.6 10/07/2014 

1623a C 04/08/2014 Ceftazidime, Tazocin & Gentamicin Measured 0.6 10/07/2014 

1624b C 04/08/2014 Ceftazidime, Tazocin & Gentamicin Measured 0.6 10/07/2014 

1737 C 12/10/2014 NR NR NR 

1762 C 02/10/2014 NR NR NR 

1765 C 03/10/2014 NR NR NR 

 
1806 C 

 
05/11/2014 

Ceftazidime, Tazocin & Gentamicin - 
Plasma Exchange 

 
NR 

 
03/11/2014 

1983 C 04/03/2015 NR NR NR 

2009a C 15/04/2015 Tazocin & Gentamicin NR 16/04/2015 

2010b C 15/04/2015 Tazocin & Gentamicin NR 16/04/2015 

2168 C 31/07/2015 NR NR NR 

2193 C 03/09/2015 Gentamicin & Aztreonam NR 04/09/2015 
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2203 C 13/09/2015 Gentamicin & Aztreonam NR 04/09/2015 

 
2212 C 

 
02/10/2015 

PLASMAPHARESIS and IV 
IMMUNOGLOBULIN treatment 

 
NR 

 
05/10/2015 

 
2226 C 

 
12/10/2015 

PLASMAPHARESIS and IV 
IMMUNOGLOBULIN treatment 

 
NR 

 
05/10/2015 

2284 C 29/12/2015 Colomycin & Ceftazidime NR 03/12/2015 

2299 C 25/02/2016 Tazocin NR 17/03/2016 

2334 C 29/04/2016 Meropenem, Colomycin & Aztreonam NR 26/03/2016 

102 D 09/01/2009 NR NR NR 

727 D 01/11/2012 NR NR NR 

804 D 13/12/2012 NR NR NR 

852 D 11/02/2013 NR NR NR 

997 D 13/06/2013  NR NR 

1017 D 14/05/2013 NR NR NR 

1279 D 07/11/2013 NR NR NR 

1515 D 04/04/2014 NR NR NR 

1622 D 04/08/2014 NR NR NR 

1669 D 28/08/2014 NR NR NR 

1738 D 15/10/2014 NR NR NR 

1825 D 12/11/2014 NR NR NR 

1911 D 09/12/2014 NR NR NR 

2034a D 30/04/2015 NR NR NR 

2035b D 30/04/2015 NR NR NR 

2088 D 28/05/2015 NR NR NR 

2146 D 22/07/2015 NR NR NR 

2373 D 06/07/2016 NR NR NR 

2480 D 07/10/2016 NR NR NR 

79 E 22/10/2008 NR NR NR 
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208 E 26/07/2011 NR NR NR 

464 E 14/03/2012 NR NR NR 

509 E 16/04/2012 NR NR NR 

631 E 09/07/2012 NR NR NR 

681 E 12/09/2012 NR NR NR 

722 E 29/10/2012 NR NR NR 

900 E 04/03/2013 NR NR NR 

1243 E 16/10/2013 NR NR NR 

1301 E 12/11/2013 NR NR NR 

1348 E 03/12/2013 NR NR NR 

1430 E 12/02/2014 NR NR NR 

1555 E 21/05/2014 NR NR NR 

1627 E 06/08/2014 NR NR NR 

1846 E 19/11/2014 NR NR NR 

1986 E 05/03/2015 NR NR NR 

2015 E 08/04/2015 NR NR NR 

2434 E 24/08/2016 NR NR NR 

2492 E 26/10/2016 NR NR NR 

945 F 24/04/2013 NR 67.10 NR 

1427 F 05/02/2014 Tazocin NR 11/02/2014 

1434 F 11/02/2014 Tazocin NR 11/02/2014 

1481 F 26/03/2014 NR NR NR 

1620 F 05/08/2014 Meropenem 63.00 21/10/2014 

1954 F 11/02/2015 Meropenem NR 26/03/2015 

2207 F 16/09/2015 Meropenem NR 12/10/2015 

144 G 02/02/2011 NR 67.00 NR 

289 G 27/09/2011 NR Measured 1.35 NR 



325  

 
 

2041 G 29/04/2015 NR 63.00 NR 

2249 G 06/11/2015 Tazocin NR 04/12/2015 

2298 G 26/02/2016 Tazocin NR 14/04/2016 

2439 G 07/09/2016 NR NR NR 

2523 G 11/11/2016 Ceftazidime NR 11/11/2016 

200 H 21/07/2011 NR 99.00 NR 

494 H 12/04/2012 NR 99.00 NR 

701 H 08/10/2012 NR 104.00 NR 

916 H 24/03/2013 NR 85.00 NR 

988 H 07/06/2013 NR NR NR 

1048 H 29/07/2013 NR NR NR 

285 I 23/09/2011 Meropenem 53.00 22/09/2011 

560 I 20/06/2012 NR 56.00 NR 

944 I 24/04/2013 NR 57.00 NR 

1091 I 21/08/2013 NR 53.00 NR 
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Appendix K 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Twitching motility assay positive and negative controlsls. a) LESB58 

negative control. b) PAO1 positive control. 

