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ABSTRACT
Cystic fibrosis (CF) is the most common genetic disorder amongst Caucasians
and is associated with pulmonary infection and respiratory failure leading to a
shortened life expectancy. Chronic respiratory infection by Pseudomonas aeruginosa
contributes significantly to the morbidity and mortality associated with CF. In the UK,
a number o f transmissible strains have been identified, the most common o f which is
the Liverpool Epidemic Strain (LES) o f P. aeruginosa, which has been associated with
causing greater morbidity o f CF patients, superinfection, and the infection o f non-CF
parents o f a CF patient. The aim o f this project was to identify some o f the
characteristics o f this successful strain and determine the factors that contribute to its
success.
Using assays for the quorum sensing-regulated exoproducts pyocyanin and LasA
it was demonstrated that an unusual hypervirulence phenotype characterised by over
production o f quorum sensing regulated products, is widespread amongst LES isolates.
Sequential isolates from six individual patients revealed wide variation in exoproduct
secretion, and other traits. Some LES isolates secreted no pyocyanin or LasA, due to
mutations in the lasR gene. Isolates with the same colony morphology were found to
have very different phenotypic characteristics. In addition, LES isolates exhibited
variable virulence in a Caenorhabditis elegans infection model.
25 anomalous isolates from the Liverpool Adult CF Centre, Papworth Hospital in
Cambridge and the Health Protection Agency, were identified that gave inconsistent
results with regards to either PFGE or PCR tests for the specific LES markers, PS21
and LESF9. The Clondiag tube array genomotyping system was used on these isolates
to analyse small nucleotide polymorphisms in the core genome o f P. aeruginosa. This
method enabled us to determine whether the isolates shared the same genomic
backbone as the LES. O f the 25 anomalous isolates tested, 13 isolates were found to be
the LES using this system. Both false positives and false negatives using the two
accepted tests (LES-specific PCR tests and PFGE) were detected. Variations in PFGE
were often associated with the deletion o f genomic islands and/or prophages. The
rapidly evolving nature o f the LES suggests that correct identification could be a
challenging task for clinical laboratories in the future.
Using a series o f phenotypic and genotypic tests, fluctuations within populations
o f P. aeruginosa (LES) during pulmonary exacerbation were analysed in three patients.
Three sequential sputum samples were collected from each patient: (1) on presentation
with exacerbation at the CF unit, (2) three days into intravenous antibiotic treatment
and (3) at the end o f therapy. From each sample, 40 LES isolates were analysed. We
found significant changes in the phenotypic and genotypic properties o f the LES
populations during the sampling period. For one patient, there was a significant change
in the prevalence o f a novel genomic island during the sampling period. Using PCRbased assays we were able to detect four o f the LES prophages in filter-sterilised,
DNase I-treated sputum. This study indicates that significant levels o f population
fluctuation occur during periods o f pulmonary exacerbation and IV antibiotic therapy
and indicates that prophages and genomic islands play an important role in the
evolution o f P. aeruginosa in CF.
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Chapter

1

GENERAL INTRODUCTION

1.1 General Introduction
1.1.1 Cystic Fibrosis
Cystic fibrosis (CF) is a complex hereditary disease and is the most common inherited
disorder o f Caucasian populations (Turcios, 2005). CF was first identified as a separate
disease in 1938 by D H Andersen (Andersen D, 1938). It was distinguished following
autopsy investigation on malnourished infants. This revealed mucus plugging o f
glandular ducts and the term ‘cystic fibrosis o f the pancreas’ was used (Andersen D,
1938).

1.1.2

Incidence

The frequency o f this condition in the UK is one in every 2,500 live births with a
carrier rate o f 1/25. The disease follows a simple Mendelian inheritance pattern and
therefore if both parents are carriers there is a !4 chance o f producing a child with CF.
Over the years there has been much speculation about the origin o f CF and why the
disease has persisted in the population despite providing such an obvious selective
disadvantage. Several hypotheses o f possible advantages have been suggested
including an increased resistance to tuberculosis infection and resistance to influenza
(Poolman & Galvani, 2007). It was also hypothesised that people that were carriers o f a
CF mutation could be more resistant during severe diarrhoea-causing infections such as
cholera due to a decrease in the loss o f liquid via the faecal route (Gabriel et al., 1994).

1.1.3

Genetics

CF is caused by mutations in a single gene on the long arm o f chromosome seven. The
gene encodes the cystic fibrosis transmembrane regulator (CFTR), which functions as a
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chloride channel on the apical membranes o f epithelial cells lining the airways,
pancreatic ducts, sweat ducts, intestines, biliary tree and vas deferens (Collins, 1992).
The CFTR gene was first identified in 1989 (Kerem et al., 1989). Over 1400 different
mutations in the CFTR have been described that can lead to CF (Cystic Fibrosis
Mutation Database http://www.2 enet.sickkids.on.ca/). The most common mutation is
the deletion o f three nucleotides at position 508. This results in the loss o f a
phenylalanine residue in the CFTR protein.

1.1.4

CFTR protein

This protein functions as a small conductance ATP- and cAMP-dependent chloride
channel and is most commonly found on cells involved in exocrine secretion
(Vankeerberghen et al., 2002). This is an important protein found on cells in a whole
variety o f tissues throughout the body and is involved in the movement o f both chloride
and bicarbonate ions. The specific effect in individual tissues will be discussed in later
sections.
The CFTR gene encodes a 1,480-amino acid long transmembrane protein. The protein
has a transmembrane domain (TMD) containing six transmembrane helices and a
nucleotide binding domain. These are separated by a large hydrophilic regulatory
domain (Vankeerberghen et al., 2002) (Fig 1.1).

1.1.5

Respiratory Tract

At birth, the lungs o f a CF patient are thought to be anatomically normal, however lung
function decreases over time. This is associated with the inability to clear lung
infections and inflammation that leads to progressive destruction o f the small airways
(Esterly & Oppenheimer, 1968). Ultimately, extensive damage leads to respiratory
failure and eventually death.

CFTR channels on lung epithelia control chloride

secretion and this is very important for water secretion into the airway fluid. In CF
airways, there is an absence/decrease in secreted chloride ions and sodium ions and
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therefore absorption is increased (Knowles et a l, 1983a; Knowles et a l, 1983b). This
leads to the production o f very thick mucous that is difficult to clear.

The exact link between the pathophysiology,

susceptibility to bacteria, and

inflammation in the lung, is unclear but there are many schools o f thought. A recent
study reported that CF macrophages failed to engulf bacteria efficiently and it was
hypothesised that in the absence o f CFTR, acidification o f phagosomes and lysosomes
was not possible (Perez et al., 2007). It has also been suggested that the concentration
o f the thick, airway surface fluid (ASF) may have an effect on the ability to kill
bacteria. ASF from primary cultures o f CF airway epithelia showed a decreased ability
to kill bacteria (P. aeruginosa and meticillin resistant Staphylococcus aureus (MRSA))
compared to the normal control culture. In the control either no or significantly less
bacteria were isolated after 24 hours incubation. In contrast, using the CF culture,
significantly higher levels o f all bacteria were isolated after the same time period
(Smith et a l, 1996). Intriguingly, bacterial killing ability could be restored by diluting
the CF airway epithelia cultures and removed by concentrating the salt in the culture
once again (Smith et a l, 1996). This is consistent with reports from other research
groups that describe antibacterial agents in the ASF that are sensitive to salt
concentrations (Singh et a l, 1998).

1.1.6

Respiratory Tract Infection in CF Patients

Infection o f the lungs in CF patients usually follows a sequential pattern whereby
different bacteria are associated with different age groups (Fig 1.2).

1.1.6.1 Staphylococcus aureus
S. aureus is a Gram positive, coccus-shaped, human pathogen. Colonisation in CF
patients is most common in the early years (first decade o f life) and carriage o f the
bacterium can be both symptomatic and asymptomatic. Meticillin-resistant S. aureus
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Figure 1.1. Diagram of the cystic fibrosis transmembrane regulator. Adapted from Vankeerberghen et al.,
2002 )

Figure 1.2. Changing prevalence of bacterial infections with age in CF patients. Reproduced from the
Cystic Fibrosis Foundation, 2004. MRSA - meticillin-resistant Staphylococcus, aureus.

(MRSA) is also becoming an increasing problem for CF patients but the implications
associated with this remain unclear at the present time (Loveday et al., 2006).
However, in many centres, CF patients would be rejected for lung transplant if they
were colonised with MRSA (Widmer, 1999).
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1.1.6.2 Haemophilus influenzae
H. influenzae is a small, Gram-negative coccobacillus that is non-motile. Like S.
aureus, H. influenzae is most commonly isolated in the early years o f CF patients and it
is the non-typeable forms o f H. influenzae that seem to form the majority o f the
colonising species in the CF lung (Bilton et a i, 1995). It is proposed that the ability to
form biofilms aids effective colonisation (Stamer et al., 2006) and that this colonisation
can lead to inflammation and tissue damage thus laying down the foundations for
subsequent infection by other organisms (Stamer et al., 2006).

1.1.6.3Stenotrophomonas maltophilia
S. maltophilia is a Gram-negative bacillus that is ubiquitous in the environment. The
direct implications o f colonisation o f the lungs o f CF patients by this bacterium are, as
yet, unclear. However, the incidence o f isolating this bacterium from the sputa is
increasing (Graff & Bums, 2002). The bacteria are proposed to be able to form biofilms
and therefore may have an increased resistance to phagocytic attack (Xu et al., 2000).
The bacterium also produces DNases (Travassos et al., 2004) that could breakdown
human DNA although the relevance o f this remains unclear. Interestingly, a study
undertaken in Canada revealed that o f 32 isolates initially identified as Burkholderia
cepacia, three were subsequently identified as S. maltophilia (Denton & Kerr, 1998).
This misidentification problem is further added to by the lack o f an S. maltophilia
selective medium. It has been suggested that CF patients could contract this bacterium
from reusable nebulisers following substandard cleaning regimes (Denton et al., 2003).
However, a study in 2004 showed no association between isolation o f S. maltophilia
from the sputa and decline in lung function in a cohort o f 20,755 patients across the US
(Goss et al., 2004).

1.1.6.4 Burkholderia spp
The Burkholderia cepacia complex (Bcc) is a group o f catalase-producing, Gram
negative bacteria with nine formal species members including B. cepacia, B.
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multivorans, B cenocepacia, B. vietnamiensis, B. stabilis, B. dolosa, B. ambifaria, B.
anthina and B. pyrocinia (Mahenthiralingam et al., 2008). This group presents a
problem to CF patients and can lead to a rapid and sometimes fatal decline in lung
function, termed ‘cepacia syndrome’ (Mahenthiralingam et al., 2008). Some members
o f the Bee are transmissible and can be spread via social contact however, following
strict infection control measures, the levels o f Bee infection within the CF population
are decreasing (Govan et al., 2007).

1.2 Pseudomonas aeruginosa
Pseudomonas aeruginosa is a common Gram-negative, aerobic bacillus that is found in
a variety o f environmental niches including soil, water and plants (Stover et al., 2000).
From the family Pseudomonadaceae, these bacteria can have a characteristic bluegreen colour and this is caused by a variety o f secreted pigments. P. aeruginosa can
infect both plants and animals (Rahme et al., 1995) and is generally motile. The
bacteria can grow on a wide range o f carbon sources and have been isolated from a
variety o f places including distilled water (Carson et al., 1972) and cosmetics (Wong et
al., 2000).

Infection in healthy individuals is most commonly associated with recreational water
activities

leading

to

a

self-limiting

dermatitis-type

rash.

However

in

immunocompromised patients, infections can be much more severe. The bacteria are
described as opportunistic pathogens because most cases o f disease are associated with
a breach in host defences. P. aeruginosa infection has been associated with many forms
o f infection including AIDS patients with severe immunosuppression (Franzetti et al.,
1992), patients with central nervous system infections (Bendig et al., 1987), various
respiratory infections (Lode et al., 2000), severe outbreaks o f dermatitis (Thomas et al.,
1985), gastroenteritis, otitis, endocarditis and urinary tract infections (Lyczak et al.,
2000; Saltzstein et al., 2007), patients with bums or wounds causing septicaemia and
those with severe eye damage leading to ulcerative keratitis. In CF sufferers, this
bacterium can cause chronic lung infection leading to progressive lung damage and
eventually death.
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1.2.1

Infection in CF patients

It was originally thought that infection in CF patients usually occurred during
adolescence (Govan et al., 2007). However, more recent evidence has shown that by
three years o f age, up to 98% o f patients show some evidence o f previous infection
(Bums et al., 2001). Early colonization is often intermittent and despite aggressive
antibiotic therapy, P. aeruginosa infection in CF patients often becomes chronic.
Chronic colonization is defined as the presence o f P. aeruginosa in the bronchial tree
for at least 6 months, based on at least three positive sputum cultures at least 1 month
apart with direct or indirect signs o f infection or tissue damage (Doring et al., 2000).
This colonization can lead to bronchiectasis, progressive parenchymal destruction and
eventually death (Brennan & Geddes, 2002). By adulthood, up to 85% o f patients can
be chronically infected with P. aeruginosa (Hart & Winstanley, 2002). A study on the
effect o f early and aggressive antibiotic treatment on the rate o f P. aeruginosa positive
cultures obtained from CF patients suggested that such treatment does reduce this rate.
However, in the short term, only a slight improvement in lung function was seen and
the clinical relevance seems questionable (Marchetti et al., 2004).

There is an obvious link between CF and susceptibility to P. aeruginosa but no single
factor is implicated (Pier, 2002). CF patients are at a much greater risk o f morbidity due
to this bacterium (Pier 2002) and effective control is needed.

CF patients seem to have an enhanced sensitivity towards infection with P. aeruginosa.
A number o f different hypotheses have been put forward to explain this trait. It has
been suggested that there is increased adherence o f P. aeruginosa due to a change in
the composition o f secreted proteoglycans leading to a larger proportion o f asialoproteoglycans (Imundo et al., 1995). Secondly, it has been reported that the CFTR
protein can act as a receptor to a wide range o f bacteria via the LPS. This results in
uptake o f the bacteria into cells where they are subsequently identified as pathogens
and degraded. The absence o f CFTR on cells means that the bacteria are not rapidly
taken up and cleared (Pier et al., 1996a; Pier et al., 1996b; Pier, 2002). A third
suggestion has been that due to the altered ion composition o f the airway fluid,
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antibiotic peptides such as human beta defensin 1 and 2 are inactivated. This leads to
decreased protection against infectious agents (Goldman et al., 1997).

1.2.2 M orphology
P. aeruginosa is a Gram-negative rod that can vary in size from around 0.5-0.8 gm in
width and about 2-3 /xm in length. The bacteria are generally motile via a single polar
flagellum, however, non-motile isolates have been widely reported (Tummler et al.,
1997). The colony morphology o f P. aeruginosa is very variable and there is no single,
classic morphology that is used to identify this bacterium. In the simplest form, clinical
isolates are broadly categorised into two forms; mucoid and non-mucoid, with the
mucoid morphology commonly being associated with chronic CF lung infection. The
mucoid colonies appear 'slimy' and are caused by the production o f large amounts o f an
exopolysaccharide called alginate (see section 1.2.8.4 Alginate). Samples isolated from
the environment can often show rough colony morphology. P. aeruginosa colonies can
also appear a variety o f different colours due to the production o f various pigments (see
later section on 3.1.2.1.Pyocyanin). These colours vary from white, through strawcoloured, yellow-green, blue and even a red-brown hue. The green colour is thought to
be due to pyoverdine, blue from pyocyanin, yellow from pyomelanin and the redbrown from pyorubin.

1.2.3

Biochemical Characteristics

P. aeruginosa has the ability to grow on a number o f different sources, showing its’
metabolic versatility. It is even able to grow in distilled water (Carson et al., 1972). The
optimal temperature for growth is 37°C, however it can withstand and grow in
temperatures up to 42°C. P. aeruginosa is a facultative anaerobe. It achieves anaerobic
growth by using nitrate as a terminal electron acceptor in the absence o f oxygen. Such
resourcefulness is essential during infection o f CF patients because in CF lung infection
sites o f oxygen depletion have been identified (Worlitzsch et al., 2002). Also, the
biofilm lifestyle is often associated with an oxygen limited environment. The organism
can be identified on the basis o f its Gram morphology (negative), inability to ferment
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lactose, a positive oxidase reaction, its fruity odour and fluorescence under ultraviolet
light.

1.2.4

Genetics

P. aeruginosa has a large genome. The laboratory strain PA01 was the first P.
aeruginosa to be genome sequenced, in 2000. PA01 has a 6.3 Mbp genome with 5,570
ORFs (Stover et al., 2000). The large number o f ORFs is approaching that o f a
eukaryote such as Saccharomyces cerevisiae. The GC content is, on average, 66.6% but
pathogenicity islands exist that have areas o f significantly lower GC content (Stover et
al., 2000). Another model strain is PA14, which has a slightly larger genome at 6.5Mbp
(Lee et al., 2006). Both PA01 and P A H contain a relatively high number o f genes
involved in regulation (8.4% and 12% respectively). This is more than the proportion
proposed for Escherichia coli (5.8%) (Stover et al., 2000). It has been proposed that the
large genome size reflects the ability o f P. aeruginosa to adapt to diverse ecological
niches (Girard & Bloemberg, 2008). P. aeruginosa has many genes that could aid in
increased virulence and survival. Virulence in this bacterium is proposed to be due to a
combinatorial effect (Lee et al., 2006) and therefore different P. aeruginosa strains may
have a different combination o f genes contributing to virulence. P. aeruginosa is
thought to have a mosaic genome structure consisting o f a core conserved genome and
an accessory genome. A study by Mathee et al., suggested that the conserved sections
o f genome were interrupted by strain-specific segments referred to as ‘regions o f
genome plasticity’ (RGP).

The study involved the sequencing o f two further P.

aeruginosa genomes, PA2192 and C3713. PA2192 was isolated from a chronically
infected CF patient in Boston (USA), and was found to have a 6.9Mbp genome
encoding approximately 6,191 ORFs (Mathee et al., 2008). C3713 was a CF isolate o f
the Manchester epidemic strain and had a smaller genome o f only 6.2Mbp, encoding
approximately 5,578 ORFs. Large chromosome inversions (LCIs) were identified and
these inversions (in PA01, PA2192 and PACS2) were found to occur in just one family
o f genes, the rrn genes. RGPs were defined as an area o f at least four ORFs that are
strain specific and the number o f RGPs present in the isolates tested ranged from 27-37.
On occasion, the same genetic segments could be identified in two different RGP sites
in two different isolates. This phenomenon seemed to be associated with mobile genetic
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elements such as phages (Mathee et al., 2008). For example, PA2192 and C719 both
contained Pfl prophage in RGP42 and RGP37 respectively. The accessory genome
was proposed to be enhanced by ORFs o f unknown function and transposon and
bacteriophage related genes, in particular in PA2192 (Mathee et al., 2008).
Furthermore, it was found that 42% o f ORFs within the core genome and 66% o f ORFs
in the accessory genome had best match hits outside the Pseudomonas genus.
Therefore, it was concluded that horizontal gene transfer played a significant role in the
gain and loss o f genetic material in P. aeruginosa. Many ORFs matched closely related
bacteria like Azotobacter, Burkholderia and Cupriavidus which also inhabit similar
niches.

The earliest LES isolate (LESB58) has recently been sequenced. The genome is 6.7
Mbp consisting o f 6,027 genes amongst which both prophages and genomic islands
were identified (Winstanley et al., 2009). The LES genome will be discussed further in
chapter 5. It is well known that P. aeruginosa pathogenesis involves a variety o f well
known core genome functions (e.g. Type II and III secretion, iron transport, etc) as
well as other functionally important “accessory” gene clusters determining O-serotype,
flagellin type, type IV pili and siderophore production. Flagellin is the major Toll
receptor (TLR) agonist that Pseudomonas uses to induce an inflammatory response in
epithelial cells (Blohmke et al., 2008). However, the LES strain has lost its flagella.
Extensive genome plasticity has been reported for P. aeruginosa clinical isolates, with
phage sequences making a significant contribution to horizontal gene transfer leading
to sequence diversity (Shen et al., 2006). Indeed, it has been suggested that integrasedriven instability plays an important role in bacterial genomic evolution (Manson and
Gilmore, 2006). It is interesting to note that the accessory genomes o f the LES and
Manchester strains have very little in common. It has been demonstrated that P.
aeruginosa virulence in a C. elegans infection model is combinatorial (Lee et al.,
2006). An ability o f genetically diverse strains to successfully establish colonization in
what is usually a protected niche, the lung, indicates that this too involves a
combinatorial process, involving both the core genome and key prophage and genomic
island genes from the “accessory” genome to increase competitiveness.
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1.2.5 Biofilm formation
Biofilms are intricate bacterial communities that are complex and well-coordinated.
This form o f growth involves sensing and responding to cues (Moreau-Marquis et al.,
2008). Infection is often associated with bio film formation (Costerton, 2001; Singh et
al., 2000). The biofilm form o f growth provides the bacteria with a sheltered
environment that protects growth, provides a barrier that impedes antibiotic penetration
(Parsek & Singh, 2003). A biofilm evolves from the adherence o f a planktonic cell to a
surface. As the cell proliferates, clumps begin to form which develops into distinct
biofilm-type structures (Hentzer et al., 2001).
O ’Toole and Kolter (O'Toole & Kolter, 1998) proposed that cell surface appendages
were important in biofilm formation, with flagella being important for the initial
attachment and pili involved in the formation o f microcolonies. However, this view was
challenged by Klausen et al., who showed that neither o f these appendages are needed
for biofilm formation ‘in vitro ’ (Klausen et al., 2003).
The dramatically different modes of growth between planktonic and biofilm bacteria
prompted studies into the differences in gene expression. However, DNA microarray
studies, revealed that the vast majority o f the genes present in PA01 showed very little
variation (Whiteley et al., 2001b). Only 73 genes showed differences, with 34 activated
and 39 repressed genes in biofilm cells. Interestingly, amongst the highly activated
genes in the biofilm population were a number o f genes associated with the Pfl-like
bacteriophage (Whiteley et al., 2001b).

1.2.6 Antibiotic Resistance
P. aeruginosa displays remarkable resistance to many antibiotics and this intrinsic
resistance is due to a relatively impenetrable outer membrane, constitutive expression
of

efflux

pumps

and

production

of

antibiotic-inactivating

enzymes

(eg.

cephalosporinases) (Mesaros et al., 2007). The bacterium also has an impressive ability
to acquire or develop new resistance functions. It has been suggested that this is due to
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its large genome (Mesaros et al., 2007). Multiple resistances are often present
simultaneously making the bacterium particularly difficult to treat.

Most antibiotics need to cross the cell membrane to accumulate in the organism. P.
aeruginosa has a number o f different strategies to reduce membrane permeability.
Firstly, the polysaccharide, alginate, has been found to bind cationic antibiotics such as
aminoglycosides thus decreasing their ability to diffuse (Nichols et al., 1988).
However, it is thought that the effect o f this on resistance is minimal (Ciofu et al.,
2001). Antibiotics such as /3-lactams, are small and hydrophilic and therefore require
the use o f aqueous channels provided by porin proteins. A reduction in outer membrane
permeability can arise due to alterations in the outer membrane protein OprD (Mesaros
et al., 2007). This porin is involved in the uptake o f amino acids and alterations in this
protein, change the resistance to carbepenems (including imipenem) but can also cross
react and result in increased resistance to other antibiotics.

The major efflux systems are comprised o f three components: a ‘membrane fusion
protein’, an ‘outer membrane factor’ and an energy-dependent pump. Such an
arrangement offers efflux o f antibiotics from the cytoplasm, the cytoplasmic membrane
and the periplasm. A number o f different efflux pumps have been identified. Such
systems can be expressed constitutively at a low level (MexAB-OprM) however others
are activated only in the presence o f antibiotic (MexCD-OprJ). These systems have the
ability to expel all classes o f antibiotics with the exception o f polymyxins. For example,
MexAB-OprM is able to eject /3-lactams and quinolones along with a range of
disinfectants (Lambert, 2002).
The ampC gene o f P. aeruginosa encodes a /3-lactamase. The /3-lactamase enzyme has
the ability to cleave the /3-lactam ring present in many antibiotics. Resistance to /3lactam antibiotics is common in CF P. aeruginosa isolates and can often be attributed
to overexpression o f /3-lactamase genes caused by mutations in the corresponding
regulatory genes. Extended spectrum /3-lactamases (ESBLs) are sometimes present and
are encoded on plasmids (Lambert, 2002). ESBLs confer resistance to all /3-lactam
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antibiotics except carbapenems. Globally, the percentage o f isolates containing ESBLs
is increasing (Masterton & Turner, 2006). Carbapenemases, the most common being
metallo-|3-lactamase, confer resistance to all (8-lactams apart from monobactams
(Mesaros et al., 2007). Resistance to fluoroquinolones normally involves targeted
mutation, particularly within the gyrA gene. However, the extent o f resistance displayed
is often associated with the affinity that the antibiotic had for DNA gyrase, with
ciprofloxacin having the highest affinity (Lambert, 2002).

In CF lung infection, P. aeruginosa can grow as a biofilm. Biofilms have been widely
associated with antibiotic resistance and although the mechanisms are not completely
understood, high cell density and decreased antibiotic penetration are proposed to play
a role. It is thought that many o f the cells within a biofilm show very little metabolic
activity but do display protective stress response mechanisms making them poor targets
for the action o f many antibiotics (Lambert, 2002). Cell-cell communication, which is
facilitated by this form o f lifestyle, is thought to enable the bacteria to respond to
antibiotics as more of a multicellular community. Overall, this form o f existence
contributes to the seemingly untreatable nature o f this infection in CF patients.

1.2.7

Extracellular Products and Virulence Factors

P. aeruginosa has a variety o f virulence factors that act to aid in infection processes.
Some o f these factors such as flagella or pili, are attached to the surface o f the
bacterium, however, others are secreted as extracellular products (for example elastase
and pyocyanin). There are many virulence factors present in P. aeruginosa and
expression levels o f these are dependent on a variety o f determinants, in particular
environmental stimuli (Pearson et al., 1997). These can include iron and nitrogen
availability, temperature, osmolarity and cell density.
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1.2.8 Cell Surface Virulence Factors

1.2.8.1 Flagella
Flagella are complex protein structures that enable bacteria to be motile and the
movement is powered by proton motive force. They form filamentous structures on the
cell surface. In P. aeruginosa there is normally one polar flagellum and movement is
via a screw-like motion. This allows the bacteria to ‘swim’ in aqueous environments
and on low percentage agar (<0.4%) plates (Feldman et at., 1998). P. aeruginosa
strains also have a chemotaxis system and this, combined with a flagellum, allows the
bacterium to respond to attractants and repellents (Craven & Montie, 1983). It is
thought that flagella are essential in the early stages o f colonisation due to binding to
asialo GM1 in host cell membranes (Fig 1.3) which enables tethering and early
adherence to epithelial cells (Feldman et al., 1998). Flagella can also interact with toll
like receptors (TLR), in particular TLR5 and TLR2. Interaction with TLR5 activates a
calcium dependent MAP-kinase pathway which ultimately leads to increased IL-8
production. Contact between flagella and TLR2 and the TLR4/MD2 complex also leads
to increased IL-8 production via a NF kB dependent pathway (Adamo et al., 2004).

However, flagella are very immunogenic and activate a host defence response which
could lead to successful killing o f the bacterium. Therefore, following initial
colonisation the presence o f a flagellum can be considered a liability and often, in
chronic infection, there is selection for aflagellar mutants (Mahenthiralingam et al.,
1994).
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Figure 1.3. Interactions between P. aeruginosa and host cell surface molecules. Initial attachment
between the bacterium and host epithelium occurs through interactions between the flagellum and pili and
asialoGMl. This is strengthened by interactions between LPS and asialoGMl. Flagella and LPS interact
with toll like receptors (TLRs), alginate is produced and this is also thought to increase adhesion.
Adapted from (Kipnis et al., 2006).
LPS: lipopolysaccharide, asialoGMl: asialoganglioside gangliotetraosylceramide, CFTR: cystic fibrosis
transmembrane conductance regulator, TLR: toll-like receptor,
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1.2.8.2 Pili
Pili or fimbrae are small appendages that can often be found spread out over the whole
cell (Fig 1.3). In P. aeruginosa, these are involved in both bacterial attachment to
surfaces and motility via a ‘twitching’ mechanism. This occurs via extension, tethering
and then retraction o f type IV pili which propels cells across a surface. Twitching
motility is thought to aid rapid colonisation o f surfaces such as lung epithelia (Mattick,
2002). Like, flagella, pili can bind to asialoGMl on the epithelial cell membrane
(Gupta et al., 1994). They are also required for the formation o f biofilms on abiotic
surfaces (O'Toole & Kolter, 1998). Pilus synthesis involves at least 40 separate genes
which are spread over different locations on the chromosome (Hobbs et al., 1993). It is
thought that an environmental stimulus triggers pili expression but the exact signal is
not known.

In P. aeruginosa, a third type o f motility has been identified and this is referred to as
‘swarming motility’. Not all P. aeruginosa have the ability to swarm and so-called
swarmer cells tend to be elongated and hyperflagellated. It has been shown that
swarming is regulated by the availability o f nitrogen and is induced on 0.5-0.7% agar
with the amino acids glutamate, aspartate, histidine and proline, whereas other amino
acids and high NFL+ concentrations completely prevent swarming (Kohler et al., 2000).
Interestingly, this type o f motility requires both flagella and type IV pili. The process is
also aided by rhamnolipid secretion. It has been suggested that P. aeruginosa has
retained these three types o f motility due to the variety o f environments it can colonize
and that swarming might play a role in colonization o f niches where nitrogen
availability may be limited (Kohler et al., 2000).

1.2.8.3 Lipopolysaccharide
Lipopolysaccharide (LPS) is a major component in the cell membrane o f Gram
negative bacteria (Fig 1.3). It consists o f 3 components; lipid A, core polysaccharide
and the O-antigen or O-specific polysaccharide. The lipid A portion o f LPS is made o f
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fatty acids connected by ester amine linkages. The core polysaccharide is made up o f a
variety o f sugars including ketodeoxyoctonate, various heptoses, glucose, galactose and
N-acetylglucosamine.

The O-polysaccharide often contains galactose, glucose,

rhamnose and mannose as well as more unusual sugars like tyvelose. The long Opolysaccharide is made up o f repeats o f these sugars and is frequently branched. LPS
has been found to be critical to virulence in P. aeruginosa and binds a number o f
molecules on host cells. These include asialoGMl (Gupta et al., 1994), TLR4/CD14,
TLR4/MD2 (Hajjar et al., 2002) and CFTR (Pier et al., 1997).

1.2.8.4 Alginate
A common feature of many P. aeruginosa CF isolates is the production o f alginate, a
polymer o f mannuronic acid and glucuronic acid that forms a viscous gel (Mathee et
al., 1999). Such isolates are referred to as mucoid (Doggett et al., 1964) and the colony
type can often be detected after growth on Columbia agar plates. Mucoid bacteria have
been shown to produce 2-6 fold higher levels o f alginate when compared to bacteria
from smooth colonies (Mathee et al., 1999). This exopolysaccharide is thought to
function, in part, as an adhesin that aids in anchoring P. aeruginosa to the respiratory
epithelium. The mucoid phenotype is often associated with chronic infection in CF
patients and there is obvious selection pressure for the mucoid phenotype in these
clinical isolates. Although the stimulus for mucoid conversion is debatable, it has been
suggested that mucoid conversion may be caused by PMNs and their reactive oxygen
by-products (Mathee etal., 1999).

The exact function o f alginate overexpression is unclear (Deretic et al., 1995), however
studies on overexpressed alginate indicate that it can protect P. aeruginosa from
phagocytosis and antibiotics (Cobb et al., 2004). It has also been found that alginate is
an effective free radical scavenger which aids in ‘mopping up’ reactive species released
from activated neutrophils (Simpson et al., 1989). Despite alginate being identified as a
major feature o f biofilms in chronic P. aeruginosa infections (Boyd & Chakrabarty,
1995), a study has shown that alginate production is not crucial for biofilm formation
(Wozniak et al., 2003). It has also been suggested that alginate contributes to the viscid
nature o f CF airway secretions. However, Pedersen et al., (1990) showed that the levels
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o f alginate in bronchial secretions would not be sufficient to significantly alter
viscosity. The same study also showed that alginate is not a chemoattractant and cannot
activate the alternative complement pathway. It did activate the classical pathway
slightly but only using very high concentrations (1,000 jug/ml o f alginate) (Pedersen et
a l, 1990).

1.2.9 Secreted Factors
1.2.9.1 The Type III Secretion System
The type three secretion system (TTSS) in P. aeruginosa is imperative to virulence as it
is directly responsible for the translocation o f a number o f cytotoxins directly into host
target cells. Interestingly though, the TTSS apparatus seems to contribute directly to
virulence, since mutants that express the TTSS but none o f the effector molecules, are
still cytotoxic (Lee et al., 2005). This has led to the TTSS apparatus being an exciting
target for new therapeutic studies. The TTSS secretes ExoS, ExoU, ExoT and ExoY.
The PcrV protein is one o f the main structural proteins o f the ‘needle’ section and is
also thought to play an important role in the assembly o f the pore into the target cell
(Goure et al., 2004). A number o f studies have looked at using anti-PcrV
immunotherapy and the results have been promising (Faure et al., 2003; Frank et al.,
2002; Neely et al., 2005; Shime et al., 2001).

1.2.9.2 ExoS
Exoenzyme S or ExoS was first identified in 1978 (Iglewski et al., 1978). It is an
interesting toxin with two active components and has been shown to cause pulmonary
damage in animal models (Kudoh et al., 1994). The C-terminal region has an ADPribosyltransferase domain which acts by disrupting the target cell cytoskeleton (Kipnis
et al., 2006). This activity requires a host cell cofactor which has been identified as 143-3 protein (Fu et al., 1993). The N-terminal region has a Rho GTPase-activating
protein (GAP) domain. This has the ability to ribosylate GTP-binding proteins such as
Ras (Iglewski et al., 1978). Both the C-terminal and the N-terminal regions have the
ability to bind TLRs, with the C-terminal domain binding TLR2 and the N-terminal
domain binding TLR4 (Epelman et al., 2000). In this way, ExoS has the capability of
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modifying the host response. ExoS has been found to be mitogenic for T cells causing
massive T cell activation (Bruno et al., 1999). T cell apoptosis has also been observed
in the presence o f ExoS however, the exact mechanism for this is unclear (Bruno et al.,
2000). A study by Epelman et al., (2000) showed that ExoS is capable o f activating a
proinflammatory cytokine response that is independent o f the C-terminal ADPribosyltransferase activity. Through this mechanism, ExoS could contribute to the
chronic pulmonary inflammation seen in CF patients.

1.2.9.3 ExoT
ExoT,

like ExoS, is

a bifunctional

cytotoxin

with both

GAP

and ADP-

ribosyltransferase activity. However it targets different pathways to ExoS and is
generally considered as less potent (Shaver & Hauser, 2004). It has been shown that
ExoT can inhibit P. aeruginosa internalisation and host wound healing (Epelman et al.,
2004).

1.2.9.4 ExoY
ExoY acts as an adenylate cyclase and when this effector molecule in translocated into
the target cell, it increases the cytosolic cAMP levels in conjunction with an
unidentified cofactor (Kipnis et al., 2006).

1.2.9.5 ExolJ
ExoU is the major cytotoxin o f P. aeruginosa, it has been found to be 100 times more
toxic

than

ExoS

(Lee

et

al.,

2005).

The

potency

is

due

to

a

phospholipase/lysophospholipase action which can disrupt the host cell membrane.
Activation o f this molecule requires an unknown host cell factor (Sato et al., 2003). CF
isolates are usually ExoS positive and not ExoU positive and the presence o f these two
effectors is mutually exclusive.
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1.2.9.6 Bacteriocins
Bacteriocins are small toxic molecules produced by bacteria, including P. aeruginosa,
where they are called pyocins. Pyocinigenic strains are generally resistant to their own
pyocin and pyocins often have a very narrow range o f activity. There are three type o f
pyocin; R, F and S. R-type pyocyins are nuclease and protease resistant and arrest the
synthesis o f macromolecules causing cell death within 20 minutes (Michel-Briand &
Baysse, 2002). F-types are also nuclease and protease resistant but do have a slightly
broader range o f activity and are able to kill some other Gram negative bacteria
(Filiatrault et al., 2001). S-type pyocins are soluble and protease sensitive. They cause
death by DNA breakdown and also inhibit phospholipids synthesis (Michel-Briand &
Baysse, 2002). The exact role o f pyocins is not entirely clear due to the very narrow
target group but a role in niche establishment has been proposed. Furthermore, it is
interesting that pyocins are more common in clinical isolates than in the environment
(Govan, 1986) perhaps suggesting a role in infection.

1.2.9.7 Siderophores
Siderophores are secreted molecules that enable aerobic Gram negative bacteria to
occupy niches with limited iron availability, like the human body. Most iron in these
niches is in the Fe3+ form which is insoluble and impossible for the bacteria to utilise.
Secreted siderophores sequester iron from limited environments by chelation. In. P.
aeruginosa, iron is an essential factor, and an important example o f a siderophore is
pyoverdine. Pyoverdine is a high affinity siderophore that is released by P. aeruginosa
in iron limited conditions. This has the ability to bind iron and both convert it into a
useable form and transport it into the bacteria. It is recognised by specific receptors on
the outer membrane o f the bacteria. These act as gated porin channels allowing the
entry o f bound complexes. The TonB protein provides the energy needed to drive this
reaction (Ratledge & Dover, 2000). Pyoverdine is composed o f a dihydroxyquinolone
chromophore and a variable peptide chain (Meyer et al., 1997). Three structurally
different variants o f pyoverdine have been identified (named type I, II and III)
(Comelis et al., 1989); (Meyer et al., 1997); (De Vos et al., 2001). The peptide chains
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differ between variants and each isolate produces only one form o f pyoverdine. There is
a corresponding receptor for each alternative (Comelis et al., 1989; de Chial et al.,
2003).
Siderophore production has been shown to directly affect P. aeruginosa virulence in
mouse models (Handheld et al., 2000). It has also been found that pyoverdine can
regulate the secretion of other virulence factors like exotoxin A as well as regulating its
own secretion (Lamont et al., 2002). Pyoverdine-mediated iron uptake could represent
a novel drug or vaccine target (de Chial et al., 2003).

1.2.9.8 Protease IV
Protease IV is encoded by the prpL gene and the resulting protein is a 26 KDa
endoprotease (O'Callaghan et al., 1996). It causes the destruction o f host proteins
including fibrinogen, elastin and components o f the immune system and is thought to
aid bacterial adhesion (Engel et al., 1998). Protease IV degrades surfactant proteins A,
B and D, which are involved in host defence and this action is proposed to contribute to
lung injury (Malloy et al., 2005). The prpL gene was found to be conserved in CF
isolates. Interestingly, clonal strains from CF patients were found to produce
significantly more protease IV than non-clonal isolates from CF patients (Smith et al.,
2006b).

1.2.9.9 Phospholipase C
Phospholipase C is secreted by P. aeruginosa and has haemolytic activity. It is secreted
into the extracellular space via a type II secretion system and targets phospholipids on
host cell membranes (Kipnis et al., 2006). Studies have shown that, in the case o f P.
aeruginosa infection, this molecule contributes to acute lung injury (Wiener-Kronish et
al., 1993) and inflammation via IL-8 stimulation (König et al., 1997). It can have an
inhibitory effect on host neutrophil oxidative burst responses (Terada et al., 1999) and
inactivate lung surfactant (Holm et al., 1991).
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1.2.10 Quorum Sensing and Secreted Virulence Factors

1.2.10.1 Quorum Sensing
Cell-cell signalling was first described in the marine bacterium Vibrio fisheri. This was
the lux system that controls bioluminescence on a cell density dependent basis (Fuqua
et al., 1996). Homologues o f this system have been identified in a large range o f
bacteria

including

Erwinia

carotovora,

Agrobacterium

tumefaciens,

Yersinia

enterocolitica and P. aeruginosa (Girard & Bloemberg, 2008; Venturi, 2006; Winson
et al., 1995). Quorum-sensing (QS) is an important mechanism by which bacteria are
able to use an intercellular cell-density-dependent mechanism to regulate the expression
o f certain genes. Both Gram positive and Gram negative bacteria can have a quorum
sensing system, however the mechanisms differ. While Gram positive bacteria use
small peptide molecules, Gram negative bacteria use small chemical molecules which
are referred to as autoinducers. These small chemicals are acylated homoserine lactones
(AHLs). The homoserine lactone based molecules differ between bacterial species in
length and the substitutions on their acyl side chains. Autoinducers are synthesised
constitutively by bacteria. However, a threshold level is required before signalling
pathways are activated. Activation generally seems to occur in late log or stationary
phase (figure 1.4). Activation via this signalling pathway has been shown to increase
the expression o f some genes 1,000-fold (Van Delden & Iglewski, 1998).

QS in P. aeruginosa is very well characterised and is made up o f two systems, the las
and rhl systems (Gambello & Iglewski, 1991; Girard & Bloemberg, 2008; Passador et
al., 1993). The las system was so-called because it is a regulator o f the lasA and lasB
genes. The autoinducer synthase is a LuxI homologue named LasI and the structure o f
the autoinducer was N-(3-oxododecanoyl)-L-homoserine lactone and was thus called 3oxo-C12-HSL. The lasR gene encodes a transcriptional activator protein homologous to
LuxR. Following binding o f the autoinducer to LasR protein, the complex can then
stimulate an increase in the transcription o f target genes. The lasl gene is very sensitive
to activation by the LasR complex and therefore there is an initial rapid rise in the
amount o f the autoinducer (Van Delden & Iglewski, 1998). The LasR-autoinducer
complex also has a positive effect on other genes such as lasA, lasB and rhlAB, aprA
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(the gene for alkaline protease) and toxA (exotoxin A). Studies have shown a role for
the las system in activation o f the xcpR and xcpP genes which encode important
proteins in the secretory pathway (Chapon-Herve et al., 1997). lasR transcription is
activated by Vff and the system is positively affected by GacA. RsaL negatively affects
the activation o f Iasi. A schematic diagram can be seen in Fig 1.4.

Figure 1.4. Schematic diagram of a cell-cell signalling system (featuring the Luxl/R system). The I gene
encodes an autoinducer synthase protein that is responsible for the production of an autoinducer molecule
(eg. A homoserine lactone). The R gene encodes the transcriptional activator protein or R protein. A
threshold cell density is reached and at this point the intracellular level of the autoinducer has reached a
level whereby it can bind to the transcriptional activator and activate the transcription. Adapted from van
Delden and Iglewski (1998).

The second QS system in P. aeruginosa, is the rhl system, so-called due to its ability to
control the production o f the small haemolytic glycolipid, rhamnolipid. In this case, the
autoinducer is C4-HSL (N-butyrylhomoserine lactone) which is encoded by the
autoinducer synthase gene, rhll. The transcriptional activator protein is encoded by rhlR
(Ochsner et al., 1994). Not only does this system activate the operon responsible for
rhamnolipid synthesis, it has also found to be essential for optimal production o f LasB
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Figure 1.5. QS and pathogenicity factor production in Pseudomonas aeruginosa.
Production includes elastase, alkaline protease, toxin A, rhamnolipids, LasA, pyocyanin and HCN, is
under the control of a complex network of regulators. Normal arrows indicate stimulating effects and
blocked arrows represent inhibitory effects. HCN: Hydrogen cyanide. Adapted from Girard and
Bloemberg (2008).

elastase, LasA, pyocyanin and alkaline protease (Fig 1.5) (Girard & Bloemberg, 2008;
Latifi et a l, 1995; Pearson et al., 1997). Expression o f the alternative sigma factor
encoded by rpoS, which is activated in times o f stress, has also found been found to be
regulated by the rhl system (Latifi et a l, 1996). This sigma factor (rpoS), is an
important positive virulence factor regulator whereas rpoN negatively regulates QS and
therefore halts virulence factor production (Girard & Bloemberg, 2008).

Despite interactions between the two systems, studies have shown that the systems are
highly specific and the autoinducer from one system cannot cross-react and activate the
transcriptional activator protein from the other system. However, 3-oxo-C12-HSL can
bind to RhlR and block the binding o f the other autoinducer (C4-HSL) (Pesci et al.,
1997). Studies by Pearson et al., (1997) showed that in a AlasI mutant both rhamnolipid
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production and elastolysis were reduced, and these were completely abolished in AIasi
Arhll double mutant. These systems are thought to function in a hierarchical manner,
with the las system at the top. Another study showed that while tritium-labelled C4HSL seemed to diffuse freely into and out o f cells, tritium-labelled 30C12-HSL, the
autoinducer molecule of the las system, seems to be transported by active efflux using a
mexA-mexB-oprM-encoded efflux pump (Pearson et al., 1999).