a b 
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Appendix L 

Table 1 – Quality control of sequencing that was performed by the University of Laval. A subset of 60 genomes sequenced 
 

 
 

IsolateI 
D 

 
 

File 
Name 

 
 

Contig 
s 

 
 

Scaffold 
s 

 
 

Genom 
e Size 
(bp 

Longes 
t 
Scaffol 
d (bp) 

 
 

N50 

 
 

No. 
of 
Raw 
reads 

 
 

EC 
Reads 

% 
reads 
passin 
g EC 

 
 

Raw nt 

 
 

EC nt 

 
% nt 
passin 
g EC 

 
 

Raw 
cov 

 
 

Media 
n cov 

 
10th 
percentil 
e cov 

 
 

bases 
>= Q40 

 
 

997 

Run68- 
E10_S7 
7 

 
 

104 

 
 

103 

 

682016 
1 

 
 

829654 

 

23441 
8 

 

51497 
2 

 

49948 
6 

 
 

96.99 

 

1391666 
29 

 

1104910 
16 

 
 

79.39 

 

16.2 
0 

 
 

18 

 
 

9 

 

668205 
2 

 
 

1669 

Run68- 
E11_S8 
5 

 
 

60 

 
 

59 

 

689620 
5 

 
 

682745 

 

34674 
0 

 

50555 
0 

 

49756 
1 

 
 

98.42 

 

1372101 
57 

 

1128115 
63 

 
 

82.22 

 

16.3 
6 

 
 

19 

 
 

11 

 

683752 
1 

 
 

1911 

Run68- 
E12_S9 
3 

 
 

45 

 
 

43 

 

689698 
4 

 
 

665469 

 

34661 
0 

 

62164 
0 

 

61277 
1 

 
 

98.57 

 

1730737 
45 

 

1420633 
34 

 
 

82.08 

 

20.6 
0 

 
 

24 

 
 

15 

 

687489 
6 

 
2010b 

Run68- 
E6_S45 

 
30 

 
29 

644530 
6 

115403 
7 

35547 
1 

65067 
6 

62246 
8 

 
95.66 

1711379 
96 

1382540 
59 

 
80.79 

21.4 
5 

 
24 

 
15 

642175 
8 

 
2334 

Run68- 
E7_S53 

 
2113 

 
2110 

881374 
0 

 
50229 

 
8808 

42705 
2 

41811 
0 

 
97.91 

1154138 
19 

9574009 
9 

 
82.95 

10.8 
6 

 
12 

 
5 

776472 
1 

 
727 

Run68- 
E9_S69 

 
45 

 
36 

689700 
6 

100738 
4 

42892 
0 

66360 
4 

63861 
8 

 
96.23 

1880711 
52 

1487610 
01 

 
79.10 

21.5 
7 

 
25 

 
16 

687771 
1 

 
2034a 

Run68- 
F1_S6 

 
55 

 
47 

686018 
8 

 
654549 

41049 
7 

72082 
2 

66538 
0 

 
92.31 

2023505 
55 

1556536 
58 

 
76.92 

22.6 
9 

 
26 

 
18 

684298 
0 

 
2035b 

Run68- 
F2_S14 

 
60 

 
51 

685975 
8 

 
664388 

40262 
9 

77608 
2 

67396 
1 

 
86.84 

2129952 
29 

1510466 
27 

 
70.92 

22.0 
2 

 
25 

 
16 

682999 
9 

 
2088 

Run68- 
F3_S22 

 
49 

 
41 

690190 
4 

102012 
8 

40262 
9 

96448 
6 

86084 
0 

 
89.25 

2676115 
88 

1979525 
44 

 
73.97 

28.6 
8 

 
33 

 
23 

689123 
8 
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Appendix N 

 

 
Table 1 -Gene annotation results from the prophage expansion region in Pa isolate 5 

compared to isolate 4 from patient D. Translated gene products from the regions of expansion 

were queried against the Pseudomonas database using BLASTP? 