QS is involved in the production o f many important virulence factors (Fig 1.5).
However, the role o f QS in biofilm formation has been questioned and the extent of
involvement remains unclear (Bjamsholt et al., 2005; Davies et al., 1998). It is thought
that the QS system is part o f a stealthy strategy aimed at immune evasion until numbers
are high enough. QS allows bacterial populations to react in unison. Individual
production o f virulence factors by a bacterium could lead to an effective response from
the host which could lead to eradication o f the bacterium. However, co-ordinating
production o f such virulence factors by a bacterial population could result in high
enough levels to overcome host defences (Girard & Bloemberg, 2008; Van Delden &
Iglewski, 1998). Therefore, this system also has a proposed function in immune
modulation. In particular 3-oxo-C12-HSL has been found to regulate the production of
cytokines and is thought to non-specifically interact with the innate immune system
(Bjamsholt & Givskov, 2007). Furthermore, N-AHLs could also have other effects and
have been shown to prevent filamentation o f the fungus, Candida albicans (Girard &
Bloemberg, 2008) therefore providing P. aeruginosa with an advantage when
establishing a niche inside the host.

Microarray studies have shown that QS in P. aeruginosa controls around 300 genes
(Schuster et al., 2003). Due to the global effects o f the two QS systems, and in
particular their control over virulence factor production, the interruption o f such
systems has become an attractive target for therapy. One such research avenue has been
the use o f azithromycin at sub-MIC concentrations. Azithromycin (AZM) has a
documented antipseudomonal effect and a number o f different aspects have been
studied. A study by Nalca et al., (2006) suggested that AZM was linked to a decrease in
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some virulence factor production, including exopolysaccharides and pigments, however
an increase in TTSS proteins was observed. Both swimming and twitching motility was
reduced and it was proposed that this could account for the delayed biofilm formation
observed with the use o f AZM. Interestingly, a number o f proteins involved in bacterial
oxidative stress responses were downregulated with AZM use, and it was suggested
that AZM may effect the long term survival o f P. aeruginosa in clinical situations
(Nalca et al., 2006). Another target could be the degradation o f the signalling
molecules, AHLs. A study by Draganov et al., described the ability o f human
paraoxonase lactonases to breakdown AHLs by hydrolysis o f the target, indicating
potential use in therapeutics as a QS inhibitor (Draganov et al., 2005). Halogenated
furanones also have therapeutic possibilities as they inhibit the production o f AHLcontrolled gene expression (Manefield et al., 2002).

The lasR gene has an ORF o f 716 nucleotides encoding a protein o f 27 KDa. The gene
is 27% homologous to the luxR homolog in V. fischeri (Gambello & Iglewski, 1991).
LasR is a transcriptional regulator, central in the las QS system. Expression o f lasR is
affected by O 2 and iron availability, with LasR production being enhanced by iron
limitation or a decreased O 2 concentration, thus revealing that environmental conditions
can affect the QS system (Kim et al., 2005). QS contributes to virulence by controlling
the production o f virulence factors, and QS-deficient mutants display decreased
virulence when compared to their QS-able counterparts (Juhas et al., 2005). There is
also some evidence that QS promotes survival in low iron conditions (Comelis &
Aendekerk, 2004). Naturally occurring QS-negative isolates have been identified in
many types o f P. aeruginosa infections (Heurlier et al., 2006), including amongst CF
isolates (Salunkhe et al., 2005). Furthermore, QS mutants in both the las and rhl
systems have been identified suggesting that selective pressure may, under certain
conditions, favour the loss o f all QS function (Chambers et al., 2005). In vitro studies
using PA01 showed that aerobic growth in unbuffered, rich media selected for QS
negative mutants. These variants did not have a growth advantage but a decreased rate
o f cell lysis was observed (Heurlier et al., 2005). Lujan et al., (Lujan et al., 2007)
determined that hypermutable isolates (MutS deficient) had the ability to produce lasR
mutants due to simple but often very different mutations that caused defective LasR.
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Such mutants seemed to have a selective advantage during stationary phase (Lujan et
al., 2007). Although the benefits o f being in possession o f a QS system are clear, in
certain conditions, lasR-negative isolates may have a survival advantage.

1.2.10.2 Alkaline Protease
Alkaline protease is a fibrin-lysing protease and its role in pathogenesis is most obvious
in comeal infections, although it has been suggested that it could also cause lung injury
(Guzzo et al., 1991). This protease is secreted via a type I secretion system, which
transports the molecule across the inner and outer bacterial cell membrane and releases
it into the extracellular medium. A study on the effects o f alkaline protease on A549
pulmonary epithelial cells suggested that alkaline protease inhibits TNFa-induced
RANTES gene expression and secretion in a concentration-dependent manner
(Krunkosky et al., 2005).

1.2.10.3 Elastase
Elastase is a 33 kDa metalloproteinase encoded by the lasB gene. It is secreted via a
type II secretion system whereby the protein has a specific N-terminal signal peptide.
This is cleaved off during transport across the cytoplasmic membrane, which occurs via
the Sec (Douglas et al., 1987) or Tat (Voulhoux et al., 2001) export pathways. It is
thought that this cleavage o f the propeptide occurs by autoproteolysis, since when lasB
is expressed in Escherichia coli, this process occurs independently o f any other P.
aeruginosa gene products (Mclver et al., 1991). The mature protein is then transported
from the periplasmic space and across the outer membrane by the secreton (Pugsley,
1993). Elastase is considered a potent protease which has activity against many host
cell proteins in addition to elastin. Elastin is a major component o f many human host
tissues including some connective tissues, blood vessels and most important in the case
o f CF patients, lung tissue (Kessler et al., 2004). Elastase causes a pro-inflammatory
effect in the lung by increasing the levels o f the cytokine IL-8. It has also been shown
to contribute directly to pathogenesis in the lung by acting on and rupturing tight
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junctions between respiratory epithelial cells. This increases the epithelial permeability
which aids the infection process (Azghani, 1996; Azghani et al., 2000). Elastase has the
ability to cleave various surfactant proteins, in particular A and D (Alcorn & Wright,
2004) and also affects the host immune response by inactivating the proteinaseactivated receptor 2 (Dulon et al., 2005).

1.2.10.4 Rhamnolipid
Rhamnolipids are small, surface-active molecules whose production is controlled by
the QS system. They are composed o f a hydrophobic fatty acid moiety and a
hydrophilic area consisting or either one or two rhamnose residues. Encoded by the rhl
genes, their function is highly speculative, and they are one o f the least understood
virulence-associated factors in P. aeruginosa. A review by Soberon-Chavez et al.,
(2005) discusses many o f the proposed functions o f rhamnolipid including, its
antimicrobial activity (particularly against Gram positive bacteria), its role in swarming
motility, immune modulation, QS regulation and solubilisation o f phospholipids from
lung surfactant. Rhamnolipids can be detected in CF sputum and it has been shown that
rhamnolipids have cytolytic activity against monocyte-derived macrophages (McClure
& Schiller, 1992). Furthermore, Jensen et al. (Jensen et al., 2007) demonstrated that the
necrotic effect o f culture supernatants against PMNs was caused by rhamnolipids.

1.2.10.5 Hydrogen Cyanide
Production o f hydrogen cyanide (HCN) is also controlled by the QS system and can be
produced in relatively high amounts. This process is via the decarboxylation o f glycine
into hydrogen cyanide (Broderick et al., 2008). Cyanide is suggested to contribute to
the deterioration in lung function in CF patients (Carterson et al., 2004) and has been
show to contribute to lethality in both the Drosophila melanogaster (Broderick et al.,
2008) and the C. elegans model (Gallagher & Manoil, 2001). P. aeruginosa synthesis
o f HCN is regulated by the QS system. A recent study demonstrated not only that
HCN can be detected in the sputum o f P. aeruginosa-infected CF patients, but that
detection o f HCN in sputum was associated with poorer lung function (Ryall et al.,
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2008).

This important finding provides direct evidence for a link between QS-

regulated activity during chronic infection and patient morbidity.

1.2.10.6 Exotoxin A
Exotoxin A catalyses ADP-ribosylation and inactivation o f elongation factor 2, and in
this way has a similar mode o f action to that seen by diphtheria toxin. This leads to the
prevention o f protein synthesis and subsequently cell death. Like elastase and
phospholipase C, it is secreted into the extracellular space via a type II secretion
system. Its contribution to bacterial virulence has been shown in a study by Miyazaki et
al., where an ExoA deficient mutant was found to be 20 times less virulent than the
wild-type strain in a mouse model (Miyazaki et al., 1995). Approximately 90% o f P.
aeruginosa clinical isolates produce this toxin (Pollack et al., 1977).

1.2.10.7 LasA and Pyocyanin
Pyocyanin is a blue, redox-active phenazine and LasA is one o f the proteases secreted
by P. aeruginosa, under the control o f the QS system. Both will be discussed in greater
detail in chapter 3 (section 3.1.2.1 and 3.1.2.2 respectively).
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1.3

Aims

1) . To characterise phenotypes of the LES and determine the distribution of
these specific phenotypes amongst a large panel o f LES isolates.
2) . Assess the efficacy of current diagnostic tests for the LES by studying isolates
that have been identified as anomalous in diagnostic laboratories.
3) . To examine genome sequence data and analyse genetic elements that may
contribute to virulence including prophages and genomic islands.
4) . Observe the phenotypic and genotypic changes that occur in the LES
population during acute exacerbation and subsequent treatment with antibiotics.
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Chapter 2
MATERIALS AND METHODS

2.1 Bacterial Strains and Growth Conditions

2.1.1 Bacterial Strains
The bacterial strains used in this study were stored in 10 % glycerol-Luria broth at both
-20 °C and -80 °C. When samples were required, a 10 /d aliquot was taken from the
partially thawed stock and plated onto fresh media. P. aeruginosa isolates were grown
on Columbia agar overnight at 37 °C unless otherwise stated. All isolates used were
LES isolates from the University o f Liverpool collection unless otherwise stated. All
non-LES isolates were also obtained from the University o f Liverpool collection (Table
2 . 1).

Table 2.1. Isolates used in this study. LES=Liverpool Epidemic Strain, U=Unique Strain, Clone P and A3
refer to identified strains in the Clondiag database (Wiehlmann et ai, 2007).
Isolate
B58
PA01
B7
B32
B45
B25
B70
49111
49074
B46
B38
B60
B48
49194
B49
B40
B41
109
B64
B65
49137
B28
B35
B61
B62

Strain Origin
LES
CF patient, Liverpool
genome sequenced.
Laboratory
reference
strain
CF patient, Liverpool
LES
LES
CF patient, Liverpool
LES
CF patient, Liverpool
CF patient, Liverpool
LES
CF patient, Liverpool
LES
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
CF patient, Liverpool
LES
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
LES
CF patient, Liverpool
CF patient, Liverpool
LES
LES
CF patient, Liverpool
LES
CF patient, Liverpool
CF patient, Liverpool
LES
CF patient, Liverpool
LES

Isolate
43090

Strain
U

079392

u

079652
089087
089088
079426
079427
079653
089085
089086
W15AUG9
W15AUG19
W15AUG12
W15AUG23
W15AUG24
W15AUG29
W150CT31
W15DEC11
W15AUG3
A22JPP
Kerl
Ker2
Ker3
Ker4
Ker5

u
u
u
LES
LES
LES
LES
LES
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U

Origin
CF patient, Papworth
Hospital, Cambridge
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Keratitis
Keratitis
Keratitis
Keratitis
Keratitis
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B63
B4
B57
B50
B51

LES
LES
LES
LES
LES

CF patient,
CF patient,
CF patient,
CF patient,
CF patient,

Liverpool
Liverpool
Liverpool
Liverpool
Liverpool

B67
B30
B55
B68
B69
400
431

LES
LES
LES
LES
LES
LES
LES

059228
069301
069237
079345
079327
079314
079509
069574
079387
H06344-0342
H06208-0491
44361

LES
LES
LES
LES
LES
LES
LES
LES
LES
LES
LES
LES

44366

LES

H05490-0666
H06208-0521
WM1
444
438
079390
079391
079320
079444
43513

A3
U
P
P
P
A3
A3
A3
A4
U

CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
Non-CF
parent,
Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, FIPA
CF patient, HPA
CF patient, Papworth
Flospital, Cambridge
CF patient, Papworth
Flospital, Cambridge
CF patient, HPA
CF patient, HPA
CF patient, HPA
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Papworth
Hospital, Cambridge

Ker6
Ker7
Ker8
Ker9
KerlO

U
U
U
U
U

Keratitis
Keratitis
Keratitis
Keratitis
Keratitis

59050
59070
59090
59076
59039
49226
59079

U
U
U
U
U
U
U

CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool

49209
59042
59045
59000
59003
59026
59028
49230
49461
49254
59047
59031

U
U
U
U
U
U
U
U
U
U
U
U

CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,
CF patient,

59044

U

CF patient, Liverpool

49244
49211
59073
59041
59040
59013
59014
59084
49278
49128

U
U
U
U
U
U
U
U
U
U

CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool
CF patient, Liverpool

Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool
Liverpool

2.1.2 Overnight Cultures
When required, a single colony o f P. aeruginosa was taken from a fresh plate and
inoculated into 5 ml o f Luria broth (LB). Cultures were grown in an incubator at 37 °C,
with shaking at 200 rpm.

2.2 Growth Media and Solutions
All media and solutions were prepared with sterile distilled water and sterilised by
autoclaving for 15 min at 121 °C. Antibiotic solutions were sterilised by using a 0.45
pm Nalgene (BDH) filter, in the laminar flow cabinet to further reduce contamination.
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When required, the pH o f solutions was adjusted by the addition o f 0.25 M
hydrochloric acid or sodium hydroxide solution.

2.3 Antibiotic Solutions
Unless otherwise stated, antibiotics were obtained from Sigma. Antibiotics were
dissolved in sterile distilled water at 100 mg m l'1 and filter sterilised using a Nalgene
0.22p (BDH Ltd) filter. These stock solutions were then stored at -20 °C. Antibiotic
solutions were added once media had cooled to 40-45 °C.

2.4 Methods of DNA preparation.
Wizard Genomic DNA Kit.
P. aeruginosa chromosomal DNA was extracted using the Wizard Genomic DNA
purification kit (Promega). 4.5 ml o f overnight broth culture was used to obtain DNA,
according to the manufacturer’s instructions.

2.5 Polymerase Chain Reaction (PCR) amplification of DNA and sequencing
2.5.1 General PCR protocol
PCR reactions were carried out in a total volume o f 25 /d. For each reaction, 1.25 U o f
GoTaq polymerase (Promega), 1 x Taqmaster (Helena Biosciences), 300 nM each
primer, 1 x Taq buffer, 2.5 mM MgCl2 , and 100 pM nucleotides (dATP, dCTP, dGTP,
dTTP) was used along with 1 pi o f DNA. All primers were supplied by Sigma-Genosys
and stored in a stock solution of 1 mM at -20 °C. PCR amplification programmes
consisted o f 1 cycle o f an initial dénaturation step o f 95 °C for 5 min, followed by a
further 30 cycles o f 95 °C dénaturation for 1 min, the chosen annealing temperature for
2 min and extension at 72 °C for 2 min. Following this, a final extension step o f 72 °C
for 10 min was carried out. For all reactions either an Eppendorf Mastercycler thermal
cycler, a Multigene II thermal cycler or a Geneamp 9600 thermal cycler was used.
Visualisation o f the PCR products was carried out using agarose gel electrophoresis. 5
pi o f PCR product combined with 1 pi o f 6x loading dye was run alongside a DNA
marker to enable size estimation o f the PCR products. All primers used are shown in
Table 2.2.
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2.5.2 PCR amplification from boiled suspensions
A single colony was taken off a fresh plate o f bacteria and suspended in 20 /d o f SDW.
This suspension was then boiled for 5 min and centrifuged at 13,000 rpm for 2 min. lpl
o f supernatant containing the suspended bacterial DNA was used in each 25 /xl
amplification reaction. For preparation o f DNA from boiled colonies in a 96-well plate,
the same protocol was followed, however the centrifugation step was omitted and the
1/d sample was taken from the top o f the boiled suspension.

2.5.3 Temperature gradient PCR amplification
Temperature gradient PCR amplification was used to find the optimal annealing
temperature for a given set o f primers. The PCR reactions were performed using an
Eppendorf Mastercycler gradient thermal cycler. This method enables 12 different
annealing temperatures to be used whilst all the other reaction conditions remain
constant. The range o f temperatures used was 45 °C to 65 °C unless otherwise stated.

2.5.4 Multiplex PCR amplification
In some cases, it was necessary to carry out multiple PCR reactions using different
primer sets on the same isolate. Where appropriate, these reactions could be performed
simultaneously in one reaction tube (multiplex PCR). For this, the same volume o f
primers was added to the reaction mix and the amount o f SDW was decreased to ensure
that a constant final volume was maintained.

2.5.5 96-well plate PCR amplification
Following addition o f the PCR mix to the wells, sealing film was added to the top o f
the 96-well plate and sealed into position using a heat sealer (Eppendorf). This was to
ensure that no evaporation o f the samples occurred during the PCR amplification. For
this large number o f samples, 5x green Gotaq flexi buffer (Promega) was used in place
o f the colourless counterpart to save time during loading o f the agarose gels.

2.6 Nucleotide sequencing of PCR amplicons
For sequencing, PCR amplicons were purified using S-400 microspin columns
(Amersham-Pharmacia Biotech) and sequenced by Lark Technologies Inc. using the
same oligonucleotide primers as in the initial PCR amplification. Usually, 40-50 pi o f
PCR product was purified using a single column.
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2.7 Agarose gel electrophoresis
Agarose gel electrophoresis was performed using 1 % (w/v) agarose gel with 0.5 x TBE
buffer (appendix 1) unless otherwise stated. Ethidium bromide was added to the melted
agarose at a final concentration o f 0.1 pg/ml. The molecular marker used was 1 kb plus
marker (Invitrogen) (Fig 2.1). Generally, 5 /d o f sample was combined with 1 /d o f 6x
loading buffer (0.25 % w/v bromophenol blue, 0.25 % w/v xylene cyanol FF and 30 %
v/v glycerol) before loading. Electrophoresis was performed at 90 V for 1-2 h. Analysis
o f gels was performed using the GELDOC system (Bio-Rad).
1 Kb Plus DNA Ladder
bp
-

12.000

-

5.000

-

2.000
1.650

-

1.000

-

-850
-650
-500
-400
-300
-200
-100

0.9 pg/lane

Figure 2.1. 1 kb plus DNA marker (Invitrogen)

2.8 Exoproduct Assays
2.8.1 Pyocyanin production assay
Method A. Simple 5 ml broth assay.
A simple pyocyanin assay was developed for quick identification o f pyocyanin
production. Overnight cultures were grown as described previously (2.1.2) with
shaking at the higher rate o f 250 rpm to encourage pyocyanin production. After
overnight growth, the culture was centrifuged for 2 min at 13,000 rpm and filter-
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sterilised (0.2 pm filter). 1 ml o f the resulting supernatant was measured using a
spectrophotometer at an absorbance o f 695 nm.

Method B. Full scale pyocyanin assay
This method provides more detailed information about the pyocyanin production o f an
isolate.

An overnight culture was prepared as described previously (2.1.2).

Simultaneously, 50 ml o f LB was incubated at 37°C overnight to ensure that there were
no contaminants present and that the medium was pre-warmed. From the overnight
culture, 3 ml was centrifuged for 5 min. The resulting supernatant was removed and the
pellet resuspended in 1 ml o f fresh LB. This was used to inoculate the 50 ml culture
which was grown at 37°C, shaking at 250 rpm for the remainder o f the assay.
Periodically, two 1 ml samples from the 50 ml culture were taken. For the first sample,
the absorbance at 600 nm was measured using a spectrophotometer to determine the
cell density o f the culture. The second 1ml sample was centrifuged and the supernatant
was filtered to remove cells. The amount o f pyocyanin in the supernatant was
determined by measuring the absorbance at 695 nm. The assay was continued until the
culture had reached stationary phase (a cell density in excess o f 1.8).

2.8.2 LasA production assay
Method A. 1 ml LasA assay
LasA protease activity was determined by assessing the ability o f P. aeruginosa isolate
supernatant to lyse boiled S. aureus cells (Kessler et al., 1993). A 20 ml overnight
culture o f S. aureus was boiled for 10 min and centrifuged for 10 min at 10,000xg. The
resulting pellet was resuspended in 0.02 M Tris-HCl (pH8.5) to an A6oo o f
approximately 0.8. 50 pi o f bacterial supernatant was then added to 950 pi o f S. aureus
suspension and the A6oo was measured at time 0 and after 60 min. LasA activity was
then expressed as the percentage o f the initial A6oo value remaining after 60 min.

Method B. 96-well LasA assay.
A Staphylococcus aureus solution was prepared in the same way as method A and
calibrated to an absorbance o f approximately 0.8 at 600 nm using a spectrophotometer.
Overnight cultures o f LES samples were centrifuged at 13,000 rpm for 5 min. 190 pi of
S. aureus suspension was added to each well o f a 96 well plate and, using a multi
pipette, 10 pi o f sample supernatant was added to each well. The optical density at 600
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nm was measured at time 0 and after 60 min (Opsys MR plate reader, Dynex
Technologies). As before, LasA activity could be expressed as the percentage o f the
initial A 60ovalue remaining after 60 min.

2.9 Screening for hypermutability
Hypermutability was established by determining spontaneous mutation rates on Luria
agar containing 300 pg/ml rifampicin grown as described previously. Overnight
cultures o f LES isolates were used to prepare a dilution series ranging from undiluted to
10'9. For each isolate, 200 ¡x\ o f undiluted, 10'1 and 10'2 diluted solution was plated on 3
separate rifampicin plates. These were grown for 48 h at 37 °C and the number of
colonies on each plate was counted and recorded. For total cell counts, 3 spots o f 10 /d
for each o f the dilutions between 10'5 and 10"9 were inoculated onto Nutrient agar and
the cell counts were recorded after 24 h growth at 37 °C.

2.10 Motility assay
Swimming motility was tested by inoculating isolates onto the surface o f 0.3 % (w/v)
agar plates containing 1 % (w/v) tryptone and 0.5 % (w/v) NaCl. The diameter o f the
swimming zone was measured in mm after 24 h growth at 37 °C. The ‘cut-off colony
diameter was decided using electron microscopy to determine the presence or absence
o f flagella. It was found to be 12 mm after 24 h growth.

2.11 Auxotrophy assay
Auxotrophy was tested by determining the ability to grow on glucose M9 minimal
media. Plates were inoculated and grown for 24 h at 37 °C before observations were
made. If the isolate showed no growth, it was incubated for a further 24 h at 37 °C.
Following this, the plates were discarded. All tests were carried out in triplicate.

2.12 Typing using the Clondiag array tube
For each sample, fresh plates were prepared and grown overnight at 37 °C. The
protocol provided by the manufacturer was followed and all solutions are given in the
appendix. Firstly, a bacterial suspension was made for use in the tube array PCR
reaction. For this, two loopfuls o f bacteria were suspended in 1.5 ml SDW. This
suspension was then centrifuged at 13,000 rpm for 5 min. The supernatant was
discarded and the pellet resuspended in 1 ml o f bacteria washing buffer. This was
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centrifuged for a further 5 min and this washing step was repeated three times. The
final pellet was resuspended in 50 /A SDW ready for use in the PCR amplification step.
For PCR amplification, a 25 /d reaction mixture was prepared comprising the
following: 2.5 /d 10 x terminator buffer, 2 mM o f each dNTP, 0.5 mM biotin-16-dUTP,
2.5 /d primer mix, 1.25 /d DMSO, 0.5 ¡i\ terminator polymerase, 8 //I bacterial
suspension and 7.75 /d SDW. The PCR amplification was carried out using a Geneamp
PCR machine and consisted o f an initial denaturation (96 °C) for 5 min, followed by 40
cycles o f 60 °C for 20 s, 72 °C for 40 s and 96 °C for 60 s. PCR products were stored at
4 °C until use.

The array tubes (AT) were prepared by washing twice with 500 /d o f hybridisation
buffer for 5 min at room temp (20°C), shaking at 550 rpm. Meanwhile the hybridisation
mixture was prepared by combining 20 /d o f PCR product and 80 /d hybridisation
buffer in a 0.5 ml tube which was heated to 96°C for 5 min before chilling on ice until
use. This hybridisation mixture was transferred to the AT and incubated at 60 °C for 45
min, shaking at 550 rpm in an incubator. A series o f washes were then performed: 1
min at 30 °C in washing buffer I; 1 min at 20 °C in washing buffer II; 5 min at 20 °C in
washing buffer III. After removal o f washing buffer III, 100 /d o f blocking solution was
added and the array tube incubated at 30 °C for 10 min, shaking at 550 rpm. Following
this, 100 /d o f conjugation solution was added and the tube incubated at 30 °C for a
further 15 min. Another series o f washes was performed using the same buffers and
conditions as described previously. The final wash buffer was kept in the array tube
until detection was performed.

For detection, the final washing buffer was removed and 100 /d o f TMB staining
solution was added. The tube was placed in the reader for the image acquisition
process. For each sample, three images were recorded at times 0, 5 and 10 min.

2.13 Typing using Pulsed Field Gel Electrophoresis (PFGE)
All solutions used in the PFGE technique are given in Appendix 1. PFGE certified
agarose (Bio-rad) was used in this method.
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2.13.1 Preparation of P. aeruginosa DNA
All isolates were re-plated onto fresh media prior to typing using PFGE. Colonies were
suspended in 110 pi of chilled cell suspension buffer to level 1 on the Macfarland scale
and following centrifugation for two minutes were resuspended in the same volume o f
fresh cell suspension buffer. 10 ml o f two 2 % PFGE agarose was made using 0.5 x
TBE and kept molten in a 60 °C water bath. 4 pi o f lysozyme solution (25 mg/ml) was
added to each bacterial suspension, followed by 110 pi o f agarose. The mixture was
quickly mixed by pipetting up and down before transferring the solution to an agarose
plug mould. The plugs were left to set and then transferred into a plastic universal
where 1 ml o f lysozyme buffer and 40 pi o f lysozyme solution (25 mg/ml) was added
and the mixture was incubated at 37 °C for one hour. Following removal o f the lysis
solution, 1 ml o f wash buffer was added and the universal swirled gently. The wash
buffer was removed and 1 ml of proteinase K buffer and 40 pi o f proteinase K solution
(25 mg/ml) was added to each plug and incubated overnight at 50 °C.

The proteinase K buffer was removed and replaced with 1 ml o f wash buffer; the tubes
were then placed on a shaker (150 rpm) for 30 min at room temperature. The wash
buffer was removed and a combination o f 1 ml o f wash buffer and 20 pi o f phenyl
methyl sulfonyl fluoride (PMSF) solution (1.7 %) was added to each plug and placed
on the shaker for a further 45 min. Following this, the plugs were washed three times
with 1 ml o f wash buffer, each time with 30 min incubation at room temperature,
shaking at 150 rpm. At this point the agarose plugs could either be stored in wash
buffer at 4 °C for up to a week before continuing with the method or digested
immediately using restriction enzymes.

2.13.2 Spel digestion of agarose plugs
For the digestion, the plug was transferred into a 1.5 ml tube to which 1 ml o f 0.1 x
wash buffer was added and the plug was washed for 30 min at room temperature with
agitation. The wash buffer was removed and substituted with 1 x Spel buffer. The tubes
were left on the bench for 1 h. This buffer was removed and a combination o f 300 pi o f
1 x Spel buffer and 30 units o f Spel enzyme was added. The tube was then incubated
overnight at 37 °C.
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The following day, the enzyme solution was removed and the plugs were washed with
1 ml o f washing buffer in order to terminate the reaction. A 1 % PFGE agarose gel was
made and the plugs were cut lengthways to enable loading o f the plugs into the wells.
Once the plugs were in position along with a marker (SIGMA pulse marker, 50-1000
kb), the wells were sealed with excess molten agarose. The gel was placed into the tank
and subjected to electrophoresis at a 120° angle, 6 V/cm with a pulse ramp o f 5-33 s for
20 h.

After the electrophoresis had finished, the gel was rinsed with tap water and left to stain
for 1 h in 200 ml o f distilled water with ethidium bromide to a final concentration of
0.5 pg/ml. The stained gel was imaged using the UV transilluminator.

2.14 Bacteriophage Studies
2.14.1 Preparation of supernatants and PCR amplification for detection of phages.
5 ml cultures were inoculated with a single colony and grown overnight at 37 °C, with
shaking at 200 rpm. The culture was centrifuged at 13,000 rpm and the supernatant
filter sterilised (0.2 pm). 25 pi of the resulting supernatant was then treated as follows:
addition o f 3.5 units o f DNase I, 3.5 pi o f lOx DNase I buffer, 3 pi o f SDW followed
by incubation for 15 min at room temperature. 3.5 pi o f 25 mM EDTA (pH8.0) was
added and the solution was heated to 65°C for 10 min. Following this, PCR
amplification (Table 2.2) was carried out using 5 pi o f phage preparation.

2.14.2 Determination of the minimum inhibitory concentration (MIC).
For induction o f bacterial phages to succeed, norfloxacin must be added at a
concentration o f just above the MIC. A stock solution o f 50 mg/ml o f norfloxacin was
prepared in 1 ml of water and 10 pi o f glacial acetic acid according to BSAC guidelines
(Andrews, 2001). To determine the MIC o f norfloxacin for a particular isolate, 50 pi of
overnight culture was added to cultures containing 5 ml o f LB + norfloxacin to a final
concentration o f 0 pg/ml, 1 pg/ml, 5 pg/ml, 10 pg/ml, 25 pg/ml, 50 pg/ml and 100
pg/ml. These cultures were grown overnight at 37°C, with shaking at 200 rpm. The
optical density at 550 nm was measured using a spectrophotometer. A few o f the
isolates were found to be very resistant to norfloxacin and in these cases additional
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cultures o f 150 /¿g/ml and 200 ¿xg/ml o f norfloxacin were prepared in order to
determine the MIC.

2.14.3 Induction of phage.
For each isolate, a 5 ml overnight culture was prepared. 50 /d o f this overnight culture
was then used to inoculate a fresh 5 ml universal containing LB broth. The cultures
were then grown for 2 h at 37 °C at 200 rpm until the cultures began to appear turbid.
Norfloxacin at the same concentration as the MIC (see section 2.14.2) was added and
the culture was incubated for a further hour under the same conditions as previously.
The cells were centrifuged for 2 min at 13,000 rpm and the supernatant was discarded.
The pellet was resuspended in 50 /d o f fresh LB and added to a recovery broth o f 5 ml
of fresh LB broth. This was grown for a further 2 h under the same conditions, and then
the culture was filter sterilised and observed using a transmission electron microscope.

2.14.4 Plaque assay
Overnight cultures of the indicator bacteria were grown and used to inoculate fresh 5
ml LB cultures which were then grown to log phase. Bottom LB agar (0.7 % w/v) was
poured into Petri dishes and left to set. The top agar (0.4 % w/v) was heated to 50 °C in
a water bath until the agar was molten. 100 n 1 o f the indicator bacterial culture was
added to 500 yul o f induced supernatant and incubated for 1 h at 37°C. Following this, 5
ml o f warmed top agar was aseptically added and mixed before pouring on top o f the
previously set bottom agar and left to set. Preparation o f these plates was carried out in
a laminar flow cabinet. Plates were incubated at 37 °C overnight.

2.14.5 Electron microscopy
Electron microscopy was carried out by Mr B. Getty using a transmission electron
microscope.

2.15 Isolation of P. aeruginosa from sputum samples.
On arrival sputum samples were either used immediately or stored at -80 °C. All
handling o f sputum was carried out in a CLASS II cabinet. The sputum was transferred
into a universal tube and diluted with an equal volume o f sputasol (Oxoid). It was then
placed on a shaker at room temperature for 15 min. Following this, a dilution series was
set up using PBS from neat to 10'5. For each dilution, two spread plates were made on
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Pseudomonas selective agar (Oxoid) with additional C-N supplement (Oxoid) using
100 pi o f each dilution. The plates were incubated for 72 h at 37 °C. An appropriate
dilution was chosen for colony counting and the results recorded and converted into
colony forming units per ml (cfu/ml). 60 isolates were picked off the original plates and
streaked onto Columbia agar ensuring that the proportions o f each morphotype chosen
were representative o f the population as a whole. The Columbia plates were incubated
overnight at 37 °C. From this, 40 isolates were chosen and PCR for the P. aeruginosa
oprL gene was carried out along with PCR amplification o f the LES markers PS21
(Parsons et al., 2002) and LES-F9 (Smart et al., 2006). These two PCR tests confirmed
the identification o f the isolates as both P. aeruginosa and the LES respectively.

2.16 Colony Morphology
Colony morphology was determined by observation o f the isolates following growth on
Pseudomonas selective plates. Single colonies were observed for characteristics such as
size, colour, mucoidy, surface texture and the presence o f autolytic regions.

2.17 Antibiotic resistance
To determine the antibiotic resistance o f each o f the isolates, the same method was used
as in the Royal Liverpool Hospital clinical laboratories. Disc antibiotic susceptibility
was determined to six antibiotics (ceftazidime, colistin, ciprofloxacin, meropenem,
tazobactam/piperacillin and tobramycin) using current BSAC guidelines (Andrews,
2001). The following amounts were used: piperacillin/tazobactam 85 pg, meropenem
10 pg, tobramycin 10 pg, ciprofloxacin 5 pg, ceftazidime 30 pg and colistin sulphate
25 pg (all Oxoid, UK). For each isolate a bacterial suspension in SDW (Macfarlands
scale 1) was prepared using bacteria directly from the plate. 10 pi o f this was
transferred to an isosensitest agar plate (Oxoid) and spread evenly across the whole
plate using a sterile cotton swab. Antibiotic disks were then placed in ring around the
plate. Plates were incubated at 37 °C for 24 h. The measurement o f the zone o f
inhibition and the sensitive/resistance status was recorded.

2.18 Caenorhabditis elegans infection model
For all slow killing assays, the Bristol N2 strain was used. In preparation for the assay,
nematode growth medium (NGM) (appendix D) was inoculated with 50 pi o f overnight
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culture of Escherichia coli OP50. The plate was grown overnight at 37 °C. C. elegans
was inoculated into the centre o f the plate and grown at 24 °C for eight days.

The slow killing assay was carried out using synchronised C. elegans. To synchronise,
K medium (appendix 1) was added to the agar plate to cause the worms to swim
upwards through the liquid, therefore making it easier to transfer the C. elegans. A
plastic pipette was used to transfer the C. elegans from the plate into a sterile plastic
universal tube. K medium was added to the universal to obtain a final volume o f 5 ml.
To this, 0.5 ml o f 5 M NaOH and 1 ml o f hypochlorite solution was added. The
resulting mixture was vortexed for a few seconds, every two minutes for 10 minutes.
The mixture was then centrifuged for 30 secs at 1300g to pellet the released eggs. The
supernatant was removed leaving approximately 0.1 ml in the bottom o f the universal.
5ml o f sterile H 2 O was added and the voretexing and centrifugation steps were repeated.
Using a sterile Pasteur pipette, the eggs were transferred onto a fresh NGM plate.

For the slow killing assay, P. aeruginosa strains were grown in 5 ml LB liquid cultures
overnight with shaking. The cultures were adjusted to an absorbance o f 1.5 at 550 nm
and 10 pi of each culture was added onto the NGM medium. Approximately 10
hypochlorite synchronised adult worms were used to inoculate each well and the actual
number o f worms was determined using a Bausch & Lomb Photozoom inverted
microscope. Plates were then incubated at 25 °C and scored for live worms at the
indicated time points. Nematodes were considered dead when they failed to respond to
touch. All experiments were carried out three times and E. coli OP50 was used as a
control in the assays.

2.19 PCR primers
Table 2.2 Primers used in this study.
Name

Sequence 5’-3’

Size (bp)

Target gene

Temp

Reference

PALI

AT GG AAAT GCT G AAATTCGGC

504

oprL

56

(De Vos et al.,

PAL2

CTTCTTCAGCTCGACGCGACG

PS21F

AAGC AGGCC AGCGT GT CT A

PS21R

AAAACGT AGCAAGCAGTG

LESF9F

AAC ACTT GCT CCATCT GC

LESF9R

CACGAT ATCCAGCAAGAC

lasRf

GTGCCGAATCCATATTTG

1997)
364

PS21

58

LES marker
431

LESF9

2 0 0 2

58

LES marker
855

IasR

(Parsons etal.,
)

(Smart et al.,
2006)

55

* Designed for
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lasRr

CCTT CCCT AT AT AT CT GC

LESD3cIF

AT GAAAAAGCCCGTAAGA

LESD3cIR

GCCATTCCCGCTTAAAAG

3464dn

ACTTCAGCGAGAGCAACCA

D3112cIout

GG AAGC AGTT GAC AT CAT

D3112cIF

GACAGTTACGCCTATATC

D3112cIR

AT GATGTCAACTGCTT CC

LES1F

T CGGCGT AAT GT CCT CT A

LES1R

T GAAGCCG ACG AT GG AAG

831F

T GCAATACCTGACCACCA

831R

CAATGATGGTGCAGTTGC

4138up

TAGCCAGCGCATCAGCAT

4139up

TT CAT CGAAGCTCAGTTC

LESE7F

TT GAT GAT GAT GCGCGGA

LESE7R

T CGGT CATTTT GGGCGT G

PS1F

ACAGAATATTCGAAGCAG

PS1R

ACAAGAGCCTAACACCAC

3663

CGT AATT GGTCT ATCTGG

3664

TTT GAT GCCGT AG AG AAC

LESlout

G ACT CAGG AG AT CACG AA

LESldown

CAAGGGTGCGAGAGTAT C

LESlnestF

TTT GGT GATGATT CGGCTT AGC

LESlnest R

TGTGGAAGCGATCAGTCT

Cluster 6 up

TTCGGCATCTGGTCGTTC

Cluster6 dn

GCTGCCAGGCTTCATGAA

Clus6 nest F

GGATCGACGTGGCAT AATCTG

Clus6 nest R

ACG ATT CT CCGGC AT GCAGCG

LESG6 F

GCTTT CGCCTT ATC AACC

LESG6 R

TT GT GCAGTCGCGCCT GA

LESPfl F

AT GG AAGGCTCT GT ATCG

LESPfl R

AT GGCGG AAAT GAT C AAG

PS40F

TAGCT GTCCAGGTCCTCGGTA

PS40R

GCGAAGATTGACGACAGT

Clus6 invL

GTTGGCTTGCGGATGTTC

Clus6 invR

CGGT AGCGTTTTGGAGGA

D3112nestF

T GTAT GACGCTCGGGTGA

490

TCT AC AAG AAGCG AGT C A

D3nest R

GTAGCTCGAATCTCAACA

56

55

*

c l repressor
-500

PA3464

*

LES
383

prophage

56

*

58

Smart et al„

4 cl repressor
-400

LES
prophage 2

2006

-350

PA831

58

*

998

PA4138

58

*

-300

LES

55

Smart et al„

Prophage 3
-300

LES genomic

2006
58

Island-5
-400

Smart et al„
2006

PA 3663 and

56

*

55

*

55

*

55

*

55

*

56

*

56

*

PA3664
-400

LES
Prophage 2

-300

LES
Prophage 2

-500

LES
Prophage 3

-400

LES
prophage 3

-450

LES genomic
island 3

- 2 0 0

LES
Prophage

6

253

LESGI4

58

*

Variable

LES

55

*

56

*

56

*

Prophage 3
-300

LES
Prophage 4

D3112nestR TCCT GCTT AG AG ACG AAC
D3nest F

Prophage 5

this study
*

-300

Prophage 5
cl repressor
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Chapter 3
PHENOTYPIC VARIATION AMONGST ISOLATES OF THE LES
3.1 Introduction.
3.1.1 The Liverpool Epidemic Strain (LES).

3.1.1.1 Discovery of the LES.
The Liverpool epidemic strain (LES) o f P. aeruginosa was first reported in 1996 by
Cheng et al. (Cheng et al., 1996) following a study at the CF clinic at Alder Hey
Children’s hospital in Liverpool. In this study, 65 ceftazidime resistant isolates were
obtained and typed using two accepted molecular typing methods. This revealed that
the majority o f the isolates (55/65) were a single strain and this provided evidence for
the occurrence o f cross-infection between CF patients. This strain was termed the LES.
No environmental reservoirs could be found and the strain was not identified in patients
being treated at other local hospitals (Panagea et al., 2005). The isolates were also
resistant to other /5-lactam antibiotics including azlocillin. It was proposed that the
introduction of ceftazidime monotherapy to the centre in 1986 could have contributed
to the development o f this resistant strain (Cheng et al., 1996).

3.1.1.2 Prevalence of the LES.
Following increasing reports o f cross-infection between individuals, Scott and Pitt
(2004) carried out a nationwide study o f England and Wales to determine the extent o f
these clonal, epidemic strains. A 15 month study was undertaken which included 31
centres and 1225 isolates (Scott & Pitt, 2004). The study concluded that although the
majority o f CF patients harboured their own unique strains, clustering o f some clonal
strains was found. The most common clonal strain was the LES. This accounted for
11% o f all the isolates and was found in 48% o f centres. Next in prevalence was the
Midlands 1 strain which accounted for 10% o f isolates and was found in 29% o f centres
(Scott & Pitt, 2004). The widespread distribution o f epidemic strains like the LES and
cross-infection between centres was reported for the first time. This study also
concluded that the transmissibility o f certain strains could not be linked with antibiotic
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resistance as large variations in the resistance profiles o f strains with the same DNA
PFGE fingerprint were observed (Scott & Pitt, 2004).

A later study by Edenborough et al., (2004), revealed the spread o f the LES to Scotland
as it was identified in 10/43 patients. This study concluded that patients harbouring an
epidemic strain required more resources than those who were infected with non
epidemic P. aeruginosa strains (Edenborough et al., 2004).

A study by Panagea et al., (2003) showed high levels o f the LES in patients from the
Liverpool adult CF centre using both PFGE and a diagnostic PCR tests that targeted the
PS21 marker. Here, 79 % (63/80) o f patients infected with P. aeruginosa, had the LES
(Panagea et al., 2003). This study echoed the findings o f Scott and Pitt by observing
variable antibiotic resistance profiles, concluding that antibiotic resistance patterns were
an unreliable identification tool.
The mode o f transmission o f the LES has been unclear. Panagea et al., (2005)
investigated the role of environmental contamination in transmission and attempted to
identify routes o f transmission as well as environmental reservoirs. Samples were taken
from a variety o f sources in a CF centre including staff, equipment and air samples.
They found that the LES was only detected in very close proximity to an infected
patient (external surfaces o f equipment and chair) and was generally short-lived with no
lasting environmental reservoirs identified (Panagea et al., 2005). However, the LES
was found in the majority o f air samples and it was concluded that airborne
dissemination probably plays a role.

3.1.1.3 Characteristics of the LES.
Superinfection o f previously established unique strains by the LES has been described.
Case reports for four patients were presented showing a chronological progression o f
strains in the lungs o f CF patients (McCallum et al., 2001). At the end o f the study, in 2
patients the unique strains were completely replaced by the LES, and for the remaining
patients the LES was present alongside a unique strain (McCallum et al., 2001). These
data reinforced the argument for segregation o f not only P. aeruginosa-infected patients
from those not infected, but also further segregation o f those infected with transmissible
strains.
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In 2002, an unusual case was reported whereby a LES-infected CF patient had spread
the infection to both o f the non-CF parents (McCallum et al., 2002). The CF patient
was identified as LES positive in 1995. Five years later the mother presented with a
five month history o f flu-like symptoms and this was later recognized as chronic
infection with the FES. The following month the father was admitted to hospital with
pneumonia. Again, genotyping methods identified the infectious agent as the LES and
like the mother, chronic colonisation was recorded (McCallum et al., 2002). P.
aeruginosa is not classed as a primary respiratory pathogen in healthy individuals and
this was a worrying development in the LES story.

3.1.1.4 LES and morbidity
So, the LES was identified as a widespread clonal strain in the UK that seemed to have
the ability to transmit between patients, perhaps by airborne dissemination (Panagea et
al., 2005). However, what remained unknown was whether this strain was associated
with a worse prognosis. In essence, did it matter that many patients were infected with
the same strain? A study by Al-Aloul et al. (2004) attempted to answer this question. In
the study, cohorts of patients matched for age, sex, spirometric parameters and
nutritional status with and without LES infection were used (Al-Aloul et al., 2004). A
greater deterioration in both pulmonary function and nutritional status was recorded in
the LES-infected group, along with increased treatment burden. Furthermore, another
study showed that increased intravenous aminoglycoside use (particularly tobramycin)
in CF patients with the LES led to an increased risk o f renal failure (Al-Aloul et al.,
2005b). It has been suggested that infection with the LES is a serious risk factor in the
prolonged health o f CF patients (Al-Aloul et al., 2005a).

3.1.1.5 Hypervirulence
A study by Salunkhe et al., (2005) investigated whether the unusual properties o f the
LES were due to differences in gene expression. Two LES isolates, LES400 and
LES431 (associated with chronic and acute infection respectively) were compared to
the widely used, laboratory reference strain, PA01. LES431 was an isolate associated
with the infection o f non-CF parents o f a CF patient (McCallum et al., 2002). In
comparison to the other isolates tested, LES431 displayed a number o f upregulated
genes when grown in LB (Salunkhe et al., 2005). Interestingly, many o f the
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upregulated genes were found to be activated by the QS system and these included
previously identified virulence-associated genes. These results were reinforced by
assays for some o f the products, namely elastase, LasA and pyocyanin. In addition,
LES431 exhibited increased virulence in a Drosophila model (Salunkhe et al., 2005).
The phenotype exhibited by LES431 was given the term ‘hypervirulence’.

3.1.2 Quorum sensing-regulated, secreted virulence factors

3.1.2.1 Pyocyanin
Phenazines are nitrogen-containing compounds that are synthesised by Pseudomonas
species and a number o f bacteria from other genera. There are thought to be in the
region o f 80 different derivatives (Laursen & Nielsen, 2004). They are generally
secondary metabolites and can have a number o f biological activities.
Pyocyanin (5-methyl-1-hydroxyphenzine) is a blue, redox-active phenazine secreted by
P. aeruginosa (Fig 3.1). A relatively high concentration (lO^M) has been identified in
the sputum o f P. aeruginosa infected CF patients (Wilson et al., 1988) and also from
ear secretions o f those infected with otitis media caused by P. aeruginosa infection
(Reimer et al., 2000).
Pyocyanin is synthesised from chorismate via the shikimic acid pathway (Blankenfeldt
et al., 2004; Laursen & Nielsen, 2004) and its synthesis requires thephzABCDEFG
operon as well as the genes phzH, phzM and phzS (Fig 3.2). Synthesis o f pyocyanin is
regulated by QS and is affected by both the las and the rhl systems. When the level o f
autoinducer reaches the threshold, many genes involved in virulence are transcribed
and pyocyanin biosynthesis commences (Lau et al., 2004a). P. aeruginosa also
synthesises a set o f small molecules with structural similarity to the las and rhl
autoinducers and these are collectively referred to as quinolones. Quinolones positively
regulate the expression o f the rhl and las systems. However the production o f
quinolones is positively regulated by MfrV (Cao et al., 2001). Two other molecules
have been shown to play a positive role in pyocyanin synthesis, as mutations in these
genes reduced pyocyanin levels. These are the GacA-GacS complex and Vfr (Fuqua et
al., 2001).
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Figure 3.1. Two cultures of P. aeruginosa, 1) an LES isolate showing over-production of pyocyanin and
2) the lab reference strain PA01.

It has been proposed that pyocyanin causes many effects in the lung, potentially playing
a major role in the establishment o f both initial and chronic infection. In animal models
o f both acute and chronic lung infection, pyocyanin has been shown to be required for
virulence (Lau et al., 2004b). Pyocyanin seems to have a conserved role in virulence in
a variety o f different host types. It has been shown to play a role in the fast killing of
the nematode Caenorhabditis elegans (Mahajan-Miklos et al., 1999). Also, deficient
mutants have been identified as attenuated in their ability to kill plants including
Arabidopsis thaliana (Mahajan-Miklos et al., 1999; Rahme et al., 1997; Rahme et al.,
2000), the fruit fly Drosophila melanogaster (Lau et al., 2003) and initiate infection in
the burned mouse model (Cao et al., 2001). In mouse models, it has been demonstrated
that pyocyanin is crucial for the success o f lung infection. A model o f acute pneumonia
in CD-I mice showed that the mice could not clear infection with wild type (PA01) P.
aeruginosa. However, pyocyanin deficient strains were cleared rapidly (Lau et al.,
2004b).
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Figure 3.2. The pyocyanin (PCN) biosynthetic pathway. Pyocyanin is synthesised from chorismate via
the shikimic acid pathway. This is facilitated by the phz operon in conjunction with the gene products of
phzH, phzM and phzS. The phz operon is transcribed following activation o f the las and rhl quorum
sensing systems. This process is positively regulated by Vff, the GacA-GacS complex and quinolones.
Quinolone production is positively regulated by MvfR (Lau et a l, 2004a).

Furthermore, a model o f chronic lung infection in mice showed that pyocyanin
deficient mutants were only 4.8% as competitive when compared to their wild-type
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counterparts (Lau et a l, 2004b). The conservation o f pyocyanin as a virulence factor in
all o f these models implies its importance.

3.1.2.1.1 Redox-associated effects of pyocyanin
Pyocyanin is a zwitterion and has both hydrophobic and hydrophilic properties. It is
therefore thought to easily interact with and penetrate cytoplasmic membranes (Baron
S, 1989; Lau et a l, 2004a). It also has a high redox potential (-34mV at pH 7.0) and can
readily accept electrons (Baron S, 1989). This redox cycling is thought to involve the
host cell molecule NADH and the process produces reactive oxygen species (ROS) O2 '
and H 2 O2 . This reaction is thought to take place either in or near the mitochondria
(O'Malley et a l, 2003a) and the ROS produced can cause significant oxidative stress on
cells leading to cell injury (Lau et a l, 2004a).

Pyocyanin has been found to interfere with cellular respiration by redirecting electrons
down an alternative route to power the redox reactions that lead to the generation o f
ROS (Ran et al., 2003). This leads to a marked depletion o f intracellular cAMP and
ATP levels. However, an interesting effect o f this could have more direct outcomes on
patients with CF. It is a possibility that reactions such as phosphorylation, which
requires cAMP, are severely limited under these conditions. The CFTR needs cAMP to
phosphorylate serine residues to enable the channel to open and allow CF ion transport
(Gadsby & Naim, 1999b). In addition, ATP is needed for binding and hydrolysis o f the
nucleotide binding domains which also control the opening/closing o f the channel
(Gadsby & Naim, 1999a; Ostedgaard et a l, 2001). Therefore, despite the fact that for
some CF patients at least, there would be a small number o f functional CFTR channels
on cell surfaces, the level o f activity could be further reduced by pyocyanin-mediated
ATP depletion.

A study by Ran et a l, (2003) using lung epithelia showed that pyocyanin can inactivate
human V-ATPases via the mediated production o f reactive oxygen radicals. V-ATPases
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that sit within the plasma membrane have a major role in a large number o f important
cell processes. They are involved in receptor-mediated endocytosis, intracellular
targeting o f lysosomal enzymes, protein processing and vesicular transport (Nishi &
Forgac, 2002). They have also been proposed to have a role in pH homeostasis, K
secretion and alveolar macrophage activation (Bidani et a l, 2000). Macrophages, when
activated, have a bactericidal effect. Therefore, the implications o f this finding are
potentially vast since the inactivated protein is involved in so many processes.

Oxidative stress has been shown to have an affect on calcium homeostasis in human
endothelial cells (Dreher & Junod, 1995) and smooth muscle cells (Roveri et al., 1992).
In human airway epithelial cells, it was found that pyocyanin at higher levels increased
the cytosolic calcium concentration ([Ca2+]c) (Denning et al., 1998a). This response
persisted in the absence o f extracellular calcium, suggesting that the observed increase
was due to the release o f calcium from intracellular stores. It was suggested that this
increase occurred due to increases in inositol triphosphate (IP3) formation. This leads to
an influx o f calcium from intracellular stores which are followed by calcium influx
from extracellular origin. At lower pyocyanin concentrations, IP3 production is
prevented, as is the associated increase in [Ca2+]c in response to calcium agonists. It is
thought that both o f these mechanisms are in part caused by oxidants (Denning et al.,
1998a).

Endothelial prostanoid production is a redox-sensitive reaction therefore pyocyanin
could interfere with the process. It is thought that the effect on prostacyclin release
occurs due to inhibition o f arachidonic acid metabolism (Kamath et al., 1995).
Interestingly, significant inhibition o f the release o f prostaglandin 12 (PGI2) occurred in
the presence o f very low concentrations o f pyocyanin (1-5 /¿M) (Kamath et al., 1995).
This is much lower than the level detected in the sputum o f CF patients (in excess o f
100 fjM) (Wilson et al., 1988) and suggests that the effect on prostacyclin release could
be dramatic.
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Alpha 1-protease inhibitor (o?-PI) modulates the activity o f serine proteases in the lung
to protect the tissue from protease-mediated injury. Examples o f serine proteases
include human neutrophil elastase, which is very relevant in the CF lung, porcine
pancreatic elastase and trypsin. With these proteins, a-PI forms an almost irreversible
inactive complex (Huber & Carrell, 1989). The ROS have been found to inactivate aPI. Furthermore, a protease-antiprotease imbalance can be detected in the airways o f
CF patients infected with P. aeruginosa. A study by Britigan et al., (1999) showed that
when a physiologically relevant concentration o f pyocyanin (100 /¿M) and NADH are
exposed to o P I, it lost its ability to form inhibitory complexes with both porcine
pancreatic elastase and trypsin (Britigan et al., 1999). It is therefore possible that
pyocyanin could lead to lung cell injury by reducing the ability o f a-PI to modulate the
activity o f host serine proteases leading to increased local cell damage.

Reduced pyocyanin can react with molecular oxygen to produce reactive superoxides
which can also form hydrogen peroxide through a process called dismutation. Human
cells have a number of different defences to cope with free radical, oxidative attack.
Superoxides are converted to hydrogen peroxide and water by the enzymes manganese
superoxide dismutase (MnSOD) and copper-zinc superoxide dismutase (Cu-ZnSOD).
These enzymes are found in the mitochondria and cytosol respectively (Heffner &
Repine, 1989). Hydrogen peroxide is also detrimental to cells and therefore needs to be
removed. This is carried out by the enzyme catalase and also cellular thiols, for
example glutathione. In cells under oxidative stress, many o f these enzymes are found
to be upregulated (Hassett & Cohen, 1989). Studies have shown that in the presence o f
pyocyanin, both MnSOD and Cu-ZnSOD levels were unaltered. However, the levels o f
catalase were found to decrease dramatically and it was identified that pyocyanin led to
a decrease in steady state catalase mRNA (O'Malley et al., 2003b). In one study, human
alveolar epithelial cells were used and transfection o f these cells with MnSOD but not
Cu-ZnSOD was found to inhibit the effect o f pyocyanin on catalase (O'Malley et al.,
2003b). Pyocyanin has previously been shown to act in or near mitochondria (O'Malley
et al., 2003a) and as MnSOD is localised in mitochondria, it could be that MnSOD
plays a role in preventing the release o f superoxides from the site o f pyocyanin redox
reactions (O'Malley et al., 2003b). Moreover, the enzyme, catalase, is specific for H2 O2 ,
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however, the reaction is inefficient at low micromolar concentrations (Suttorp et al.,
1986). The alternative path for H 2 O 2 breakdown involves the glutathione-peroxidase
system. This system reduces both H 2 O 2 and lipid hydroperoxides converting them into
water and lipid alcohols. In return, glutathione is oxidised to form glutathione disulfide.
This can then be returned to its original state via the enzyme glutathione disulfide
reductase (Muller, 2002). Pyocyanin was found to deplete cellular level of glutathione
due to the formation of high levels o f H 2 O 2 . However, the addition o f high levels o f
catalase to the system removed the effects o f pyocyanin. This is thought to be a factor
in chronic P. aeruginosa infection and in particular for CF patients. The exocrine
dysfunction associated with CF is proposed to lead to a systemic deficiency o f
glutathione (Roum et al., 1993) which could add to the depletion effects seen by
pyocyanin and leave CF patients open to higher levels o f oxidative stress. Another
interesting finding has been the discovery that the CFTR channel is responsible for the
secretion o f glutathione from the cell and into the local environment as a defence
against extracellular oxidative stress (Gao et al., 1999; Kogan et al., 2003). This factor,
in conjunction with decreased glutathione and catalase levels, results in limited
oxidative stress defence and could lead to high levels o f oxidative stress damage in the
airways o f CF patients.
Pyocyanin has also been found to inactivate nitric oxide. This is a very important
endogenous host signal. It has an array o f effects within the human body and exerts
major influences over blood flow, blood pressure and immune functions (Warren et al.,
1990). A study by Warren et al., (1990) showed that pyocyanin has the ability to inhibit
the activity o f endothelial-derived relaxing factor (EDRF) released from pulmonary
cells. Furthermore, this effect was identified using concentrations 100-fold less than
those previously identified in the sputum o f infected CF patients (Wilson et al., 1988).
The mechanism o f inhibition was hypothesised to be either direct nitrosation o f the
aromatic nucleus, electron transfer to pyocyanin which would form NO* or through the
generation o f superoxides (Warren et al., 1990).
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3.1.2.1.2 Effect of pyocyanin on physical processes
Ciliary clearance o f trapped, inhaled particles is one o f the first lines o f defence against
infection o f the lungs. Both pyocyanin and its degradation product 1-hydroxyphenazine
have been shown to affect ciliary function (slow and fast action respectively) leading to
slowing o f the cilia beat frequency and paralysis o f some cilia (Wilson et a l, 1987).
This effect is associated with a fall in intracellular cAMP and ATP (Kanthakumar et a l,
1993). In one study, addition o f cell free supernatant to airway cilia produced a 58%
decrease in cilia beat frequency (Jackowski et a l, 1991). This effect would be
beneficial in the early stages o f infection. Ciliary function would be compromised and
this would aid colonisation and the establishment o f infection. However, the use o f
Salmeterol in P. aeruginosa infection was found to significantly reverse (53%
restoration) the reduction in cilia beat frequency and also reversed the effects o f
pyocyanin on cAMP and ATP (Kanthakumar et a l, 1994). It has been suggested that
agents that stimulate cAMP production may prevent toxin-induced slowing o f ciliary
beat (Kanthakumar et a l, 1996).

3.1.2.1.3 Effects of pyocyanin on the host immune response
Neutrophil granulocytes form an integral part o f the immune system and can
phagocytose foreign material. On infection, the neutrophils migrate out o f the blood
and into tissues towards the site o f inflammation by a process o f chemotaxis. They have
a relatively short lifespan of about 24 hours. Pyocyanin can cause an inflammatory
response which is characterised by an influx o f neutrophils. This lung neutrophilia
response has been demonstrated in the lungs o f sheep (Lauredo et al., 1998). This effect
seems to be mediated by increases in IL-8 and leukotriene B4 (LTB4), which act as
chemotactic factors to circulating neutrophils. However, the exact role o f LTB4 is
controversial, as conflicting research suggested that pyocyanin inhibits LTB4
production by human neutrophils (Muller & Sorrell, 1991). Neutrophil apoptosis is
regulated and forms part o f the normal process o f downregulation o f inflammatory
reactions. Pyocyanin causes rapid apoptosis in human neutrophils at clinically relevant
concentrations (Usher et a l, 2002). Another interesting finding was that pyocyanin
caused higher levels o f apoptosis than that attained by ligation o f the Fas death

55

receptor. Apoptosis was achieved through the generation o f ROS and a decrease in
intracellular [cAMP] (Usher et al., 2002). However, a more recent study showed that
pyocyanin causes early lysosomal dysfunction and protease release followed closely by
classic apoptosis steps including mitochondrial membrane permeabilisation and
caspase activation (Prince et al., 2008). Apoptotic death o f neutrophils is not
proinflammatory as it is a normal part o f resolution o f inflammation, so this method
does not exacerbate host responses but represents another mechanism which could aid
in the development o f chronic infection. Furthermore, this effect has been shown in a
murine model o f acute pneumonia, where infection by a wild type (pyocyaninproducing) strain led to increased neutrophil apoptosis and decreased bacterial
clearance compared to a pyocyanin deficient mutant (Allen et al., 2005). So, P.
aeruginosa infection is characterised by the accumulation o f apoptotic neutrophils
suggesting the impaired clearance o f dying cells. Macrophage engulfment can also be
affected by pyocyanin. It has been proposed that this is mediated by an increase in ROS
and effects on the Rho GTPase signalling system (Bianchi et al., 2008).

Interleukin-8 (IL-8) is a major chemoattractant for neutrophils and neutrophil influx
and activation is a major feature o f P. aeruginosa lung infections. Pyocyanin has been
shown to directly increase the levels o f steady state IL-8 mRNA and IL-8 release from
human airway epithelia (Denning et al., 1998b). Other bacterial factors such as cell
surface proteins and autoinducer molecules have also been shown to cause IL-8 release
(DiMango et al., 1995). However, surface proteins would only stimulate IL-8 release in
a very local area and the levels needed for significant stimulation by autoinducer
molecules are 6-fold higher than those detected in bacterial cultures in stationary phase
again suggesting a very localised effect, if any in vivo (Denning et al., 1998b).
Conversely, pyocyanin exerts a measurable effect on IL-8 release at concentrations 20fold lower than that previously identified in the sputum o f CF patients infected with P.
aeruginosa (Wilson et al., 1988). This suggests that these effects due to pyocyanin
could be a lot more widespread in the lung environment. Another interesting effect o f
pyocyanin is decreasing the level o f RANTES released (Denning et al., 2003).
RANTES is a chemokine that is expressed 3 to 5 days following T cell activation. This
8 kD cytokine selectively attracts T cells monocytes and eosinophils to sites of
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inflammation (Schall et a l, 1988). This influx helps to resolve inflammation and thus
the delay helps to prolong the inflammatory state. It is therefore hypothesised that the
combination o f these factors leads to both a chronic and diffuse inflammatory response
(Denning et a l, 1998b).

Pyocyanin has been found to inhibit both the production o f IL-2 and the expression of
IL-2 receptors (Nutman et a l, 1987). These factors are necessary because IL-2
enhances the production o f other lymphokines and is also needed for the proliferation
o f cytotoxic T cells (Acuto et a l, 1985). These effects combined could mean that not
only does pyocyanin prevent the development o f an effective T cell response against P.
aeruginosa, it could also prevent (through the inhibition o f cytokine production)
activation o f monocytes and macrophages (Nutman et a l, 1987). These important
features could aid in evasion o f the immune system and the establishment o f chronic
infection. Another study also looked at the inhibitory and stimulatory effect o f
pyocyanin on both B and T lymphocytes. This study found that at low concentration B
and T lymphocyte responses were enhanced, where as at higher concentrations (above
0.5 jtxg/ml) the response was suppressed. The same effect was found on IL-2 production
but interestingly, immunoglobulin secretion by B lymphocytes was suppressed at all
concentrations o f pyocyanin (Ulmer et a l, 1990).

3.1.2.1.4 Role of Pyocyanin in Competition with other Microorganisms
The antibiotic activity of pyocyanin has been extensively documented (Baron S, 1989;
Baron & Rowe, 1981; Hassan & Fridovich, 1980). It is thought that this ability allows
the bacteria to have an advantage over other competing bacteria occupying the same
niche. The antibiotic activity o f pyocyanin requires an aerobic environment (Baron S,
1989) and is thought to be largely due to the production o f O 2 " and H 2 O 2 which have
toxic effects on other cells (Hassan & Fridovich, 1980). The anti-Aspergillus properties
o f P. aeruginosa supernatants have been considered for possible treatments (Yadav et
al., 2005) but the high toxicity o f the supernatants to a number o f different cell types
(Sorensen & Klinger, 1987) has limited the development o f supernatant use. Pyocyanin
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use has also been considered as a biological pest control as it has documented action
against a number o f plant diseases caused by various organisms including Fusarium sp.
(Anjaiah V, 1998), Pythium spp. (Anjaiah V, 1998), Phytopthora spp. (Lee et al.,
2003), and Colletotrichum spp. (Lee et al., 2003). However, it has been suggested that
the CF lung environment is anaerobic due to three factors (Lau et al., 2004a). Firstly,
the presence o f CF airway epithelia that consume two to three times more oxygen than
normal airway epithelia. Secondly, is the fact that there are higher levels o f neutrophils
which undergo respiratory burst, further depleting available oxygen. Finally, it is
thought that microbes colonise the lung via active methods (eg. flagella) the use o f
which cause greater oxygen consumption (Lau et al., 2004a). In this environment,
pyocyanin would be much less effective against other competing organisms. Despite
this, it has still been found to be active against Staphylococcus and Bacillus spp in
anaerobic conditions (Lau et al., 2004a).

3.1.2.1.5 Self-Protection Strategies
The array o f effects that pyocyanin can have on host cells and other micro-organisms is
vast. However, P. aeruginosa seems relatively insensitive to pyocyanin and therefore
must be able to resist either the formation or attack o f the ROS. A study by Hassett et
al., (1992) analysed the effects o f pyocyanin on P. aeruginosa. Using labelled
pyocyanin it was shown that P. aeruginosa cells do take up pyocyanin but after 30
minutes, only half the amount o f pyocyanin was taken up when compared to the
amount taken up by E. coli. It was also found that there was limited redox cycling o f
pyocyanin in P. aeruginosa due to the lack o f an NADPH-pyocyanin oxidoreductase
and therefore it was suggested that a lower level o f ROS was generated. Furthermore,
both catalase and SOD production were stimulated in P. aeruginosa exposed to
pyocyanin and it was suggested that any cellular damage is limited by the higher levels
o f these two enzymes (Hassett et al., 1992).

Pyocyanin can have a vast array o f detrimental effects on the host. Therapies that
reduce the effects o f pyocyanin could have dramatic results on CF patients infected
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with P. aeruginosa. However, many o f the precursors to pyocyanin are also toxic to
human cells and therefore the most attractive option would be to prevent biosynthesis at
a very early stage. Pyocyanin is synthesised via the shikimic acid pathway which is
present in prokaryotes but not in vertebrates. Therapies directed at this pathway would
be unlikely to affect human cell functions (Lau et al., 2004a). Other treatment targets
include the QS system (see section 1.2.10 on ‘quorum sensing and secreted virulence
factors’).

3.1.2.2 LasA
LasA, encoded by the lasA gene is one o f the many proteases secreted by P.
aeruginosa. It is secreted as a 42 kD protein which is then processed via an unknown
mechanism into a mature 21 kD protein (Kessler et al., 1993). It is a zinc
metalloendopeptidase which has a strong staphylolytic activity and a weaker elastolytic
action (Kessler et al., 1993). Interestingly, this protein has been found to increase the
elastolytic activity o f elastase by more than 25-fold (Toder et al., 1991). Elastin is a
major component o f some connective tissues, blood vessels and lung tissue (Kessler et
al., 2004). However, it was also found in the same study that LasA has a similar effect
on the elastolytic activity o f other proteins including thermolysin, human neutrophil
elastase and proteinase K. Therefore, it is hypothesised that LasA acts on the substrate,
elastin, by nicking it and making it more susceptible to elastase (Peters & Galloway,
1990). Work by Kessler et al., (1997) has suggested that LasA may cleave elastin at the
sequence Gly-Gly-Ala and Gly3. The staphylolytic activity o f LasA occurs due to
hydrolysis of pentaglycine cross-links in the cell wall peptidoglycan. These
pentaglycine cross-links are hydrolysed into di- and triglycine. This ability has led to
the suggestion that LasA provides a colonization advantage over Staphylococcus which
commonly colonizes CF lungs especially in the earlier years (Kessler et al., 2004). A
study by Vessilier et al., (2001) showed that the specificity o f LasA was broader than
originally thought, and that many glycine-containing peptides may be hydrolysed. This
led to the suggestion that LasA may have more targets than elastin alone and that it may
play a more significant role in virulence in clinical situations (Vessillier et al., 2001).
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LasA is secreted via the Xcp system but there is only limited knowledge about its
maturation and secretion processes. Like elastase, LasA is thought to be secreted along
with its propeptide (Kessler et a l, 1998). However, unlike elastase, LasA maturation
does not seem to involve autoproteolysis because when the gene is expressed in E. coli,
proLasA does not undergo autoprocessing and no enzymatic activity can be detected
(Schad & Iglewski, 1988).

LasA has also been shown to enhance the shedding o f certain host cell surface
molecules. Shedding is a normal cell process in which cell surface proteins are cleaved
by proteinases and released as soluble effectors. This process is important in the
secretion and activation of various proteins including many cytokines (Hooper et a l,
1997). Studies have shown that diverse bacteria can exploit host cell shedding
mechanisms to enhance their own virulence. An interesting example o f this is the pore
forming toxin streptolysin O which stimulates the shedding o f host CD 14 and IL-6
receptors (Walev et a l, 1996). LasA however, has been shown to stimulate the
shedding o f syndecan-1. Syndecans are a family o f cell surface heparin sulphate
proteoglycans which have the ability to bind and modulate ligands such as extracellular
matrix components, cytokines, chemokines and proteases (Park et a l, 2000). The
benefits o f this mechanism are unclear. However, it has been suggested that altering
target cell surface morphology could disrupt the epithelial barrier leading to enhanced
colonization and also that the cleaved soluble syndecan-1 could bind and neutralize
pro-inflammatory mediators such as cytokines and chemokines. This process could
promote bacterial cell survival in the host environment (Park et a l, 2000).

3.1.2.3 Other quorum sensing regulated products
In P. aeruginosa, it is not only pyocyanin and LasA that are controlled by the quorum
sensing system, many o f the other products produced have also been implicated in
virulence. Proteases (eg. Alkaline protease), elastase, exotoxin A, rhamnolipid and
phospholipase A are amongst some o f the products produced (see section 1.2.10
‘quorum sensing and secreted virulence factors’). P. aeruginosa can also produce
significant levels of cyanide.
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3.1.3 Phenotype variation in P. aeruginosa CF infections.
It is widely known that isolates from chronic respiratory infections can display a wide
range o f phenotype diversity and it is thought that this is a result o f adaptation to highly
localised niches. Differing niches inside the CF lung arise due to variations in the
supply o f oxygen and nutrients as well as pressure from host inflammatory factors and
the immune system. Differences in colony morphology can be due to selection and
mutations along with the control o f gene expression. The mucoid phenotype is widely
associated with long-term adaptation to the CF lung; in particular, biofilm growth
forms (Rakhimova et al., 2008) and also higher levels o f HCN production (Broderick et
al., 2008). Small colony variants (SCV) have been reported and are thought to be
associated with better adaptation to persist in stationary phase (Rakhimova et a l, 2008).
However, SC Vs take 72 h to grow and most clinical laboratories only allow sputum
samples to grow for 48 h and therefore any SC Vs would be missed.

Mixed antibiotic susceptibilities have been found among different morphotypes isolated
from the same sputum sample and following this, clinical laboratories were
recommended to carry out ‘mixed morphotype’ testing (Wolter et al., 1995). This may,
in some part, explain the observation that during exacerbations, treatment with antipseudomonal agents to which P. aeruginosa is reportedly resistant can result in a
clinical improvement (Smith et al., 1999). Foweraker et al., (2005) studied the
antimicrobial susceptibility profiles o f isolates from 101 sputa from 24 different
patients. Differences between the antimicrobial susceptibilities o f colonies with
different morphotypes were identified as well as differences in susceptibility between
colonies o f the same morphotype. The authors emphasised that these differences were
not due to borderline susceptibility results that can fall either side o f the breakpoint on
testing (Foweraker et al., 2005).

Furthermore, P. aeruginosa isolates isolated from the same sputum sample for a CF
patient were found to exhibit varying levels o f lethality in a D. melanogaster infection
model (Lutter et al., 2008). This effect on D. melanogaster has also been shown in
reference to the LES (Salunkhe et al., 2005). This study determined that many o f the
upregulated genes were found to be activated by the QS system and these included
previously identified virulence-associated genes. These results were reinforced by
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assays for some o f the products namely elastase, LasA, pyocyanin and the D.
melanogaster model. Variation between LES isolates was identified with one isolate,
LES431, exhibiting a ‘hypervirulence’ phenotype whereby the production o f virulence
factors was dramatically higher (over-production) than the laboratory reference strain
PA01 (Salunkhe et al., 2005). Another LES isolate, isolated from a chronic infection,
did not exhibit an active quorum sensing system and this was found to be due to a
mutation in the lasR gene. Furthermore, this isolate displayed attenuated virulence in
the infection model (Salunkhe et al., 2005).
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3.1.4 Aims

1) . To determine the prevalence of the pyocyanin over-production phenotype
amongst a panel of LES and non-LES isolates and analyse more closely the intra
strain variations in this phenotype.

2) . Using sequential isolates from a group of six LES-infected CF patients, to look
for evidence of temporal patterns in the pyocyanin phenotypes.

3) . Using the same isolates, to determine Las A activity as a second quorum-sensing
regulated activity, and compare this with the results of the pyocyanin assays.

4) . Using the same isolates, to study variations in a range of other phenotypic
characteristics of LES isolates, including motility, auxotrophy, hypermutability,
colony morphology and antimicrobial susceptibilities.
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3.2 Results.
3.2.1 Efficacy of a simple Luria broth test for pyocyanin production

In order to test the efficacy o f a simple screening procedure for pyocyanin production
by strains o f P. aeruginosa, the amount o f pyocyanin in culture supernatants after
overnight growth (pyocyanin method A) was quantified by measuring the A 6 9 5 value for
a panel o f strains from different origins. 10 environmental strains (water isolates, gift
from Jean Paul Pimey), 10 strains associated with bacterial keratitis (Winstanley et al.,
2005), 29 non-LES CF and 48 LES CF isolates were analysed. The results are shown in
Fig 3.3. This method allowed all o f the isolates to grow to stationary phase and the
level o f pyocyanin was measured from this point.

Absorbance values for the

supernatants o f cultures o f LES isolates were significantly higher than those for nonLES CF isolates (p = 0.004) or non-CF isolates (p = 0.015). However, it was noted that
although some LES isolates produced large amounts o f pyocyanin, others produced
very little or no pyocyanin. For the low/non producers, the lasR gene was sequenced to
determine if a mutation was present. When the known LES lasR mutants were removed
from the statistical analysis, the significance levels were increased further {p < 0.001
and p = 0.003 respectively).

3.2.2 Prevalence of the over-production phenotype

In order to better determine the prevalence o f this unusual, pyocyanin over-production
(OP) phenotype indicative o f the hypervirulence (HV) phenotype, a total o f 34 nonLES (each isolated from a different CF patient) and 55 LES isolates (isolated from 16
different CF patients and confirmed as LES by PFGE and/or PS21 PCR assay) o f P.
aeruginosa were screened for over-production o f pigment by using the simple broth
test. Overall, 51% o f the LES isolates produced an increased blue/green coloration
(above that o f strain PA01) but 49% had normal or lower than normal pigment
production. All o f the non-LES isolates fell into the latter category. We selected all
potential LES pyocyanin over-producers, and a selection o f the other LES isolates, for
further study using the full pyocyanin production assay. A wide range o f pyocyanin
production was observed (Fig 3.4). These activities were classified as: (i) OP
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(pyocyanin A69 5 > 0.1 at cell density A6oo = 1.2); (ii) Intermediate (pyocyanin A69 5 > 0.1
at cell density Asoo = 1.7); (iii) Normal (pyocyanin detectable, similar to strain PA01) or
Negative (no detectable pyocyanin activity). Using these criteria the LES isolates
analysed could be separated according to pyocyanin production into 49% OP (n = 20),
17% Intermediate (n = 7), and 34% Normal or Negative (n = 14).

A

B

C
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E

F

G

Figure 3.3 Pyocyanin production in culture supernatants after overnight growth in Luria broth.
Mean absorbance values are shown (including standard error bars) for isolates of P. aeruginosa falling
into the following categories: (A) water isolates (n = 10); (B) keratitis isolates (n = 10); (C) non-LES CF
isolates (n = 29); (D) all LES isolates (n = 48); (E) LES isolates omitting known lasR mutants (n = 38);
(F) LES known lasR mutants (n= 10); (G) strain PA01.

We did not sub-divide the latter two categories because o f the difficulty in assigning
those strains that did not reach equivalent cell densities to strain PA01. There was
considerable variation in the amount o f time taken for cultures o f the different isolates
to reach equal cell densities. O f the 20 CF patients from whom 1-6 isolates were
subjected to study, 13 carried at least one OP isolate, and a further four carried at least
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one isolate o f "intermediate" phenotype. For three CF patients, the isolates tested all
had either a normal or a negative pyocyanin phenotype. We also screened six non-LES
CF isolates using the full pyocyanin production assay. All fell into the categories
Normal or Negative (data not shown).

3.2.3 Variations in the OP and other phenotypes amongst multiple isolates from
individual CF patients.

W e identified six CF patients (patient A-F) from whom we had archived, multiple and
sequential isolates o f the LES (1995-2004). For each patient there was a minimum o f
four different LES isolates and three different sampling dates. In a previous study by
Panagea et al., (2003), the majority o f isolates had been assigned to a LES pulsotype
using PFGE (Table 3.1).There was considerable variation in the colony morphologies
o f the panel o f isolates. For each o f these isolates, both the pyocyanin activity and the
LasA activity were assayed (Table 3.1). In addition, we determined the antimicrobial
susceptibilities. There were widespread variations in both pulsotype and antimicrobial
susceptibility data between isolates taken from the same patient.

W e tested the panel o f isolates for the common mutant phenotypes auxotrophy, lack o f
swimming motility and hypermutability. Six o f the isolates (B55, B67, B41, 109,
49194, B48), from four different patients, exhibited the hypermutable phenotype. Only
three isolates were unable to grow on glucose M9 media. These were all isolated from
patient B (B46, 49194, B48) and two o f the three were hypermutable isolates. All o f the
panel isolates were non-motile.

Variations in pyocyanin production against cell density for LES isolates taken from
patients A-F are shown in figures 3.5 and 3.6. There was no general consensus in the
results obtained. There was some evidence for temporal loss o f the OP phenotype in
patients A, B and E. The earliest isolate from patient A (from 1995) was o f OP
phenotype. However, the other isolate with the OP phenotype was isolated in 2000.
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Figure 3.4 Pyocyanin assays on LES isolates. Production of pyocyanin in culture supernatants during
growth of LES isolates in L-broth is shown for all the LES isolates tested in this study. Each combination
o f colour and shape plotted represents a different LES isolate. The only non-LES isolate included is strain
PA01 (blue squares, indicated by the arrow). LES isolates could be sub-divided on the basis of pyocyanin
assays into various groups: (i) OP (early- and over-production of pyocyanin) [circles], (ii) Intermediate
[diamonds], (iii) Normal or negative [squares].
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Isolates from patient A included four identical non-OP lasR mutants, one o f which was
isolated in 1998. For patient B, early isolates were OP-positive whereas later ones were
negative. For patient E, only one o f two earliest isolates was OP-positive whereas all
other isolates were OP-negative. For both patient B and patient E, two isolates from the
same isolation time had different phenotypes with respect to pyocyanin production and
LasA activity. This phenomenon could also be observed in patients C, D and F.
However, isolates from both 1996 and 2003 from patient C had the OP phenotype. A
similar longevity can be demonstrated with the data from patient B. In patient D, none
o f the isolates had a clear OP phenotype, whereas in patient F, the earliest isolate was
non-OP whereas the most recent was OP-positive.

3.2.4 Correlation between the OP phenotype and antimicrobial susceptibilities

Table 3.2 summarises the distribution o f the OP-positive, OP-negative and other LES
isolates according to resistance or susceptibility to five antimicrobial agents. According
to the 4>2 test for statistical significance, in a comparison between isolates that were OPpositive and other isolates, there was a correlation between the presence o f the OP
phenotype and resistance to either ceftazidime (p = 0.006), aztreonam (p = 0.044) or
meropenem (p = 0.037) (Table 3.2).

3.2.5 lasR mutations are associated with loss of pyocyanin production

W e analysed 17 o f the pyocyanin-negative isolates for mutations in the lasR gene. O f
these, lasR mutations were identified in 11 isolates (Table 3.1). As controls we also
sequenced the lasR gene from five pyocyanin producers and confirmed that none were
mutated (Table 3.1). Thus lasR mutations were significantly more frequent amongst
pyocyanin-negative isolates (4>2test, p = 0.011). All o f the lasR mutations that we have
found in LES isolates to date are summarized in Table 3.3.
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Figure 3.5 Pyocyanin production by sequential isolates from CF patients A-C. Production of
pyocyanin in culture supernatants during growth of LES isolates in L-broth is shown for isolates from
three CF patients (patient A-C). Chronological order of isolation is indicated by colour from the earliest
to the most recent in the following order: yellow (1995), red (1996), blue (1998), black (2000), green
(2003) and orange (2004). Different isolates from the same year are indicated by different shapes.
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Figure 3.6 Pyocyanin production by sequential isolates from CF patients D-F. Production of
pyocyanin in culture supernatants during growth o f LES isolates in L-broth is shown for isolates from
three CF patients (patient D-F). Chronological order of isolation is indicated by colour from the earliest to
the most recent in the following order: yellow (1995), red (1996), blue (1998), black (2000) and pink
(2002). Different isolates from the same year are indicated by different shapes.
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Table 3.1. Phenotypes and genotypes of sequential LES isolates from six CF patients
Pyocyanin
Patienl Year Isolate PFGE

(OP

LasA % lasR
(SD)

mut.

Colony
CAZ MER ATM TOB CIP

morphology

phenotype)
A

1995

B7

I-II

+

24.2 (4.9) NO

R

R

R

D

D

SCV,NM,Ra,S

A

1998

B32

I-II

-

98.4 (7.2) YES

S

R

S

D

S

SCV,NM,F,S

A

2 0 0 0

B45

ID-II

+

67.3(1.9) ND

R

R

R

R

s

NM,F,S

A

2003

B25

I-II

-

98.6 (0.6) YES

S

R

S

s

s

NM,Ra,S

A

2003

B70

IC-II

-

82.7(5.1) NO

R

R

R

s

s

M,Ra,S

A

2004 49111

ND

-

98.7(1.6) YES

S

R

S

s

s

NM,Ra,RW

A

2004 49074

ND .

-

97.0(1.5) YES

R

R

R

s

s

NM,Ra,S

B

1996

B46 IH-IIE

+

81.6(2.2) NO

R

R

R

D

D

SCV,NM,F,S

B

1998

B38

I-II

+

84.8 (2.9) NO

R

R

R

D

s

NM,Ra,S

B

2003

B60

IE-II

+

20.6(1.9) ND

R

R

R

D

s

NM,F,S

B

2003

B48

I-II

-

93.2 (0.9) NO

S

R

R

S

s

M,Ra,S

B

2004 49194

ND

-

93.6(0.9) NO

S

S

S

s

R

NM,Ra,S

C

1996

IC-II

+

43.3 (4.4) ND

R

R

S

s

s

SCV,NM,F,S

C

1998 B40

I-II

+

20.3 (2.3) ND

S

R

s

R

s

SCV,NM,F,S

C

1998

B41

I-II

-

98.6(1.3) YES

S

R

s

D

s

NM,Ra,S

C

1998

109

ND

+

82.7(1.1) ND

s

S

s

S

s

NM,F,S

C

2003

B64

I-II

-

95.2(1.8) NO

s

S

s

S

D

SCV,NM,F.S

C

2003

B65

I-II

+

8.61 (7.8) ND

s

R

s

D

s

NM,Ra,S

C

2004 49137

ND

INT

63.4 (3.4) ND

s

S

s

D

R

SCV,NM,F,S

D

1996 B28

IC-II

-

41.3 (5.5) NO

s

R

s

S

S

SCV,NM,F,S

D

1998

B35

IC-II

INT

96.6(1.2) NO

s

S

s

D

s

SCV,NM,F,S

D

2 0 0 2

B61

IC-II

NOR

3.33 (4.4) ND

R

R

s

R

D

NM,Ra,S

D

2 0 0 2

B62

I-IIG

-

95.3 (5.4) YES

s

S

s

S

S

SCV,NM,F,S

D

2 0 0 2

B63

I-II

-

98.5(1.9) YES

s

R

s

R

S

NM,Ra,S

E

1995

B4

IC-II

-

95.2 (2.0) YES

s

S

s

R

S

NM,Ra,S

E

1995

B57

I-II

+

26.8 (3.2) NO

R

R

R

S

D

NM,Ra,S

E

2 0 0 0

B50

I-II

-

96.4 (3.6) NO

R

R

R

s

S

M,Ra,S

B49
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Pyocyanin
Patienl Yeai Isolate PFGE

LasA % lasR

(OP

,

phenotype]

mut.

morphology

-

98.4 (2.6) YES

S

S

s

R

S

SCV,NM,Ra,S

-

98.4 (2.9) YES

R

R

R

S

D

NM,F,S

98.5(1.0) YES

S

S

R

R

S

SCV,NM,Ra,S

NOR

34.8 (4.4) ND

s

S

S

S

S

M,Ra,S

NOR

88.5 (4.4) ND

s

s

s

S

s

NM,F,S

+

31.6 (5.6) ND

R

R

R

R

s

NM,F,S

E

2 0 0 0

B51

I-II

E

2 0 0 2

B67

F

1996

B30

I-II

-

F

2 0 0 0

B55

I-II

F

2 0 0 2

B6 8

IA-II

F

2 0 0 2

B69

IDIIB

IB-

(SD)

Colony
CAZ MER ATM TOB CIP

‘

IID

PFGE refers to pulsotypes obtained with SpeI and Xbal respectively; LasA activity indicates the
percentage of the initial (time zero) A^oo value remaining after 60 min; SD: standard deviation for four
replicates; lasR mut. refers to whether the isolate is a confirmed lasR mutant or not by sequencing;
ND: not determined; antimicrobial agent abbreviations are ceftazidime (CAZ), aztreonam (ATM),
meropenem (MER), tobramycin (TOB) and ciprofloxacin (CIP); colony morphology was scored as
mucoid (M), non-mucoid (NM), flat (F) raised (Ra), smooth (S), rough/wrinkled (RW), small colony
variant (SCV). For OP phenotype: + indicates OP-positive; - indicates OP-negative; INT indicates
intermediate; NOR indicates normal.

Table 3.2. Comparison between antimicrobial susceptibility and OP phenotype of LES isolates
Antimicrobial
Agent

% resistant LES isolates for different OP phenotypes

OP (n = 11)

Negative (n = 17)

N or I (n = 5)

CAZ R

73

24

2 0

ATM R

64

35

0

M ER R

91

65

2 0

TOB R

27

24

2 0

TOB D

45

1 2

40

CIP R

0

6

2 0

CIP D

27

1 2

2 0

CAZ, ceftazidime; ATM, aztreonam; MER, meropenem; TOB, tobramycin; CIP, ciprofloxacin; R,
resistant; D, intermediate antimicrobial susceptibility; N, normal; I, intermediate OP phenotype
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Table 3.3 LES lasR mutants isolateci to date.
LES
isolate

lasR Mutation

Comments/Reference

LESB41

Deletion of CCGGGCTGGCTACG leading to divergence from
position R^ 6 onward

isolated from patient C

LESB30

single point mutation leading to divergence from position S3 3
onward

isolated from patient F

LESB32

single nucleotide insertion/frame-shift mutation leading to
divergence from position L2 2 3 onward

isolated from patient A

LESB25

same as LESB32

isolated from patient A

LES49111 same as LESB32

isolated from patient A

LES49074 same as LESB32

isolated from patient A

LESB63

same as LESB32

isolated from patient D

LESB62

single point mutation leading to single amino acid change H2 2 4
—* R

isolated from patient D

LESB4

same as LESB32

isolated from patient E

LESB51

same as LESB32

isolated from patient E

LESB67

Deletion of AAGCGGAA leading to divergence from position
A 1 3 4 onward

isolated from patient E

LES49220

single point mutation leading to single amino acid change G2 3 5
—* D

CF isolate, isolated in
2004

LES400

repetition of GGTGCTC leading to divergence from G 1 2 3 onward (Salunkhe et a l, 2005)

LES430

deletion of GTGGATGCTC leading to divergence from position
(Salunkhe et a l, 2005)
W 1 5 2 onwards

LESB44

insertion of GAAG leading to divergence from position I3 5
onwards

(Salunkhe et a l, 2005)

3.2.6 Virulence in a C. elegans infection model.
Virulence in a C. elegans infection model was determined for a selection o f the LES
isolates, chosen to represent different phenotypes. The C. elegans strain used was the
Bristol N2 strain. We chose a variety o f isolates showing various production o f both
pyocyanin and LasA (Table 3.4). To determine the effect o f these isolates in C. elegans
we carried out the slow killing assay. As a positive control, we used the E. coli strain
OP50 that should provide nutrition for the C. elegans and not be toxic at all. Over the
period o f the assay, no decrease in the number o f C. elegans was seen using this
positive control. The assay was carried out in triplicate for each isolate, and the results
are shown in Fig 3.7.
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Table 3.4 Characteristics of the isolates chosen for the C. elegans killing assay.
Isolate

Pyocyanin

Las A

production

Production (% reduction)

lasR mutation?