 

Gene ID Prokka 
identification 

Pseudomonas database identification 

HHALDBOO_00002 hypothetical protein recombinase family protein 
[Stenotrophomonas maltophilia] 

HHALDBOO_00008 hypothetical protein ATP-binding protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00004 hypothetical protein DNA-binding protein [Stenotrophomonas sp. 
TD3] 

BFMGCJGK_00003 Lysozyme RrrD lysozyme [Pseudomonas aeruginosa] 

HHALDBOO_00017 hypothetical protein DNA methylase N-4 [Rubrivivax sp. SCN 71- 
131] 

BFMGCJGK_00021 hypothetical protein major capsid protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00013 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00007 hypothetical protein antirepressor [Pseudomonas aeruginosa] 

BFMGCJGK_00006 hypothetical protein DUF2793 domain-containing protein 
[Pseudomonas aeruginosa] 

HHALDBOO_00001 hypothetical protein DUF2924 domain-containing protein 
[Burkholderia multivorans] 

BFMGCJGK_00011 hypothetical protein DUF2163 domain-containing protein 
[Pseudomonas aeruginosa] 

   

HHALDBOO_00010 hypothetical protein hypothetical protein [Stenotrophomonas sp. 
TD3] 

HHALDBOO_00011 hypothetical protein isoleucyl-tRNA synthetase [Pseudomonas 
aeruginosa] 

HHALDBOO_00012 hypothetical protein helix-turn-helix domain-containing protein 
[Burkholderia multivorans] 

HHALDBOO_00014 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00015 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00016 hypothetical protein RNA polymerase subunit sigma [Rubrivivax 
sp. SCN 71-131] 
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HHALDBOO_00018 hypothetical protein site-specific DNA-methyltransferase 
[Pseudomonas aeruginosa] 
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HHALDBOO_00019 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00020 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00021 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00022 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00023 hypothetical protein DUF3489 domain-containing protein 
[Pseudomonas aeruginosa] 

HHALDBOO_00024 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00025 hypothetical protein elements of external origin [Pseudomonas 
aeruginosa] 

BFMGCJGK_00001 hypothetical protein site-specific DNA-methyltransferase 
[Pseudomonas aeruginosa] 

BFMGCJGK_00002 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00004 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00003 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00005 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00007 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00008 hypothetical protein tail assembly protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00009 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00010 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00012 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00013 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00014 hypothetical protein tape measure protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00015 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00016 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00017 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00018 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00019 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

BFMGCJGK_00020 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00005 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 
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HHALDBOO_00006 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

HHALDBOO_00009 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

 

Table 2 Gene annotation results from the prophage expansion region in Pa isolate 2 

compared to isolate 1 from patient B. 

 

Gene ID Prokka identification Pseudomonas database identification 

AJGGILGI_00001 Sulfurtransferase 
TusE 

TusE/DsrC/DsvC family sulfur relay protein 
[Pseudomonas aeruginosa] 

AJGGILGI_00002 Protein TusB sulfurtransferase complex subunit TusB 
[Pseudomonas aeruginosa] 

AJGGILGI_00003 Protein TusC sulfurtransferase complex subunit TusC 
[Pseudomonas aeruginosa] 

AJGGILGI_00004 Putative 
sulfurtransferase 
DsrE 

sulfurtransferase complex subunit TusD 
[Pseudomonas aeruginosa] 

AJGGILGI_00005 hypothetical protein 24K membrane protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00006 Modulator of FtsH 
protease YccA 

Bax inhibitor-1/YccA family protein 
[Pseudomonas aeruginosa] 

AJGGILGI_00010 hypothetical protein DNA cytosine methyltransferase 
[Pseudomonas aeruginosa] 

AJGGILGI_00011 hypothetical protein hypothetical protein IPC1270_24600 
[Pseudomonas aeruginosa] 71% 

AJGGILGI_00015 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00016 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00018 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00019 hypothetical protein BcepMu gp16 family phage-associated protein 
[Pseudomonas aeruginosa] 

AJGGILGI_00020 hypothetical protein helix-turn-helix domain-containing protein 
[Pseudomonas aeruginosa] 

AJGGILGI_00021 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00022 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00023 Nucleoid-associated 
protein YejK 

nucleoid-associated protein ndpA 
[Pseudomonas aeruginosa] 

AJGGILGI_00024 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00032 hypothetical protein phage tail protein [Pseudomonas aeruginosa] 

AJGGILGI_00033 hypothetical protein phage tail fiber protein [Pseudomonas 
aeruginosa] 

AJGGILGI_00038 hypothetical protein phage virion morphogenesis protein 
[Pseudomonas aeruginosa] 
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AJGGILGI_00051 hypothetical protein ImmA/IrrE family metallo-endopeptidase 
[Pseudomonas chlororaphis] 

AJGGILGI_00052 hypothetical protein hypothetical protein Q091_05264 
[Pseudomonas aeruginosa C52] 

AJGGILGI_00053 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
02 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
03 

hypothetical protein NO HIT 

FFHAKPON_000 
07 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
08 

hypothetical protein hypothetical protein PACL_0046 
[Pseudomonas aeruginosa] 

FFHAKPON_000 
10 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
11 

hypothetical protein hypothetical protein [Pseudomonas sp. 
HMSC05H02] 