Morphology

LES431

+

1 2 .2

N

NM, S,P

PA 0 1

NOR

68.3

N

NM, S

OP50

N/A

N/A

N/A

N/A

LES400

-

97.6

Y

NM, S, W

49137

INT

63.4

ND

NM, S,P

B41

-

98.6

Y

NM, S, Ra

B40

+

20.3

ND

SCV, NM, S

LES109

+

82.7

ND

NM, S,P

B64

-

95.2

N

SCV, NM, S

B49

+

43.3

ND

SCV, NM, S

B65

+

8.61

ND

NM, S,P

B58

+

51.2

N

NM, S, P

NM=non-mucoid, F=flat, S=smooth, P=pigmented, W=white, Ra=raised, SCV=small colony variant.
OP50=E. coli positive control. N/A=not applicable, ND=not determined, INT=intermediate,
NOR=normal.

For all the P. aeruginosa isolates used, a decrease in the number o f C. elegans was
observed. For PA01, which shows a normal level o f both pyocyanin production and
LasA activity, the number o f worms gradually decreased over the four day period to a
final level o f under five worms. LES400 and B41 have mutations in the lasR gene and
produce no pyocyanin or LasA. The final number o f worms at the end o f the assay was
4 and 3 respectively for the two isolates. The remaining (B49, B64, B40, LES109, B58,
49137, LES431 and B65) isolates all gave a final worm number o f two or less. O f
these, the majority o f isolates (B40, LES109, B58, LES431, B65 and B49) have the
overproduction phenotype with respect to both pyocyanin and LasA. One isolate,
49137, showed intermediate production o f both exoproducts. Another isolate, B64,
showed an enhanced ability to kill the C. elegans (no live worms at end o f assay) but
produced no pyocyanin or LasA. This isolate did not have a mutation in the lasR gene.
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Figure 3.7. C. elegans slow killing assay using a panel of LES isolates
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3.3 Discussion
We have demonstrated that an unusual phenotype, characterised by early- and over
production o f QS-regulated virulence factors such as the exoproducts pyocyanin and
LasA protease, is widespread amongst CF isolates o f the LES. In a simple broth test for
pyocyanin production, whereby cultures were incubated overnight in 5 ml cultures, the
levels o f pyocyanin were lower than those measured during exponential growth in 50
ml cultures. It is likely that this was either due to some breakdown o f pyocyanin or
because o f greater aeration during growth o f the 50 ml cultures in 250 ml flasks. Hence,
although the simple broth test is a useful screening tool, the full assay gives a better
indication o f actual levels o f pyocyanin production.

A recent study sought to assess the genetic adaptation o f P. aeruginosa strains during
CF infections by whole genome analysis o f sequential isolates. The authors concluded
that virulence factors required for initiation o f acute infections are often selected against
during chronic infection (Smith et al., 2006a). Amongst those mutations leading to the
loss o f virulence-associated phenotypes, lasR mutations were the most common.
Interestingly, this common mutation would decrease an isolates ability to form a
biofilm which is the proposed form o f growth in the CF lung (Smith et al., 2006a).
However, the QS system is thought to be important in initial infection and in acute
infection models, QS negative mutants display decreased virulence compared to their
wild-type parents (Juhas et al., 2005). QS negative mutants have been identified in both
chronic and acute infections, suggesting that QS is not essential in the infection process
(Juhas et al., 2005). Indeed, the observation that lasR mutants are common amongst
clinical and environmental isolates o f P. aeruginosa has led to the suggestion that the
QS system may have a negative impact on the organism's fitness and the presence o f
the lasR mutation has been associated with a decreased rate o f cell lysis (Heurlier et al.,
2006). Selective pressures within the lung were found to favour the emergence o f lasR
mutants (Chambers et al., 2005) and the decreased production o f virulence factors may
cause the bacterium to be less o f a target o f the immune system. If this is the case, then
the unusual OP phenotype o f the LES might be expected to amplify any negative
impact. However, we found evidence that the OP phenotype can persist amongst
isolates within a patient for periods in excess o f five years (patients A, B and C) and up

76

to seven years (patients B and C). To our knowledge there are no other reported
instances o f natural isolates o f P. aeruginosa that exhibit the OP phenotype. Given that
the OP phenotype places a considerable metabolic burden on the bacteria, the retention
o f such a high-maintenance phenotype within LES populations suggests that there may
be some selective advantage. The fact that the OP phenotype is retained increases the
possibility that it may play a role in the transmissibility o f the strain. Interestingly, it
was also found that the same lasR mutant can persist within a patient for up to six years
(patient A). A recent study reported that lasR mutants are associated with particular
phenotypic attributes. They have a growth advantage on phenylalanine, show
morphology with an iridescent sheen, have increased /3-lactamase production and
decreased killing by ceftazidime (D'Argenio et al., 2007). However, these phenotypes
were not detected in this study. We did not find complete correlation between
pyocyanin OP and high levels o f LasA activity. This suggests that secondary mutations
not affecting the whole QS regulon also lead to diverse phenotypes in LES populations.

CF isolates are often auxotrophic and therefore require specific amino acids to grow
compared to their prototrophic counterparts. In one study, 33% o f CF patients had a
mean percentage auxotroph count of more than 50% total cfu/ml and a further 32%
showed a level of between 10-50% (Thomas et al., 2000). The study included 60
patients and a total of 231 sputum samples. Variability was found both between
individuals and also between different samples from the same patient. The amino acid
concentration o f sputum has been found to be high, especially during infective
exacerbations, and the concentration correlates with pulmonary disease severity
(Thomas et al., 2000). It has been proposed that the advantage is due to the down
regulation o f some metabolic pathways as the production o f amino acids, in terms o f
energy, is expensive. Those that do not have the ability to make amino acids can
therefore devote more energy into growth. It was interesting that despite the correlation
between the severity o f disease and sputum amino acid concentration, there was no
correlation between amino acid concentration and the % o f auxotrophs present.
However, it was suggested that this was due to the high amino acid concentration in
most CF sputum (Thomas et al., 2000). Back in 1993, Taylor et al., (1993) examined
the differences in the percentage o f auxotrophs in both stable and acute infection.
Auxotrophs were present in 86% o f sputum samples from 37 patients (73% in acute
illness and 40% in stable infection periods). It was found that the inability o f producing
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methionine was the most common defect with 44% o f CF patients having methionine
dependent auxotrophs (Taylor et al., 1993). Another study looked at methionine
auxotrophs in more detail and found that back mutation to prototrophy was relatively
low (freq 10'8 to 10~10). The most common mutations were thought to be in genes
encoding enzymes that convert homocysteine to methionine (Barth 1998). In this study,
only 9% (n=3) o f isolates were found to be auxotrophic and all o f these isolates from
the same patient (patient B). The earliest isolate was from 1996 (B46) and the latest
from 2004 (B48) suggesting that auxotrophic mutants may be able to persist in the CF
lung for long periods.

Bacteria in the CF lung encounter a harsh environment and are constantly bombarded
with stressful conditions, which can result in the most adapted isolates being selected.
Isolates can have mutations in genes that ultimately result in an increased random
spontaneous mutation rate, normally due to problems in the DNA-repair and errordetection mechanisms (Miller, 1996). The mutator phenotype may benefit a population
due to a greater chance o f creating better adapted variants. Such a phenotype would
therefore be beneficial for long term persistence as well as playing a role in bacterial
evolution. The high prevalence o f hypermutator strains is thought to be due to co
selection o f this trait with adaptive mutations required for long term persistence.

Previous studies on the prevalence of mutator phenotypes have been carried out. Oliver
et al. (2000) reported that the hypermutable phenotype could be found amongst the
isolates o f P. aeruginosa in 36% o f CF patients, whereas Ciofu et al., (2005) found the
hypermutator phenotype in up to 54.4% o f patients (Ciofu et al., 2005). In this study,
we found that LES isolates exhibiting the hypermutable phenotype comprised 18% o f
the isolates from the six CF patients. Interestingly, a recent study also detected an 18%
prevalence o f hypermutators in six out o f 10 CF patients studied (Montanari et al.,
2007). Another study in 2007 looked at three groups o f isolates: a), early isolates from
CF patients, b) environmental isolates, c) epidemic strain isolates (Kenna et al., 2007).
In the early isolate group, a level o f 10% hypermutators was identified and it was
suggested from this that there was evidence that the CF lung is not the only factor
influencing the production o f mutators. A low level o f 6% o f weak mutators were
found in environmental isolates and in the epidemic strain group a level o f 13% was
identified. However, this was a relatively small cohort o f 15 isolates o f epidemic strains
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o f different genotypes including one LES, one MAN, a clone C and a Midlands isolate.
Further on in the same study, two LES isolates were compared and one was found to be
a weak mutator showing intraclonal variation within the strain (Kenna et al., 2007). In a
study by Ciofu et al., (2005) the earliest mutator isolate was detected after 5 yrs o f
infection and the overall level o f isolates with the mutator phenotype increased with
increasing infection time. In addition, the mutator isolates were significantly more
resistant to antipseudomonal agents (Ciofu et al., 2005). Montanari (2007) studied both
the in vitro and in vivo action o f a wild type isolate, four hypermutable isolates and a
PA01AmutS isolate. In vitro studies showed that the wild type outcompeted all the
other isolates. These results were reinforced by in vivo studies in the agar bead, rat
chronic lung infection model. The hypermutable isolates displayed a reduced ability to
establish chronic infection. This suggests that the mutator phenotype carries a
biological cost when colonising a new environment.

Smania et al, (2004) investigated mutS mutations and their effect on the emergence o f
diverse colony morphologies. Interestingly for the example o f this study, was the
reproducible production o f a morphotype that had increased pyocyanin and pyoverdin
production along with decreased lasB elastase production and swarming motility.
Mutations in the mutS gene were found to be associated with a high antibiotic
resistance frequency (Smania et al., 2004). It was proposed that the high number o f
mutations found in the mutS gene may be due to the presence o f short GC repeats and
that these may be hotspots for mutations leading to frameshifts (Smania et al., 2004). It
has been suggested that the hypermutator phenotype plays an important role in the
development o f multiple-antimicrobial resistance in P. aeruginosa strains causing
chronic lung infections. However, we found little evidence that hypermutable isolates
were less susceptible to antimicrobials than other non-hypermutable isolates from the
same patient (Table 3.1).

The presence o f a single, polar flagellum is one o f the taxonomic features used in the
description o f P. aeruginosa and a study by Lanyi et al., (1970) showed only a very
low level o f non-motility in P. aeruginosa isolates (1/541). However, in this study,
none o f the LES isolates were motile and the lack o f a flagellum was confirmed by
electron microscopy for a selection o f isolates. In 1985, a study reported a high level of
non-motile, rough P. aeruginosa isolates identified from CF patients (70%) and such
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isolates were associated with a poorer clinical outcome (Luzar et al., 1985). It was
suggested that after the initial invasion, properties associated with invasion would be
selected against. This correlates with a later study where it was reported that mutants in
motility were avirulent in a burnt mouse model, perhaps due to a decrease in invasive
properties (Drake & Montie, 1988). Luzar et al., (1985) also reported no association
between non-flagellation and mucoidy, this was the same in my study as a variety o f
phenotypes o f the same strain all exhibited no flagella despite variation in the colony
morphology.

Adhesion is essential for the conversion o f a planktonic cell into the beginnings o f a
resistant, biofilm lifestyle. The effects o f sub- minimal inhibitory concentrations (subMIC) of pipericillin/tazobactam and imipenem on adhesion and other properties were
investigated in a recent study (Fonseca & Sousa, 2007). The antibiotics were found to
cause altered cell morphology leading to decreased adhesion ability and both flagella
and type IV fimbriae seemed to be targets. Changes in the cell surface properties and
morphology were also identified (Fonseca & Sousa, 2007). Sub-MIC o f antibiotics
most probably occurs, at least transiently, during antibiotic therapy and it was
suggested that adhesion may be an effective target in treatment (Fonseca & Sousa,
2007).

Variations in colony morphology are also commonplace. Normal laboratory practice
when dealing with sputum samples is to select a limited number o f the most numerous
colony morphotypes for storage, antimicrobial susceptibility profiling and occasionally
strain typing. Morphology has been linked to increased virulence in the case o f small
colony variants (SCV). A study in 1999 showed that 33/86 CF patients harboured
SCV’s in a two year period. These isolates were significantly more resistant to
antibiotics and their presence was found to be associated with the use o f inhaled
antibiotics (Haussler et a l, 1999). A recent study detected the overall level o f SCV’s
amongst P. aeruginosa isolates in CF patients to be 9.2% (Schneider et al., 2008). The
environment in the CF lung is thought to select for a sub-group o f P. aeruginosa that
are SCV’s and also display an autoaggregative nature (Haussler et al., 2003). These
isolates had increased fitness during stationary phase and also increased twitching
motility and biofilm formation due to their hyperpiliation (Haussler et al., 2003).
SCV’s have also been identified in S. aureus, in particular associated with CF lung
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infection, and have been associated with increased resistance and chronic infection
(Samuelsen et al., 2005). The emergence o f SCV’s has been associated with the use o f
antimicrobial peptides (Sadowska et al., 2002). However, it has also been demonstrated
that identical colony morphotypes sharing the same genotype can vary in activities such
as antimicrobial susceptibility (Foweraker et al., 2005). Morphology has been proposed
to be unstable and can change with subculturing as it is thought to be dependent on
many environmental cues. Subtle genetic differences can also dramatically change
morphology (Rakhimova et al., 2008).

In our study, isolates obtained from an individual patient at the same sampling time
differed in morphology, but there are a number o f examples with sequential isolates
where the same colony morphotype and genotype exhibited variations in antimicrobial
susceptibility and/or QS-regulated activities. If pulsotype variation is discounted there
are further examples suggesting that colony morphotype is an imperfect basis for the
selection o f isolate variants (Table 3.1). It has already been reported that the antibiotic
susceptibilities o f LES isolates vary widely (Foweraker et al., 2005).

The first model for chronic P. aeruginosa lung infection was the rat (Cash et al., 1979)
and other animal models have included guinea pigs (Pennington et al., 1981), cats
(Thomassen et al., 1984) and rhesus monkeys (Cheung et al., 1992). The mouse is a
classic model organism used to investigate many diseases (Davis & Stanley, 2003).
However, the mouse models for chronic P. aeruginosa lung infection often require
artificial means o f infecting the model with bacteria and preventing mechanical
clearance. An example o f such a method would be embedding the bacteria in agarose
beads (Starke et al., 1987). More relevant mouse models that do not require artificial
embedding agents have been described (Hoffmann et al., 2005) as well as the CFTR
deficient mouse (Stotland et al., 2000). Other animal models include the use o f insects.
There are striking resemblances between the defense responses o f insects and mammals
and this has prompted the use o f the model organism Drosophila melanogaster as a
vehicle for studying innate immunity in mammals (Dushay & Eldon, 1998; Lutter et
al., 2008). The greater wax moth (Galleria mellonella) larvae has been found to be
sensitive to P. aeruginosa injected directly into the hemolymph and a positive
correlation has been identified between P. aeruginosa virulence in this model and in the
classic mouse model (Jander et al., 2000; Miyata et al., 2003). This wax moth model
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has also been used to successfully study virulence in other bacteria (Mylonakis et al.,
2005) and fungi (Brennan et al., 2002).

The C. elegans model for determining

virulence in P. aeruginosa is often used, as this model organism is well characterised
and is a relatively inexpensive option. There are three ways by which P. aeruginosa can
cause death in C. elegans infection models. These are fast killing (up to 24 hours), slow
killing (over a number o f days) or by lethal paralysis. We chose a small but varied
panel o f LES isolates and determined their relative C. elegans slow killing ability. The
slow killing assay is thought to be the most reliable method for determining virulence
using the C. elegans model o f bacterial pathogenesis (Ruiz-Diez et al., 2003). Slow
killing simulates the infection process via accumulation o f bacteria in worm intestines
and generally occurs on low salt media (Tan & Ausubel, 2000). All o f the LES isolates
had increased killing ability compared with PA01. O f the LES isolates, the two isolates
identified as having lasR gene mutations (LES400 and B41) showed the lowest C.
elegans killing ability. This correlates well with a previous study that identified lasR
amongst genes in P. aeruginosa that caused attenuation o f slow killing ability (Tan &
Ausubel, 2000). Phenazine production has been suggested to contribute to virulence in
the C. elegans model (Mahajan-Miklos et al., 1999). All o f the isolates with the highest
C. elegans killing ability had the overproduction phenotype except for one isolate, B64.
This isolate showed a very rapid and enhanced ability to kill C. elegans but produced
very little pyocyanin or LasA. However, there are other methods by which P.
aeruginosa could kill C. elegans, for example through cyanide toxicity (Gallagher &
Manoil, 2001). The C. elegans virulence model is a useful tool for measuring the
relative virulence o f different P. aeruginosa isolates. The use o f the N2 Bristol C.
elegans strain is not ideal. If the C. elegans are not immediately killed, they can
reproduce during the period o f the assay and confuse the results. However, it is possible
to

use

temperature

sensitive

sterile

mutants

such

as

the

CF512

strain

(w ww.wormbase.org).

In addition to the animal models described, plant models have also been used to
determine virulence in P. aeruginosa. In 1995, using Arabidopsis thaliana and the
burnt mouse model, it was reported that many o f the genes encoding virulence factors
were required for full expression o f virulence in both plants and animals (Rahme et al.,
1995). Down regulation o f virulence factors was found to attenuate the virulence o f P.
aeruginosa in both C. elegans and a plant model (Prithiviraj et al., 2005). The lettuce
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leaf infiltration model has been used successfully (Filiatrault et al., 2006; Wagner et al.,
2007). However, our attempts at studying virulence o f P. aeruginosa in the lettuce leaf
infiltration model yielded unreliable results and even using the previously published
control strains PA01 and P A H failed to give reproducible results (data not shown).

The LES was first identified in a CF unit where ceftazidime monotherapy was being
used as standard antipseudomonal treatment for respiratory exacerbations. The authors
suggested that the strategy o f monotherapy had contributed to the success o f the
ceftazidime-resistant LES (Cheng et al., 1996). Blazquez and colleagues have not only
suggested that ceftazidime concentrations thought previously to be lethal are not, but
that ceftazidime treatment can increase the frequency at which P. aeruginosa mutates
(Oliver et al., 2004). Thus, it is entirely plausible that the strategy o f ceftazidime
therapy may have contributed to the emergence o f the OP phenotype exhibited by the
LES.

Although first identified because o f the spread o f a multiresistant clone in a CF unit, it
is clear that isolates of the LES vary considerably in their antimicrobial susceptibility
profiles. We found an interesting correlation between the OP phenotype and resistance
to the /3-lactams ceftazidime, aztreonam and meropenem. It has been demonstrated
recently that pyocyanin can act as a signalling molecule in P. aeruginosa strains PA01
and P A H , upregulating in late exponential or stationary phase, a limited number o f
genes from the QS network, including the mexGHI-opmD genes involved in efflux,
redox processes and iron acquisition (Dietrich et al., 2006). Our laboratory has reported
previously that these genes are up-regulated in late exponential phase in the OPpositive isolate LES431 when compared to either an OP-negative LES isolate or strain
PA01 (Salunkhe et al., 2005). Not only does this highlight another possible
consequence o f the early and over-production o f pyocyanin in LES populations, but it
suggests that pyocyanin itself may play a direct role in the observed link between
antimicrobial susceptibilities and the OP phenotype.

Our data clearly support the notion that bacterial populations in the sputum samples o f
CF patients are mixed with respect to both genotype and phenotype, even when isolates
represent the same clone. We saw many minor variations in PFGE banding patterns
between isolates o f the LES, even between isolates taken from the same sputum sample
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(table 3.1). The LES seems to have an unstable genotype, suggesting that individuals
within LES populations undergo deletions, insertions and rearrangements. As well as
these quite large genetic events, there are often point mutations leading to significant
phenotypic changes. A study analysing greater numbers o f isolates from each sputum
sample may give a far better insight into the diversity within populations o f P.
aeruginosa in CF than the snapshot obtained when analysing relatively small numbers.

Summary
•

The pyocyanin overproduction phenotype is widespread amongst LES
isolates. It can persist for up to 7 years and is associated with increased
antibiotic resistance. This phenotype was not identified in isolates from
other sources.

•

lasR mutants were identified in the LES population and the same lasR
mutation was found to persist in a patient for up to 6 years.

•

All LES isolates were non-motile and this appears to be due to a lack of
flagella•

•

Other diverse phenotypes were identified including auxotrophic mutants,
hypermutable isolates and variation in colony morphology.

•

LES isolates were more virulent than PA01 in a C. elegans infection model.

•

P. aeruginosa populations in CF sputum samples are mixed with respect to
both the genotype and the phenotype, even when the isolates represent the
same strain.
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Chapter 4
ANOMALOUS ISOLATES - ROUTINE TYPING AND THE LES

4.1 Introduction
4.1.1 Typing of P. aeruginosa
Typing o f bacterial pathogens is vital for accurate classification and has played a key role in
the identification o f transmissible P. aeruginosa strains. Previously, typing has been
generally based on phenotypic markers, with methods such as serotyping, biocin typing and
antibiotic resistance. Serotyping is commonly used as a phenotypic typing method and uses
commercially available antisera to identify specific antigens on the cell surface. However
this method is sometimes unreliable (especially with rough P. aeruginosa isolates). A
recent study by Leone et al., (2008) showed that o f 135 CF P. aeruginosa isolates, only
62% could be typed using this method. 41 isolates did not react with the antisera and a
further 10 isolates showed polyagglutination. Furthermore, this typing method has low
discriminatory power (Leone et al., 2008). Pyocin typing involves the study o f the
production o f specific bacteriocins that inhibit the growth o f other P. aeruginosa strains. It
has been suggested that pyocin typing has superior discriminatory power when compared to
serotyping, as it can identify up to 105 main types (Fyfe et al., 1984). Typing using
antibiotic resistance profiles or antibiograms has been common practice in the past and
indeed the LES was first identified due to a shared antibiotic resistance profile (Cheng et
al., 1996). However there have been increasing numbers o f reports showing that, although
interesting and o f relevance to the clinician, antibiograms are not a reliable typing method.
A study by Freitas and Barth (2004) compared antibiogram typing to genotyping methods.
They found discrepancies between the two methods in more than 50% o f isolates.
Furthermore, different antibiograms were observed in isolates with the same genotype and
the susceptibility profile did not allow distinction o f isolates from other genotypes. The
antibiogram typing identified only 10 different types out o f the 81 samples, whereas
genotyping methods revealed 71 distinct types. This suggests that the discriminatory power
o f antibiotic resistance profiles is low (Freitas & Barth, 2004). However, with the
advancement o f molecular techniques, genotype-based methods have become more widely
used.
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4.1.2 Molecular typing methods.
Pulsed field gel electrophoresis (PFGE) is often considered to be the ‘gold standard’ typing
method. It is widely used and has high discriminatory power. However, it is very difficult
to compare results across different laboratories and the method is very time consuming. The
patterns produced by DNA digestion with restriction endonucleases can be highly
discriminatory. In the case o f P. aeruginosa, Spel is the restriction endonuclease used, and
this has been found to produce between 17 and 37 DNA fragments (Grundmann 1995).
PFGE is a process that uses alternating electric fields to separate DNA fragments in a solid
matrix, in this case, an agarose gel. 24 electrodes are arranged hexagonally to produce an
electric field that intersects the gel at 120°. This leads to the production o f well separated,
focused bands that form in a straight line down the gel. The concentration o f the DNA used
affects its mobility through the gel and therefore can affect the clarity o f the resulting
banding pattern.

PFGE is particularly beneficial when studying epidemiological outbreaks where the aim is
to determine whether collected isolates are genetically related and therefore represent the
same strain. The interpretation o f PFGE patterns was reviewed by Tenover et al., (1995).
They concluded that strain typing by this method relies on a few assumptions. Firstly, that
isolates representing a single outbreak will have the same genotype, and secondly that
epidemiologically unrelated isolates will have a different genotype. The method is most
effective at studying small, single outbreaks. The ideal situation would be that all isolates
involved in an outbreak would have an identical genotype. However random genetic events
such as point mutations, insertions and deletions o f DNA can alter the PFGE pattern despite
the remaining genome being identical. Tenover et al., (1995) sought to develop a set o f
guidelines to aid PFGE pattern interpretation and suggested that, depending on the degree
o f difference from the original isolate, all isolates could be divided into four categories: 1)
indistinguishable, 2) closely related, 3) possibly related and 4) unrelated. For these
categories to apply, the restriction pattern must have at least ten fragments. The
‘indistinguishable’ category would contain isolates with the same number o f fragments and
all fragments would be o f the same size. All isolates in this category would be classed as
the same strain. In the ‘closely related’ category, differences in the pattern from the
outbreak

isolate

would

be

consistent

with

one

genetic

event

(ie.

a

point
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mutation/insertion/deletion o f DNA). Typically this results in a 2-3 band difference and
variation like this has been shown to occur after repeated subculturing. These isolates are
still considered to be the same strain. In the ‘possibly related’ category, two unrelated
genetic events may have occurred leading to a 4-6 band difference. Isolates in this group
may have the same genetic lineage. In the final group, isolates are thought to be unrelated
and display a seven or more band difference consistent with the occurrence o f three or more
random genetic events. The effects o f genetic events on the PFGE pattern are summarised
in table 4.1.

Table 4.1. Effects of genetic events on PFGE fragment patterns. Adapted from Tenover e ta l., 1995.
Type of genetic event

Resulting changes in the PFGE pattern compared with the
outbreak pattern

Point mutation resulting in the
creation of a restriction site

The altered pattern will lack one fragment present in the outbreak
pattern and, concomitantly, will have 2 new smaller fragments not
present in the outbreak pattern; the sum of the sizes of the 2 smaller
fragments should approximate the size of the larger fragment. This is
considered a 3 fragment difference

Point mutation resulting in loss of a
restriction site

The altered pattern will have a larger fragment not present in the
outbreak pattern and will lose two smaller fragments. This is a 3
fragment difference.

Insertion of DNA into an existing
restriction fragment (new DNA
does not have a restriction site)

The altered pattern will have the same number of fragments as the
outbreak pattern, but it will show a new fragment of a larger size.
This 2 fragment difference is commonly referred to as a fragment
shift.

Deletion of DNA from a fragment
(deleted material does not contain a
restriction site)

The altered pattern will show a new fragment of a smaller size and loss
of a larger fragment. This is a 2 fragment difference

Ideally, these interpretation guidelines should be used for isolates collected over short
periods (1-3 months) and are not necessarily appropriate for larger populations collected
over a long time period (Tenover et a l, 1995). However, no guidelines for a longer time
period exist and therefore these guidelines are often used.
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Other genomic fingerprinting methods have also been used to type P. aeruginosa and a
summary o f these can be seen in Table 4.2.

Table 4.2 Genomic fingerprinting methods used to type P. aeruginosa
Name

Description

Reference

RAPD

Random amplification of polymorphic DNA

(Clarke et al., 2008; Trautmann et al.,
2006)

ERIC-PCR

Enterobacterial repetitive intergenic consensus
PCR

(Syrmis et al., 2004; Wolska & Szweda,
2008)

BOX-PCR

Repetitive elements (BOX sequences) located

(Schuster et al., 2004; Syrmis et al., 2004)

within intergenic regions
AFLP

Amplified fragment length polymorphism

(Brimicombe et al., 2008; Speijer et al.,
1999)

VNTR

Variable number tandem repeated

(Onteniente et a l, 2003; Vu-Thien et al.,
2007)

4.1.3 Multilocus sequence typing
Multilocus

sequence typing (MLST) measures the variation that occurs within

housekeeping genes within a bacterial population. The PCR is used to amplify internal
fragments o f these genes which are then sequenced. Following sequencing, analytical
software is used to compare the sequences, and identical sequences are assigned the same
arbitrary allele number. The combination o f allele numbers at the different loci investigated
identifies different strains by assigning a sequence type, thus facilitating classification. In
recent years MLST has become a more widely used typing method and schemes have been
developed for a number o f bacterial pathogens including the B. cepacia complex (Baldwin
et al., 2005; Baldwin et al., 2008) and Salmonella typhimurium (Alcaine et al., 2006). An
MLST scheme has been developed for P. aeruginosa (Curran et al., 2004). This consists of
seven house keeping genes; acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE. The aim was
to develop a typing scheme that was highly discriminatory, unambiguous, reproducible and
portable between laboratories. In the study reporting this MLST scheme a total o f 139
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sequence types were identified, with some forming tight clusters varying at only one or two
loci. Interestingly, the study also found that three o f the major UK epidemic clones, (the
LES, M idi and MAN) were not closely related, suggesting that they had evolved
independently (Curran et al., 2004). The P. aeruginosa population as a whole was found to
be non-clonal but punctuated by highly successful epidemic strains (Curran et al., 2004).

4.1.4 The use of subtractive hybridisation in the identification of novel regions of the
LES for use as diagnostic PCR tests.
Suppression subtractive hybridisation (SSH) is a PCR-based technique aimed at the
identification o f sequences present in one strain (the tester strain) but absent from another
(the driver strain). The technique has been used previously on many bacteria (Winstanley,
2002) including the LES o f P. aeruginosa (Parsons et al., 2002). Here, sequences present in
the genome o f LES were compared to the genome o f strain PA01. Interestingly, the G-C
content o f the subtracted clones was found to be significantly lower than the level found in
the overall genome (66.6%) (Stover et al., 2000). From this, it was suggested that the novel
sequences may have been acquired from other less G-C rich organisms. Thirteen clones
were subjected to screening using a panel o f LES isolates, non-epidemic CF isolates,
Manchester strains and the Melbourne CF epidemic strain. The PS21 subtracted sequence
was the only sequence found to be present in all the LES isolates but absent in the non-LES
isolates. It was concluded that the PS21 forward and reverse oligonucleotide primers could
be used as a simple diagnostic PCR test (Parsons et al., 2002).

Following this a study was carried out to determine the agreement between PFGE and the
PS21 diagnostic test, and also to assess the sensitivity and specificity o f the PCR test
(Panagea et al., 2003). A total o f 158 isolates from 92 patients were collected and subjected
to PFGE as well as PS21 PCR directly on the sputum and from culture. There was 100%
concordance between the PFGE results and the PS21 PCR test. Furthermore, PS21 PCR
carried out directly on the sputum was found to have a sensitivity and specificity level o f
98.2 and 93.6% respectively (Panagea et al., 2003). A second study into environmental
reservoirs o f the LES also successfully used the PS21 PCR as a defining marker. In this
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study, LES was detected in the majority o f air samples, and these included samples taken
from the inpatient ward (patients’ rooms and corridors) and also the outpatient clinic. It was
suggested that airborne dissemination plays a significant role in patient-patient spread o f
the LES.

However the exact route o f transmission remains unknown (Panagea et al.,

2005).

Further SSH was carried out by Smart et al., (2006) and contributed an additional 78
sequences to those previously obtained by Parsons et al., (2002). Preliminary analysis o f
the LES genome indicated that many o f the subtracted sequences obtained were clustered
together.

Fifteen o f the sequences shared similarity with mobile genetic elements,

including the bacteriophage D3 and D3112. A further six sequences were associated with
transposition, recombination and DNA modification. It was therefore suggested from the
SSH data that bacteriophage DNA contributes significantly to the accessory genome o f the
LES. The PS21 sequence was found to be part o f a putative merA gene and located in the
cargo region o f a PAGI-2-like genomic island. Four false positives were found using the
PS21 sequence as a marker for the LES. In addition, it was also demonstrated that the PS21
sequence was linked to the silver-efflux-pump related SSH sequence LESB9, as this was
also found in the four false positives. So, the PS21 marker as a diagnostic test for the LES
was found to be susceptible to rare false positives (Smart et al., 2006). The authors
concluded that in the absence o f a definitive LES-specific PCR assay that is positive for all
LES isolates, the PS21 test should be combined with a second marker, LESF9. The
combination o f these two oligonucleotide primer sets was thought to be an effective
diagnostic tool (Smart et al., 2006).

Individual PCR diagnostic tests for three UK epidemic strains (LES, Midlands and the
Manchester epidemic strain) had previously been described.

However Fothergill et al.,

(2008) recently described the development o f a multiplex PCR test that could be used to
monitor the presence o f all these three UK epidemic strains, and this test is now being used
in some routine laboratories.
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4.1.5 Small Nucleotide Polymorphisms (SNP)
SNP analysis is a method that investigates the sequence diversity present in an isolate at
different loci. This method has been used to investigate the population structure o f P.
aeruginosa (Kiewitz & Tummler, 2000; Morales et al., 2004). In the earlier study, the
diversity o f 19 isolates was determined at six loci. These loci were evenly distributed
throughout the genome and were; oriC, ampC, oprl, citS, fliC and pilA (Kiewitz &
Tummler, 2000). Following this, a study by Morales et al. (2004) was performed to
investigate 111 P. aeruginosa isolates from both clinical and environmental sources.
Fourteen SNPs representing seven different loci were used, these being; oriC, two at citS,
seven at ampC, oprL, two at alkB2 and fliC gene typing (Morales et al., 2004). All o f the
loci chosen were not linked. The study reported an accuracy o f 99.97% in discriminating
between isolates, and out o f the 111 isolates, 91 SNP genotypes were identified. It was
interesting that the SNP data did not always correlate with PFGE data, with some isolates
showing identical SNP genotypes, suggesting that they were the same strain, but producing
different macrorestriction profiles. It was suggested that such anomalies were due to
variation in the presence o f genomic islands and other mobile genetic elements (Morales et
al., 2004). The accuracy reported suggests that this method could be a very useful typing
method. However, the lack of information regarding the accessory genome is an important
limitation, especially as the accessory genome o f P. aeruginosa has been associated with
virulence.

4.1.6 The Array Tube (AT) Method
The Clondiag P. aeruginosa DNA chip which can be used for typing isolates is embedded
into an Eppendorf-like tube. Firstly, a multiplex PCR reaction comprising o f 99 primers
targeting the sequences o f interest is performed directly from washed and resuspended
bacterial colonies. A multiplex PCR reaction is carried out using a set o f specific primers.
All the primers are o f a similar length and Tm. The reaction has been developed to provide
optimal conditions for linear amplification o f all sequences which are approximately 200
bp. A protein tag in the form o f biotin-dUTP is added to the PCR reaction to obtain biotin
labelled PCR products.

The biotin-labelled PCR products are added to the AT and

hybridisation is carried out. Washes are carried out to remove non-specifically bound
amplicons and hybridisation is detected using horseradish streptavidin-peroxidase (HRP)
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conjugate and tetramethylbenzidrine (TMB) precipitation.

Colorimetric analysis is then

performed using an AT reader, and the final image stored for comparison to other strains.
The basic method is shown in figure 4.1. This method has been used to successfully type
isolates (Mohan et al., 2008) and assess population structures (Wiehlmann et al., 2007). In
the population structure study, dominant clones found in the P. aeruginosa population were
studied using the Clondiag AT. 240 isolates from diverse habitats and geographical
locations were studied. It was found that the 16 most common clones accounted for about
half o f the strain panel and included clone C, the midlands strain and the LES amongst
others (Wiehlmann et al., 2007). Another study by Jelsbak et al., (2007) used this method
to investigate P. aeruginosa isolates from a Danish CF clinic. The study identified a
predominance o f two clones present in the patients, and the possibility o f these clones being
transmissible strains was raised (Jelsbak et al., 2007).

4.1.6.1 AT sequences

The Clondiag AT chip is comprised o f three different types o f sequences:
the SNPs described in section 4.1.4; variable genes and virulence factors; and genomic
islands (figure 4.2). Each genomic island and variable gene is represented on the AT by
two replicate oligonucleotides: the presence o f dots following hybridisation signifies that
the P. aeruginosa possesses this sequence.

A total o f 13 SNPs, representing seven loci are present on the AT: ampC (7); citS (2);
alkB2; fliCa; oprl; oprl and oriC. Each SNP gene is represented by four oligonucleotides
on the chip: two targeting the strain PA01 version at this locus, and two for the non-PAOl
variant.

Each P. aeruginosa strain will hybridise preferentially with two o f the

oligonucleotides, signifying the SNP variant present.

Controls for the conjugation and

precipitation are present in the form o f six spots at the comers and very edge o f the chip.
Details o f each o f the sequences targeted using the AT chip are given in Table 4.3.

Primers were designed with the aid o f specific computer software and were matched for
length (20-22 mers), free enthalpy properties and all contained either a GG, GC, CC or CG
at the 3’ end.
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4.I.6.2. Genomic islands targeted by AT

A number o f the target sequences present on the AT detect previously identified P.
aeruginosa genomic islands. PAPI-2 is a small genomic island (11 kb) which is partially
present in strain PA01 (He et al., 2004).

There are three probes targeting this island:

PAPI-2-PA0980; PAPI-2-AcTr and PAPI-2-XF1753. PAGI-1 is a larger island (48.9 kb)
originally isolated from a urinary tract P. aeruginosa isolate and is widespread amongst
clinical strains (Liang et al., 2001). There is one probe for this island. The 47D7 genomic
island is integrated at a tRNApro and is targeted by two probes on the chip: 47D7-1 and
47D7-2, both targeting the same gene.

The remaining probes target two classes o f genomic island. Firstly the pKLC102/ PAPI-1
type island, which is reversibly integrated into at the tRNALys gene near the pilA locus in
the clone C strain (Klockgether et al., 2004). It can also exist as an additional plasmid
(Klockgether et al., 2004). This region is detected by nine probes on the chip, targeting
both the conserved and cargo regions o f the island: pKL-1, pKL-3, TB-C47-1, TB-C47-2,
PAPI-1-pili-Ch, PAPI-1-LuBiPr, pKLC-unknown, pKLC-adhesin and pKLC-metabolism.

The second class o f island, the PAGI-2 and PAGI-3 (Klockgether et al., 2004; Larbig et al.,
2002), are integrated into the genome at tRNAGly. Ten probes target this region: C-45, C46, C-47, PAGI-2/3-1, PAGI-2/3-4, PAGI-2/3-5 PAGI-2/3-6 target the conserved part and
PAGI-3-1, PAGI-3-8, PAGI-2-1, PAGI-2/3-6, the cargo region. There is much variation in
these two types of island, with many subtypes possible.

The SNP part o f the array tube is more difficult to evaluate than the variable genes and
genomic islands. Figure 4.3 shows the possible patterns o f dots for each SNP variant.
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Table 4.3. Sequences targeted by the Clondiag P. aeruginosa AT.
Probe

T arget/ Gene
(P. aeruginosa strain) *

References

Genomic islands
C-45

PAGI-2 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

C-46

PAGI-2 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

C-47

PAPI-1 (PA 14)

He et al., 2004

PAGI-3-1

Pathogenicity island 3 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-3-8

Pathogenicity island 2 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-2-1

Pathogenicity island 2 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-2/3-1

Pathogenicity island 2/3 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-2/3-4

Pathogenicity island 2/3 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-2/3-5

Pathogenicity island 2/3 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

PAGI-2/3-6

Pathogenicity island 2/3 (Clone C)

Larbig et al., 2002;
Klockgether et al., 2004

pKL-1

pKLC 102 plasmid (Clone C)

Klockgether et al., 2004

pKL-3

pKLC 102 plasmid (Clone C)

Klockgether et al., 2004

TB-C47-1

pKLC 102 plasmid (Clone C)

Klockgether et al., 2004

TB-C47-2

pKLC 102 plasmid (Clone C)

Klockgether et al., 2004

PAPI-l-Pili-Ch.

P. aeruginosa pathogenicity island 1 (PA 14)

PAPI-l-LuBiPr.
pKLC-unknown
pKLC-adhesin
pKLC-metabolism
PAGI-1
fla-island-1
fla-2 orfA
fla-2 orfl

He et al., 2004

Luminal binding protein gene o f P. aerugin He et al., 2004
pathogenicity island 1 (PA 14)
Klockgether et al., 2004
pKLC 102 plasmid (Clone C)
Adhesin gene o f pKLC 102 plasmid (Clone C Klockgether et al., 2004
Fatty acid synthase o f pKLC 102 plas Klockgether et al., 2004
(Clone C)
Liang et al., 2001
Pathogenicity island 1 (X24509)
Flagellin glycosylation island

Arora et al., 2001; Schirm
et al., 2004

Flagellin glycosylation island

Arora et al., 2001; Schirm
et al., 2004

Flagellin glycosylation island

Arora et al., 2001; Schirm
et al., 2004
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Flagellin glycosylation island

Arora et al., 2001; Schirm et
a l, 2004

47D7-1

Genomic island 47D7

47D7-2

Genomic island 47D7

Wiehlman and
Tümmler, personal
communication

PAPI-2-PA0980

P. aeruginosa pathogenicity island 2 (PA 14) He et al., 2004

PAPI-2-AcTr

P. aeruginosa pathogenicity island 2 (PA 14) He et al., 2004

PAPI-2-XF1753

P. aeruginosa pathogenicity island 2 (PA 14) He et al., 2004

fla-2 orfj

V ariable genes
Pyov.Rez.-l

Pyoverdine type I receptor fpvA

Smith et al., 2005

Pyov.Rez.-2a

Pyoverdine type II receptor fpvA

Smith et al., 2005

Pyov.Rez.-2b

Pyoverdine type II receptor fpvA

Smith et al., 2005

Pyov.Rez-3

Pyoverdine type III receptor fpvA

Smith et al., 2005

Pyov.Rez.-B

Pyoverdine type I receptor fpvB

Smith et al., 2005

LES

PS21 LES diagnostic marker

Parsons et al., 2002

PA0636

PA01 gene PA0636 [phage related]

Stover et al., 2000

PA0722

PA01 gene PA0722 [Phage Pfl]

Stover et al., 2000

PA0728

PA01 gene PA0728 [Phage integrase]

Stover et al., 2000

PA2185

PA01 gene PA2185 [non-heme catalase Kat Stover et al., 2000

PA2221

PA01 gene PA2221 [putative transposase]

Stover et al., 2000

PA3835

PA01 gene PA3835 [hypothetical protein]

Stover et al., 2000

fliCa

fliC gene type a

Morales et al., 2004

fliCb

fliC gene type b

Morales et al., 2004

exoS

Type III secreted protein exoS

Ajayi et al., 2003

exoU

Type III secreted protein exoU

Ajayi et al., 2003

alkB2

alkB2[ alkane hydroxlyase]

Marín et ai, 2003; Morales
et al., 2004

am pC -1 ,3 -7

ampC [/3-lactamase]

Kiewitz and Tümmler, 2000;
Morales et al., 2004

citS-1 and citS-2

citS [citrate synthase]

Kiewitz and Tümmler, 2000;
Morales et al., 2004

fliCa (2)

fliC [flagellin]

Kiewitz and Tümmler, 2000;
Morales et al., 2004

oriC

oriC Origin o f replication

Kiewitz and Tümmler, 2000;
Morales et a l, 2004

oprl (2)

oprl [outer membrane lipoprotein oprl]

Kiewitz and Tümmler, 2000;
Morales et al., 2004

SNPs

Pimay et al., 2002
oprL [outer membrane oprL]
oprL-a and oprL-b
* Where relevant, the P. aeruginosa strain in which an island was first identified is

indicated.
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4.1.6.3 Conversion of the SNPs into a hexadecimal code
The hexadecimal code is used to convert the large amount o f information yielded from
the SNP genotypes into a smaller, easier to manage four digit code. To achieve this, the
SNPs are converted from wild-type and mutant into a 16 digit code (figure 4.4) by
marking a 0 for a wild-type (PAOl-like) result and a 1 for a mutant result.
The 16 digit SNP code is then divided into four groups o f four. For each group, there
are 16 possible combinations (figure 4.5) and each combination is designated either a
number or letter character. The same is carried out for all four groups resulting in the
final four digit hexadecimal code. This final code can then be compared to the database
to determine whether any identical clones have previously been reported including their
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Evaluation of the SNP-Pattern
wild- type (PAO)

SNP

mutant (non-PAO)

fliCa A-T (1)
fliCa A-T (2)
alkB2 A-G
citS A-G
citS G-C
oprIT-C (1)
oprl T-C (2)
ampC 1 G-A
ampC 3 C-T
ampC 4 G-A
ampC 5 G-C

•

ampC 6 T-C

•

• • • •
• • • •

•

• •

•

ampC 7 C-A

Figure 4.3. Evaluation of the SNP patterns of the array tube (Clondiag technologies) geographical
location and origin. Results can also easily be compared across laboratories.
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exoU
Figure 4.4 An example of conversion of the SNP into a 16 digit code.
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«

*

et

Figure 4.5 An example o f conversion from the 16 digit code into the final four digit hexadecimal code.

Aims
1) . Using the Clondiag AT chip, to determine the identity of anomalous isolates
that have given a positive result with at least one of the accepted LES
identification methods (diagnostic PCR tests and PFGE) using SNP analysis.
2) . To determine the presence/absence of specific genomic islands using the
Clondiag AT chip.
3) . To study the variation in the presence of LES specific prophages amongst the
LES anomalous isolates.
4) . To assess the Clondiag AT method as an additional typing method to aid in the
identification of P. aeruginosa in clinical cases.
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4.2 Results
4.2.1 Panel of isolates
The CF isolates used in this study were supplied by the Royal Liverpool University
Hospital (n=14), Clatterbridge Hospital (n=2), Papworth Hospital (n=4) and the Health
Protection Agency, Colindale (n=4). All o f the isolates had given at least one
inconsistent result with respect to the routine tests carried out on CF P. aeruginosa
isolates for the identification o f the LES (PFGE and LES PCR tests targeting PS21
(Parsons et al., 2002) and LESF9 (Smart et a i, 2006)). The results are shown in table
4.4.

Each o f the 24 isolates used yielded an anomalous result with one or more o f the
accepted methods used in the routine laboratories (the two PCR tests, for PS21 and
LESF9, and PFGE) (Table 4.4, figure 4.6 and figure 4.7).

17/24 isolates were PCR-negative for the PS21 marker. Two out o f the 24 were PCRnegative for the LESF9 marker. One PS21-negative isolate (069237) was identified as
identical to the control LES isolate according to PFGE.

Seven isolates produced a

macrorestriction PFGE profile with more than six band differences when compared
with the LES control. A further 6 isolates showed a 5-6 band difference. Ten isolates
showed a similar profile pattern (within 3 bands difference) (Table 4.4).

4.2.2 Typing using the Clondiag Tube Array system

The Clondiag tube array system was used to identify diagnostic SNPs at various sites in
the core genome. A total o f 13 SNPs representing seven loci are present on the array
tube (AT). Isolates were classified as either LES or non-LES based on their SNP
profiles (Table 4.5a and 4.5b).
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Figure 4.6 PFGE on selected anomalous isolates found to be LES isolates according to the tube array
method. M-lKb plus DNA marker, lane 1 - B58 LES positive control, 2 - 069301,3 - 059228,4 079345, 5 - 079327,6 - H06344 0342, 7 - H06208 0491,
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Figure 4.7 PFGE on selected anomalous isolates found to be non-LES by the Clondiag tube array. M
marker, lane 1 - B58 LES positive control, 2 - 079390, 3 - 079391, 4 - 079320, 5 - HPA438,
H06208 0666, 7 - H06208 0521,

8

- 43513, 9 - 43090.
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6

Table 4.4. Isolates included in the study, showing the origin (location and patient), PCR test results and
similarity of PFGE pattern to the LES positive control. Pos - identical PFGE profile, Similar - 3 bands
difference or less,Neg - in excess of six bands different. Strain refers to designation according to the tube
array system. LIV = Liverpool.
Isolate

Origin

PFGE

PS21

LESF9

Patient

Strain

059228

LIV

Similar

-

4-

1

LES

069301

LIV

Similar

-

4-

1

LES

069237

LIV

Pos

4-

2

LES

079345

LIV

5 bands

4-

1

LES

079327

LIV

Similar

4-

3

LES

079314

LIV

Similar

4

LES

079509

LIV

Similar

4-

5

LES

069574

LIV

Similar

4-

6

LES

079387

LIV

5 bands

4-

7

LES

H06344-0342

HPA

Neg

4-

8

LES

H06208-0491

HPA

Neg

4-

9

LES

44361

Papworth

Similar

4-

10

LES

44366

Papworth

Similar

4-

11

LES

H05490-0666

HPA

Neg

4-

12

Non-LES

H06208-0521

HPA

Neg

4-

13

Non-LES

WM1

HPA

Neg

4-

14

Non-LES

444

Clatterbridge Neg

-I-

4-

15

Non-LES

438

Clatterbridge Neg

4-

4-

16

Non-LES

079390

LIV

6 bands

4-

17

Non-LES

079391

LIV

6 bands

4-

17

Non-LES

079320

LIV

5 bands

4-

18

Non-LES

079444

LIV

6 bands

4-

19

Non-LES

43513

Papworth

Similar

20

Non-LES

43090

Papworth

Similar

21

Non-LES

4-

+

-14-
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Using this method, 13/24 isolates were identified as the LES and will be referred to as
‘anomalous LES isolates’ (Table 4.5a and figure 4.8). The remaining 11 isolates had a
different SNP profile and were therefore classed as non-LES (‘non-LES anomalous
isolates’) (Table 4.5b and figure 4.8). The LES isolates have the PA01 version at eight
loci (oriC alkB 2, citSl, ampCl, ampC3, ampC4, ampC5 and ampC6) and the mutant
variant at four loci (oprL, citS2, oprl and ampCT).

The SNP results for the non-LES isolates are shown in table 4.5b. Five different SNP
types were identified. Five o f the isolates shared an identical SNP profile (isolates
H05490-0666, 079320, 079390, 079391 and 07444) and using the hexadecimal code
method (table 4.6) we found that these matched Clone A3 on the P. aeruginosa clone
database (Wiehlmann et al., 2007). These isolates came from different geographical
locations, with four isolates (from three different patients) originating from Liverpool,
and one from the HPA. Three o f the isolates from Liverpool also shared an identical
PFGE profile (figure 4.7). However, isolate H05490-0666 was different by PFGE.
Isolate 079320 (patient 18) was isolated in June 2007 and was PCR-positive for
LESF9. Patient 17 (isolates 079390 and 079391) was first investigated for the LES in
May 2003 where, o f the two isolates tested, only one isolate was PCR positive for both
the LES markers. Since June 2004, this patient has repeatedly tested LES negative.
Furthermore, a second shared SNP profile was identified amongst three isolates, two
from Clatterbridge (444 and 438) and one from the HPA (WM1). All o f these isolates
were PCR-positive for both o f the LES markers but were not identified as the LES by
PFGE. These isolates matched clone P on the Clondiag database. The remaining three
non-LES isolates gave unique SNP patterns.

The non-LES isolates 079390 and 079391 are from the same patient. This was a new
patient first tested in July 2007, which is when both o f these isolates were taken. Both
isolates were PCR-negative for PS21 but PCR-positive for LESF9. Another isolate
taken at the same time (079392) and was PCR-negative for both markers.

The LES isolates 059228, 069301 and 079345, each PCR-negative for the PS21
marker, are from the same patient. Patient 1 has been identified as LES-positive since
routine typing was started in the clinical laboratories in April 2003. Isolate 059228 was
isolated in May 2005, 069301 in April 2006 and 079345 in June 2007. Each time, the
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Figure 4.8. A-M. Clondiag AT chip images for the anomalous LES isolates. 1-11
Clondiag AT chip images for the non-LES anomalous isolates.
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Figure 4.8. A-M. Clondiag AT chip images for the anomalous LES isolates. 1-11
Clondiag AT chip images for the non-LES anomalous isolates.
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Figure 4.8. A-M. Clondiag AT chip images for the anomalous LES isolates. 1-11
Clondiag AT chip images for the non-LES anomalous isolates.

PS21 negative isolate had a mucoid opaque phenotype and in each case a smooth
colony was also isolated that was PCR-positive for PS21. It seems from this that PS21negative isolates may be associated with a particular colony morphology and has been
maintained in the population alongside PS21-positive isolates for at least 2 years in this
patient.

Patient 2 was first identified as LES-positive in July o f 2003. The isolate 079345 was
PCR-negative for PS21 and mucoid translucent in morphology. This isolate was
isolated along with two other morphotypes, a smooth colonial type and a green colonial
type, both o f which were PCR-positive for PS21. The isolate 079327 (patient 3) was
PS21 negative and LESF9 positive and had a mucoid opaque phenotype.

Patient 4 was identified as LES-positive in May 2003. Isolate 079314 was PCRpositive for PS21 but PCR-negative for LESF9. This was isolated in June 2007 and had
a smooth morphotype. At the same time a mucoid opaque isolate, PCR-positive for
both markers, was isolated. Patient E had not previously tested positive for the LES.
079509 was PS21 negative and so was another isolate also isolated at the same time.
Patient 6 was first identified as LES-positive in October 2006, and in the same month
the isolate 069574 (PCR-negative for PS21) was isolated. The PS21-negative isolate
was a mucoid opaque morphotype, a smooth isolate that was isolated at the same time
was PS21-positive.

Ill

Patient 19 has tested negative for the LES since October 2003. In September 2007 the
isolate 079444 tested PCR-negative for PS21 but PCR-positive for LESF9. This isolate
was a mucoid opaque morphotype.

Another isolate from the same sputum sample,

079443 (a dwarf morphotype), was also only PCR-positive for LESF9.

Table 4.5a. SNP pattern for LES isolates, 0=wild type (PAOl-like) l=mutant. ThefliCa SNP spots were
not included as the LES isolates do not possess JliCa and instead have the version fliCb.

oriC oprL fliCa alkB2

ampC ampC

amp

4

5

6

Cl

ampC ampC ampC

citS

citS

1

2

oprl

1

3

059228

0

1

0

0

1

1

0

0

0

0

0

1

069301

0

1

0

0

1

1

0

0

0

0

0

1

069237

0

1

0

0

1

1

0

0

0

0

0

1

079345

0

1

0

0

1

1

0

0

0

0

0

1

079327

0

1

0

0

r

1

0

0

0

0

0

1

079314

0

1

0

0

l

1

0

0

0

0

0

1

079509

0

1

0

0

l

1

0

0

0

0

0

1

069574

0

0

0

i

1

0

0

0

0

0

1

079387

0

1

0

0

i

1

0

0

0

0

0

1

H06344 0342

0

1

0

0

i

1

0

0

0

0

0

1

H062080491

0

1

0

0

l

1

0

0

0

0

0

1

44361

0

1

0

0

i

1

0

0

0

0

0

1

44366

0

1

0

0

l

1

0

0

0

0

0

1

Table 4.5b. SNP pattern for non-LES isolates, 0=wild type (PAOl-like) l=mutant.
ampC ampC ampC
oriC

oprL fliCa alkB2 citSl citS2 oprl

H05490 0666

1

1

H062080521

0

0

WM1

0

1

HPA444

0

HPA438

1

3

4

ampC ampC

ampC

5

6

7

0

0

0

1

0

1

0

0

1

0

1

0

l

1

0

0

1

0

1

0

1

1

0

0

0

0

1

0

1

0

1

0

1

1

0

0

0

0

1

0

0

1

0

1

0

1

1

0

0

0

0

1

0

79390

1

1

0

1

0

1

0

1

0

0

0

0

0

79391

1

1

0

1

0

1

0

1

0

0

0

0

0

79320

1

1

0

1

0

1

0

1

0

0

0

0

0

79444

1

1

0

1

0

1

0

1

0

0

0

0

0

43513

0

1

1

1

0

1

1

0

0

0

0

0

0

43090

0

1

0

1

0

1

0

1

0

0

0

0

0

0

1
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Table 4.6. Non-LES isolates converted into the hexadecimal code for comparison to the European wide
database (Wiehlmann et al., 2007).
Isolate

Hexadecimal Code

4-digit code

Match on database

H05490-0666

1 1 1 0

1 0 1 0

0 0 0 0

1 0 1 0

EA0A

Clone A3

H06208-0521

0 0 0 1

0 1 0 1

1 0 0 1

0 0 1 0

1592

Novel

WM1

0 1 1 0

1 1 0 0

0 0 1 0

1 0 1 0

6C2A

Clone P

HPA444

0 1 1 0

1 1 0 0

0 0 1 0

1 0 1 0

6C2A

Clone P

HPA438

0 1 1 0

1 1 0 0

0 0 1 0

1 0 1 0

6C2A

Clone P

79390

1 1 1 0

1 0 1 0

0 0 0 0

1 0 1 0

EA0A

Clone A3

79391

1 1 1 0

1 0 1 0

0 0 0 0

1 0 1 0

EA0A

Clone A3

79320

1 1 1 0

1 0 1 0

0 0 0 0

1 0 1 0

EA0A

Clone A3

79444

1 1 1 0

1 0 1 0

0 0 0 0

1 0 1 0

EA0A

Clone A3

43513

0 0 1 0

1 1 0 0

0 0 0 1

1 1 1 0

2C1E

Novel

43090

0 1 1 0

1 0 1 0

0 0 0 1

1 0 1 0

6A1A

Novel

4.2.3 G e n o m ic islan d s a n d v a ria b le genes in th e L E S iso lates d e te c te d u sin g th e
C lo n d ia g tu b e a r r a y sy stem

Using the Clondiag tube array system we also analysed the distribution o f various
genomic islands and variable genes amongst the 13 isolates identified as the LES
(Table 4.7). Many o f the loci present in the genome sequenced isolate, LESB58, were
also found in all o f the anomalous LES isolates. For example, all o f the isolates had the
fliC b flagellin gene type and were positive for the pyoverdine type III receptor gene
fpvAIII. The presence o f the locus for the type III secreted protein ExoS was confirmed
by PCR assay. PA2185 (PA01 gene encoding the non-heme catalase KatN), TBC47-2
(from pKLC102 plasmid in Clone C) and 47D7-1 (genomic island 47D7) were also
found in all of the LES isolates. Two isolates (H06344 0342, 079314) gave a positive
result for the LES locus (corresponds to the PS21 LES diagnostic marker). However
this is not surprising as these were the two isolates found to be PCR-positive for PS21.
The gene PA3835 (hypothetical protein in PA01), present in the genome o f LES B58,
showed positive hybridisation for the majority o f LES isolates, but not in 069574 or
44361. Similarly, the pathogenicity island PAGI1, found in LESB58, was positive in all
LES isolates except 079345 and 44361. However the signal from this locus for some of
the isolates was very weak. From the PAG 1-2/3-group, LESB58 gave a positive result
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for four loci (PAGI2/3-4, PAGI2/3-5, PAGI2/3-6 and C46). However, according to the
tube array data only one other isolate shared the exact same four loci (069237). A
further two isolates shared three loci, 079367 and H06344 0342, with the latter also
containing an additional PAGI-2/3-group locus, C45. PAGI3-8 was present in LESB58
but only seen very weakly in one isolate, 079345.

In addition to the loci present in LESB58, many o f the anomalous LES isolates gave
positive results for additional variable genes and genomic islands. Many isolates gave
positive results for loci associated with specific genomic island genes. In addition to
the 47D7-1 locus that gave a positive result for all o f the isolates, 6/13 also gave a weak
positive result for the 47D7-2 locus and these loci represent the pathogenicity island
47D7. The two pKLC102 plasmid loci were identified in 069301 and 079345 andpKL3
only identified in 079509. The flagellin glycosylation island gave a positive result in
five isolates (069237, 069574 and H06344 0342 with a strong signal and 079345 and
079387 with a weak signal). Furthermore a second locus for the same island was also
identified in isolate 079387. Loci for the PAPI-2 island gave a positive result in three
isolates (069301, 079345 and 079509). The luminal binding protein locus o f P.
aeruginosa pathogenicity island 1 (PAPI LuBiPr) was present in two isolates, 069301
and 079345.

Three variable phage-related genes are included on the tube array chip. No isolates
were positive for the phage-related gene PA0636. However, one isolate 44361 gave a
positive result for the phage integrase gene PA0728. PA0722 is a Pfl phage sequence
and three isolates gave a positive result for this marker (059228, 069301 and 079345).
Furthermore, these three isolates were isolated from the same patient (patient A),
indicating a degree o f similarity between the isolates. The three isolates showed a
similar pattern for the presence of genomic islands and variable genes. All three isolates
showed evidence o f the presence o f PAGI-1 and none were positive for the PAGI2/3
group. However, there were some differences: only two o f the isolates showed
evidence o f the presence o f the PAPI-2 island. There were further variations at specific
loci, however such results could be due to variations in PCR amplification efficiency
for individual isolates. For example, isolate 069301 gave an additional positive result
for the pyoverdine receptor B locus, the PAPI-2-AcTr (P. aeruginosa pathogenicity
island 2 from PA14) locus, the pKLC102 plasmid from Clone C (pKL-1 ad pKL-3) and
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the PAPI-LuBiPr locus representing the luminal binding protein gene o f P. aeruginosa
pathogenicity island 1 (PAM). The third isolate, 079345, was most similar to 069301.
However it was missing the pKL3,47D7-2 and the PAGI-1 locus.

It is interesting that the only isolate that gave a positive LES PFGE profile (069237)
was also the most similar to LESB58 in terms o f shared variable genes and
pathogenicity islands. The two isolates varied at only three loci, the fla island locus
(present only in 069237) and PAGI3-8 locus (absent in 069237). The presence and
absence o f the different genes could provide an insight into why the PFGE patterns
vary from a classic LES profile. However the absence o f some o f the loci may be due to
a failure in one o f the tube array steps, for example PCR amplification, hybridisation, or
conjugation. As all of the LES isolates have the flagellin type b, they should not have
the fla glycosylation island, which is associated only with flagellin type A isolates.
However, false positives for this island have been reported previously using this
method (PhD thesis of C. Smart, 2007) and it is possible that the signal observed for
this island from five o f the isolates represents additional false positives.

4.2.4 G e n o m ic isla n d s a n d v a ria b le genes in th e n o n -L E S isolates d e te c te d u sin g
th e C lo n d ia g tu b e a r r a y sy stem

Using the Clondiag tube array system we also analysed the distribution o f various
genomic islands and variable genes amongst the 13 isolates identified as the non-LES
(Table 4.8). For the variable genes, almost all o f the non-LES anomalous isolates carry
the fliC a flagellin type (two isolates showed a weak positive for both flagellin types)
and all o f the isolates were exoS positive (confirmed by PCR assay as the chip signal
was too weak in most cases). All o f the isolates had the pyoverdine receptor type I,
except for isolate H06208-0521, which did not produce a positive result for any o f the
three pyoverdine receptor types. Two isolates gave a strong positive result for the
pyoverdine receptor type B and a further four showed a weak positive result for this
locus. All o f the isolates were positive for the PA0636 locus, which represents a phagerelated gene. In contrast, all o f the anomalous LES isolates were negative for this locus.
Three isolates (WM1, HPA444 and HPA438) showed a weak positive for the PA0728
locus which represents a phage integrase gene. 6/11 isolates were positive for the
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PA2185 (non heme catalase KatN), whereas 100% o f the anomalous LES isolates were
positive. Only one isolate (079444) gave a weak positive for a putative transposase
(PA2221). PA3835 encodes a hypothetical protein and four isolates were strongly
positive and a further two isolates were weakly positive for this marker. For the LES
locus (PS21), 4/11 were positive on the chip and this corresponds to the four isolates in
this group that were PCR-positive for PS21.

For the genomic islands, all o f the non-LES anomalous isolates showed some evidence
of the presence o f the flagellin glycosylation island, with some isolates giving strong
signals for all four loci within the island (H06208-0521 and WM1), whereas in other
isolates only two loci were hybridisation positive using the chip (079320 and 079444).
Four isolates showed evidence o f the PAPI-2 island, with the two isolates from
Clatterbridge (HPA444 and 438) giving a positive result for the PAPI-2 acetyl
transferase marker and two isolates from Liverpool (079390 and 079391) giving a
positive results with the PAPI-2-PA0980 marker. On the chip, there are seven loci
mapping to the pKLC102 plasmid. These are pKL-1, pKL-3, TB-C47-1, TB-C47-2,
pKLC-unknown, pKLC-adhesin and pKLC-metabolism. Like the LES anomalous
isolates, all o f the non-LES isolates were positive for the TB-C47-2 locus. However
unlike the LES isolates, five o f the non-LES isolates were also positive for the TB-C471 marker too. Seven isolates were positive for the pKL-3 locus and three o f these
(WM1, HPA444 and HPA438) were also positive for the pKL-3 locus. Isolate 43513
was also weakly positive for just the pKL-3 locus. One more pKLC102 plasmid marker
appeared in some o f the isolates: the pKLC-unknown marker was present in WM1,
HPA444, HPA438 and weakly in H06208-0521. The majority o f isolates showed
evidence o f the presence o f PAGI-2. Only two isolates (WM1 and 43513) showed no
evidence of this genomic island, however these chips were difficult to interpret due to
background hybridisation and a weak signal respectively. Only two isolates (079390
and 079391) showed any evidence o f the presence o f PAGI-3, and these isolates were
taken from the same patient. 6/11 isolates from varying geographical locations gave a
positive result for the 47D7-1 locus, and three o f the isolates also gave a weak positive
for the 47D7-2 locus. PAGI-1 seems to be present in the majority o f isolates (not in
HPA444 and HPA438). However in many cases the signal was weak.
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The two isolates from Clatterbridge (HPA444 and HPA438) were identical apart from
at one locus (C46), where HPA438 produced a weaker signal than HPA444. Isolates
079444 and 43090 are very similar, differing at only two loci where 079444 gave a
weak signal but 43090 gave no signal. However, interpretation o f the spots was
difficult as the overall signal from the 43090 chip was weak. The genomic islands and
variable genes were also identical in isolates 079390 and 079391. However, this is not
that surprising as they were isolated from the same patient. It is interesting that
although isolates 079390, 079391 and 079320 share identical SNP patterns and PFGE
profiles, they differ in their genomic island and variable gene content at 7 different loci
on the chip.

4.2.5 Variation in the presence of prophages using PCR assays

The genome o f the sequenced LES isolate (LESB58) contains 5 complete prophages
including a Pfl-like prophage (LES prophage 6), a D3112-like prophage (prophage 4),
a D3-like prophage (prophage 5) and two novel prophages (prophage 2 and prophage
3). The tube array included a locus for the Pfl prophage (PA0722). However, the LES
equivalent o f this gene, PLES_41241, encodes a predicted protein sharing only 48%
identity over its 83 amino acid length with PA0722. Using PCR assays, the LES
version of this prophage locus was identified in 9/13 o f the anomalous LES isolates and
5/11 o f the non-LES anomalous isolates (table 4.9). PCR assays were also used to
screen for the presence o f representative ORFs from each o f four other prophages. No
screening was carried out for the defective prophage, LES prophage 1, and the D3-like
prophage was not found in any o f the isolates tested. Previously, it has been reported
that the D3112-like prophage was found in all LES isolates tested (Smart et al., 2006).
However here, it was found in only five o f the anomalous LES isolates and two o f the
non-LES anomalous isolates. For the anomalous LES isolates, 5/13 isolates gave a
positive result for prophage 2 and the same five isolates were also positive for prophage
3. For the non-LES anomalous isolates, prophage 2 was identified in two isolates
(HPA444 and 079444) and prophage 3 was identified in three isolates (HPA444,
HPA438 and 43513). The results o f all the PCR assays is summarised in table 4.9.
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The LES has a genomic island (LESGI3) containing many sequences matching the
PAGI-2 island present in PA01. 6/13 anomalous LES isolates were positive for the
LESGI3 marker using PCR assays and this correlated with the six isolates that gave at
least one positive signal for a locus within the PAGI-2/3 group on the Clondiag AT
chip. However, this was not the case for the non-LES anomalous isolates, where nine
isolates were positive for the PAGI2/3 group using the Clondiag method but only six
isolates were PCR positive. For the novel genomic island (LESGI5), the majority o f
LES anomalous isolates were PCR positive. However three isolates were PCR-negative
(H06344-0342, H06208-0491 and 44366). This island was not identified in any o f the
non-LES anomalous isolates. The PAGI-1 like genomic island (LESGI-4) was present
in the majority o f both the anomalous LES and non-LES isolates.

Overall, none o f the isolates were positive for all the genomic islands and prophages
found in the genome sequenced isolate LESB58 (Table 4.9).

4.2.6 Antibiotic susceptibility profiles

Originally, the LES was identified due to a common antibiotic susceptibility profile, in
particular resistance to ceftazidime (Cheng et al., 1996). The degree o f antibiotic
susceptibility to six antibiotics was determined for all o f the isolates in this study (Table
4.10). All isolates were sensitive to both colistin and tazobactam/piperacillin. For the
genuine LES isolates (confirmed by Tube Array), 3/13 were sensitive to all o f the 6
antibiotics. A further 6 isolates were resistant to ciprofloxacin only, 3 o f which had
intermediate resistance and 3 had full resistance. One isolate (069574) was resistant to
meropenem only. Despite ceftazidime resistance being the original marker for the LES,
only one isolate in this study was resistant to ceftazidime (079387). This isolate was
also resistant to meropenem. Isolate H06344-0342 was resistant to two antibiotics,
ciprofloxacin and tobramycin.

For the non-LES isolates, 5/11 isolates were sensitive to all 6 antibiotics. The remaining
6 isolates were sensitive to all antibiotics apart from ciprofloxacin, where 5 showed
intermediate resistance and one was fully resistant. Overall, the LES isolates were more
resistant than the non-LES isolates. However no common antibiotic resistance profile
is obvious.
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Table 4.9. Distribution of markers for five LES prophages and three genomic islands according to PCR assays.
LESGI4

LESGI3

Pro 6

Pro5

Pro4

LES

Pro3

Pro2

PAGI-1

PAGI-2

Pfl-

D3-like

D3112

GI5

Novel

Novel

like

like

like

LESB58

+

+

+

+

4"

4-

059228

+

-

-

069301

+

-

-

069237

+

4-

4-

079345

+

-

-

079327

+

+

+

079314

+

+

+

079509

+

069574

+

+

079387

+

+

H06344-0342

-

+

H06208-0491

+

44361

+

44366

+

H05490-0666

+

H06208-0521

+

Isolate

WM1

—

—

+
—

-

—

—

-

+

+
+
+
+

+
—

+

Like
+

+

-

-

-

-

-

-

-

-

-

-

-

+
-

+
+
+
4-

+

+

4-

+

+

+

4-

+

-

+

-

-

+

+

4-

+

+

+

4-

4-

—

-

-

-

-

-

—

-

-

-

-

-

-

-

+

+
-

-

-

-

-

-

-

-

—

-

-

-

-

-

-

-

-

-

-

-

+

+

+

+
-

+

-

-

HPA444

+

HPA438

+

079390

+

+

079391

+

+

079320

+

079444

+

43513

—

43090

+

-

+

+
+

-

-

+

+

—

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

—

-

-

-

-

-

-

-

-

-

-

-

+

+

-

-

-

-

-

-

+

+

-

-

+

-

—

-
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Table 4.10 Antibiotic susceptibility profiles to six antibiotics (CAZ; ceftazidime, CIP; ciprofloxacin, MEM;
meropenem, TZP; tazobactam/piperacillin, TOB; tobramycin, CT; colistin) for the isolates used in this study.
(LES=Blue, non-LES=Yellow)
Isolate

CAZ

CIP

MEM

TZP

TOB

CT

069301

S

R

S

s

s

s

069327

s

R

S

s

s

s

059228

s

R

s

s

s

s

H06344-0342

s

R

s

s

R

s

H06208-0491

s

D

s

s

s

s

079345

s

R

s

s

s

s

079387

R

s

R

s

s

s

079327

s

D

S

s

s

s

079314

s

S

s

s

s

s

079509

s

D

s

s

s

s

069574

s

S

R

s

s

s

44361

s

S

s

s

s

s

44366

s

s

s

s

s

s

H05490-0666

R

s

S

s
s
s

D

s

s

D

s

S

s

D

s

S

45513

s

D

43090

s

S

s
s
s
s

s
s
s
s
s
s
s

s
s
s
s
s

079444

s
s
s
s
s
s
s
s
s

s
s
s
s
s
s
s
s
s
s
s

H06208-0521
WM1
444
438
079390
079391
079320

S

D

s

s

s

s
s

s
s
s
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4.2.7 Use of Clondiag AT in Clinical Situations.

Case 1: The pet cat o f a CF patient presented at the vets with an upper respiratory tract
infection. The previously well cat had a two week history o f respiratory infection
including increased nasal discharge and sneezing. A chest X-ray was performed but
inconclusive and the cat was commenced on a 2 week course o f oxy tetracycline 100
mg twice a day without improvement. Nasal secretions were cultured and yielded
normal microflora and P. aeruginosa and subsequent viral studies for feline
herpesvirus-1, feline calicivirus and cultures for fungal pathogens were negative.

PCR diagnostic tests (PS21 and LESF9) and Clondiag AT genomic fingerprinting were
both successfully used to identify multiple P. aeruginosa isolates as the LES (Fig. 4.9),
a strain that had chronically infected the cat’s owner, a patient with CF, for over 10
years. Each o f 18 LES isolates tested were sensitive to marbofloxacin, ceftazidime,
piperacillin-tazobactam, colistin, meropenem and tobramycin. Following treatment
with marbofloxacin 10 mg od for 3 weeks the symptoms recurred. Repeat nasal
washings confirmed the presence o f the LES.

A further 6 week course o f

marbofloxacin transiently improved the symptoms, but the cat continues to experience
recurrent paroxysmal sneezing episodes and intermittent mucopurulent nasal discharge.
At 4 months, a repeat throat swab confirmed the continuing presence o f the LES.

Case 2: A 34-year-old female with CF (patient 17), was admitted following a two-week
history o f left sided chest pain, worsening productive cough and breathlessness. It
became apparent that the patient was suffering with empyema. Sputum and pleural
fluid culture isolated P. aeruginosa. PCR and tube array genomic fingerprinting o f the
P. aeruginosa isolated from the pleural fluid confirmed the presence o f both a unique
strain and the LES identical to the sputum isolate. Following this, her condition
improved and she was discharged 17 days after admission. However she was
readmitted 2 weeks later with recurrent symptoms and antibiotic treatment was
recommenced. Two weeks later, she was discharged. Further analysis o f isolates
recovered from this patient revealed the presence o f three different strains. The SNP
patterns for the different strain can be seen in table 4.11 and the chip images in figure
4.10. Unique strain 1 was originally present in the sputum.

However subsequent
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sputum samples did not yield this strain and unique strain 2 was detected along with the
LES. The patient then suffered with empyema and both unique strain 2 and the LES
were recovered from the pleural fluid.
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Figure 4.9 A) P. aeruginosa isolates cultured on selective medium from nasal secretions, B) AT image for a cat P.
aeruginosa isolate, C) PS21 and D) LESF9 PCR markers for 18 isolates from the cat plate.
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Figure 4.10 AT image for the three separate strains of P. aeruginosa identified in this patient. A) unique strain 1, B)
unique strain 2 and C) the LES, D) PS21 and LESF9 PCR markers, (lanes l-2=unique strain 1, lanes 3-5, 8 , 1213=unique strain 2, lanes 6-7, 9-11=LES. POS=LESB58, NEG=SDW.
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4.3 Discussion

It should be emphasised that in most cases PCR assays for the PS21 and LES-F9
markers are an effective way o f identifying the LES. Our recommendation has always
been that the PCR assays should be used as a first screen, with any unclear results, or
possible first-time LES-positive patients, being subjected to further analysis using
techniques such as PFGE (Fothergill et al., 2008; Smart et al., 2006). However, in this
study we report analysis o f anomalous isolates where the results o f PCR assays and
PFGE analysis conflict. The PS21 PCR marker was originally tested against a large
panel o f isolates (Fothergill et al., 2008; Panagea et al., 2003; Parsons et al., 2002) and
showed good specificity to the LES. However, the existence o f rare false positives has
since been recognised (Lewis et al., 2005; Smart et al., 2006).

Hence the LES

diagnostic PCR test was expanded to include a second marker, LESF9 (Fothergill et al.,
2008; Smart et al., 2006). In this study, a further 4 false positives for the PS21 marker
were identified. More worryingly, for the first time 11 false negatives were identified
for the PS21 marker. For the LESF9 marker, 10 false positives and 1 false negative
were identified. We take some reassurance from the fact that there were no LES falsenegatives for both markers. There were however 3 false positives for both markers.
Thus, there are three categories o f isolates for which further confirmatory tests would
be needed: any isolates testing positive for either PS21 or LESF9; any isolates testing
negative for both markers from patients known to be infected with the LES; any
isolates testing positive for both markers from patients previously not infected with the
LES.

It has been reported that the SNP typing method is 99.97% accurate at discriminating
between P. aeruginosa strains (Morales et al., 2004). However, Wiehlman et al.
showed that the results from the SNP genotyping method did not always correspond
with the macrorestriction profile generated by PFGE (Wiehlmann et al., 2007). The
anomalous results were thought to be due to the presence or absence o f genomic
islands, which does not affect the SNP results (Morales et al., 2004). Hence, the SNP
pattern obtained using the Clondiag tube array system can be used to identify the LES
genomic “backbone”. However, in our hands, the method is expensive, relatively time
consuming and the results can be difficult to interpret. Hence, it is hard to envisage
wide-scale use o f this method in routine diagnostics. Nevertheless, we found that it is a
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very useful tool for resolving anomalies. A further advantage o f this system is the
opportunity to compare with a database o f genotypes. In this study, the majority o f the
isolates matched isolates on that database (Wiehlmann et al., 2007), however, three of
the non-LES isolates were found to be novel.

Using the Clondiag SNP typing method, 13/24 anomalous isolates were identified as
the LES, with the remaining 11 classed as non-LES. In the non-LES subset, five
isolates (from four different patients) shared an identical SNP pattern, o f which three
isolates from Liverpool also shared an identical PFGE profile. A second shared SNP
pattern was also identified amongst the three further isolates, two from Clatterbridge
and one from the HPA. Both o f these strains matched to isolates from the Clondiag P.
aeruginosa database. This suggests that there may be some circulating strain types that
will be identified using the current LES PCR assays because o f the presence o f one of
the markers targeted.

LES isolates lacking the PS21 marker could be maintained in an LES population for
more than two years (patient 1). In some cases the PS21 -negative isolates were
associated with particular phenotypes. Phenotypic diversity amongst LES isolates was
also demonstrated by studying antibiotic susceptibilities, but there was no common
antibiotic resistance profile. Although the LES was initially identified due to resistance
to ceftazidime (Cheng et al., 1996), in this study only one o f the LES isolates was
resistant to ceftazidime. 23% o f the LES isolates were sensitive to all six antibiotics,
but it is worth noting that the LES isolates were generally more resistant than the nonLES isolates.

PFGE is a time consuming method that is often described as the ‘gold standard’ for
strain identification. However, point mutations, insertions and deletions o f DNA can
dramatically change the banding pattern resulting in misleading results. This has been
reported for a number o f bacteria, including Escherichia coli (Bielaszewska et al.,
2006; Murase et al., 1999), Shigella sonnei (Strauch et al., 2001), Staphylococcus
epidermidis (Lina et al., 1993) and Campylobacter jejuni (Barton et al., 2007).
Changes in PFGE patterns are thought to be more frequently associated with
recombination events than to point mutations. Barton et al., showed that in
Campylobacter jejuni, differences in the PFGE patterns o f three strains out o f the four
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studied were due to either the presence, absence or translocation o f temperate
bacteriophages (Barton et a l, 2007). Goerke et al., (2004) showed that phage
conversion was able to change the PFGE pattern by either shifting the position o f a
fragment (due to changes in the size) or separation into two fragments. In addition, E.
coli 0157:H7 exhibit a wide range o f PFGE patterns and repeated subculturing o f a
single clone can lead to large scale genome rearrangements. In Bartonella henselae,
genome variation was found to be confined to prophage and genomic islands (Lindroos
et al., 2006). Cooke et al., used DNA microarrays to identify ‘hotspots’ o f variation and
the key areas o f genome variation were found to be prophage-like elements (Cooke et
al., 2007). It was suggested that such ‘hot spots’ for intrachromasomal recombination
could lead to both genomic variation and the generation o f chimeric phages (Iguchi et
al., 2006). Furthermore, these mobile genetic elements were suggested as a factor
driving the microevolution of Salmonella enterica (Cooke et al., 2007). Major
alterations in the genome structure are thought to often be associated with the loss or
gain o f phage, intraspecies phage translocation, phage exchange and possibly
transduction between strains (Goerke et al., 2006b).

Bacteriophages are a major force in microbial evolution and some virulence factors are
encoded on bacteriophages (Novick, 2003). It has been suggested that genomic
inversions could contribute to antigenic variation. For example, Streptococcus
pyogenes has 2 prophages between which recombination o f superantigens occur,
contributing to the diversity o f virulence factors (Novick, 2003).

In closely related bacteria, the organisation o f the chromosome is often very similar, if
not identical. However, changes in the DNA content and large chromosome inversions
(LCIs) have been reported resulting in major changes to genome organisation (Eisen et
al., 2000; Hughes, 2000). Such LCIs have been associated with outbreaks in bacteria,
for example Salmonella enterica (Hughes, 2000). This association has led to the
suggestion that such major changes to the genome may allow a bacterium to escape
detection by the host immune system (Hughes, 2000). LCIs have also been shown to be
more common in P. aeruginosa CF isolates than P. aeruginosa isolates from other
sources (Schmidt et al., 1996). A study by Kresse et al., (2003) looked at specific LCIs
in the strain clone C and found that some LCIs were detected transiently, suggesting no
prolonged benefit. However other LCIs were repeatedly detected, perhaps suggesting
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that this particular dramatic change in the chromosome is a true advantage. One
hypothesis to explain the presence and significance o f LCIs is that plasticity in the
genetic content o f P. aeruginosa isolates in the CF lung follows a ‘trial and error’ type
tactic, with the final aim o f creating a chromosomal structure that is best suited to the
CF lung environment (Kresse et al., 2003).

This study demonstrates that LES isolates identified using PCR tests and / or the tube
array genomotyping system can vary by five or more bands using PFGE. The Clondiag
tube array was further used to determine the presence or absence o f particular genomic
islands and variable genes. Many o f the loci present in the genome sequenced isolate,
LESB58, were also present in the anomalous LES isolates. These include the flagellin
gene, jliC b, pyoverdine receptor type III, catalase KatN, a loci on the pathogenicity
plasmid pKLC102 and the genomic island 47D7. Other loci present in LESB58 were
not found consistently in the other isolates, for example, loci mapping to pathogenicity
islands 1, 2 and 3. One o f the 13 isolates shared an identical profile to LESB58 with
respect to genomic islands and variable genes. Loci mapping to mobile genetic
elements including multiple pathogenicity islands, plasmids, phage-related genes and
transposases genes were identified, the presence o f which could change the PFGE
profile. Tube array results were not always clear and so, in addition to the loci present
on the tubearray chip, we also used PCR assays to determine the presence or absence o f
representative ORFs from prophages present in the genome sequenced isolate. The
presence o f the D3-like prophage (prophage 5) has previously been shown to vary
between isolates (present in 31% o f isolates in a panel o f 26 LES isolates (Winstanley
et a l., (2009) and chapter 5). All o f the isolates in this study were PCR-negative for the
D3-like prophage sequence. Previous screening for a representative ORF from the
D3112-like prophage indicated its presence in all o f the 26 LES isolates tested (chapter
5). However, only 5/13 o f the anomalous LES isolates gave a PCR-positive result for
this prophage and 2/11 o f the non-LES anomalous isolates. Prophage 2 and prophage 3
are unique to the LES, and were found in the majority o f LES isolates tested in a
previous study (Winstanley et al., 2009). In this study, only 5 o f the 13 LES isolates
were PCR positive for prophages 2 and 3. Interestingly, the LES isolates contained
either both or neither of these prophages. PCR assays suggest that two o f the isolates
(44366 and H06208-0491) do not contain any o f the five prophages or two o f the
genomic islands found in the genome o f LESB58. Prophage 6 (the Pfl -like prophage)
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was found in the majority o f isolates (9/13). Not one isolate was identical to LESB58 in
all o f the tests carried out. The isolate 069237 was the most similar, it had an LESpositive PFGE pattern and was identical to LESB58 when analysing the Clondiag chip
for genomic islands and variable genes. However, it was found to be missing LES
prophage 5 by PCR. The isolates that varied between one and six bands showed no
overall pattern in the presence o f genomic islands and prophages. Some isolates were
missing just prophage 5, however others were found to be negative for all o f the PCR
markers tested (44366), suggesting that the presence or absence o f these markers
cannot fully explain the variation seen. The two LES isolates that gave a completely
different PFGE pattern, (H06344-0342 and H06208-0521), contained almost none o f
the sequences mapping to the five prophages and the two genomic islands. These
observations could explain, in part, why the profiles appeared so different. Furthermore,
the presence of phage / GI alone may not be the only contributing factor affecting the
PFGE pattern, LCIs could also contribute so that by PCR there would be little
difference in genomic content but the structure o f the genome could differ dramatically.

It is possible that the specific environment associated with this chronic infection
facilitates the generation o f further variation. The frequency o f genome alteration was
found to be significantly higher in Staphylococcus aureus during chronic infection in
the lungs o f CF patients (mean time 1.03 years) compared with nasal colonisation o f
healthy individuals (mean time 13.4 years) (Goerke et al., 2004). P. aeruginosa has
evolved to have a large genome enabling the ability to survive in a wide variety o f
environments. However, conditions in the CF lung during chronic infection, such as
host responses and repeated antibiotic treatment, may act as a selective pressure forcing
microevolution. It is thought that genome plasticity is an important feature which
contributes to adaptations to the host environment. In CF patients that were infected
with S. aureus, it was found that treatment with sub-inhibitory concentrations of
ciprofloxacin increases the expression o f bacterial SOS genes (eg recA) and also
increases the replication o f phage in the bacteria (Goerke et al., 2006a). The authors
showed that phages are mobilised during chronic infection in CF patients. Furthermore,
they also showed that after phage induction, fragment shifts in the PFGE pattern were
observed when compared to the original lysogen. Prophages can be induced by
environmental conditions causing DNA damage due to the immune systems or
antibiotics. Broudy et al., (2002) described a soluble phage-inducing factor that induces
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Streptococcus pyogenes phage (Broudy et al., 2002). The effect o f rearrangements on
typing has also been identified in other persistent infections; marked differences in the
PFGE pattern in B. henselae isolates from chronically infected cats has been identified
(Lindroos et al., 2006), and it was suggested that recombination within and across
genomic islands could result in the sequential generation o f subpopulations which
could result in variation in genomic content and possibly expression (Lindroos et al.,
2006). Furthermore, Kresse et al. (2003) showed that the CF lung environment in
particular, may play a role in driving the emergence o f LCIs. These could impact either
negatively, neutrally or beneficially on the fitness o f the organism, and such changes
could also lead to major changes in the restriction enzyme pattern that is subsequently
produced.

Effective segregation requires accurate, quick and cheap strain identification. Our
results show that there are major limitations in the current identification methods used
to identify this epidemic strain, and there may be implications for P. aeruginosa strains
in CF generally. In some cases, the genetic variation amongst populations o f the LES is
too extensive for current typing methods to cope. So, in the context o f bacterial typing,
discrimination may not always be a good thing. Bacteriophages are thought to be major
contributors to genome diversification and here we present practical evidence
supporting this. Furthermore, a similar phenomenon can be observed across other
bacterial species, including examples o f both Gram positive and Gram negative bacteria
(Barton et al., 2007; Bielaszewska et al., 2006; Cooke et al., 2007; Goerke et al., 2004;
Goerke et al., 2006a; Goerke et al., 2006b; Iguchi et al., 2006; Lina et al., 1993;
Lindroos et al., 2006; Murase et al., 1999; Strauch et al., 2001).

It is interesting to note that many o f the anomalous isolates were cultured from the
same sputum samples as isolates giving clear unambiguous results. The natural
inclination o f the medical microbiologist is to isolate and study cultures derived from
single bacterial cells. However, in CF and other chronic infections this paradigm may
be flawed, not only in the context o f typing, but also with respect to meaningful
antimicrobial susceptibility testing (Fothergill et al., 2008; Foweraker et al., 2005).
Certainly for identification o f the LES, PCR assays targeting bacterial “sweeps” or
directly from sputum samples may be the more reliable indicator o f presence. The
observations presented in this and other studies question the efficacy o f the "gold
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standard" typing method PFGE in enabling the correct identification o f important
strains in the single-strain but divergent populations typical o f chronic infections.

Furthermore, the Clondiag array tube has not proved to be as straightforward or
efficient as originally thought. The array tubes did not yield consistent results, with
some exhibiting very weak signals, whilst others had a low level o f background
hybridisation for all probes on the chip.

Whilst the faint ATs proved difficult to

interpret for the SNPs, those with a high level o f background hybridisation are more
problematic to evaluate for the genomic islands. It is difficult to determine whether a
weak signal is really present, or whether it is just background hybridisation. Moreover,
a number o f the chips gave false positive signals for the flagellin glycosylation island.
A number o f the LES isolates (table 4.6) give positive signals for this island, although
they are flagellin type b and as such do not possess this island. Such false positives
amongst LES isolates have also been reported by Smart et al., (thesis o f C. Smart
2007). This false positive signal occurred in one particular batch o f the AT chips, and is
thought to be due to biotinylated oligonucleotides from the marker spots. The exoS and
exoU signals are also difficult to interpret, with probes for both genes frequently
exhibiting similar levels of hybridisation. However, PCR screening for these genes has
shown that all anomalous isolates are exoS positive and lack exoU.