FFHAKPON_000 
12 

hypothetical protein DNA-binding protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
14 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
15 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

FFHAKPON_000 
23 

hypothetical protein phage tail protein [Pseudomonas aeruginosa] 

FFHAKPON_000 
24 

hypothetical protein phage tail protein [Pseudomonas aeruginosa] 

FFHAKPON_000 
29 

hypothetical protein DUF2971 domain-containing protein 
[Pseudomonas aeruginosa] 

FFHAKPON_000 
30 

hypothetical protein phage virion morphogenesis protein 
[Pseudomonas aeruginosa] 

FFHAKPON_000 
43 

hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 

 

Table 3 - Gene annotation results from the prophage expansion region in Pa isolate 3 

compared to isolate 1 from patient F. 

 

Gene ID Prokka identification Pseudomonas database identification 

LPHANECM_0001 
4 

hypothetical protein integrase [Pseudomonas aeruginosa] 

IMJGBJEL_00051 hypothetical protein ImmA/IrrE family metallo-endopeptidase 
[Pseudomonas chlororaphis] 

IMJGBJEL_00023 Nucleoid-associated 
protein YejK 

nucleoid-associated protein ndpA 
[Pseudomonas aeruginosa] 

IMJGBJEL_00053 hypothetical protein hypothetical protein [Pseudomonas 
aeruginosa] 
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Table 4 - Gene annotation results from the prophage expansion region in Pa isolate 2 

compared to isolate 1 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

OCLENNDD_00072 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00073 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00075 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00076 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
OCLENNDD_00077 

 
hypothetical protein 

putative phage protein [Pseudomonas 
aeruginosa] 

OCLENNDD_00078 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
OCLENNDD_00079 

 
hypothetical protein 

siphovirus Gp157 family protein [Pseudomonas 
aeruginosa] 

 
OCLENNDD_00080 

 
hypothetical protein 

LytTR family transcriptional regulator 
[Pseudomonas aeruginosa] 

OCLENNDD_00081 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00082 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00083 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00084 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
OCLENNDD_00085 

 
hypothetical protein 

class I SAM-dependent methyltransferase 
[Pseudomonas aeruginosa] 

OCLENNDD_00086 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00087 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00088 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00089 hypothetical protein phage protein [Pseudomonas aeruginosa] 

OCLENNDD_00090 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00091 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00092 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00093 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00094 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
OCLENNDD_00095 

 
hypothetical protein 

DUF2591 domain-containing protein 
[Pseudomonas aeruginosa] 

 
OCLENNDD_00096 

Putative defective 
protein IntQ 

 
site-specific integrase [Pseudomonas aeruginosa] 

 
 

OCLENNDD_00097 

putative ABC 
transporter ATP- 
binding protein YbiT 

 
 

ABC-F family ATPase [Pseudomonas aeruginosa] 

OCLENNDD_00098 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
 
OCLENNDD_00099 

FMN-dependent 
NADH-azoreductase 
1 

 

FMN-dependent NADH-azoreductase 
[Pseudomonas aeruginosa] 
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OCLENNDD_00100 

HTH-type 
transcriptional 
regulator DmlR 

 

LysR family transcriptional regulator 
[Pseudomonas aeruginosa] 

NJNDLIIL_00007 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
NJNDLIIL_00009 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF74b] 

 
OCLENNDD_00039 

 
hypothetical protein 

hypothetical protein PputGB1_3424 
[Pseudomonas putida GB-1] 

 
NJNDLIIL_00046 

 
hypothetical protein 

hypothetical protein BPPAER656_00910 
[Pseudomonas phage YMC11/02/R656] 

NJNDLIIL_00055 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00045 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00068 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00069 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

OCLENNDD_00070 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
OCLENNDD_00071 

 
hypothetical protein 

hypothetical protein PAK_P500124 
[Pseudomonas phage PAK_P5] 

 

 

Table 4 - Gene annotation results from the prophage expansion region in Pa isolate 3 

compared to isolate 2 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
JALDOAGK_00068 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00069 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00070 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00071 

 
hypothetical protein 

hypothetical protein PAK_P500124 
[Pseudomonas phage PAK_P5] 

 
JALDOAGK_00072 

 
hypothetical protein 

hypothetical protein BPPAER656_00080 
[Pseudomonas phage YMC11/02/R656] 

 
JALDOAGK_00073 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00075 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF23a] 

 
JALDOAGK_00076 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00077 

 
hypothetical protein 

putative phage protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00078 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00079 

 
hypothetical protein 

siphovirus Gp157 family protein 
[Pseudomonas aeruginosa] 

 
JALDOAGK_00080 

 
hypothetical protein 

LytTR family transcriptional regulator 
[Pseudomonas aeruginosa] 