Using the Clondiag array tube to genotype the epidemic strain isolates confirmed a
number o f previous findings about the LES. All LES isolates are type b flagellin and
type III pyoverdine producers, and are exoS positive. Many o f the probes for the
genomic island sequences gave positive signals o f weak intensity. Such intermediate
results are difficult to evaluate, particularly when there is background hybridisation,
and this makes the detection o f genomic island differences in isolates o f the same strain
more awkward. Most o f the isolates (including all o f the LES) screened using the
Clondiag array tube gave positive signals for at least one o f the probes targeting the
47D7 genomic island. This island is integrated into the genome at a tRNApro and the
two probes present on the chip target different regions o f the same gene.

The interpretation o f the signals for the genomic island sequences is somewhat unclear
and complicated by the intermediate results we obtained, whereby signals o f weak
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intensity may be due to the presence o f an island with weak homology, or due to
background hybridisation. However, comparing with the arrays o f additional isolates
o f the same strain does allow better evaluation o f the chip data. The LES isolates
exhibited intraclonal variation in their genomic island composition.

Typing o f the P. aeruginosa strains using the SNP profiles on the tube array produced
the results more rapidly than typing by PFGE analysis.

In addition, it provides

information regarding the genomic islands harboured by strains. The signal patterns
produced can be easily compared between laboratories: a distinct advantage over
methods such as PFGE and RAPD. Furthermore, the tube array system is more rapid
and cheaper than MLST. However, evaluation o f the presence or absence o f some o f
the genomic islands present in each strain using the tube array remains somewhat
unclear. Although each island is targeted by multiple probes on the chip, hybridising to
different genes, there are many subtypes o f the PAGI-2/3 and PAPI-1/ pKLC102
islands.

Such variations in these islands certainly warrant further study and it has

already been proposed that the evaluation protocol to represent the different signal
intensities may need to be changed.

Although not ideal for routine typing, the Clondiag tube array was used to successfully
genotype multiple isolates o f the LES and to aid in identification o f the LES in unusual
clinical cases.

Case study information was kindly provided by K. Mohan, M. Walshaw and M.
Ledson, clinical colleagues at the Cardiothoracic Centre, Liverpool.

Summary
•

For most isolates, the existing diagnostic PCR assays (PS21 and LESF9)
and PFGE are effective at identifying the LES. However, some anomalous
isolates are now appearing.

•

A panel of 24 anomalous isolates were studied using the Clondiag tube
array method and 13/24 isolates were identified as LES isolates based on
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the SNP pattern. Data obtained by this method is often difficult to interpret
especially when determining the presence of genomic islands and variable
genes.
•

The PFGE pattern can be affected by the presence, absence and
translocation of bacteriophages and other mobile genetic elements.
Variation in the presence of bacteriophage and genomic islands amongst
the isolates was demonstrated. It is hypothesised that large chromosomal
inversions may also play a role in altered PFGE profiles. The CF lung
environment might play an important role in accelerating these processes.

•

Antibiotic resistance profiles were shown to be an unreliable typing
method as no common antibiotic resistance profile was observed.

•

Effective segregation requires accurate, quick and relatively cheap
identification methods. The results show that there are major limitations in
the current identification methods used to identify this important epidemic

P. aeruginosa strain.
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Chapter 5
SPUTUM SAMPLE POPULATION STUDIES
5.1. Introduction
5.1.1. Populations, cooperation and cheating.
A population can be described as all the individuals o f one species in a given area. P.
aeruginosa as a species has been described as having a net-like population structure
(Kiewitz & Tummler, 2000). However, other studies have described a clonal, epidemic
structure (Pimay et al., 2002). Wiehlmann et al., (2007) studied 240 isolates and found
that the population was dominated by a few clones that were found to be widespread in
both environmental and disease situations and the most frequent genotype was
represented by the strain PA H . Comparatively little is known about the population
structure o f individual P. aeruginosa infections in the CF lung.
In order to explain the population structure and actions o f microbial populations, some
researchers have used social evolution theory. It has been proposed that in a microbial
population, both cooperators and cheats will exist (Sandoz et al., 2007). Cheating is the
process by which certain members o f a population are unable to carry out an action but
still benefit from the production o f others in the population. An example o f this would
be QS negative isolates. As many o f the genes controlled by QS relate to secreted
products, they can be viewed as ‘public goods’ (Sandoz et al., 2007). A QS negative
isolate could gain benefit from the use o f these goods while contributing less than
average to the cost o f their production. Furthermore, these negative isolates may have a
further benefit over their able counterparts because, lasR mutants, the most common
mutation, seem to be more resistant to cell lysis during stationary phase and have a
growth advantage (Heurlier et al., 2006). However, Diggle et al., (2007) found that the
relative fitness o f the population decreases as cheats become more common. Also, it
was found that if isolates were highly related, then they are more likely to have a
greater interest in cooperation, suggesting a degree o f altruistic behaviour and kin
selection (Griffin et al., 2004). Brockhurst et al., (2008) hypothesised that the
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percentage o f cooperators should increase with increasing resource supply, and
demonstrated this by studying pyoverdine production o f P. aeruginosa in different
media (Brockhurst et a l, 2008). Therefore, this supports the notion that populations
would be heterogeneous for both QS positive and negative isolates and also other traits
that exert a metabolic burden. The same phenomenon has been observed in
Myxococcus xanthus (Velicer et a i, 2000) and Dictyostelium discoideum (Strassmann
et a l, 2000).

5.1.2 Bacteriophages in Pseudomonas aeruginosa
Bacteriophages or phages are viruses that infect bacteria and are estimated to be the
most diverse and widely distributed entities on the planet (Hendrix, 2003). First
discovered in 1915 and 1917 by Francis Twort and Felix d ’Herelle, phages have been
used in biology for various applications including therapeutics and molecular biology.
Phages can play a major role in the introduction o f gene clusters into bacteria in a
process called phage conversion and this can contribute to virulence. Examples o f the
contribution o f prophages to pathogenicity in bacterial disease include diphtheria
(Corynebacterium diptheriae), botulism (Clostridium botulinum), cholera ( Vibrio
cholerae) and scarlet fever {Streptococcus pyogenes) (McGrath, 2007).

The largest group o f phage are double-stranded DNA, tailed phage and only the DNA
enters the bacterium. In Gram negative bacteria, tail fibres make contact with the cell
surface (reversible adsorption) followed by specific binding to outer membrane
components that act as receptors. Once bound, the tail undergoes conformational
changes allowing the DNA to be ‘injected’ into the host. The prophage can then
integrate into the host and it is common to find prophages integrated within an ORF, in
particular at the 3’ end (McGrath, 2007). Often, the region is duplicated and therefore
does not alter expression o f the host gene. tRNA sites frequently act as attachment
(attB) sites. Integration is mediated by an enzyme called integrase which leads to
unidirectional site-specific recombination between the phage attachment site (attP) and
the bacterial attachment site {attB) (Groth & Calos, 2004). Phages are able to integrate
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into the genome and become prophages and in this form they are able to alter their
host’s phenotype. Many phages contain morons, which are genes that are not involved
with classic phage functions such as integration or assembly and instead may act to
increase the evolutionary fitness o f the phage (Juhala et al., 2000). Virulence factors are
often linked to mobile genetic elements including phages, plasmids and transposons. In
phages, such genes are referred to as moron genes and their origin is unclear. These
genes generally have a low G-C content and it was thought that these sequences
originated from bacteria (Cerdeno-Tarraga et al., 2003). However, this view has been
questioned (Daubin et al., 2003). Phage genomes have a mosaic-like structure (Juhala
et al., 2000) and can contain moron genes with very different functions including toxins
(Stx phage in E. coll 0157:H7) (Boerlin, 1999), host modification facilitating resistance
to serum attack and phagocytosis (D3 phage in P. aeruginosa) (Holloway & Cooper,
1962) and increased invasiveness (SopED in S. typhimurium) (Mirold et al., 1999).
Furthermore, phages can continually evolve through diversification aided by the
frequent transfer o f phage material via recombination with superinfecting phages and
resident prophages (Brussow et al., 2004). Many prophages have the ability to be
induced out o f the host genome. This process often occurs via DNA damage which
leads to increased synthesis o f RecA and stimulates autocleavage o f the repressor
which is responsible for maintaining lysogeny.

A number o f phages from P. aeruginosa have been sequenced including D 3112 (Wang
et al., 2004), B3 (Braid et al., 2004), phiCTX (Nakayama et al., 1999), FI 16 (Byrne &
Kropinski, 2005), D3 (Kropinski, 2000), phiKMV (Lavigne et al., 2003) and phiKZ
(Mesyanzhinov et al., 2002). A recent study compared the genomes o f 18 P.
aeruginosa dsDNA phages. It was found that the majority o f these phages were o f a
similar size, generally ranging between 35-70 kbp (Kwan et al., 2006). Two, much
larger, exceptions were identified (SD1-M and phiKZ). A surprising finding was
revealed. Unlike in S. aureus and M. tuberculosis where viral and host genomes share a
remarkably similar GC content, there was a marked difference in the GC content
between P. aeruginosa (66.6%) and the phages studied (54.4%) (Kwan et al., 2006).
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From the earliest discovery, the ability o f phages to kill bacteria was known, most
notably demonstrated by the name bacteriophage meaning ‘to eat bacteria’. Phage have
long been used in biological applications and, with the rise in antibiotic resistance, a
new wave of interest in phage therapy has arisen. The majority o f research on phage
therapy has been carried out in Eastern Europe and the former Soviet Union where they
have successfully used phages to treat dysentery (Babalova et al., 1968; Tolkacheva et
al., 1989) amongst other conditions. Although widely used in the former Soviet Union,
many o f the studies carried out did not adhere to Western study design and therefore
their use has been limited in the West. The specificity and apparent safety o f phages
along with their self-replicating and self-limiting nature, makes them an attractive,
commercial opportunity. In a recent study, the use o f a cocktail o f phages against a
single dose o f P. aeruginosa in the burned mouse infection model was described, and
survival increased from 6 to 87% survival using the intraperitoneal route o f
administration (McVay et al., 2007). Protection against gut-derived sepsis due to P.
aeruginosa was also achieved in a mouse model in 66.7% o f test animals compared to
0% o f control animals using the phage KPP10 (Watanabe et al., 2007). Interest in
phage lysins rather than the use o f intact phage has been explored as these lysins can
breach the integrity of the bacterial cell wall leading to rapid bacterial cell destruction
(Fischetti, 2005).

Bacteriophages are diverse and often understudied entities and interactions between
bacteriophage and host can vary from a classic predator-prey relationship to a more
complex and almost symbiotic lifestyle.

5.1.3. Clinical microbiology laboratory practices
Clinical laboratories routinely perform antimicrobial susceptibility (AS) testing,
typically using the disk diffusion method. Practices are often highly variable between
different centres and no standard guidelines for the monitoring o f CF microbiology
exist. It has been widely reported that AS tests are poorly predictive o f clinical
outcomes in chronic P. aeruginosa infection in CF and this refers to both aerosolized
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(LiPuma, 2001) and intravenous therapy (Smith et al., 2003). Variation both within and
between laboratories has been shown (Foweraker et al., 2005), and susceptibility differs
depending on the specific conditions in which the bacteria are grown, for example
aerobic, anaerobic and biofilm conditions (Hill et al., 2005). Furthermore, Etherington
et al., (2008) showed that reducing the number o f routine tests had no impact on short
term clinical outcomes. Further complications can arise as CF lung infections are often
described as ‘polymicrobial’ and a number o f different bacteria can be isolated at any
one time (Goss & Bums, 2007). At the Royal University Liverpool Hospital, sputum is
streaked onto nutrient agar and grown at 37 °C for 48 hrs. From this, P. aeruginosa
isolates are identified by morphology and oxidase testing. Representative P. aeruginosa
isolates with different colony morphology are subcultured and AS tests are carried out
on isosensitest agar. The results of these tests aid the clinician in decisions involving
antibiotic treatment especially during period of exacerbation.

5.1.4. Exacerbations in CF
Exacerbations are described as recurrent episodes o f increased pulmonary symptoms.
Such episodes are very common and occur periodically. This vague definition can pose
a problem for clinicians when deciding whether to treat a patient or not. However, no
formal criteria exist and clinical trials often rely on created diagnostic criteria that have
not been properly validated (Goss & Bums, 2007). Uniformity o f treatment between
patients is also an issue especially as the severity o f the exacerbation can vary
dramatically. The number o f exacerbations experienced by a patient varies between
individuals but increases with age and decline in lung function (Goss & Bums, 2007).

For the patient, an exacerbation often results in a change in sputum production and a
decrease in spirometric parameters as well as more vague symptoms such as decreased
energy levels and appetite (Goss & Bums, 2007). Antibiotic treatment and
hospitalization during this period is common and the use o f antibiotics appears to
reduce symptoms and increases lung function (Regelmann et al., 1990) however a full,
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case-controlled study with a control group not receiving antibiotics has not been
performed.

The causes o f pulmonary exacerbation in CF patients appear to be a complex issue.
There are obvious interactions between the host defence system and airway
microbiology (Goss & Bums, 2007) although the exact trigger o f exacerbations
remains unclear. The possibility o f co-infection with viruses, particularly respiratory
syncytial vims (RSV), as an initiator has been suggested (Hiatt et al., 1999). Also, the
role o f acquisition o f new infecting bacteria has also been explored (Regelmann et al.,
1990). However, more recent data by Aaron et al., (2004) discussed the possibility o f
clonal expansion o f existing strains as a possible exacerbation prompt.

However, the infecting bacteria are not the only key player. The human immune system
also has a part to play. A number o f studies have documented increases in important
inflammatory indicators such as interleukin (IL)8, IL6, IL1/3 and tumour necrosis factor
(TNF) a as well as increases in polymorphonucleocytes (Courtney et al., 2004;
DiMango et al., 1998; Sagel & Accurso, 2002).

The benefit o f preventing exacerbations becomes obvious when the information above
is considered, and a number o f different methods have been explored with this outcome
in mind. Recombinant human deoxyribonuclease (rhDNase) has been extensively
studied in a number o f trials (Fuchs et al., 1994) and the data suggest that this treatment
may be effective in reducing the short-term incidence o f exacerbations. However, the
long term benefits are unclear (Bell & Robinson, 2007). Hypertonic saline has been
shown to reduce the number o f exacerbations in a 1-year, double blind trial and this is
thought to be due to increased mucociliary clearance (Elkins & Bye, 2006). Other
prevention strategies have also been tried including increased physiotherapy and
exercise, nutritional supplementation and the use o f steroids (Bell & Robinson, 2007).
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Exacerbations are a reality for CF patients and have a detrimental effect on their well
being and quality o f life. These events are associated with poor clinical outcomes and
an increased understanding o f the processes involved could provide an insight into
possible prevention methods or improved therapy.

5.1.5. Antibiotic usage and resistance
P. aeruginosa isolates are intrinsically resistant to many antibiotics and this is discussed
in greater detail in section 1.2.6. During exacerbations in particular, resistance to
antibiotics is often tested to aid in clinical decisions. Antibiotic resistance amongst P.
aeruginosa isolates can be difficult to assess due to slow growth and mucoidy which
can skew the outcome. Early isolates have been found to be relatively susceptible to
anti-pseudomonal agents, in particular /3-lactam antibiotics (Spencker et al., 2003).
However, as infection persists and becomes chronic, antibiotic resistance amongst the
isolates becomes more common with some being multiply antibiotic resistant (Bonomo
& Szabo, 2006). However the beneficial link between AS test results and patient
outcomes are doubtful (Smith et al., 2003). The role o f biofilms in resistance to
antibiotic treatment has also been suggested (Aaron et al., 2002).

In the diagnostic laboratories at the Royal Liverpool University Hospital, susceptibility
tests

for

six

antibiotics

are routinely performed;

ciprofloxacin,

ceftazidime,

meropenem, tobramycin, tazobactam/piperacillin and colistin. Ciprofloxacin is a
fluoroquinolone antibiotic that is bactericidal. The antibiotic inhibits DNA replication
by binding to and preventing the function o f the A subunit o f the DNA gyrase enzyme
(Lambert, 2002). This leads to double stranded breaks in the chromosome. It is a broad
spectrum antibiotic with activity against both Gram negative and Gram positive
bacteria (Hancock & Speert, 2000). Ceftazidime is a cephalosporin, a subset o f ¡3lactam antibiotics. This is a broad spectrum antibiotic which is particularly effective
against many strains o f P. aeruginosa. This differs to most other third-generation
cephalosporins that show very poor activity against this bacterium (Hancock & Speert,
2000). These molecules disrupt the synthesis o f peptidoglycan in the cell wall by
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inhibiting transpeptidases (Lambert, 2002). Meropenem is a broad spectrum /3-lactam
antibiotic, belonging to the subgroup o f carbapenems which also includes imipenem
(Lambert, 2002). Like other /3-lactam antibiotics, meropenem inhibits cell wall
synthesis. Tobramycin is an aminoglycoside that binds to the 30S subunit o f bacterial
ribosomes (Lambert, 2002). This leads to mistakes in the reading o f the mRNA and
inhibition o f protein synthesis. It is active against Gram negative bacteria. Piperacillin
is an extended broad spectrum /3-lactam antibiotic. Tazobactam is a compound that
inhibits the action o f bacterial /3-lactamases (Hancock & Speert, 2000). First developed
in the 1960s, colistin was quickly sidelined in favour o f other antibiotics considered to
be less toxic (Li et al., 2005). Colistin is a polymyxin antibiotic that is a mixture o f
cyclic polypeptides. The form o f colistin used to treat CF patients is the injectable,
colistimethate sodium. Colistin is polycationic with both a hydrophilic and a lipophillic
section (Guzel & Gerceker, 2008). It works by binding to phospholipids in the bacterial
cell membrane and changing its permeability (Lambert, 2002). The effect is
bactericidal. Colistin can be used in combination with other antibiotics and has been
found to have an additive effect (Guzel & Gerceker, 2008). Polymyxins are sometimes
the only available antibiotics in multidrug-resistant P. aeruginosa infections (Li et al.,
2005). Resistance to polymyxins is rare and is thought to involve changes in the outer
membrane (Li et al., 2006). Toxic side effects include both nephro and neurotoxicity,
however Ledson et al., showed satisfactory safety profiles with the use o f IV colistin in
CF patients (Ledson etal., 1998).
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Aims
- to use the LES genome sequence data to search for novel prophages and genomic
islands.
- to determine whether any prophages found are active.
-to determine whether P. aeruginosa LES populations in the CF lung are
heterogeneous with respect to both the phenotype and the genotype.
-to determine the change in population structure during exacerbation with respect
to both the phenotype and the genotype.
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5.2 Results
5.2.1 Detection of prophages in the LESB58 genome.
Genome sequencing o f the LESB58 isolate was carried out as part o f a collaboration
between the University o f Liverpool (our research group), Simon Fraser University (F
S L Brinkman group), Université Laval (R C Levesque group), The Wellcome Trust
Sanger Institute (N R Thompson group) and University o f British Columbia (R E W
Hancock group). Early data from the LES genome sequencing project allowed the
identification o f prophages in the LESB58 isolate. Six prophages were identified along
with five genomic islands. The LESB58 genome sequence is now complete and a
genome map is shown in figure 5.1. The annotation is available via the the
Pseudomonas Genome Database v2 website (www.pseudomonas.com).

The first prophage, LES prophage 1, is a defective prophage predicted to encode the
pyocin R2. This sequence can also be found in PA01 and is thought to have evolved
from phage tail genes. The second prophage (figure 5.2) is a novel prophage o f 42.1 kb
which has 44 ORFs (Table E l).

Many o f the genes within this prophage had high

homology with genes identified in a previously sequenced prophage, F10 (Kwan et al.,
2006). LES prophage 3 is another novel prophage o f a similar size, 42.8 kb (figure 5.2).
This encodes 53 ORFs, many of which match with ORFs from the sequenced P.
aeruginosa strain 2192 (Table E2). In this prophage, there are two sites in which
recombination between other LES prophages seems to have occurred. Firstly, a 7.5 kb
region encoding 11 ORFs has 99.8% homology with a section o f LES prophage 5. A
further 13.6 kb region encoding 16 ORFs, shares 82.2% similarity with a region o f LES
prophage 2 and these ORFs are also related to the F I0 bacteriophage.

LES prophage 4 was found to be highly related to the previously sequenced,
transposable siphoviridae, D3112 (Wang et al., 2004). However, despite major
similarities, there was a novel section at one end o f the phage (figure 5.2, 5.4 and table
E3). The first five ORFs differed and this included the c l repressor gene which only
showed a 53% similarity to previously sequenced cl genes.

LES prophage 5 had

145

considerable similarity to a previously sequenced prophage, D3 (Kropinski, 2000)
(figure 5.2 and 5.3). There was evidence o f substantial rearrangements and at one end,
an area o f novel ORFs which also included some matches to the FI 16 phage (figure 5.2
and table E4). Like LES prophage 4, the c l repressor gene o f LES prophage 5 showed
low identity with other c l genes (36% identity with the sequenced D3 cl repressor gene).
The final prophage, LES prophage 6, is similar to bacteriophage Pfl (figure 5.2). Pfllike prophages can be found in PA01 and many other clinical P. aeruginosa isolates.

Signature tagged mutagenesis (STM) was carried out by a collaborator in Canada (R.
Levesque group, Universite Laval). This method can be used for determining the
importance o f specific genes in in vivo growth, through the relative ability o f mutants to
survive in the rat agar bead model o f chronic lung infection. A total o f 9,216 STM
mutants were produced and from this, over 200 mutants were identified which resulted
in attenuated virulence in the rat model. Some attenuated STM mutants were mapped to
positions within LES prophages 2, 3 and 5 and also the novel genomic island LESGI-5
(see later section 5.2.4). The effect o f these mutations on virulence was confirmed in
vivo, by carrying out competition experiments between wild-type and mutants. Mutants
with insertions in both prophages 2 and 5 caused a severe defect in growth and
maintenance in vivo which gave a significant 16- to 58- fold decrease o f CFUs in rat
lung tissues. Mutants in prophage 3 and LESGI-5 could be partially maintained in lung
tissues with approximately 7-fold decreases in growth in vivo.

5.2.2 Distribution of four prophages amongst a panel of LES isolates and detection
of phages in the filter-sterilised, DNase I treated supernatants.

PCR assays were used to determine whether the prophages identified in LESB58 were
unique to this isolate or widespread throughout the LES population. A panel o f 26 LES
isolates was used. PCR primers were designed for sequences within LES prophages 2,
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Figure 5.1: Circular map of the P. aeruginosa LES genome. Starting from outermost circle going
inwards: major (500kb) and minor tick (lOOkb) measurements of the genome with estimated location of
origin and terminus using cumulative GC skew (not shown); prophage (orange) and Genomic Islands
(green) are highlighted on the outer circle and are shaded grey across all inner tracks; protein coding
genes (blue) on plus (outer) and minus strand (inner); tRNAs (green), rRNAs (orange), and all other non
coding RNA genes (purple); Signature Tagged Mutants (black); GC content (black line plot) with GC
content average (grey line) and GC skew with positive (green) and negative values (blue) were calculated
using a lOkb non-overlapping window. Note that one region of low GC, upstream of the first noted
prophage, plus additional smaller regions of low GC, contain ribosomal genes which are commonly
known to have a lower GC in GC genomes. The location o f two highly similar genomic regions of length
7.5 kb and 13.5 kb within the prophages are marked with looping purple lines, between their locations on
the innermost circle.
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3, 4 and 5. For LES prophages 3 and 4, primers for the cl-like repressor genes were
used, designed to regions unique to LESB58. PCR amplification was carried out on
boiled suspensions from overnight cultures to determine whether the prophage
sequence was present in the genome o f the LES isolate. Furthermore, PCR was carried
out on supernatants that had been induced with sub-inhibitory concentrations o f
norfloxacin, filter-sterilised and DNase I treated, thus removing any genomic DNA, to
determine whether sequences could be detected free in solution. By designing PCR
primers reading out from each terminal region o f prophages 2 and 3, and sequencing
the resultant amplicons, we were able to identify the exact start and end points for these
prophage sequences and use these primers as a PCR test for the phage in its circular
form. To ensure that there was no contamination with genomic DNA, PCR
amplification was performed using primers for the P. aeruginosa oprL and 16S rRNA
genes. In all cases, supernatants were free from contamination.

The results are summarised in Table 5.1. The novel prophage, LES prophage 2, was
found in 23/26 isolates tested, and o f the 23 positive isolates it was detected free in the
supernatants o f 18 isolates (Figure 5.5). The second novel prophage, LES prophage 3,
was found in the genome o f the entire panel o f isolates but it was detected only in the
supernatants o f 12 isolates (Figure 5.6). Like LES prophage 3, LES prophage 4 was
also found in the genome o f the entire LES panel, and sequences could also be detected
in the supernatants o f 25/26 isolates, missing only in isolate B30 (Figure 5.7). LES
prophage 5 was detected in just eight o f the isolates. However, in these eight isolates,
the sequences could consistently be detected in the supernatants (Figure 5.8).

For four isolates (B50, B70, LES400 and B69), all four prophages were present in the
genome and could be reliably detected in the supernatants. No sequences were detected
in the supernatant o f isolate B30.

5.2.3 Isolation of the two novel phages, LES phage 2 and LES phage 3.

Primary plaque assays were conducted by infecting recipient P. aeruginosa strains
with filter sterilised supernatant, collected from LESB58 overnight culture. Recipient

148

strains used were laboratory strain PA01, Manchester and Midlands CF epidemic
strains. Plaques were not obtained when using Manchester or Midlands strains as the
recipient; however plaques could be identified using this method with PA01. Plaque
assays were carried out using a series o f dilutions (neat to 1/1000) to obtain isolated
plaques. Well isolated plaques were selected and plaque suspensions were prepared.
The suspensions were subjected to PCR assays to determine which phage had caused
the plaque to form and to determine whether the plaque consisted o f one phage only
or a mixture.

Ten plaques were selected and from these, suspensions tested PCR positive for LES
phage 2 and LES phage 3 in the circular form (figure 5.9). From the ten suspensions,
three gave strong bands using PCR for LES phage 2 (suspension 9 gave a weak band)
and a further three suspensions were positive for LES phage 3. All plaque
suspensions were PCR negative for LES phage 4 and LES phage 5.

To ensure that plaque suspensions were pure, the suspensions were used to reinfect
PA01 in a secondary plaque assay using suspensions that had given strong positive
PCR results. These suspensions were retested to ensure that they were PCR positive for
only one phage. The pure plaque suspensions o f phage 2 and phage 3 were imaged
using electron microscopy to confirm the presence o f phage and identify the
morphology and size o f the causative phage. Each plaque appeared to be caused by
only one type o f phage, and both appear to be members o f the siphoviridae family and
are comparable in size. Electron microscopy images can be seen in figures 5.10 and
5.11.

Further observations o f the plaque assay plates revealed the presence o f ‘cloudy’
regions in the centre o f the plaques (figure 5.12). These areas seemed to consist of
bacteria and four o f these ‘cloudy’ regions (two from phage 2 suspension plate and two
from phage 3 suspension plate) were subcultured for further study as possible PA01
LES prophage 2 and PA01 LES prophage 3 lysogens. PCR assays were completed to
establish that the bacteria were P. aeruginosa PA01 and not LESB58 contamination;
and used to show that the phage had inserted into the PA01 genome.
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Figure.5.2. Phage clusters in LESB58 with significant similarities and positioning o f STM mutants after
in vivo screening. Figure created by Mr M. Langille (Simon Fraser University, Canada).
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Figure 5.3. ACT alignment of the sequenced D3 phage (top) with the LES prophage 5 (bottom). Red lines
denote areas with high homology.

Figure 5.4 ACT alignment of the sequenced D 3112 phage (top) with the LES prophage 4 (bottom). Red
lines denote areas with high homology
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Primers designed to amplify the oprL gene, specific to P. aeruginosa but conserved
within all strains (De Vos et al. 1997) were used to confirm that all 4 lysogens were P.
aeruginosa species and all four isolates tested PCR positive. Further tests using
multiplex PCR for LES genes (PS21 and F9) showed that all four lysogens were not the
LES, suggesting that contamination from LESB58 was unlikely. A third multiplex PCR
assay showed that all 4 lysogens shared a common pyoverdine receptor type to PA01
(type I) which differs from that in the LES (type III) using 3 sets o f primers to identify
which type o f fpvA (de Chial et al., 2003) gene was present, further ruling out
contamination.
Lysogens were also tested using specific primers for the presence o f the LES
prophage 2 and LES prophage 3. Furthermore, primers were used to determine
whether the phages had integrated into the corresponding position in PA01 as in the
LESB58 isolate. For LES prophage 2, it was found that the prophage had integrated
into a different position to the position in LESB58 however LES prophage 3 had
integrated into the same position.

5.2.4 Genomic Islands in the LESB58
Five genomic islands were identified during sequencing and their positions are shown
in figure 5.1. The first four genomic islands share similarity with islands that have been
found in other Pseudomonas species, mainly P. aeruginosa strains and therefore the
majority o f the focus will be on the novel genomic island LESGI-5.

LESGI-1 contains the diagnostic marker LESF9 and many ORFs matching nonPseudomonads (including Clostridium sp. and Marinobacter sp.). The majority o f
ORFs are hypothetical proteins and this genomic island is not unique to the LES (Smart
et al., 2006). LESGI-2 contains a pyoluteorin biosynthesis cluster and LESGI-3 is
related to the PAGI-2 genomic island originally identified in the strain clone C, similar
to that found in Pseudomonas fluoresens. However, in LESB58, there is an alternative
cargo region that contains the LES marker PS21, which overlaps part o f a putative
mercuric reductase related gene. LESGI-4 shared similarity with PAGI-1.
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Table 5.1. Distribution of four LES prophages (LES prophage 2, LES prophage 3, LES prophage 4 and
LES prophage 5) in the genome and the supernatant of a panel of 26 LES isolates using specific PCR
primers. (G=genome, S=supematant, NA=not applicable).
Isolate

LES prophage
2

B25
B7
49111
B46
B48
B49
B40
LES109
B65
49137
B41
B51
B67
B50
B30
B55
B6 8
B62
B57
B70
LES400
B58
B45
B64
B69
LES431

Sequence
G
S
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
NA
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
NA
+
+
+
_I_______ NA

LES prophage
3 sequence

LES prophage
4 sequence

G
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

G
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+

S
+
-

+
+
+
+
+
+
+
+
+
+
+

S
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

LES prophage
5 sequence
G
+
+
+
+
+
+
+
+

S
+
+
+
+
+
+
+
+

LESGI-5 was found to be a novel genomic island and in this region there was an
associated skew in GC content (figure 5.13). It contains some putative genes associated
with mobile genetic elements including a phage integrase gene, two plasmid-related
genes and two transposase genes. However, the majority o f the ORFs encoded
hypothetical proteins with only very low matches (<50%) to other sequences (table E5).
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Figure 5.5. PCR assays for LES prophage 2 a) from boiled suspensions and b) from filter-sterilised
DNase I-treated supernatants. (POS=LESB58, NEG=SDW, M=marker)

Figure 5.6. PCR assays for LES prophage 3 a) from boiled suspensions and b) from filter-sterilised
DNase I-treated supernatants. (POS=LESB58, NEG=SDW, M=marker)
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A

B

Figure 5.7. PCR assays for LES prophage 4 a) from boiled suspensions and b) from filter-sterilised
DNase I-treated supernatants. (POS=LESB58, NEG=SDW, M=marker)

A

B

Figure 5.8. PCR assays for LES prophage 5 a) from boiled suspensions and b) from filter-sterilised
DNase I-treated supernatants. (POS=LESB58, NEG=SDW, M=marker)

155

1 2 3 4 5 6
U
W
M

7 8 9 10 1 2 3 4

A

B
m

400
300

5 6 7 8 9 10

m

Figure 5.9. PCR assays from ten plaque suspensions using LESB58 supernatant (filter-sterilised and
DNase I treated) and PAO1 as a recipient strain. A) PCR for LES phage 2 and B) PCR for LES phage
3.

Figure 5.10. LES phage 2 pure plaque suspension visualised using electron microscopy (magnification
200,000x). Electron microscopy by Mr B. Getty.
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Figure 5.11. LES phage 3 pure plaque suspension visualised using electron microscopy (magnification
200,000x). Electron microscopy by Mr B. Getty.

Lysogeny
(islands of PA01
__ within plaques)
Plaques
(clear regions within a
PA01 bacterial lawn)

Figure 5.12. Plaque assay using plaque suspensions positive for LES phage 3 (circular); using 1/100
supernatant dilution to infect PA01. Showing both plaques and lysogens within the plaques.
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Figure 5.13. Drop in % GC content in the LESGI-5 area o f the LESB58 genome.

5.2.5 P o p u la tio n S tu d y

Sputum samples from CF patients in Liverpool were collected at the Adult CF Centre,
Cardiothoracic Centre, Liverpool. For each patient, three samples were taken: one at
the beginning o f the exacerbation before antibiotic treatment had commenced, a second
sample during the exacerbation while on IV antibiotic treatment and a final sample at
the end o f the exacerbation when symptoms had resolved (table 5.2). All o f the patients
studied were infected with the LES. To study both the heterogeneity o f the LES
population and changes in the population structure over a very short but intense period
of pressure that all CF patients encounter, it was decided that the sputum samples
would be subjected to a number o f studies in a high throughput manner (figure 5.14).
However, it was important that the studies must, in part, reflect the methods used in
routine laboratories so the validity o f single colony, routine testing as a representative
o f the population as a whole could be assessed.

Table 5.2. Samples used during the study, date of collection and antibiotic treatment used.
Patient
Sample
Date
Antibiotic treatment
I
A
12/01/2006
Meropenem/colistin
B
16/01/2006
20/01/2006
C
II
A
03/02/2006
Meropenem/colistin
B
06/02/2006
17/02/2006
C
A
III
11/04/2006
Ceftazidime/colistin
B
13/04/2006
C
21/04/2006
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Figure 5.14. Flow diagram showing how the sputum samples were processed and the range of different
phenotypic and genetic tests used.

5.2.6 C h a ra c te ris tic s a n d v a ria tio n w ith in a p o p u la tio n o f L E S iso lated fro m
sp u tu m .

In total, nine sputum samples were studied from three patients (table 5.2). An image of
culture derived from the first sputum sample can be seen in figure 5.15. From the
plates, morphotypes were counted and the 40 isolates for further analysis were chosen
to represent the relative proportions. In every sample, more than one colony
morphotype was identified and the most common morphotypes were, green, smooth
and non-mucoid and white, mucoid morphotypes. In figure 5.15c, variations in the
pigment production o f the isolates can be seen for sputum sample I. A and variations at
this crude level could be observed in every sputum sample. For exoproduct production
samples were grown in LB broth, shaking at a high speed. In every sample there was a
large amount o f variation and both examples o f QS over-producers and QS-negative
isolates could be identified. Figure 5.16 shows an example o f pyocyanin production in
sample A from patient I and in this example there are four clear pyocyanin over
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producers (isolates 4, 17, 26 and 36) and a further one isolate (isolate 40) appeared to
be a borderline over-producer. In every sample, isolates that produced no pyocyanin
were identified, and in sample I.A, over half o f the isolates produced no pyocyanin.
These results were reinforced by the LasA activity assay (figure 5.17) in which the
same four isolates (isolates 4, 17, 26 and 36) showed an increased LasA activity.
However, in this assay, isolate 40 did not have high LasA activity.

Hypermutable isolates could be found in small numbers in every sample ranging

Figure 5.15. Images of sputum sample I.A a) neat sputum plated onto Pseudomonas selective agar,
isolates have grown into each other and therefore cannot be subcultured b) 10"2 diluted sputum in PBS
plated onto Pseudomonas selective agar, colonies are isolated and therefore can be used to subculture c)
the 60 isolates subcultured from the sputum sample plates.
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PATIENT I, sample A

isolate

Figure 5.16. Average pyocyanin production o f overnight cultures of isolate 1-40 from patient I, sample A,
showing standard error bars.

from 5-15% (figure 5.18). However, auxotrophic mutants could not be found in every
sample but were identified, at some point, in every patient. The level o f auxotrophy
amongst the samples showed a large amount o f variation and ranged from 0-57.5%.

LasA activity

Figure 5.17. LasA activity of overnight cultures of isolates showing over-production of pyocyanin. All
other isolates showed similar LasA activity to isolate 40.

Variation in the antibiotic resistance profile o f individual isolates within a population
was identified in every sample. It was interesting that none o f the isolates in any o f the
nine samples showed resistance to colistin. All o f the isolates tested were resistant to at
least one o f the six antibiotics used. Table 5.3 shows the antibiotic susceptibility results
for sample I.A. Isolate 36 is a relatively sensitive isolate showing resistance only to
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ceftazidime. However, isolates 3, 5 and 9 show resistance to 5/6 antibiotic used. Some
interesting phenotypes were identified within the LES populations. Firstly, was the
development of resistance to certain antibiotics. An example o f this is shown in figure
5.18b. Originally the isosensitest plate showed define zones o f inhibition however if
left on the desk a further two days, colonies began to grow within this zone suggesting
that some colonies had become resistant to the antibiotic. Furthermore, some isolates
displayed an autolysis phenotype (figure 5.18c).

For the genotype tests, prophages 2, 3 and 4 and FESGI-5 could be identified in every
sample however they were not always in every isolate and therefore a degree o f
genomic variation within the population was identified (see section 5.2.8). When the
insertions were present in an isolate, they were found to be consistently in the same
position as in LESB58. Prophage 5 was not identified in any o f the isolates from the
three patients.

Figure 5.18. a) rifampicin plates plated with overnight cultures, isolates 16 and 17 are hypermutable
isolates (»¡«^positive control) b) isosensitest plate with 6 antibiotic disks, colonies can be seen growing
within the zone of inhibition of some antibiotics c) LES isolate displaying the ‘autolysis’ phenotype.

5.2.7 Changes in the phenotype of the population during exacerbation
For patients I and II, there was a general increase in exoproduct overproduction over
the exacerbation period. At the beginning o f the exacerbation, both patients showed a
low level o f pyocyanin overproducers (12.5% and 5% respectively). However, the
samples taken during antibiotic treatment showed a much higher level o f overproducers
(32.5% and 47.5%). In both patients, this level had decreased by the final sample but
still remained at a higher level than in the first sample (figure 5.19). Conversely, the
third patient showed a very different trend in pyocyanin production, beginning with a
high level o f over-producers (35%) which gradually decreased over the exacerbation
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period to 15%. In all samples, pyocyanin negative isolates could be identified with the
level in the population ranging from 20% to 67.5% (figure 5.19).
Table 5.3. Antibiotic resistance profiles for the 40 isolates from patient I, sample A determined using the
disk diffusion method. CT=colistin, TZP=tazobactam/piperacillin, CAZ=ceftazidime, TOB=tobramycin,
MEM=meropenem, CIP=ciprofloxacin, R=resistant, S=sensitive and D=intermediate.
Isolate

1
2
3
4
5

6
7

8
9

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

CT
S

s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s

TZP

s
s
R

s
R

s
s
s
R

s
s
s
R

s
s
s
s
s
s
s
s
s
s
s
R

s
R

s
s
s
s
R

s
s
s
s
s
s
s
s

CAZ
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

S
R
R
R
R
R

TOB
S

s
R
S
R
S
S

s
R

s
R

S
s
s
s
s
s
R

s
R
R
S

s
s
s
s
s
R

s
s
s
s
R

s
s
s
s
s
s
s

MEM
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
R
R
S
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
S
S

s
s
R

CIP
D
D
D
S
D
R
D
D
D
D
D
D
D
D
S
D
S
D

S
S
D
S
D
D
D
R
R
D
S
D
S
D
D
D
D
S
D
D
D
D
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There was a definite trend in the change in colony morphology. At the beginning o f the
exacerbation, in every patient, the majority o f isolates were green, smooth and non
mucoid (figure 5.20). However, the level o f this morphotype decreased over the
exacerbation period and the level o f both white, mucoid isolates and smooth, non
mucoid, white/straw coloured isolates increased. In two o f the patients, a very low level
of mucoid translucent isolates was also detected in some samples. In all samples, the
majority o f isolates were non-mucoid rather than the mucoid isolates that are
commonly associated with chronic infection.

Changes in the antibiotic resistance profile were detected in all o f the patients over the
exacerbation period. Resistance to tobramycin decreased in all patients but to a varying
degree. In patients I and II, there was only a very slight decrease in resistance. Despite a
similarity in the change in resistance, the overall level o f resistance was very different
in the two patients. Isolates from patient I had a tobramycin resistance level o f between
20-22.5%. However isolates from patient II had a much higher level o f resistance o f
between 95-100% (figure 5.21).

Isolates from patient III showed a more dramatic

decrease in resistance to tobramycin, decreasing from a level o f 90% resistance in
sample A to only 40% resistance by sample C. The LES populations in all three
patients also showed a decrease in resistance to ceftazidime over the exacerbation
period (figure 5.22). The greatest decrease was observed in patient III, from a level of
97.5% resistance to 27.5% resistance. This is especially interesting considering that
during this period; this patient was treated with ceftazidime. In contrast, the two
patients treated with meropenem (patient I and II) showed a greater level o f resistance
to meropenem at the end o f the treatment compared to the beginning, suggesting a
degree o f selection o f meropenem-resistant isolates. In patient I, meropenem resistance
began at a level o f 12.5% and during antibiotic treatment (sample B) peaked to a high
o f 85%. By the end o f the treatment a resistance level o f 55% was observed.
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Figure 5.19. Average pyocyanin production by the 40 isolates isolated from each the three samples (A, B and C) taken from the three patients (I, II and III). The simple broth test was
used (method A), standard error bars shown.

S69V ‘u o jp n p o id ujueAooAd
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Figure 5.20. Changes in the colony morphology for the three patients. A=sample taken at the beginning of the
exacerbation, B=taken during the exacerbation, with antibiotic treatment, C=at end of exacerbation. G, NM,
Sm=green, non-mucoid, smooth. W, M, 0=white, mucoid, opaque. Tr, M=translucent mucoid. S, NM,
Sm=straw-coloured, non-mucoid, smooth.
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In patient II, the level o f resistance dropped from 37.5% to 27.5% during antibiotic treatment
but by the end of the exacerbation (sample C) the resistance level had increased to 77.5%
(figure 5.23).

The change in resistance to tazobactam/piperacillin seemed very patient specific and no
overall trend could be observed. In patient I, there was a slight increase in resistance from
17.5% to 27.5% over the three samples (figure 5.24). This differed in patient II where a
dramatic decrease in resistance was observed and the resistance in the population halved
from 90% to 45%. The LES population in patient III had a very low intrinsic resistance level
o f 5% at the beginning, and after a slight increase during antibiotic treatment, no resistant
isolates were detected by the final sample. Interestingly, in all three patients, the LES
populations appeared to increase in resistance to ciprofloxacin during the exacerbation
(figure 5.25).

To determine whether the changes in resistance observed using the accepted ‘cut-offs’ were
due to actual shifts in the resistance o f the population or simply fluctuation o f inhibition
zone size around the ‘cut-off, the zone size produced by each isolate to the six antibiotics
was measured and used to calculate an average. The change in the average zone size could
be monitored across the three samples to determine whether the population, as a whole, was
becoming more or less resistant to the antibiotics. The results o f this can be seen in figure
5.26. In general, there was very good similarity between the trends in the changes in
resistance as determined by the cut-off values compared to the change in average zone sizes
measured in (mm). As resistance increased, the average zone size decreased. Measuring the
zone o f inhibition also gives an indication o f more subtle differences in the resistance. For
example, the LES populations in both patient I and patient II would be classed as
ceftazidime resistant using the cut-off values. However the population in patient II appears
to be much more resistant with an average zone size o f only 5mm by sample C, where as the
LES population patient I had an average zone size o f 20mm.

The number o f auxotrophic mutants was determined by growth on M9 minimal media and
the LES populations from two patients (I and III) showed a dramatic increase in auxotrophic
mutants

(an

increase

o f 57.5

and

42.5%
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Figure 5.24. Change in resistance to tazobactam/piperacillin over the exacerbation period for patient I, II and III. Expressed as percentage resistance using the disk diffusion cut-offs to
determine whether isolates are sensitive or resistant. A=sample taken at the beginning of the exacerbation, B=taken during the exacerbation, with antibiotic treatment, C=at end of
exacerbation.

od

PATIENT I

PATIENT III

□ R
□ D
□ S

Figure 5.25. Change in resistance to ciprofloxacin over the exacerbation period for patient I, II and III.
Expressed as percentage resistance using the disk diffusion cut-offs to determine whether isolates are
sensitive or resistant. l=sample A taken at the beginning of the exacerbation, 2=sample B, taken during
the exacerbation, with antibiotic treatment, 3=sample C at end of exacerbation. R=resistant,
D=intermediate resistance, S=sensitive
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PATIENT II
30

CIP

CAZ
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TOB

CT

TZP

Figure 5.26. Average size of the zone of inhibition of the 40 LES isolates isolated from each sputum
sample produced using the disk diffusion method to six antibiotics showing standard error bars.
CIP=ciprofloxacin, CAZ=ceftazidime, MEM=meropenem, TOB=tobramycin, CT=colistin,
TZP=tazobactam/piperacillin. A=sample taken at the beginning of the exacerbation, B=taken during the
exacerbation, with antibiotic treatment, C=at end of exacerbation.
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period. In both patients, auxotrophic mutants were undetectable in sample A (Table
5.4). In patient II, a low level o f auxotrophic mutants was detected in sample A (7.5%)
and this decreased to 2.5% in sample B and remained at this low level in sample C.
Hypermutable isolates were identified in all o f the samples. In all patients there was a
slight increase in the number o f hypermutable isolates between the first and the second
sample, but in general the level o f hypermutable isolates in all samples remained
relatively constant, fluctuating between 5-15% (table 5.4).

Table 5.4. Percentage o f LES isolates found to be auxotrophic mutants and hypermutable in each sample
from the three patients. A=sample taken at the beginning o f the exacerbation, B=taken during the
exacerbation, with antibiotic treatment, C=at end of exacerbation.____________ _________________
AUXOTROPHIC MUTANTS
B (%)
A (%)
C(%)
57.5
I
0
30
2.5
2.5
II
7.5
42.5
0
32.5
III
HYPERMUTABILITY
10
10
I
5
5
7.5
10
II
5
III
5
15

5.2.8 Changes in the genotype of the population during exacerbation

PCR tests were performed using primers for sequences specific to the four prophages
that are not found in PA01 (prophage 2, 3, 4 and 5) and the novel genomic island,
LESGI-5. Each reaction was replicated twice and furthermore primers for the
sequences that flank the insertions in LESB58 were also used to indicate if any negative
results were due to the absence o f the whole insertion and thus giving the expected
band using these flanking primers. If the insertion was present, the resulting sequence
would be too large to amplify. Controls were used in every PCR reaction (table 5.5).

The results o f this PCR screening can be seen in table 5.6. The prophage 2 sequence
was found to be present in all o f the LES isolates in samples from patients I and II. In
patient III, the prophage sequence was in 100% o f the isolates at the beginning o f the
exacerbation (A) and during antibiotic treatment (B).
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Table 5.5. P. aeruginosa PCR controls used in every PCR reaction showing the presence and absence of
the selected insertions.
Isolate
LESB58
LES49111
PA01
Clone C
LESB45
LESB65
LES109
NEG (SDW)

Prophage 2
+
+

Prophage 3
+
+

Prophage 4
+
+

Prophage 5
+
+

LESGI-5
+
+

-

-

-

-

-

-

-

-

-

-

+
+
+

+
+
+
-

-

+
+
-

-

+
+

-

-

-

-

-

However by the final treatment, the prophage appeared to be missing in three isolates
and this was reinforced by the PCR results for the flanking primers, as these gave a
positive result o f the predicted size. Prophage 3 was also present in all o f the isolates
tested from patients I and II. However in patient III, there was a gradual decrease from
100% to 95%. The same trend was seen for prophage 4 and in sample C from patient
III, prophages 2, 3 and 4 was missing in two isolates (8 and 12).

Table 5.6. PCR screening for the presence of prophage and genomic island sequences in the 40 LES
isolates isolate from each sample expressed as a percentage. A=sample taken at the beginning of the
exacerbation, B=taken during the exacerbation, with antibiotic treatment, C=at end of exacerbation.
Sample
Prophage 2 (' Prophage 3 (‘ Prophage 4 (' Prophage 5 (' LESGI-5 (%;
Patient
100
0
10 "
I
A
100
100
B
100
100
0
65
100
100
100
100
0
97.5
C
97.5 oo
0
II
A
100
100
100
B
100
0
100
100
100
100
100
100
0
100
C
III
A
100
100
100
0
100
B
100
97.5
100
0
100
95 *
0
100
C
92.5 A
95 *
" Positive result for isolates 1, 6, 26 and 40.
ooNegative result for isolate 20.
ANegative result for isolates 8, 12 and 32.
♦Negative result for isolates 8 and 12.

Prophage 5 was consistently not detected in any o f the isolates from any o f the patients.
In patient I, the presence o f LESGI-5 increased dramatically from a level o f just 10% to
97.5% over this short time period. This observation could suggest that the island was
being selected for. However in the other two patients any trend was impossible to
detect as the level o f the genomic island was already high in sample A (97.5 and
100% ).
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5.2.9 Further screening of multiple sputum samples for LESGI-5 and auxotrophic
mutants.

Following the results obtained from the in depth screening o f the three patients (I, II
and III), it was decided that further screening should be carried out to study changes in
the presence o f LESI-5 and the level o f auxotrophic mutants during periods o f
exacerbation. Nine patients were chosen at random and samples A and C were isolated
and studied (table 5.7).

Table 5.7. Level of LESGI-5 and auxotrophic mutants found in isolates (n=40) from nine CF patients in
sample A (beginning of exacerbation) and sample C (end of exacerbation).
Patient
LESGI-5
IV
V
VI
VII
VIII
IX
X
XI
XII
AUXO TRO PHY
IV
V
VI
VII
VIII
IX
X
XI
XII

Sample C (%)

Sample A (%)
87.5

0
100
100
100
100
0
100
100
32.5
60

10
0
0
0
12.5
90
72.5

92.5
12.5

100
100
97.5

100
2.5

100
100
30
52.5
47.5
32.5
7.5

0
0
52.5
72.5

In five out o f the nine patients, it was impossible to asses whether LESGI-5 was being
selected for, as the level in the population began and ended at 100%. In patients IV, V
and X there was a slight increase o f 5, 12.5 and 2.5% respectively. One patient showed
a very slight decrease o f 2.5%, however this represents just one isolate (table 5.7). The
level o f auxotrophic mutants in each patient was very variable and the change in level
appeared to be patient specific. Two patients showed no change, four patients showed
decreases in the level of auxotrophs and three patients showed increases (table 5.7).
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5.2.10 Detection of phages directly from sputum of CF patients.

PCR was performed directly on sputasol-treated, diluted, filter-sterilised and DNase Itreated sputum. Original testing using primers for the specific phages gave only very
weak bands and therefore nested primers were used to increase sensitivity. For the
novel phages 2 and 3, primers for the circular form were used. Primers for the oprL and
16S rRNA genes were used to ensure that there was no contamination with genomic
DNA. The results are shown in table 5.8. Phage 2 was detected in all o f the sputum
samples except one (III.A), and phage 3 was detected in all except two (I.B and III.A).
Phage 4 was detected in every sample whereas phage 5 was absent in all the samples
except one (II.A). The presence o f phage 5 in the sputum is interesting as this was not
detected in any o f the isolates from this sample.

Table 5.8. Presence of the four phages using PCR performed directly on sputasol-treated, diluted, filtersterilised and DNase I-treated sputum using nested primers. A=sample taken at the beginning of the
exacerbation, B=taken during the exacerbation, with antibiotic treatment, C=at end of exacerbation.
Phage 3
Phage 4
Phage 5
Sample
Phage 2
Patient
+
+
+
I
A
+
+
B
+
+
+
C
+
+
+
+
II
A
+
+
+
B
+
+
+
C
+
III
A
+
+
+
B
+
+
+
C

Following this, the study was extended and focused only on the two novel phages, 2
and 3. PCR using the same nested primers was performed on sputum samples from 10
patients during exacerbation and on 7 sputum samples taken when patients were stable.
The results are shown in table 5.9. Phage 2 was detected in the sputum o f all o f the ten
patients on presentation with an exacerbation and in 7/10 o f patients when the
exacerbation was resolved. In the stable sputum samples this phage was detected in less
than half o f the patients. Phage 3 was detected in half o f the samples in group A and in
7/10 samples in group C. Like phage 2, the level detected in the stable samples was
lower (2/7).
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Table 5.9. Presence of phage 2 and 3 in the sputum of 10 CF patients during exacerbation and 7 patients
when stable. Presence detected using nested primers in PCR for the circular phage. =sample taken at the
beginning of the exacerbation, O a t end of exacerbation, S=stable sputum sample.________________
Phage 3
Phage 2
Sample
5/10
10/10
A
7/10
7/10
C
3/7
2/7
s
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5.3 Discussion
The genome o f LESB58 was found to contain five prophages and one defective
prophage. The defective prophage, LES prophage 1, is predicted to encode pyocin R2.
LES prophage 2 is a novel prophage, not found in the genomes o f all o f the LES
isolates tested (23/26) whereas a second novel phage, LES prophage 3, was found in all
LES isolates. LES prophages 2 and 3 both have sequences that share high levels o f
identity with the genomes of phages F10 and FI 16. Indeed, the majority o f ORFs in
both LES prophage 2 and 3 matched with ORFs from F10, a recently sequenced,
dsDNA siphoviridae P. aeruginosa phage (Kwan et al., 2006). F10 is ~39 kbp with 80
ORFs, o f which, 2/3 had an unknown function. However, some o f the ORFs in both
phages had best BLASTP matches with genes from other phages including FI 16, D3,
D3112 and phiCTX (Kwan et al., 2006). FI 16 is a linear dsDNA phage (Byrne &
Kropinski, 2005) that was first isolated from P. aeruginosa in the 1960s in a hospital in
Melbourne (Holloway et al., 1960). It has also been found to infect some members o f
the B. cepacia complex (Nzula et al., 2000). It penetrates alginate and has been found
to cause bacterial cell death in established biofilms (Hanlon et al., 2001). The phage
binds to type IV pili and following this, DNA is injected into the bacterial cell
(Pemberton, 1973). The phage is described as a generalised transducing phage as it has
the ability to package bacterial host DNA into empty phage heads therefore facilitating
horizontal gene transfer. Furthermore, FI 16 has the interesting ability to replicate
extrachromosomally as a plasmid (Miller et al., 1977). However, only a few o f the
ORFs o f LES prophage 2 and one ORF in LES prophage 3 match with sequences from
phage FI 16 so any similarities may be limited. Isolation o f these novel phages revealed
that both appear to be siphoviridae o f a similar size and that both phages can cause lysis
o f PA01 but not the epidemic strains Midlands 1 and Manchester.

LES prophage 4 was present in the genome o f all o f the LES isolates and has many
predicted ORFs that match with the previously sequenced phage, D 3112 (Akhverdian
et al., 1984). However, the c/-like repressor gene differed, matching closest with
DMS3. D3112 phage is a transposable, lambda-like, siphoviridae phage (Wang et al.,
2004). The genome is 37.6 kbp and consists o f 53 ORFs, many o f which have
significant matches to N. meningitidis, S. enterica, E.coli andX. fastidiosa (Wang et al.,
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2004). The GC content o f the phage is close to that o f P. aeruginosa and it can infect
the strains P A H and PAK but not PA01 (Wang et al., 2004). Like FI 16, D3112
requires type IV pili for infection. It has been reported that this phage can have many
different insertion sites in lysogens (Plotnikova et al., 1983). However, in this study,
LES prophage 4 was found to be integrated into the same place as LESB58 in all the 26
LES isolates tested. Sequences matching to the phage DMS3 (Budzik et al., 2004) were
found in both LES prophages 2 and 4. Studies on DMS3 revealed that, like FI 16 and
D3112, type IV pili are the receptor for this phage and that the phage can mediate
generalised transduction between P. aeruginosa strains. LES prophage 4 also had
sequence similarities to phage MP22, a phage with many similarities to D 3112 (Heo et
al., 2007). It is interesting to note that CF isolates often lack twitching motility,
associated with type IV pili, because o f mutations.

LES prophage 5 was less common amongst LES isolates than the other prophages (in
8/26 isolates). Major rearrangements in the sequence were identified but many o f the
ORFs matched to the D3 phage. D3 is a temperate phage belonging to the siphoviridae
family. The dsDNA genome is 56.4kb, consists o f 90 ORFs and is generally A-T rich.
The phage has a 55 nm head and a tail 7 x 113 nm with six tail fibres with knobs
(Kropinski, 2000). The D3 phage is capable o f lysogenising P. aeruginosa with the
serotype 0 5 and O-acetylating the N-acetylfucosamine moiety converting the Oantigen from the 0 5 form into the 01 6 /0 2 0 form (Newton et al., 2001). This lysogenic
conversion was first reported in the 1960s (Holloway & Cooper, 1962). More recently,
it was found that three ORFs are responsible for this action; firstly, an «-polymerase
inhibitor (iap), an O-acetylase (oac) and a /3-polymerase (wzy/3). The «-polymerase
inhibits the assembly of the 0 5 B-band LPS and allows /3-polymerase to form new /3linked B band LPS, and the O-acetylase alters the LPS by addition o f O-acetyl groups.
The bonding between trisaccharide repeats changed from «1-4 to /31-4 linkages. The B
band is important in P. aeruginosa as it is associated with decreased killing by
phagocytosis and resistance to serum killing (Newton et al., 2001).
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The final prophage identified in LESB58 can also be found in other P. aeruginosa
strains including PA01. Pfl is a single stranded DNA, filamentous bacteriophage
(Takeya & Amako, 1966). Many studies have shown that conditions within the CF lung
can be anaerobic and ‘pockets’ can occur, especially in viscid sputum, in which oxygen
limitation can be extreme. Interestingly, a study on the anaerobic transcriptome
revealed that many of the genes upregulated under these conditions were Pfl phage
genes, which therefore may confer an advantage under these conditions (Platt et al.,
2008). Pfl genes are known to be upregulated in biofilms, up to 83.5 fold upregulation
compared to planktonic cells (Whiteley et al., 2001a). Furthermore, activation o f phage
genes has been shown to be controlled by the quorum sensing system (Wagner et al.,
2003) and the phage has been associated with cell lysis in biofilms (Webb et al., 2003).
Therefore, the Pfl bacteriophage may be important in anaerobic growth and biofilm
formation and maintenance.

Phage genomes have been described as genetic mosaics (Juhala et al., 2000) and we
present evidence to support this by demonstrating recombination between the
prophages in the genome as well as many sequence matches to previously identified
phage. Phages are able to transfer moron genes that could act as virulence factors and
furthermore, many temperate phages allow indirect transfer o f bacterial host genes,
including virulence factors, by phage transduction (McGrath, 2007). The effect o f
bacteriophages on natural populations is, as yet, unclear but, it has been shown that the
presence o f bacteriophage can drive diversification o f P. aeruginosa populations
(Brockhurst et al., 2005). Extensive genome plasticity has been reported for P.
aeruginosa clinical isolates, with phage sequences making a significant contribution to
horizontal gene transfer leading to sequence diversity (Shen et al., 2006). STM
performed on the FESB58 isolate revealed that mutations in genes in FES prophage 2,
3 and 5, as well as in EESGI-5 caused an inability to establish chronic infection in a rat
chronic lung infection model suggesting that these elements o f the accessory genome
aid in the success o f this strain.

Genomic islands have been associated with increased virulence in P. aeruginosa (Battle
et al., 2008). FESB58 contains five genomic islands, one o f which was completely
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novel. In LES GI-5 many o f the predicted proteins showed very poor matches to other
sequences in the database (BLASTP matches shared <50% identity). Two ORFs
matched with Dechloromonas aromatica, an organism that is associated with aquatic
and sediment habitats, and P. syringae pv. tomato. Furthermore, a putative phage
integrase and plasmid replication genes were present. It has been suggested that
integrase-driven instability plays an important role in bacterial genomic evolution
(Manson and Gilmore, 2006). It has been demonstrated that P. aeruginosa virulence is
combinatorial (Lee et al., 2006). The studies described here indicate that the ability to
successfully establish colonization in what is usually a protected niche, the lung,
involves a combinatorial process and includes both the core genome and key prophage
and genomic island genes from the “accessory” genome to increase competitiveness.

The population study was performed to investigate variation within a single population
o f LES isolates from one sputum sample, and also to observe the changes in both the
phenotype and the genotype o f the population during periods o f exacerbation. Variation
amongst the isolates o f a single sample was found in all three patients. In every sample,
more than one colony morphotype, was identified, along with hypermutable isolates.
Furthermore, every sample revealed both QS over-producers and QS-negative isolates,
indicated by pyocyanin and LasA production. There was variation in the antibiotic
resistance profiles o f isolates within each sample. However, no isolate was completely
sensitive or completely resistant to all the six antibiotics tested. Less variation was
observed in the genotype, with LES prophages 2, 3 and 4 being identified in every
sputum sample, but not necessarily in every isolate. LES prophage 5 was not detected
in any o f the isolates.

In the population study, all three patients were treated with dual IV antibiotic therapy o f
colistin plus either ceftazidime or meropenem. Colistin has been shown to have an
additive effect when used in conjunction with both ceftazidime and meropenem (Guzel
& Gerceker, 2008). However the activity o f antibiotics in the lung has been questioned.
Moriarty et al., studied the pharmacodynamics o f two IV antibiotics, ceftazidime and
tobramycin, in serum and sputum, used during acute exacerbation, and found that target
pharmacodynamic indices were not achieved in any o f the 14 patients studied (Moriarty
et al., 2007). This was slightly improved when both the antibiotics were used in a dual
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therapy approach but target levels were still only achieved in less than 40% o f patients
(Moriarty et al., 2007).

Both ceftazidime and meropenem are /3-lactam antibiotics that act by inhibiting
peptidoglycan synthesis in the bacterial cell wall. Colistin works by binding to
phospholipids in the bacterial cell membrane and changing its permeability (Lambert,
2002). Efflux pumps can play a major role in resistance o f P. aeruginosa to antibiotics
The MexAB-OprM complex is responsible for the expulsion o f /3-lactam antibiotics
and

quinolones,

MexXY-OprM

for

aminoglycosides,

and

MexEF-OprN

for

carbapenems and quinolones (Lambert, 2002). For meropenem, the most important
mechanisms o f resistance include alterations to the OprD porin and increased activity
o f Mex efflux pumps including MexAB-OprM and MexCD-OprJ (El Amin et al.,
2005). /8-lactamases are also involved in resistance, with metallo-/8-lactamases giving
high levels o f resistance (Walsh et al., 2005), and AmpC /3-lactamases having low
activity but able to act in an additive fashion to existing resistance mechanisms (Quale
et al., 2006).

Changes were observed in the characteristics o f LES populations in all three patients
during the exacerbation period, and these included changes in the antibiotic
susceptibility profile. The resistance o f the isolates to tobramycin remained stable in
patients I and II, changing by very little over the exacerbation period. However, the
overall level of resistance to tobramycin amongst LES isolates from these two patients
was very different, with patient I showing -20% resistance amongst isolates and patient
II -9 5 % resistance amongst isolates. Interestingly, the number o f resistant isolates in
samples from patient III decreased by -50% .

Resistance o f the population to ceftazidime seemed to decrease throughout the
exacerbation in all three patients, and it as interesting that the most dramatic decrease
was seen in isolates from the patient treated with ceftazidime (patient III). Ceftazidime
monotherapy was thought to be a contributory factor in the development o f the LES.
The LES had a high level o f /3-lactam resistance and it was thought that selection
occurred following the introduction o f ceftazidime as standard monotherapy for acute
exacerbation in the centre from 1986 onwards (Cheng et al., 1996). These results could
suggest that the use o f dual therapy reduces the risk o f resistance developing. However,
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samples from many more patients treated with ceftazidime/colistin dual therapy would
need to be studied to determine any trends reliably. It has been found that the use o f
antibiotics such as meropenem and ceftazidime in combination with colistin can result
in a synergistic effect (Guzel & Gerceker, 2008). The other two patients were treated
with meropenem and in both patients, the number o f meropenem resistant isolates was
higher in the final sample compared to the first sample. This perhaps suggests that
meropenem resistant isolates were being selected for during antibiotic treatment. In
patient III (not treated with meropenem), the number o f meropenem-resistant isolates
decreased dramatically. The levels o f isolates resistant to tazobactam/piperacillin
seemed to be patient specific and no overall trend was observed.

In all three patients, the proportion o f isolates resistant to ciprofloxacin had increased
when the final sample was compared to the first sample. Ciprofloxacin resistance
occurs via two major resistance mechanisms; firstly due to mutations in the DNA
gyrase or topoisomerase genes and secondly through activation o f efflux pumps with
ciprofloxacin being a substrate for the pumps MexAB-OprM, MexCD-OprJ, MexEFOprN

and MexXY-OprM. Both forms o f resistance mechanisms can occur

simultaneously during antibiotic treatment and this can result in the development of
highly resistant isolates (Nakajima et al., 2002; Niga et al., 2005). Interestingly, it has
been found that treatment with drugs other than ciprofloxacin is a significant risk factor
in the development o f resistance to ciprofloxacin (Hyatt & Schentag, 2000). Efflux
pump overexpression has not only been associated with resistance to ciprofloxacin but
also with cross-resistance to other antibiotics, including piperacillin/tazobactam,
ceftazidime and tobramycin (Kriengkauykiat et al., 2005). Administration o f efflux
pump inhibitors has been shown to reduce resistance to ciprofloxacin and therefore
could be used effectively in treatment (Coban et al., 2004).

MexR is a protein that negatively regulates the MexAB-OprM efflux system and
mutations in mexR have been shown to lead to activation o f the efflux system resulting
in increased resistance to a range o f antibiotics. It has been found that, under oxidative
stress, MexR becomes oxidised and dissociates from the MexAB-OprM operon leading
to activation o f this efflux pump (Chen et al., 2008). The oxidative stress can be in the
form o f peroxides, which can be produced by both the action o f antibiotics and the host
inflammatory system. Furthermore, this activation in response to oxidative stress seems
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to be conserved across both Gram positive (S. aureus) and Gram negative bacteria
(Chen et al., 2008). ROS are produced by normal metabolic processes and humans
have a variety o f methods to ‘mop up’ these highly reactive compounds. One study
showed that CF patients display increased inflammation, increased free radical damage
by ROS and decreased ROS scavenging ability during periods o f exacerbation
providing evidence o f increased oxidative damage in CF patients during exacerbation
(McGrath et al., 1999).

Diversity within the LES population was identified with respect to a number o f
markers. Biofilms are known to generate diversity but the mechanism behind this is
relatively unclear. Recently, Boles and Singh performed a study that investigated the
mechanisms underlying the generation o f diversity in P. aeruginosa biofilms (Boles &
Singh, 2008). They found that variants were not generated by an increase in
hypermutator strains and it was suggested that oxidative stress endogenous to the
bacteria led to dsDNA breaks. The mutagenic repair o f these breaks led to the diversity
observed (Boles & Singh, 2008). Furthermore, when antibiotics were applied to the
biofilm, a large number o f resistant isolates were generated. The role o f oxidative stress
was reinforced by experiments showing that the addition o f antioxidants reduced DNA
damage and bacterial diversity (Boles & Singh, 2008). Furthermore, natural phages
from P. aeruginosa have been found to transduce antibiotic resistance (Blahova et al.,
2000). In addition, the phage FI 16 (sequences matching in LES prophage 2 and 3) has
been found to transduce resistance to imipenem, cefotaxime, kanamycin and
carbemicillin (Blahova et al., 1994).

In this study, in all three patients, the colony morphology showed a consistent shift
from a smooth, pigmented morphotype to an increase in white mucoid isolates and a
general increase in the diversity o f the bacteria with respect to morphology. Conversion
into a mucoid phenotype during CF lung infection with P. aeruginosa has been widely
reported. Mucoid isolates are thought to be more resistant to phagocytosis (Cabral et
al., 1987) and antibiotics, (Govan & Fyfe, 1978), and application o f alginate lyase can
degrade the exopolysaccharide and could increase the efficacy o f the antibiotics
(Alkawash et al., 2006). However, in contrast, another study investigated paired
mucoid/non-mucoid isolates and found that mucoid isolates were significantly more
susceptible to antibiotics (Ciofu et al., 2001). Furthermore, mucoid conversion and
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selection has also been associated with the presence o f reactive oxygen species which
can be released by the host immune system (polymorphonuclear leucocytes) (Mathee et
al., 1999).

Mucoid isolates play a major role in biofilm formation. Resistance in biofilms can be
up to 1000 times greater in biofilms than planktonic bacteria (Drenkard, 2003).
Penetration is thought to be a factor in the increased resistance, however studies on
antimicrobial penetration have given contradictory results. Biofilms have been shown
to delay the penetration o f aminoglycosides but there is no delay in the penetration o f
other antibiotics, including ciprofloxacin (Lambert, 2002). Persister variants are
thought to have a major role in the resistance and persistence o f biofilms (Drenkard,
2003).

In the two patients treated with meropenem, exoproduct production appeared to
increase during antibiotic treatment, followed by a decrease by the final sample. The
LES isolates from the patient treated with ceftazidime showed a decrease in exoproduct
production over the three samples. Skindersoe et al., (2008) screened twelve antibiotics
for inhibition o f the QS system in P. aeruginosa. Ceftazidime along with azithromycin
and ciprofloxacin was shown to inhibit QS, whereas piperacillin (similar in action to
ceftazidime) did not show any inhibition. It was speculated that these antibiotics caused
an alteration to the membrane permeability, therefore decreasing the ability o f
homoserine lactones to diffuse across the membrane causing reduced expression o f QSregulated genes. In addition, an interesting link between efflux systems and quorum
sensing has been described whereby hyperexpression o f the MexAB-OprM multidrug
efflux system might lead to reduced expression o f LasR-LasI-dependent virulence
factors (Maseda et al., 2004).

Pyocyanin causes an array o f damage on host cells, partly through the generation o f
ROS (discussed in detail in chapter 3, section 3.1.2.1.1). P. aeruginosa seems relatively
insensitive to pyocyanin, and therefore must be able to resist either the formation or
attack o f the ROS. A study by Hassett et al., analysed the effects o f pyocyanin on P.
aeruginosa (Hassett et al., 1992). Using labelled pyocyanin it was shown that P.
aeruginosa cells do take up pyocyanin but after 30 minutes, only half the amount o f
pyocyanin was taken up when compared to the amount taken up by E. coli (Hassett et
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al., 1992). However, P. aeruginosa does take up some pyocyanin and it is possible that
over-production o f this exoproduct could result in increased uptake. Therefore a higher
level o f ROS m aybe present in LES infection.

Patients I and III showed a dramatic increase in the number o f auxotrophic mutants
present over the exacerbation period. The amino acid concentration o f sputum has been
found to be high, especially during infective exacerbations, and the concentration
correlates with pulmonary disease severity (Thomas et al., 2000). It has been proposed
that auxotrophy may be an advantage due to the down regulation o f some metabolic
pathways as the production of amino acids, in terms o f energy, is expensive. Those that
do not have the ability to make amino acids can therefore devote more energy into
growth. This may explain the increases in the number o f auxotrophic mutants observed
in some patients. It was interesting that despite the correlation between the severity o f
disease and sputum amino acid concentration, there was no correlation between amino
acid concentration and the % o f auxotrophs present. However, it was suggested that this
was due to the high amino acid concentration in most CF sputa (Thomas et al., 2000).
Back in 1993, Taylor et al., looked at the differences in the percentage o f auxotrophs in
both stable and acute infection (Taylor et al., 1993). Auxotrophs were present in 86%
o f sputum samples from 37 patients (73% in acute illness and 40% in stable) (Taylor et
al., 1993). Auxotrophic mutants are discussed in greater detail in chapter 3.

In previous studies, the level o f hypermutability amongst CF isolates has ranged from
18% (Montanari et al., 2007) to 54.4% (Ciofii et al., 2005). Our earlier studies on a
panel o f LES isolates reinforced the earlier study by Monatanari et al., by also detecting
a hypermutability level o f 18% (chapter 3). However, in the sputum population study
the level fluctuated between 5-15%. It has been shown that hypermutable isolates can
be in high levels in chronic infections such as the CF lung compared to acute infections
where it is less than 1%. The presence o f hypermutable isolates has been associated
with accelerated resistance to antimicrobials especially during exposure to antibiotics
(Oliver, 2004; Plasencia et al., 2007). However, hypermutable isolates have been
shown to have increased susceptibility to colistin (Macia, 2008), and therefore colistin
could be an ideal choice in dual therapy to counteract any selection for resistance. A
more recent study has challenged this by finding that hypermutable isolates were not
more resistant to antimicrobials than non-hypermutators (Waine et al., 2008). In this
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study o f 40 adult CF patients, the level o f hypermutable isolates remained constant
throughout the exacerbation, suggesting that any changes in antibiotic resistance were
not caused by the expansion o f this subset.

Patient III was treated with ceftazidime and by the final sample there was evidence that
not all isolates carried all o f the prophages that were tested for by PCR, suggesting that
phage induction had occurred. This could be due to the damage caused by antibiotic
treatment and host inflammatory factors. The level o f LESGI-5 changed dramatically
over the three samples in patient I from a level o f 10% to 97.5%. This striking shift
could suggest that this trait was being positively selected for. Such a trend was
impossible to determine in the other two patients as the island was present in 100% o f
the 40 isolates in each o f the samples. The level o f this genomic island in sample A and
C was determined for nine additional patients. The island was present in all o f the
isolates tested in 5/9 patients. In the remaining patients there was some evidence o f
selection. Additionally, a signature-tagged mutant with a mutation in this island had an
impaired ability to establish chronic infection in the rat chronic lung infection model,
suggesting a possible role for this island in virulence. The importance o f this island
remains unclear and further investigation is needed. Genomic islands have previously
been identified as having a role in the virulence o f P. aeruginosa. Such islands include
PAPI-1, PAPI-2 (He et al., 2004), PAGI-1 (Liang et a/., 2001), PAGI-2 (Klockgether et
al., 2004), PAGI-3 (Klockgether et al., 2004) and PAGI-5 (Battle et al., 2008).

Phage has previously been identified in CF patient sputum samples (Tejedor et al.,
1982) In this study, phage was detectable by PCR assays in every sputum sample.
Brockhurst et al., found that the presence o f phage PP7 in a population caused an
increase in morphological diversity, whereas populations evolving without phage
showed no morphological diversity. This was due to an increase in small-rough colony
variants (Brockhurst et al., 2005). In the sputum population study, a rise in mucoid
variants was seen. However, the presence o f phages has previously been associated
with mucoid conversion (Miller & Rubero, 1984). In one study, bacteriophage activity
in biofilms was detected with all the CF P. aeruginosa strains tested (Kirov et al.,
2007). Cell death and dispersal events have been linked to the conversion o f a prophage
to a superinfective lytic form observed at the same time and location as the
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accumulation o f reactive oxygen and nitrogen species (RONS) (Barraud et al., 2006;
Webb et al., 2003).

Differences in the presence o f phages identified by PCR amplification were revealed,
and these differences could be attributed to a number o f factors. For instance, the PCR
assays could have different sensitivity, or perhaps some o f the phages are more stable
within a sputum sample and less likely to break down in suspension, therefore making
it easier to detect in stored samples. Furthermore, respiratory constituents found within
sputum are reported to inhibit the PCR reactions (Forbes & Hicks, 1996). Another
possible explanation for the differences seen in phage detection could be fluctuations in
the induction o f prophages from the P. aeruginosa genome during different periods o f
infection (Maiques et al., 2006). Induction o f prophages is caused by the bacterial SOS
response, which can be induced by a multitude o f different stresses. Stress can cause
DNA damage, revealing single stranded DNA. The bacterial protein RecA binds to
single stranded DNA and induces its repair by facilitating the autocatalytic cleavage of
protein LexA. This prevents the repression o f the SOS response by LexA, therefore
activating these 40 SOS genes to repair the DNA. Activated RecA will simultaneously
result in the cleavage o f the cl repressor o f the integrated prophage, causing the
corresponding phage to enter the lytic phase (McGrath, 2007). Goerke et al. (2006a)
showed that antibiotics such as ciprofloxacin and trimethoprim, commonly used in CF
therapy, were able to produce an SOS response and induction o f relevant prophages
within clinical strains o f S. aureus from CF patients. Therefore, antimicrobial therapy
used in CF patients may be facilitating the induction, excision and integration of
prophages within the bacteria colonised in the lungs. In this study, active phages have
been detected within sputum samples taken in stable infections, and both before and
after

antimicrobial

treatment

during

exacerbation.

This

would

suggest that

exacerbations are not exclusively responsible for the induction o f phage within this
environment, and other stresses must be present and may be fluctuating to create the
difference seen. Further complexity is added as CF patients are often administered
antibiotics even during stable infection periods. A similar idea was explored by Wager
et al. (2001), who observed that Shiga toxin carried by Enterohemorrhagic E. coll
(EHEC) prophages could not be detected in greater numbers after antibiotic treatment.
It was also shown that hydrogen peroxide (H 2 O 2 ) could result in the induction of
prophage, and hypothesised that neutrophil production o f H 2 O2 in vivo could contribute
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to bacterial SOS response and phage induction. Further investigation on prophage
induction should consider the proposition that ROS produced during an immune
response may be inducing phage from colonised bacteria within the CF lung, and
possible the implication this may have on diversification within these populations.
Other conditions known to contribute to the induction o f phage must also be considered
when relevant to the CF lung environment. These factors include changes in pH,
particularly acidic condition which can denature repressive factors such as cl, allowing
the lytic cycle to proceed (McGrath & van Sinderen, 2007).

Lysogens collected during this study may be extremely useful for investigating aspects
of virulence or increased survival that the prophage may induce within the host
bacterium. The potential to use these lysogens against wild-type PA01 in competitive
assays both in-vitro and in-vivo may contribute to the elucidation o f why LES strains
are able to super-infect and subsequently replace other P. aeruginosa strains within CF
patients; or may lead to further investigations o f documented increased virulence
(Salunke et al., 2005) o f the LES, compared with other individually acquired P.
aeruginosa strains.

This study questions routine diagnostic laboratory practice whereby one or two isolates
are chosen according to their colony morphology. Antibiotic susceptibility testing is
carried out on these isolates and from this, treatment regimes are decided. The study
shows that each population has a large amount o f variation in antimicrobial
susceptibility and other phenotypes, and this includes variation in isolates with the same
colony morphology. Therefore, choosing one isolate on which to base antibiotic
susceptibilities, could give an inaccurate profile o f the population as a whole, and the
use o f bacterial ‘sweeps’ maybe preferential. Variation both within and between
laboratories has been shown previously (Foweraker et al., 2005). Furthermore, it has
been widely reported that antibiotic susceptibilities tests are poorly predictive of
clinical outcomes in chronic P. aeruginosa infection in CF, and this refers to both
aerosolized (LiPuma, 2001) and intravenous therapy (Smith et al., 2003). The validity
o f antimicrobial susceptibility tests have further been questioned and Etherington et al.,
showed that reducing the number o f routine tests had no impact on short term clinical
outcomes (Etherington et al., 2008).
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Chronic infection with P. aeruginosa in CF patients is a prolonged battle between the
host immune system and the bacteria. During exacerbation, this balance is tipped and
antibiotics are used in an attempt to return to stability. This study has demonstrated the
diversification that can occur within a bacterial population consisting o f a single strain
o f P. aeruginosa over a very short period o f time. During this period, DNA damage
could be widespread due to the use o f antibiotics and ROS produced by both the host
(immune system) and perhaps by the bacteria itself (overproduction o f pyocyanin)
(Hassett et al., 1992). DNA damage results in the activation o f the SOS response which
is essential for DNA repair and therefore survival. However, this method is error prone
and can result in the generation o f mutations, altering both gene content and expression.
An extended study using more patients could reveal common characteristics in the
changes that occur during exacerbation which all CF patients encounter.

Summary
•

The LESB58 genome was found to contain 5 prophages and one defective
prophage. Five genomic islands were identified, one of which was novel.

•

The majority of prophages could be found in the genome of all isolates in a
panel of 26 LES isolates. Prophage 5 was uncommon, only identified in
8/26 isolates. Free phage was also detected in the filter-sterilised DNase I
treated supernatants of norfloxacin induced cultures.

•

LES prophages 2 and 3 were found to be novel and were isolated using
plaque assays. Both phages were visualised using transmission electron
microscopy.

•

Signature tagged mutagenesis revealed that mutations in ORFs in
prophages 2 and 3 and LESGI-5 led to an inability to establish chronic
infection in a rat lung infection model.

•

The population study showed that significant changes in both the genotype
and the phenotype of LES isolates can be identified over a short time
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period during acute

exacerbation. Dramatic

changes

in

antibiotic

resistance, colony morphology, auxotrophy and the presence of the novel
genomic island, LESGI-5, were observed.
•

Phages could be detected directly from filter-sterilised, DNase I treated
sputum during exacerbation.

•

The results question routine diagnostic laboratory practice whereby one
or two isolates are chosen according to their colony morphology and
antibiotic

susceptibility

testing

is

then

carried

out.

This

study

demonstrates that choosing one isolate could give an inaccurate
representation of the population as a whole, and the use o f bacterial
‘sweeps’ would be better.
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Chapter 6
GENERAL DISCUSSION

In 1996, the first P. aeruginosa epidemic strain was identified in Liverpool and since
this, a number of other genetically distinct epidemic strains have been identified. A
comprehensive study o f CF centres in England and Wales included 31 centres and 1225
isolates (Scott & Pitt, 2004). The study concluded that although the majority o f CF
patients harboured their own unique strains, clustering o f some clonal strains was
found. The most common clonal strain was the LES. This accounted for 11% o f all the
isolates and was found in 48% o f centres (Scott & Pitt, 2004). The widespread
distribution o f epidemic strains like the LES and cross-infection between centres was
reported for the first time. In addition to this study, a later study by Edenborough et al.,
(2004), revealed the spread o f the LES to Scotland as it was identified in 10/43 patients.
This study concluded that patients harbouring an epidemic strain required more
resources than those who were not (Edenborough et al., 2004). A study by Panagea et
al., showed high levels o f the LES in patients from the Liverpool adult CF centre using
both PFGE and a diagnostic PCR test, targeting the PS21 marker. Here, 79 % (63/80)
o f patients infected with P. aeruginosa had the LES (Panagea et al., 2003). No
environmental reservoirs could be found and the strain was not identified in patients
being treated at other local hospitals (Panagea et al., 2005). However, the LES was
found in the majority o f air samples, and it was concluded that airborne dissemination
may play a role in transmission. In order to determine whether phenotypic and
genotypic features contribute to the success o f this transmissible strain further studies
and better characterisation of the LES were needed.

The LES has been associated with a number o f interesting traits and has been involved
in some unusual cases. The LES appears to have the ability to superinfect previously
established unique P. aeruginosa strains (McCallum et al., 2001). McCallum et al.,
(2001) presented case reports for four patients showing the replacement o f the unique
strain by the LES. Such case reports reinforce the view that segregation should be in
place to separate non-infected patients from patients infected with P. aeruginosa. A
study by Al-Aloul et al., (2004) attempted to determine whether LES infection was
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associated with a worse prognosis. In the study, cohorts o f patients matched for age,
sex, spirometric parameters and nutritional status with and without LES infection were
used (Al-Aloul et al., 2004). A greater deterioration in both pulmonary function and
nutritional status was recorded in the LES-infected group, along with increased
treatment burden (Al-Aloul et al., 2004). Furthermore, another study showed that
increased intravenous aminoglycoside use (particularly tobramycin) in CF patients with
the LES led to an increased risk o f renal failure (Al-Aloul et al., 2005b). It has been
suggested that infection with the LES is a serious risk factor to the prolonged health o f
CF patients (Al-Aloul et al., 2005a).

A study by Salunkhe et al., investigated whether the unusual properties o f the LES
were due to differences in gene expression (Salunkhe et al., 2005). Two LES isolates,
LES400 and LES431 (associated with chronic CF and non-CF parent infection
respectively) were compared to the widely used, laboratory reference strain, PA01.
LES431 was an isolate associated with the infection o f non-CF parents o f a CF patient
(McCallum et al., 2002). In comparison to the other isolates tested, LES431 displayed a
number o f upregulated genes when grown in LB (Salunkhe et al., 2005). Interestingly,
many o f the upregulated genes were found to be activated by the QS system and these
included previously identified virulence-associated genes.

These results were

reinforced by assays for some of the products namely elastase, LasA and pyocyanin. In
addition, LES431 exhibited increased virulence in a Drosophila model. The phenotype
exhibited by LES431 was given the term ‘hypervirulence’ (Salunkhe et al., 2005).

This study demonstrated that the pyocyanin over-production (OP) phenotype
(previously ‘hypervirulent’ phenotype) was widespread amongst the LES population
and, overall, LES isolates produced more pyocyanin than non-LES P. aeruginosa
strains. Pyocyanin ‘negative’ isolates were also identified amongst the panel o f LES
isolates and in the majority o f cases this was due to a mutation in the lasR gene.
Pyocyanin has an array o f effects on human cells including the decreased expression o f
the CFTR gene, generation o f toxic ROS, decreased beating o f human cilia and
apoptosis o f human neutrophils. It is possible that higher levels o f pyocyanin
production could amplify these effects and be detrimental to the patient. Sequential
isolates from the same patient were studied to determine whether pyocyanin OP isolates
were associated with early infection followed by, through the accumulation o f
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mutations, the emergence o f lasR mutants in chronic infections. Pyocyanin over
producers were isolated from every patient but no temporal pattern was observed.
Interestingly, pyocyanin OP was significantly associated with increased resistance to
certain antibiotics. Other phenotypic traits were studied and LES isolates were found to
be non-motile. The QS system controls the production o f many virulence factors, early
and increased production o f which may contribute to the success o f the LES by aiding
in niche establishment and competition with other invading bacteria.

The LES has been linked with some unusual case reports. In 2002 an uncommon case
was reported whereby a LES-infected CF patient had spread the infection to both the
non-CF parents (McCallum et al., 2002). The CF patient was identified as LES positive
in 1995. Five years later the mother presented with a five month history o f flu-like
symptoms and this was later recognized as infection with the LES which had become
chronic. The following month the father was admitted to hospital with pneumonia.
Again, genotyping methods identified the infectious agent as the LES and like the
mother, chronic colonisation was recorded (McCallum et al., 2002). P. aeruginosa is
not classed as a primary respiratory pathogen in healthy individuals and this was a
worrying development in the LES story. Moreover, in this study, two further interesting
cases involving the LES were presented in conjunction with colleagues at the
Cardiothoracic Centre, Liverpool. Firstly, was the spread o f the LES from a chronically
infected CF patient to their pet cat resulting in significant morbidity and prolonged
infection. Secondly, was the report o f involvement o f the LES along with another P.
aeruginosa strain in a case o f empyema o f a CF patient.

To assess the spread o f the LES, rapid and accurate identification is needed. Two
methods are normally used, PCR assays for the markers PS21 (Parsons et al., 2002) and
LESF9 (Smart et al., 2006), and PFGE. In this study, it was shown that some LES
isolates give anomalous results using these techniques. Deletions and insertions can
lead to the loss o f the markers and an altered PFGE profile in LES isolates. In addition,
the specific LES PCR markers were also found in some non-LES isolates. To clarify
which isolates were LES, the Clondiag tube array system was used to study the SNP
pattern o f isolates. This method was effective at distinguishing between the groups.
However, it is not ideal for use in diagnostic laboratories due to the expense o f the
machinery needed to image the chips. Also, hybridisation to the spots on the chip can
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be variable, therefore leaving it open for misinterpretation and variation between
laboratories.

The LES showed variation in the presence o f genomic islands as shown by the
Clondiag tube array system and PCR distributions. Fluorescent amplified fragment
length polymorphism (FAFLP) analysis has also revealed that the LES genotype
exhibits greater microheterogeneity than the Midlands 1 strain (Scott & Pitt, 2004).
Such diversity has been shown in another epidemic P. aeruginosa strain, Clone C.
Three Clone C isolates were typed by PFGE and MLST. The MLST typing revealed
that the isolates had related but different allelic profiles (Curran et al., 2004).
Furthermore, a study by Romling et al., reported that Clone C isolates from diverse
habitats can be divided into four subgroups depending on the presence or absence o f
large blocks o f DNA which accounted for up to 10% o f the genome (Romling et al.,
1997). Estimation o f the genome sizes o f the Clone C strains suggested that they varied
from between 6.345 kb and 6.606 kb, and the authors concluded that the diversity was
due to the acquisition of blocks o f DNA and large chromosomal rearrangements, rather
than nucleotide substitutions (Romling et al., 1997). The LES genotype was first
identified over ten years ago, and the earliest LES isolate identified since this was from
1988. Hence, the LES has had considerable time to undergo recombination events and
evolve leading to increased genetic variation between isolates.