JALDOAGK_00081 hypothetical protein hypothetical protein [Pseudomonas virus D3] 
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JALDOAGK_00082 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00083 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00084 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00085 

 
hypothetical protein 

class I SAM-dependent methyltransferase 
[Pseudomonas aeruginosa] 

 
JALDOAGK_00086 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00087 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

JALDOAGK_00088 hypothetical protein phage protein [Pseudomonas aeruginosa] 

JALDOAGK_00089 hypothetical protein phage protein [Pseudomonas aeruginosa] 

 
JALDOAGK_00090 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00091 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00092 

 
hypothetical protein 

ead/Ea22-like family protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00093 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00094 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00095 

 
hypothetical protein 

DUF2591 domain-containing protein 
[Pseudomonas aeruginosa] 

 
JALDOAGK_00096 

Putative defective 
protein IntQ 

site-specific integrase [Pseudomonas 
aeruginosa] 

 
 

JALDOAGK_00097 

putative ABC 
transporter ATP- 
binding protein YbiT 

 

ABC-F family ATPase [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00098 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
NJNDLIIL_00007 

 
hypothetical protein 

hypothetical protein T266_27315 
[Pseudomonas aeruginosa VRFPA05] 

 
JALDOAGK_00099 

FMN-dependent 
NADH-azoreductase 1 

FMN-dependent NADH-azoreductase 
[Pseudomonas aeruginosa] 

 
 

JALDOAGK_00100 

HTH-type 
transcriptional regulator 
DmlR 

 

LysR family transcriptional regulator 
[Pseudomonas aeruginosa] 

 
NJNDLIIL_00009 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
NJNDLIIL_00046 

 
hypothetical protein 

hypothetical protein BPPAER656_00910 
[Pseudomonas phage YMC11/02/R656] 

 
NJNDLIIL_00055 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
JALDOAGK_00039 

 
hypothetical protein 

hypothetical protein PputGB1_3424 
[Pseudomonas putida GB-1] 

 
JALDOAGK_00045 

 
hypothetical protein 

hypothetical protein BPPAER656_00910 
[Pseudomonas phage YMC11/02/R656] 
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Table 5 - Gene annotation results from the prophage expansion region in Pa isolate 4 

compared to isolate 3 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
JALDOAGK_00069 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
 

FLCCLKDO_00108 

Branched-chain amino 
acid transport system 2 
carrier protein 

 

branched-chain amino acid transport system 
II carrier protein [Pseudomonas aeruginosa] 

 
FLCCLKDO_00109 

Phosphoethanolamine 
transferase EptA 

phosphoethanolamine--lipid A transferase 
[Pseudomonas aeruginosa] 

 
FLCCLKDO_00110 

 
hypothetical protein 

pyrroloquinoline quinone biosynthesis protein 
PqqF [Pseudomonas aeruginosa] 

FLCCLKDO_00111 hypothetical protein porin [Pseudomonas aeruginosa] 

FLCCLKDO_00112 hypothetical protein GfdT protein [Pseudomonas aeruginosa] 

 
FLCCLKDO_00113 

 
hypothetical protein 

hybrid sensor histidine kinase/response 
regulator [Pseudomonas aeruginosa] 

 
FLCCLKDO_00032 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00101 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00102 

 
hypothetical protein 

GrpB family protein [Pseudomonas 
aeruginosa] 

 
 

FLCCLKDO_00103 

5-carboxymethyl-2- 
hydroxymuconate Delta- 
isomerase 

 
5-carboxymethyl-2-hydroxymuconate 
isomerase [Pseudomonas aeruginosa] 

 
FLCCLKDO_00104 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00105 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00106 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00107 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 

Table 6 - Gene annotation results from the prophage expansion region in Pa isolate 7 

compared to isolate 5 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
FLCCLKDO_00101 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00110 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00111 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00112 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 
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FLCCLKDO_00113 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00102 

 
hypothetical protein 

GrpB family protein [Pseudomonas 
aeruginosa] 

 
 

FLCCLKDO_00103 

5-carboxymethyl-2- 
hydroxymuconate Delta- 
isomerase 

 
5-carboxymethyl-2-hydroxymuconate 
isomerase [Pseudomonas aeruginosa] 

 
FLCCLKDO_00104 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00105 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00106 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00107 

 
hypothetical protein 

hypothetical protein [Pseudomonas 
aeruginosa] 

 
 

FLCCLKDO_00108 

Branched-chain amino 
acid transport system 2 
carrier protein 

branched-chain amino acid transport 
system II carrier protein [Pseudomonas 
aeruginosa] 

 
FLCCLKDO_00109 

Phosphoethanolamine 
transferase EptA 

phosphoethanolamine--lipid A transferase 
[Pseudomonas aeruginosa] 

 
 
 
 
 
 
 

 

Table 7 - Gene annotation results from the prophage expansion region in Pa isolate 13 

compared to isolate 11 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

KMGOMMIA_00070 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00071 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00072 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00073 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00075 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF23a] 

KMGOMMIA_00076 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00077 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00078 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00079 

 
hypothetical protein 

siphovirus Gp157 family protein [Pseudomonas 
aeruginosa] 

 
KMGOMMIA_00080 

 
hypothetical protein 

LytTR family transcriptional regulator 
[Pseudomonas aeruginosa] 

KMGOMMIA_00081 hypothetical protein hypothetical protein [Pseudomonas virus D3] 

 
KMGOMMIA_00082 

 
hypothetical protein 

hypothetical protein PAJU2_gp44 
[Pseudomonas phage PAJU2] 

KMGOMMIA_00083 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00084 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 
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KMGOMMIA_00085 

 
hypothetical protein 

class I SAM-dependent methyltransferase 
[Pseudomonas aeruginosa] 

KMGOMMIA_00086 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00087 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00088 

 
hypothetical protein 

hypothetical protein Q049_06387 
[Pseudomonas aeruginosa BWHPSA044] 

KMGOMMIA_00089 hypothetical protein phage protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00090 

 
hypothetical protein 

hypothetical protein BN405_2-10_Ab1_orf_38 
[Pseudomonas phage vB_PaeM_C2-10_Ab1] 

KMGOMMIA_00091 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00092 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00093 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00094 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00095 

 
hypothetical protein 

DUF2591 domain-containing protein 
[Pseudomonas aeruginosa] 

 
KMGOMMIA_00096 

Putative defective 
protein IntQ 

site-specific integrase [Pseudomonas 
aeruginosa] 

 
 

KMGOMMIA_00097 

putative ABC 
transporter ATP- 
binding protein YbiT 

 
ABC-F family ATPase [Pseudomonas 
aeruginosa] 

KMGOMMIA_00098 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
KMGOMMIA_00099 

FMN-dependent 
NADH-azoreductase 1 

FMN-dependent NADH-azoreductase 
[Pseudomonas aeruginosa] 

 
 

KMGOMMIA_00100 

HTH-type 
transcriptional 
regulator DmlR 

 
LysR family transcriptional regulator 
[Pseudomonas aeruginosa] 

KMGOMMIA_00034 hypothetical protein HNH endonuclease [Pseudomonas aeruginosa] 

AFPKENJN_00014 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

AFPKENJN_00023 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
AFPKENJN_00059 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF74b] 

 
AFPKENJN_00061 

 
hypothetical protein 

hypothetical protein BPPAER656_00580 
[Pseudomonas phage YMC11/02/R656] 

 
KMGOMMIA_00039 

 
hypothetical protein 

hypothetical protein PputGB1_3424 
[Pseudomonas putida GB-1] 

 
KMGOMMIA_00045 

 
hypothetical protein 

hypothetical protein BPPAER656_00910 
[Pseudomonas phage YMC11/02/R656] 

 
KMGOMMIA_00067 

 
hypothetical protein 

hypothetical protein CTT40_03668 
[Pseudomonas aeruginosa] 

KMGOMMIA_00068 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

KMGOMMIA_00069 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 

 

Table 8 - Gene annotation results from the prophage expansion region in Pa isolate 14 

compared to isolate 13 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
BGLBLFFF_00045 

 
hypothetical protein 

hypothetical protein BPPAER656_00910 
[Pseudomonas phage YMC11/02/R656] 

BGLBLFFF_00067 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 
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BGLBLFFF_00068 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00069 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00070 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00071 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00072 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00073 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00075 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF23a] 

BGLBLFFF_00076 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00077 hypothetical protein putative phage protein [Pseudomonas aeruginosa] 

BGLBLFFF_00078 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00079 

 
hypothetical protein 

siphovirus Gp157 family protein [Pseudomonas 
aeruginosa] 

 
BGLBLFFF_00080 

 
hypothetical protein 

LytTR family transcriptional regulator [Pseudomonas 
aeruginosa] 

BGLBLFFF_00081 hypothetical protein hypothetical protein [Pseudomonas virus D3] 

BGLBLFFF_00082 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00083 

 
hypothetical protein 

hypothetical protein PAJU2_gp44 [Pseudomonas 
phage PAJU2] 

BGLBLFFF_00084 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00085 

 
hypothetical protein 

class I SAM-dependent methyltransferase 
[Pseudomonas aeruginosa] 

BGLBLFFF_00086 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00087 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00088 

 
hypothetical protein 

hypothetical protein X778_24940 [Pseudomonas 
aeruginosa VRFPA07] 

BGLBLFFF_00089 hypothetical protein phage protein [Pseudomonas aeruginosa] 

BGLBLFFF_00090 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00091 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00092 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00093 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00094 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
BGLBLFFF_00095 

 
hypothetical protein 

DUF2591 domain-containing protein [Pseudomonas 
aeruginosa] 