The CF lung environment appears to facilitate genome alteration and phage induction and
the process seems to be accentuated by sub-MIC antibiotics (Goerke et al., 2004).
Changes in PFGE patterns are associated with large genetic events like recombination,
insertion and deletion rather than point mutations (Barton et al., 2007). Goerke et al,
(2004) showed that the presence o f phages can alter the PFGE pattern and, in this study,
variation in the presence o f phages was shown using PCR assays and the tube array chip.
Also, large chromosomal inversions could affect the PFGE pattern and have been shown
to be more common in P. aeruginosa CF isolates than isolates from other sources (Kresse
et al., 2003). Tenover et al., (1995) stated that the guidelines for PFGE interpretation
should be used for isolates collected over short periods (1-3 months) and are not
necessarily appropriate for larger populations collected over a long time period, therefore
suggesting that this method is not ideal for studying chronic infections (Tenover et al.,
1995). This has been demonstrated in this study by the altered PFGE patterns observed in
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some isolates and also the variation in the presence o f prophages and genomic islands.
Typing o f the P. aeruginosa strains using the SNP profiles on the tube array produced
reliable results more rapidly than PFGE analysis. In addition, it provides information
regarding the genomic islands harboured by strains. The signal patterns produced can be
easily compared between laboratories: a distinct advantage over methods such as PFGE
and RAPD. Furthermore, the tube array system is more rapid and cheaper than MLST.
However, evaluation of the presence or absence o f some o f the genomic islands present in
each strain using the tube array remains somewhat difficult.

Monitoring the spread o f these epidemic strains is essential and for this, accurate
diagnostic testing is crucial. Tests for specific strains need to have a high
discriminatory power and be specific for the target strain. However, the unique regions
o f the LES are located in the accessory genome. The genotype variation shown by the
LES isolates demonstrates the need for continued surveillance into the spread o f this
strain and indeed the emergence o f other epidemic strains. The diversity exhibited by
LES demonstrates that it is undergoing genetic changes and adapting. Such changes
may result in current diagnostic techniques becoming ineffective and therefore
diagnostic techniques must evolve alongside the strains. It should be emphasised that in
most cases PCR assays for the PS21 and LES-F9 markers are an effective way o f
identifying the LES and our recommendation has always been that the PCR assays
should be used as a first screen, with any unclear results, or possible first-time LESpositive patients, being subjected to further analysis (Fothergill et al., 2008; Smart et
al., 2006). However, the observations presented in this and other studies question the
value o f the "gold standard" typing method PFGE in enabling the correct identification
o f important strains in the single-strain but divergent populations typical o f chronic
infections. The natural inclination o f the medical microbiologist is to isolate and study
cultures derived from single bacterial cells. However, for identification o f the LES and
other chronic infections, PCR assays targeting bacterial “sweeps” or directly from
sputum samples may be the more reliable.

Continued work in this area is needed; as the LES evolves and changes, diagnostic tests
must also be modified to reflect this. The information obtained from the sequencing o f
the LESB58 genome could be used to highlight key differences between the LES and
other P. aeruginosa strains. For example, there are interesting and novel duplications in
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the pyoverdine-associated genes fpvA III gene (encoding the type III pyoverdine
receptor)

(three

copies)

and

the

adjacent

gene pvdE

(encoding

an

ABC

transporter). Two additional but truncated versions o f pvdF are also present and these
could become the basis o f a new diagnostic PCR test. However, more recent LES
isolates would have to be screened extensively to ensure that these interesting
duplications are present in the current population. Rapid techniques such as RT-PCR
could be developed that enable amplification o f markers directly from sputum so that
results could be obtained in a short time period o f as little as one hour.

P. aeruginosa have large and versatile genomes and the LESB58 genome sequenced
isolate is no different and is larger than both the genomes o f PA01 and PAM. LESB58
has multiple prophages and genomic islands, some o f which were found to be novel
and important in establishing infection in the rat chronic lung infection model. The
effect o f bacteriophages on natural populations is, as yet, unclear but, it has been shown
that the presence o f bacteriophage can drive diversification o f P. aeruginosa
populations in vitro (Brockhurst et al., 2005). Phages are able to transfer moron genes
that could act as virulence factors and furthermore, many temperate phages allow
indirect transfer o f bacterial host genes, including virulence factors, by phage
transduction (McGrath, 2007). It was interesting that many o f the sequences from the
novel phages had BLASTP matches to the phage FI 16. This phage can infect both
Pseudomonas sp and Burkholderia sp, therefore possibly facilitating horizontal gene
transfer between different bacteria occupying the same niche.

The population study was carried out to determine the variability in the population and
to establish whether exacerbations were a driving force in diversification and whether
the population o f LES on exacerbation shared certain characteristics that altered during
treatment. Studies on the phenotypic changes during chronic infection have been
performed previously (Deretic et al., 1995). However, very little work has been done to
investigate the changes that occur during a very short period o f intense pressure
experienced during exacerbation.

The population study demonstrated that many aspects o f the phenotype o f the LES
population change during exacerbation. The change in colony morphology was
common throughout all the patients tested. It is possible that antibiotic treatment causes
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selection against smooth, pigmented morphotypes, leaving mainly the mucoid isolates
associated with biofilm growth. The population in all o f the patients in the first sample
showed a majority o f smooth, pigmented isolates, however it is unclear whether this is
a feature o f exacerbation as comparable stable samples were not studied. All o f the
samples yielded a mixture o f pyocyanin over-producers and pyocyanin-negative
isolates showing variation and perhaps in vivo evidence to support the co-operators and
cheats theory (Sandoz et al., 2007) that, to my knowledge, has only previously been
demonstrated in vitro. Cheating is the process by which certain members o f a
population are unable to carry out an action but still benefit from the production of
others in the population (Sandoz et al., 2007).

Changes in the antimicrobial susceptibility profiles were observed, with resistance to a
number o f different antibiotics showing an increase during the exacerbation period. In
addition, an interesting correlation between the OP phenotype and resistance to the (3lactams ceftazidime, aztreonam and meropenem was observed. It has been
demonstrated recently that pyocyanin can act as a signalling molecule in P. aeruginosa
strains PA01 and PA 14, upregulating in late exponential or stationary phase, a limited
number o f genes from the QS network, including the mexGHI-opmD genes involved in
efflux o f a number o f different antibiotics. Both host factors such as inflammation and
bacterial factors (OP of pyocyanin) can result in the generation o f ROS. Such
compounds can cause oxidative stress and it has been found that, under oxidative stress,
MexR (a negative regulator o f efflux pump systems) becomes oxidised and dissociates
from the MexAB-OprM operon leading to activation o f this efflux pump (Chen et al.,
2008). This activation could also lead to increased resistance to a range o f antibiotics.

Variations in the genotype were also seen, but to a lesser extent than variations in
phenotype. A dramatic increase in the presence o f LESGI-5 was observed in one
patient. However, in a more detailed screen the results remained unclear as many o f the
samples contained this island in 100% o f isolates from the first sample and therefore
any selection would be masked. This island has only been identified in LES isolates
and was also found to be important in the rat chronic lung infection model. Many o f the
genes are hypothetical and further study into this island could hold some clues into the
success o f this strain. Examples o f phage deletions from the genome were identified
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during this study, and the presence o f phages in the sputum reinforces the possibility o f
horizontal gene transfer in vivo. PA01 lysogens using the two novel phages (LES
phages 2 and 3) were isolated during the plaque assays and could be used in the future
to analyse the contribution o f these phages to the virulence o f the LES by determining
their virulence in infection models relative to wild-type PA01. Variations in the
genotype could ultimately result in altered gene expression and therefore a variant
phenotype. The lysogens could also be used to study their effect on population
divergence in a similar study to that performed by Brockhurst et al., (2005).

Exacerbations are described as recurrent episodes o f increased pulmonary symptoms
and episodes occur periodically. During these periods, infection flairs up and
hospitalisation and IV antibiotic treatment is common. The factors that trigger
exacerbations are, as yet, unclear and further research into triggers o f exacerbations
could be beneficial for patients. Triggers may include intrinsic factors from the patient
or the existing P. aeruginosa infection, or extrinsic factors such as the co-infection with
viruses, particularly respiratory syncytial virus (RSV) (Hiatt et al., 1999) or the
acquisition o f new infecting bacteria (Regelmann et al., 1990). The processes involved
in LES infection in the CF lung are complex and further research could identify
possible targets to halt exacerbations.

Figure 6.1 shows a summary o f how elements identified in the population study might
interact resulting in alteration o f the phenotype and/or genotype. A key step in this
process is DNA damage, and preventing this damage could limit changes to the
phenotype and the genotype. It is possible that ROS could be a major driving force in
P. aeruginosa evolution, however this needs to be investigated further. ROS could be
measured directly from the sputum. The benefit o f application o f antioxidants during
exacerbation could be determined in vitro as the presence o f antioxidants could limit
damage due to oxidative stress and therefore restrict efflux pump activation. This could
limit the increased antibiotic resistance observed to a number o f antibiotics during the
short period o f the exacerbation. In addition, it would be beneficial to compare LES
populations to other strains o f P. aeruginosa to determine whether all P. aeruginosa
populations act in a similar manner or whether some o f the trends observed are specific
to the LES. It may be that infection with the LES is associated with higher levels o f
oxidative stress and ROS due to the OP o f QS-regulated products like pyocyanin.
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Pyocyanin is known to cause oxidative stress to the host and to a lesser extent the
bacteria and this might lead to higher levels o f DNA damage.

Figure 6.1. Summary of the interactions between the factors studied driving LES diversification during
exacerbation.

The study was very detailed, including 12 different primer sets to determine variations
in the genotype and a number o f phenotypic tests. The aim was to study three patients
in great detail and then focus on some o f the interesting results yielded by this screen.
However, the study would be greatly improved by including a larger patient set,
divided into groups depending on their antibiotic regime. It would be preferable to
carry out a longitudinal study whereby patients are recruited having been assessed and
matched for age, sex, spirometric values and general health. Samples could be taken
periodically, at routine appointments and during exacerbations. The LES population
could be assessed for changes during stable periods and exacerbation. The in vivo effect
o f antibiotic treatment could also be assessed.

It has become clear through this and previous studies that the LES displays a
considerable amount o f variation within the population. Using the Clondiag array tube
system it has been shown that the LES exhibits much more extensive intraclonal
variation than some other epidemic strains including the Midlands 1 and Manchester
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strains (thesis o f C. Smart). Moreover, Scott and Pitt (2004) also found that LES
isolates showed microheterogeneity using FAFLP analysis. This study has shown
variation within the LES population, using phenotypic assays and the Clondiag array
tube, but also demonstrated how these variations may have arisen during exacerbation.

Diagnostic laboratories routinely pick one or two P. aeruginosa isolates from a sputum
plate depending on the colony morphotype. This study has shown variations between
sequential isolates from the same patient and also isolates with the same morphotype
taken from the same sputum sample. Hence, the methods currently used in diagnostic
laboratories may result in inaccurate assumptions regarding the population as a whole.
The accelerated speed at which the LES population can alter in characteristics is
interesting and supports the idea that gene expression as a result o f environmental cues
is important for survival under extreme conditions.

The LES is one o f the most important P. aeruginosa epidemic strains and is the only
strain in the UK for which an association with increased morbidity has been
demonstrated. This study has identified that an unusual phenotype is widespread in the
LES population, has aided in the genome sequencing o f the earliest LESB58 isolate,
including the identification o f prophages and a novel genomic island, and the presence
o f these mobile genetic elements in a panel o f LES isolates has been determined.
Limitations o f current identification methods have been assessed along with possible
explanations for their failures. Finally, LES populations have been studied, in particular
changes during exacerbation. These findings provide a basis for further studies aimed at
understanding the success o f the LES. The genome sequencing project has provided a
vast amount o f information that now needs to be utilised. It has been found that the two
novel phages and the novel genomic island seem to contribute to establishing infection
in a rat model. However the exact mechanisms remain unknown and require further
study. It is important that the characteristics o f the population as a whole are considered
when both new diagnostic tests and treatment strategies are developed, as the ultimate
aim would be to eradicate or control the whole population.
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APPENDIX
A. Media
Luria-Bertani (LB) broth was prepared as described by Sambrook et al., (Sambrook J,
1989) and as follows (per 1 litre):
Bacto Tryptone (Difco) lOg
Bacto Yeast extract

5g

N aCl(BD H )

lOg

LB agar was prepared by solidification o f the broth, with addition f 1.5% (w/v) Oxoid
bacteriological agar.

For the preparation o f glycerol broth, nutrient broth (Oxoid) was made following the
manufacturers instruction. 10% w/v glycerol was added and the broth autoclaved.

B. Solutions used in agarose gel electrophoresis
5x TBE Buffer
54g Tris, 4.65g ethylenediaminetetraacetic acid (EDTA) and 27.5g orthoboric acid
(BDH biosciences) were dissolved in 1 L SDW and sterilised by autoclaving. This
5xTBE solution was diluted 1 in 10 to obtain 0.5 x TBE or 1 in 5 to obtain lx TBE for
use in agarose gel electrophoresis.

6x Loading Buffer
(0.25% bromophenol blue; 0.25% xylem cyanol; 15% ficoll (type 400)
0.025 g bromophenol blue, 0.025 g xylene cyanol and 1,5g ficoll (type 400) dissolved
in 10ml SDW.

Ethidium Bromide Solution
Gloves were always worn when handling ethidium bromide solution. One lOOmg
ethidium bromide tablet (Sigma) was dissolved in 10ml SDW in a sterile universal. The
ethidium bromide solution was stored at 4°C.
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C. Solutions used in Pulsed Field Gel Electrophoresis (PFGE)
Cell Suspension Buffer:
To 75ml ofSD W - 0.121 lg o f tris base,
0.117g NaCl,
1.86g EDTA
was added and then made up to 100ml and autoclaved. This gave a final concentration
of Tris Base lOmM, NaCl 20mM and EDTA 50mM adjusted to a pH o f 7.2.

Lysozyme Solution:
125mg o f lysozyme was added to 5ml ofS D W and dissolved. This was aliquoted onto
0.5ml aliquots and stored at -20°C until needed. Aliquots were mixed thoroughly after
thawing.

Lysozyme Buffer:
To 750ml ofSD W - 1.21 g o f Tris base
2.92g NaCl
2g Na deoxycholate
5g Sarcosyl
was added, made up to 1L and the pH adjusted to pH 7.2. The solution was then
autoclaved. This gave a final concentration o f lOmM Tris base, 50mM NaCl, 0.2%
Sodium deoxycholate and 0.5% sodium lauryl sarcosine (sarcosyl).

Wash Buffer:
1 x wash buffer
To 750ml ofSD W - 2.42g Tris base
18.62g EDTA
was added and adjusted to pH 8.0. SDW was added to create 1L and the solution
autoclaved.

For the 0.1 x wash buffer, 10ml o f 1 x wash buffer was diluted with 90ml o f SDW.

Proteinase K Reaction Buffer:
To 750ml ofSD W - 37.22g EDTA
2g Sodium deoxycholate
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1Og Sarcosyl
was added and the pH adjusted to pH 8.0. SDW was added to create a 1L solution that
was then autoclaved. A final concentration o f lOOmM EDTA, 0.2% sodium
deoxycholate and 1% sarcosyl was produced.

Proteinase K Solution:
25mg o f Proteinase K was suspended in 1ml o f SDW. This was aliquoted into 200pl
portions and stored at -20°C.

Phenyl Methyl Sulfonyl Fluoride (PMSF) Solution (1.7%w/v):
0.174g o f PMSF was added to 10ml o f propan-2-ol. A facemask and gloves were worn
while preparing this solution as PMSF is toxic by ingestion and inhalation and is also
harmful via skin contact.

D. Solutions for C. elegans model
Nematode Growth Medium (NGM)
To make 1 1 o f medium:
17.5 g agar
3.0 gN aC l
2.5 g Peptone
Make up o 1 1 with SDW. Place on a stirrer until dissolved and autoclave before use.

K Medium
To make 1 1 o f 10 x K medium:
30.75 gN aCl
24.2 g KC1
Make up to 1 1with SDW and autoclave.
Working solution is 1 x K medium, to achieve this; dilute solution one in 10 using
SDW.
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E. Prophage and Genomic Island Tables
Table E l. Genes present in LES prophage 2.

Locus Identifier

Gene name

Homolog
Accession

Product

Sub-cellular
Localization

Homolog
Organism1

LES prophage 2: 863875..906018
PLE S 07891
PLE S 07901
PLE S 07911
PLE S 07921
PLE S 07931

Inteqrase
h ypothetical protein

Y P 0 0 1 29 3 3 7 2
Y P 0 0 1 29 3 3 7 4

h ypothetical protein
hypo th e tica l protein
U nknow n

EAX17458
Y P 0 0 1 29 3 3 7 5

con se rve d hyp o th e tica l protein
tran scrip tio n al regulator, LuxR
fa m ily

PLE S 07941
PLES_07951
PLE S 07961

AAT45879

tran scrip tio n al reg u la to r
E ndY
hypo th e tica l protein
hypo th e tica l protein
p utative phage -relate d protein

A A R 09296
Y P 0 0 1 29 3 3 8 9
Y P 0 0 1 29 3 3 9 0
C A K 0 9 44 0

hypo th e tica l protein
D N A rep licatio n protein D naC

Y P 0 0 1 29 3 3 9 6
Y P 0 0 1 29 3 3 9 7

P utative D n a B -like replicative
h elicase
P utative
m e ta llo p h o s p h oe s te ra se
hypo th e tica l protein
hypo th e tica l protein

PLE S 08071
PLE S 08081
PLE S 08091

D N A -b ln d in g protein
H olin, pha ge lam bda

PLE S 08101
PLE S 08111
PLES08121

PLE S 07971
PLE S 07981
PLE S 07991
PLES_08001

PLE S 08011
PLE S 08021
PLES_08031
PLES_08041
PLE S 08051
PLE SJ38061

PLES_08131

PLES 08141
PLES_08151
PLE S 08161
PLE S 08171
PLE S 08181
PLE S 08191
PLE S 08201
P L E S _ 0 8 21 1
PLE S 08221
PLE S 08231

endY

AAT47209
EAZ67133
E A X17461

Ps. p h a g e F10

C y to p la sm ic

Ps. p h a g e F10
P. putlda W 6 1 9

C y to p la sm ic

Ps. p h a g e F10
Ps. p h a g e F116
P. putida GB-1
P. putida W 6 1 9

C y to p la sm ic
U nknow n
C y to p la sm ic
U nknow n
C y to p la sm ic

Ps. pha ge F116
P h a g e T LS

U nknow n

Ps. pha ge F10
Ps. p h a g e F10
R hizobium
le g u m in o sa rum bv.
vicia e 3841
Ps. pha ge F10

C y to p la sm ic
U nknow n
U nknow n

U nknow n

Y P _ 0 0 1293398

Ps. pha ge F10
Ps. pha ge F10

C y to p la sm ic
C y to p la sm ic
C y to p la sm ic

Y P _ 0 0 1293400

Ps. pha ge F10

U nknow n

Y P 001293401
EA Z62531

Ps. p h a g e F10
P.
aeruginosa
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C y to p la sm ic

AAY94939
EAX17329
Y P _001293405

P. flu o re sce n s Pf-5
P. putida W 6 1 9
Ps. p h a g e F10

U nknow n
U nknow n

P u ta tive lysis protein R z
h ypothetical protein
P u ta tive sm all s u b u n it (Nu1
h o m o lo g ) o f D N A p ackaging
d im m e r
P u ta tive large s u b u n it (G pA
h o m o lo g ) o f D N A p ackaging
d im m e r

Y P 0 0 1 29 3 4 0 6
Y P 0 0 1 29 3 4 0 7

Ps. pha ge F10
Ps. pha ge F10

U nknow n
U n kn o w n

Y P _ 0 0 1 29 3 34 5

Ps. pha ge F10

C y to p la s m ic

Y P _ 0 0 1 2 9 3 34 6

Ps. pha ge F10

C y to p la sm ic

P u ta tive portal protein
ch a p ero n e w ith D naK ;
sh o ck protein

YP 001293348

Ps. pha ge F10
F lavobacteria
b acterium B A L38

C y to p la sm ic
U nknow n

P redicted
protein

h ypothetical
h ypothetical
h ypothetical
h ypothetical

ch itin a se ;

lytic

heat

protein
protein
protein
protein

Y P 0 0 1 29 3 3 5 0
Y P 0 0 1 29 3 3 5 2
Y P 0 0 1 29 3 3 5 3
Y P 0 0 1 29 3 3 5 4

h ypothetical protein
P u ta tive
tail
length
m ea s u re protein
h ypothetical protein

E A Z 95655

tape

Y P 0 0 1 29 3 3 5 5
Y P _ 0 0 1 29 3 35 7
Y P 0 0 1 29 3 3 6 0

U nknow n

U nknow n

Ps. pha ge F10

U nknow n

Ps.
Ps.
Ps.
Ps.

C y to p la sm ic
U nknow n
U nknow n

pha ge
pha ge
pha ge
pha ge

F10
F10
F10
F10

Ps. pha ge F10
Ps. pha ge F10
Ps. pha ge F10

U nknow n
U nknow n
U nknow n

h ypothetical protein
h ypothetical protein

Y P 001293361
Y P 0 0 1 293362

PLE S 08251
PLES 08261
PLES 08271

h ypothetical protein

Y P 0 0 1 29 3 3 6 3
Y P 0 0 1 29 3 3 6 4

Ps. pha ge F10
Ps. pha ge F10

PLES 08281

h ypothetical protein
h ypothetical protein

Y P 0 0 1 29 3 3 6 5
Y P 0 0 1 29 3 3 6 7

Ps. p h a g e F10
Ps. p h a g e F10

Y P 0 0 1 29 3 3 6 8

Ps. p h a g e F10

U nknow n

Y P 0 0 1 29 3 3 7 0
Y P 001293371

Ps. p h a g e F10
Ps. p h a g e F10

C yto p la sm ic
U nknow n

A B G 66706

Ps. p h a g e D M S 3

C yto p la sm ic

PLE S 08241

PLES 08291
PLE S 08301
PLES 08311
PLE S 08321

h ypothetical protein
hypothetical protein

h ypothetical protein
h ypothetical protein
h ypothetical protein

Ps. pha ge F10

U nknow n
U nknow n
U nknow n
O u te r M e m b ran e
U nknow n
U nknow n
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Table E2. Genes present in LES prophage 3.
Locus Identifier

Gene name

Homolog
Accession

Product

Sub-cellular
Localization

Homolog Organism1

LES prophage 3: 1433756..1476547
P LE S _13201
PLES 13211
PLES 13221
PLES 13231
PLES 13241
PLES 13251

putative a rs e n a te reductase,
glu ta re d o xin fa m ily
phage integrase, putative
e xcisionase, p utative

P A 1 4 J 6970

P. ae ru g in o sa P A 14

U nknow n

N P 743689
N P 743690

P. putida K T 2440

C y to p la sm ic

h ypothetical protein
hyp o th e tica l protein

E A Z 59679

P. putida K T 2440
P. ae ru g in o sa 2192

U nknow n
U nknow n
C y to p la sm ic
U nknow n

PLES 13261
PLE S 13271

hyp o th e tica l protein
h ypothetical protein
h ypothetical protein

PLES 13281
PLES 13291

h ypothetical protein
h ypothetical protein

PLES 13301
PLE SJ3311

h ypothetical protein
D N A m e th y la s e N -4/N -6

PLES 13321
PLE S 13322

h ypothetical protein

E A Z59670

h ypothetical protein
tran scrip tio n al regulator, LuxR
fa m ily
h ypothetical protein
h ypothetical protein
protein o f unkn ow n fun ction
D U F 1 65 4

Z P 00 9 73 8 7 5
ZP01640315

P. a e ru g in o sa 2192

U n know n
U n know n

P. putida W 6 1 9

C y to p la sm ic

E A Z 59668
E A Z 57595

P. a e ru g in o sa 2192

Y P _ 0 0 1 268711

P. putida F1

C y to p la sm ic
C y to p la sm ic
U nknow n

PLE S J3371

h ypothetical protein

ABE44894

P o la ro m o n a s
JS 6 6 6

PLES
PLES
PLES
PLES
PLES

h ypothetical protein
h ypothetical protein

PLE S J3331
PLES 13341
PLES 13351
PLE SJ3361

U nknow n
Z P 00 9 73 8 8 0
E A Z59673
Z P 00 9 73 8 7 7
Y P 235902

13381
13391
13401
13411
13421

h ypothetical protein
U nknow n
ninG protein

PLES 13431
PLE S J3441

hyp o th e tica l protein
hyp o th e tica l protein

PLE S J3451

P u ta tive
u n ch ara cte rize d
protein P flO l 0 3 0 4
h ypothetical protein
C O G 3 1 79 : P redicted ch itin a se

PLES 13461
PLES 13471
PLES 13481
PLES 13491
PLE S J3501

PLE S J3511

P. a e ruginosa 2192
P. a e ru g in o sa 2192
P. a e ru g in o sa 2192
P.
syrin ga e
pv.
s yrin ga e B 728a
P. a e ru g in o sa 2192

P. a e ru g in o sa 2192

sp.

C y to p la s m ic
U n know n

U nknow n
C yto p la sm ic

E A Z 59664
AA T47229
Y P 26 0 87 4
E A Z59662

P. a e ruginosa 2192

C yto p la sm ic
U nknow n
U n know n

EAZ59661

Ps. pha ge F 116
P. flu o re sce n s Pf-5
P. a e ruginosa 2192
P, a e ruginosa 2192

Q 3 K JK 8

P. flu o re sce n s PfO-1

C yto p la sm ic
M em b ran e
U n know n

E A Z 59660
Z P 0 0 973864

P. a e ruginosa 2192
P. a e ruginosa 2192

U nknow n
U nknow n

hyp o th e tica l protein
h ypothetical protein

Z P 0 0 973863
Y P 0 0 1 29 3 4 0 7

P u ta tive
h o m o lo g )
d im m e r
P utative
h o m o lo g )
d im m e r

sm all s u b u n it (Nu1
o f D N A packa ging

Y P _ 0 0 1 293 34 5

P. a e ruginosa 2192
Ps. pha ge F10
Ps. pha ge F10

U nknow n
U nknow n
C yto p la sm ic

la rge s u b u n it (G pA
o f D N A p ackaging

Y P _ 0 0 1293346

Ps. pha ge F10

C yto p la sm ic

Ps. pha ge F10
Ps. pha ge F10
Ps. phage F10

C y to p la sm ic
C y to p la sm ic
U n know n

Ps. phage F10
Ps. pha ge F10

C yto p la sm ic
U n know n

Y P 0 0 1 293355
Y P _ 00 1 2 9 3 35 7

Ps. pha ge F10
Ps. pha ge F10

U nknow n
U nknow n

Y P 0 0 1 29 3 3 5 8

Ps. pha ge F10
Ps. pha ge F10

U nknow n

Ps. pha ge F10
Ps. pha ge F10

U nknow n
U nknow n

PLES 13521
PLES 13531

P utative portal protein
P u ta tive C lp p rotease

Y P 0 0 1 29 3 3 4 8
Y P 0 0 1 29 3 3 4 9

PLE S 13541
PLES 13551

h ypothetical protein
h ypothetical protein

PLES 13561
PLES 13571
PLES _ 1 3581
PLES 13591

h ypothetical protein
h ypothetical protein
P u ta tive
tail
length
m ea s u re protein
h ypothetical protein

Y P 0 0 1 29 3 3 5 0
Y P 0 0 1 293352
Y P 0 0 1 29 3 3 5 4

PLES 13601

hypo th e tica l protein

PLES 13611
PLES 13621

hypo th e tica l protein
hypo th e tica l protein

Y P 00 1 29 3 3 6 0
Y P 001293361
Y P 0 0 1 293362

PLES 13631

h ypothetical protein
h ypothetical protein

Y P 00 1 29 3 3 6 3
Y P 00 1 29 3 3 6 4

h ypothetical protein

Y P 00 1 29 3 3 6 5
Y P 00 1 29 3 3 6 7

PLES 13641
PLES 13651

C y to p la sm ic
U nknow n
U n know n

PLES 13661
PLES 13671

h ypothetical protein
h ypothetical protein

PLES 13681
PLES 13691

h ypothetical protein
h ypothetical protein

PLES 13701
PLES 13711

h ypothetical protein
h ypothetical protein

tape

E A Z 59643
Y P 0 0 1 293370
Y P 001293371

C yto p la sm ic
U n know n

U nknow n

Ps. pha ge F10

U nknow n

Ps. pha ge F10
Ps. phage F10

U nknow n

Ps. ph a ge F10

U nknow n

P. ae ru g in o sa 2192
Ps. ph a ge F10

U nknow n
U nknow n
U nknow n

Ps. ph a ge F10

U nknow n

U nknow n
U nknow n
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Table E3. Genes present in LES prophage 4.
Locus Identifier

Gene
name

Homolog
Accession

Product

Homolog
Organism1

Sub-cellular
Localization

LES prophage 4: 1684CI45..1720850
PLE S 15491
PLE S 15501
PLE S 15511

orf2

PLE S 15521
PLE S 15531
PLE S 15541
PLE S 15551

p utative c repressor

Y P 950425

N er-like protein
hyp o th e tica l protein

Y P 001469131
Y P 950426

h ypothetical protein

AB G 66657
Y P 0 0 1 46 9 1 3 4

o rf6
o rf7

tra n s p o s a s e A
D N A tra n sp o sitio n protein

o rf8

hyp o th e tica l protein

Y P 0 0 1 46 9 1 3 5
Y P 0 0 1 46 9 1 3 6

PLE S 15561
PLE S 15571

hyp o th e tica l protein
hyp o th e tica l protein

PLE S_15581

C O G 4 3 96 :
M u-like
p ro p h a g e
h o s t-n u c le a s e
in h ib ito r
protein
G am

PLE S 15591

hyp o th e tica l
hyp o th e tica l
hyp o th e tica l
hyp o th e tica l
hyp o th e tica l

PLE S 15601
PLE S 15611
PLE S 15621
PLE S 15631
PLE S_15641
PLE S_15651

orf2 0

PLE S 15661
PLE S 15671

orf21

PLE S 15681
PLE S 15691
PLE SJ5701

orf21a
orf22
orf23

Y P 950433

Ps. ph a ge D M S 3
P h a g e M P 22
P h a g e M P 22
P hage M P 22
Ps. ph a ge D M S 3
Ps. ph a ge D 3112
E scherichia
coli
B 7A

U nknow n
U nknow n
C yto p la sm ic
U nknow n
C yto p la sm ic
C yto p la sm ic
C yto p la sm ic
U nknow n
U nknow n
C yto p la sm ic

U nknow n

protein
protein
protein
protein
protein

putative
integral
protein
hyp o th e tica l protein

N P 93 8 21 9
Z P 0 0 715182

Ps. pha ge D M S 3
P h a g e M P 22
Ps. ph a ge D M S 3

Ps. pha ge D M S 3
Ps. pha ge D M S 3
Ps. pha ge D 3112

U nknow n
U nknow n
U nknow n

N P 938226

Ps. pha ge D 3112
Ps. pha ge D 3112

C yto p la sm ic
U nknow n

YP _001469148

P hage M P 22

Y P 0 0 1 46 9 1 4 9

P hage M P22

C yto p la sm ic
M em brane
U nknow n

Y P 0 0 1 469150
Y P 001469151
AA Q 94461
Y P _ 0 0 1 119154

P hage M P 22
P hage M P 22
Ps. pha ge D 3112
B urkholderia
vie tn a m ie n sis G 4
P. ae ru g in o sa 2 192
A cid o v o ra x a v e n ae
ssp. citrulli A A C 0 0 1

YP
YP
NP
NP
m e m b ra n e

putative structural protein
hyp o th e tica l protein
hyp o th e tica l protein
h y p o th e tica l protein
co n se rve d
hyp o th e tica l
b inding protein

DNA-

950438
950439
938223
938225

PLE S 15711
PLE SJ5721

hyp o th e tica l protein
pha ge u n ch ara cte rize d protein

Z P 0 0 975820
Y P 971242

PLE S 15731
PLE S 15741
PLE S 15751

portal protein
virion m o rp h o g e n e s is protein
hyp o th e tica l protein
hyp o th e tica l protein
hyp o th e tica l protein

NP 938234

U nknow n
U nknow n
U nknow n
C yto p la sm ic
C yto p la sm ic
C yto p la sm ic

Y P 0 0 1 469159

Ps. pha ge D 3112
Ps. pha ge D 3112
Ps. phage D 3112
P h a g e M P 22

C yto p la sm ic
U nknow n

hyp o th e tica l protein
p ro te a s e (I) and scaffold (Z)
proteins
hyp o th e tica l protein
putative
m a jo r
head
su b u nit
protein

Y P 950455
N P _938240

Ps. phage D M S 3
Ps. pha ge D 3112

U nknow n
U nknow n
U nknow n

NP 938241
NP 938242

Ps. pha ge D 3112

PLE S 15821
PLE S 15831

hyp o th e tica l protein
hyp o th e tica l protein

N P 938243
N P 938244

Ps. pha ge D 3112
Ps. pha ge D 3112

PLE S 15841
PLE S 15851
PLE S 15861

hyp o th e tica l protein
hyp o th e tica l protein

Ps. pha ge D 3112
Ps. phage D 3112

o rf4 6 e

h ypothetical protein
h ypothetical protein
hyp o th e tica l protein

N P 93 8 24 6
N P 93 8 24 8
N P 93 8 24 9
Y P 0 0 1 469172

orf4 8
orf4 9

hyp o th e tica l protein
hyp o th e tica l protein

Y P 0 0 1 46 9 1 7 3
Y P 0 0 1 46 9 1 7 4

P hage M P 22
P h a g e M P 22

PLE S 15921

hyp o th e tica l protein
hyp o th e tica l protein

N P 938258

PLE S 15931
PLE S 15941

hyp o th e tica l protein
hyp o th e tica l protein

PLES_15951

hyp o th e tica l protein

N P 938260
N P 938261
N P 938262

PLE S 15961

hypo th e tica l protein

Y P 164095

PLE S 15761
PLE S 15771
PLE S 15781
PLES_15791

orf29b

PLE S 15801
PLES_15811

PLE S 15871
PLE S 15881
PLE S 15891
PLE S 15901
PLE S 15911

NP 938235
NP 938238

NP 938257

Ps. pha ge D 3112

Ps. phage D 3112

P h a g e M P 22
Ps. pha ge D 3112

U nknow n
U nknow n

U nknow n
U nknow n
U nknow n
C yto p la sm ic
U nknow n
U nknow n
C yto p la sm ic
O u te r M em b ran e
U nknow n
U nknow n
U nknow n
U nknow n

Ps. pha ge D 3112
Ps. pha ge D 3112
Ps. pha ge D 3112

U nknow n
U nknow n

U nknow n

Ps. pha ge D 3112

C yto p la sm ic

Ps. phage B3

C yto p la sm ic
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Table E4. Genes present in LES prophage 5.
Gene
name

Locus Identifier

Homolog
Organism1

Homolog
Accession

Product

Sub-cellular
Localization

LES prophage 5: 26904150..2740350
N P 746117

P. p utida K T 2 4 40

U nknow n

Y P 0 0 1 293373

Ps. pha ge F10
P. a e ru g in o sa 2192

U nknow n
U nknow n

P. a e ru g in o sa 2192
P. a e ru g in o sa 2192

C yto p la s m ic
U nknow n
U nknow n

P LE S_25021

s ite -s p e c ific reco m b in a se , phage
integrase fa m ily

P LE S 25031

hypothetical protein
hypothetical protein

Z P 0 0 976132

hypothetical protein
hypothetical protein

Z P 0 0 973880

hypothetical protein
hypothetical protein
D N A m e th yla se N -4/N -6

E A Z 59673
Z P 00 9 73 8 7 7
Y P _ 23 5 9 0 2

hypothetical protein

E A Z 59670
Z P 0 0 973875

P LE S 25041
P LE S 25051
P L E S 25061
P LE S 25071
P LE S 25081
P LE S 25091
P LE S 25101
P LE S 25111
P LE S _25121

hypothetical protein
transcriptional regulator,
fa m ily
hypothetical protein

P LE S 25131
PLE S 25141
PLE S 25151
PLES
P LE S
P LE S
P LE S
P LE S

25161
25171
25181
25191
25201

cl

hypothetical
hypothetical
hypothetical
cl repressor

LuxR

protein
protein
protein
protein

prophaqe Pfl 6 C ro rep re sso r
hypothetical protein
hypothetical protein
hypothetical protein

P LE S 25211
P LE S 25221
PLE S_25231

hypothetical protein
hypothetical protein

P. a e ru g in o sa 2 192
P.
s yrin ga e
pv.
syrin g a e B 728a

C yto p la sm ic
U nknow n
U nknow n
U nknow n

ZP01640315

P. a e ru g in o sa 2192
P. a e ru g in o sa 2192
P. p utida W 6 1 9

E A Z 59668
E A Z 57595

P. a e ru g in o sa 2192
P. a e ru g in o sa 2192

E A Z 59668
N P 06 1 56 5
Y P 0 0 1 31 2 1 6 7

P. a e ru g in o sa 2192
Ps. p h a g e D3
P. flu o re sce n s Pf-5

U nknow n
U nknow n
U nknow n

N P 49 0 63 3

Ps. p h a g e p h iC T X

C yto p la sm ic

C yto p la s m ic
C yto p la sm ic
C yto p la s m ic
U nknow n
U nknow n

C yto p la sm ic
C yto p la sm ic
C A H 13269

Leg io ne lla p n e u m o 
phila str. Paris

C yto p la sm ic

N P 061572
N P 06 1 57 4
N P 061575

Ps. p h a g e D3
Ps. p h a g e D3
Ps. p h a g e D3

C yto p la sm ic
U nknow n
U nknow n
U nknow n

N P 06 1 57 8
AA N 69481

Ps. p h a g e D3
P. putida K T 2 4 40

C yto p la sm ic
C yto p la sm ic
U nknow n

hypothetical protein

N P _061583

Ps. pha ge D3

hypothetical protein

N P _061584

Ps. pha ge D3

hypothetical protein
hypothetical protein

AA F80767

Ps. pha ge D3

C yto p la sm ic
M em b ran e
C yto p la s m ic
M em b ran e
U nknow n

AA F80769
AA F80766
Y P 138545
NP 06 1 49 7
NP 06 1 49 8

Ps.
Ps.
Ps.
Ps.

portal protein

N P _061500

Ps. pha ge D3

P LE S 25411
P LE S 25421

CIpP protease
m ajor head protein

NP 061501

Ps. pha ge D3

P LE S 25431
P LE S 25441
P LE S 25451

hypothetical protein
hypothetical protein
hypothetical protein

NP 061502
NP 061503

PLE S_25461

p robable g e n e 6 6 protein

NP 061505
NP 06 1 50 6
EAP72789

Ps.
Ps.
Ps.
Ps.

P LE S 25471

hypothetical protein

N P 06 1 50 8

P LE S 25481
PLE S 25491
P LE S 25501

hypothetical protein
hypothetical protein

N P 06 1 50 9
N P 061510

hypothetical protein

N P 061511

P LE S 25511

hypothetical protein
hypothetical protein

N P 061512

P LE S 25241
P LE S 25251

hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical
hypothetical

P LE S 25261
P LE S 25271
P LE S 25281
P LE S 25291
P LE S 25301
P LE S_25311
PLE S_25321
P LE S
P LE S
P LE S
P LE S

25331
25341
25351
25361

P LE S
P LE S
PLE S
P LE S

25371
25381
25391
25401

P LE S 25521
P LE S 25531
P LE S 25541
P LE S 25551
P LE S 25561
P LE S 25571
P LE S 25581
P LE S 25591

orf91
orf93
orf94

protein
protein
protein
protein
protein
protein
protein

hypothetical protein
hypothetical protein
hypothetical protein
T erm in ase
hypothetical protein

hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

pha ge
pha ge
pha ge
pha ge

D3
D3
D3
D3

Ps. pha ge D3

pha ge
pha ge
pha ge
pha ge

D3
D3
D3
D3

R alstonia
solanace a ru m UW 551
Ps. p h a g e D3
Ps. p h a g e D3
Ps. p h a g e D3
Ps. p h a g e D3

C yto p la s m ic
U nknow n
U nknow n
C yto p la s m ic
U nknow n
U nknow n
C yto p la s m ic
M em b ran e
U nknow n
U nknow n
C yto p la s m ic
C yto p la sm ic
C yto p la sm ic
U nknow n
C yto p la sm ic
C yto p la sm ic
U nknow n
U nknow n
U nknow n

N P 06 1 51 3
N P 06 1 51 4
N P 061517
N P 06 1 51 8
N P 061521
N P 061522

Ps. p h a g e D3
Ps. p h a g e D3

U nknow n
U nknow n

Ps. p h a g e D3

U nknow n
O u te r M e m b ran e

Ps. pha ge D3
Ps. p h a g e D3

U nknow n
U nknow n

Ps. p h a g e D3
Ps. pha ge D3

U nknow n
U nknow n
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P LE S 25601

hyp o th e tica l pro te in O RF051

PLES_25611

hyp o th e tica l protein

P LE S 25621

ly tic e n zym e

P LE S 25631
P LE S 25641

hyp o th e tica l protein
hyp o th e tica l protein

P LE S 25651

orf32
orf3 4

P LE S 25661

Ps. pha ge P A 1 1

U n know n

EAZ57842

P. ae ru g in o sa 2192

C yto p la s m ic
M em b ran e
U n know n

EAZ57843

P. ae ru g in o sa 2192
Ps. p h a g e D3

C yto p la s m ic
U n know n

Y P 0 0 1 29 4 6 4 4

hyp o th e tica l protein

AAF80792
AAF80794

h ypothetical protein

Y P 164333

Ps. p h a g e D3

U n know n

Ps. p h a g e F 116

C yto p la s m ic

Table E5. Genes present in LES genomic island 5.
Locus Identifier

Gene
name

Homolog
Accession

Product

Sub-cellular
Localization

Homolog
Organism1

LESGI-5: 4931528..496ID941
PLE S_44861

con se rve d h y p o th e tica l protein

P A 0832

PLE S_44871

s h u fflo n -s p e c ific recom binase

C A J2 2 9 3 7

PLE S_44881

h ypothetical protein

E A U 2 7 72 9

P LE S_44891

h ypothetical protein

AB D 89085

P LE S _44901
PLES_44911

G C N 5 -re la te d
a c e ty ltra n s fe ra s e
h ypothetical protein

P LE S 44921
PLES44931

O R F C 56; p u tative e xcisio n a se
hyp o th e tica l protein

AA N 62150
AB M 23952

P LE S _44941

S e rin e /th re o n in e protein kinase

EAA24807

P LE S 44951
PLE S_44961

h ypothetical protein
conserved d o m a in protein

AA 058200

P LE S _44971

h ypothetical protein

AAZ46395

P LE S _44981

conserved hyp o th e tica l protein

A A G 04376

P LE S _44991

conserved hyp o th e tica l protein

AA G 04375

P.
PA01

P LE S 45001
P LE S 45011

h ypothetical protein
O R F 15 9 ; hyp o th e tica l protein
h ypothetical protein

B A C 4 1 68 0
C A E 8 4 14 5

P. resinovorans

h ypothetical protein
hyp o th e tica l protein

AB 022859

S h e w a n e lla
P V -4

P LE S 45021
P LE S 45031
P LE S _45041
P LE S 45051

N-

ABK02695

P.
aeruginosa
PA01
X a n th o m o n a s
ca m p e stris
pv.
ve sica to ria str. 85ID
S h e w a n e lla baltica
O S 195
R hodoP .
palustris
B isB 1 8
A rth ro b a cte r
sp.
F B 24

P. a e ruginosa
S h e w a n e lla sp. W 3 18-1
F usobacterium
n u d -e a tu m
ssp.
vin ce n tii
ATCC
49256
P.
syrin ga e
pv.
to m a to str. D C 3000
D e ch lo ro m o n as
a ro m a tica R C B
P.
aeruginosa
PA01
aeruginosa

P. flu o re sce n s
loihica

h ypothetical protein
h ypothetical protein
h ypothetical protein

ABE46932

P o la ro m o n a s
JS 6 6 6

P LE S _45101

T ra X fa m ily protein

ABP85004

P. m e n d o cin a ym p

R epA

A A Q 9 41 8 2

P la sm id p B F p l

rep A

U n kn o w n
C y to p la sm ic
M e m b ran e
C y to p la sm ic
C y to p la sm ic
M e m b ran e
C y to p la sm ic
U nknow n
U nknow n

C y to p la sm ic
U n know n
C y to p la sm ic
U n know n
C yto p la sm ic
U nknow n

P LE S 45081
P LE S _45091

P L E S _ 4 5 1 11

U nknow n

C yto p la sm ic
U nknow n
U nknow n

h ypothetical protein
h ypothetical protein

P LE S 45061
P LE S 45071

C yto p la s m ic

C yto p la sm ic
M em b ran e
U n know n
U nknow n
U nknow n
U nknow n

sp.

C yto p la sm ic
C yto p la sm ic
M em b ran e
U nknow n
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