 
BGLBLFFF_00096 

Putative defective 
protein IntQ 

 
site-specific integrase [Pseudomonas aeruginosa] 

AFPKENJN_00014 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
 

BGLBLFFF_00097 

putative ABC 
transporter ATP- 
binding protein YbiT 

 
 

ABC-F family ATPase [Pseudomonas aeruginosa] 

BGLBLFFF_00098 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
 

BGLBLFFF_00099 

FMN-dependent 
NADH-azoreductase 
1 

 

FMN-dependent NADH-azoreductase 
[Pseudomonas aeruginosa] 

 
 

BGLBLFFF_00100 

HTH-type 
transcriptional 
regulator DmlR 

 

LysR family transcriptional regulator [Pseudomonas 
aeruginosa] 

AFPKENJN_00023 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

 
AFPKENJN_00059 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
vB_Pae_CF74b] 

AFPKENJN_00061 hypothetical protein hypothetical protein [Pseudomonas aeruginosa] 

BGLBLFFF_00034 hypothetical protein HNH endonuclease [Pseudomonas aeruginosa] 
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BGLBLFFF_00039 

 
hypothetical protein 

hypothetical protein PputGB1_3424 [Pseudomonas 
putida GB-1] 

 

 

Table 9 - Gene annotation results from the prophage expansion region in Pa isolate 4 

compared to isolate 3 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
 
LEJODOHM_00001 

C4-dicarboxylate TRAP 
transporter large permease 
protein DctM 

 
TRAP transporter large permease 
[Pseudomonas aeruginosa] 

 
LEJODOHM_00063 

Multiple antibiotic resistance 
protein MarR 

MarR family transcriptional regulator 
[Pseudomonas aeruginosa] 

 
 

LEJODOHM_00002 

C4-dicarboxylate TRAP 
transporter small permease 
protein DctQ 

 
TRAP transporter small permease 
[Pseudomonas aeruginosa] 

 
LEJODOHM_00003 

C4-dicarboxylate-binding 
periplasmic protein DctP 

DctP family TRAP transporter solute-binding 
subunit [Pseudomonas aeruginosa] 

 
 

LEJODOHM_00004 

C4-dicarboxylate transport 
transcriptional regulatory 
protein DctD 

sigma-54-dependent Fis family 
transcriptional regulator [Pseudomonas 
aeruginosa] 

 
LEJODOHM_00005 

C4-dicarboxylate transport 
sensor protein DctB 

sensor histidine kinase [Pseudomonas 
aeruginosa] 

 
LEJODOHM_00057 

 
hypothetical protein 

hypothetical protein [Pseudomonas phage 
Dobby] 

 
 

LEJODOHM_00060 

 
Multidrug export protein 
EmrB 

DHA2 family efflux MFS transporter 
permease subunit [Pseudomonas 
aeruginosa] 

 
LEJODOHM_00061 

Multidrug export protein 
EmrA 

HlyD family efflux transporter periplasmic 
adaptor subunit [Pseudomonas aeruginosa] 

 
LEJODOHM_00062 

Solvent efflux pump outer 
membrane protein SrpC 

efflux transporter outer membrane subunit 
[Pseudomonas aeruginosa] 

 
 

Table 10 - Gene annotation results from the prophage expansion region in Pa isolate 6 

compared to isolate 6 from patient C. 

 

Gene ID Prokka identification Pseudomonas database identification 

 
 
LEJODOHM_00001 

C4-dicarboxylate TRAP 
transporter large permease 
protein DctM 

 

TRAP transporter large permease 
[Pseudomonas aeruginosa] 

 
KEJLMHHE_00005 

Octopine transport system 
permease protein OccM 

ABC transporter permease [Pseudomonas 
aeruginosa] 

 
KEJLMHHE_00006 

 
hypothetical protein 

methyltransferase [Pseudomonas 
aeruginosa] 
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LEJODOHM_00002 

C4-dicarboxylate TRAP 
transporter small permease 
protein DctQ 

 

TRAP transporter small permease 
[Pseudomonas aeruginosa] 

 
LEJODOHM_00003 

C4-dicarboxylate-binding 
periplasmic protein DctP 

DctP family TRAP transporter solute- 
binding subunit [Pseudomonas aeruginosa] 

 
 

LEJODOHM_00004 

C4-dicarboxylate transport 
transcriptional regulatory 
protein DctD 

sigma-54-dependent Fis family 
transcriptional regulator [Pseudomonas 
aeruginosa] 

 
LEJODOHM_00005 

C4-dicarboxylate transport 
sensor protein DctB 

sensor histidine kinase [Pseudomonas 
aeruginosa] 

 
KEJLMHHE_00001 

 
hypothetical protein 

DUF502 domain-containing protein 
[Pseudomonas aeruginosa] 

 
KEJLMHHE_00002 

Octopine permease ATP- 
binding protein P 

ABC transporter ATP-binding protein 
[Pseudomonas aeruginosa] 

 
 

KEJLMHHE_00003 

 
ABC transporter arginine- 
binding protein 1 

transporter substrate-binding domain- 
containing protein [Pseudomonas 
aeruginosa] 

 
KEJLMHHE_00004 

Histidine transport system 
permease protein HisQ 

ABC transporter permease [Pseudomonas 
aeruginosa] 
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Table 11 - Gene annotation results from the prophage expansion region in Pa isolate 10 

compared to isolate 9 from patient C. 

Gene ID Prokka identification Pseudomonas database 
identification 

 
FEPDKAND_00002 

3-oxoacyl-[acyl-carrier-protein] 
reductase FabG 

SDR family oxidoreductase 
[Pseudomonas aeruginosa] 

 
 
FIIOPBKG_00003 

 
C4-dicarboxylate-binding periplasmic 
protein DctP 

DctP family TRAP transporter 
solute-binding subunit 
[Pseudomonas aeruginosa] 

 
 

FIIOPBKG_00004 

C4-dicarboxylate transport 
transcriptional regulatory protein 
DctD 

sigma-54-dependent Fis family 
transcriptional regulator 
[Pseudomonas aeruginosa] 

 
FIIOPBKG_00005 

C4-dicarboxylate transport sensor 
protein DctB 

sensor histidine kinase 
[Pseudomonas aeruginosa] 

 
 

FEPDKAND_00003 

 
 

hypothetical protein 

DUF502 domain-containing 
protein [Pseudomonas 
aeruginosa] 

 
 
FEPDKAND_00004 

 
Octopine permease ATP-binding 
protein P 

ABC transporter ATP-binding 
protein [Pseudomonas 
aeruginosa] 

 
 

FEPDKAND_00005 

 
ABC transporter arginine-binding 
protein 1 

transporter substrate-binding 
domain-containing protein 
[Pseudomonas aeruginosa] 

 
FEPDKAND_00006 

Histidine transport system permease 
protein HisQ 

ABC transporter permease 
[Pseudomonas aeruginosa] 

 
FEPDKAND_00007 

Octopine transport system permease 
protein OccM 

ABC transporter permease 
[Pseudomonas aeruginosa] 

 
FEPDKAND_00008 

 
hypothetical protein 

methyltransferase 
[Pseudomonas aeruginosa] 

 
 

FIIOPBKG_00001 

 

C4-dicarboxylate TRAP transporter 
large permease protein DctM 

TRAP transporter large 
permease [Pseudomonas 
aeruginosa] 

 
 
FIIOPBKG_00002 

 

C4-dicarboxylate TRAP transporter 
small permease protein DctQ 

TRAP transporter small 
permease [Pseudomonas 
aeruginosa] 

 

Table 12 - Gene annotation results from the prophage expansion region in Pa isolate 7 

compared to isolate 5 from patient C. 

 

Gene ID Prokka identification Pseudomonas database 
identification 

 
 

CNDPFFKM_00022 

 
Formate dehydrogenase 
nitrate-inducible major subunit 

sulfate ABC transporter 
substrate-binding protein 
[Pseudomonas aeruginosa] 

 
CNDPFFKM_00001 

 
hypothetical protein 

DNA-binding protein 
[Pseudomonas aeruginosa] 

 
 

CNDPFFKM_00015 

 
 

hypothetical protein 

LuxR family transcriptional 
regulator [Pseudomonas 
aeruginosa] 
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CNDPFFKM_00016 

 

Selenocysteine-specific 
elongation factor 

selenocysteine-specific 
elongation factor [Pseudomonas 
aeruginosa] 

 
 

CNDPFFKM_00017 

 

L-seryl-tRNA(Sec) selenium 
transferase 

L-seryl-tRNA(Sec) selenium 
transferase [Pseudomonas 
aeruginosa] 

 
 

CNDPFFKM_00018 

 
 

Protein FdhE 

formate dehydrogenase 
accessory protein FdhE 
[Pseudomonas aeruginosa] 

 
 

CNDPFFKM_00019 

 

Formate dehydrogenase 
cytochrome b556(fdo) subunit 

formate dehydrogenase subunit 
gamma [Pseudomonas 
aeruginosa] 

 
CNDPFFKM_00020 

Formate dehydrogenase-O 
iron-sulfur subunit 

formate dehydrogenase subunit 
beta [Pseudomonas aeruginosa] 

 
 

CNDPFFKM_00021 

 
Formate dehydrogenase-O 
major subunit 

formate dehydrogenase-N 
subunit alpha [Pseudomonas 
aeruginosa] 

 
 




