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Summary 

Viruses that specifically infect bacteria (bacteriophages or phages) are obligate parasites and 

ubiquitous in nature. They form the most abundant biological entities on earth. Since their discovery 

in the early twentieth century, research into the biological nature of phages has contributed 

immensely to their exploitation in providing biotechnology tools.  

In the recent past, there has been renewed interest in bacteriophages as potential anti bacterial 

agents against the increasing number of antibiotic-resistant bacteria. Among the bacteria for which 

the potential of such phage therapy has found application is Pseudomonas aeruginosa, an  

opportunistic pathogen whose infections occur in patients with compromised host defences such as 

those with HIV, burn patients or with cystic fibrosis. These infections are difficult to treat with 

conventional antibiotic therapies and often result in morbidity and mortality.  

As the main drawback of using phages in treatment of bacterial infections is their narrow host range, 

there is the need to develop cocktails containing phages that lyse a wider variety of host strains. Any 

phage cocktail should contain phages that use a diversity of receptors, to ensure an expanded host 

range and also to suppress the emergence of phage-resistant strains. Hence, phage receptor studies 

are paramount where phage therapy is envisaged.  

Bacteriophage φKMV is a virulent phage of P. aeruginosa isolated from a water source in the 

Moscow suburbs. Its genome sequence and basic biology have been the focus of active research at 

the K.U. Leuven Laboratory of Gene Technology (LoGT) in the past decade. To date, the receptor and 

host range determinants of phage φKMV had not been determined. This dissertation focuses on 

determining the receptor of bacteriophage φKMV and developing tools for the determination of 

other virulent phage receptors for phage therapy applications. 

Initial tests to determine phage φKMV host range and its determinants was done based on infectivity 

tests on a library of typed as well as untyped P. aeruginosa strains available at LoGT. Host infectivity 

screens revealed no correlation between the phage infectivity range and the host properties used in 

typing the P. aeruginosa strains. However, it was noted that bacteriophage φKMV has surface-

dependent infectivity. This was an indicator of the plausible receptor molecule being a structure 

expressed during surface growth by the P. aeruginosa strains. 

Adsorption tests were carried out to elucidate bacteriophage φKMV initial interaction with the host 

cell. These tests indicated poor adsorption properties in a liquid culture assay set-up. This 

corresponds to the findings that phage φKMV infectivity is surface-growth dependent since receptor 
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molecules are either absent or are inaccessible by the phage in liquid broth set-up of the adsorption 

tests. 

A number of tools necessary for carrying out phage receptor analysis were developed in the course 

of this study. Some of the tools that were developed as a prerequisite for the genomic and 

proteomic approach for determination of bacteriophage φKMV receptor included a spontaneous 

phage-resistant mutant strain PAO1KR, a genomic library of φKMV-sensitive P. aeruginosa strain 

PAO1k DNA and an effective screening strategy for the identification of a cosmid clone 

complementing phage φKMV sensitivity in the spontaneous mutant strain PAO1KR.  

The spontaneous phage resistant mutant strain PAO1KR was phenotypically characterized and 

compared to its wild type parent φKMV-sensitive strain PAO1k. The mutant strain was found to have 

abrogated type IV pili-dependent twitching motility as compared to strain PAO1k which displayed 

large twitching zones. The expression of type IV pili is surface-growth dependent hence the 

hypothesis that phage φKMV adsorption to its host is type IV pili dependent. The defect or lack of 

expression of these structures in the mutant strain PAO1KR could explain its resistance to the phage. 

Functional complementation of the φKMV resistant spontaneous mutant strain PAO1KR with the 

genomic library of wild type φKMV-sensitive strain PAO1k DNA led to identification of a cosmid clone 

that was able to restore φKMV infection in the resistant mutant. This complementing cosmid also re-

established type IV pili-dependent twitching motility in the mutant. The complementing cosmid, 

pRGpil, had a 27.34 kb insert within the chromosomal positions 5665121 and 5692574 of P. 

aeruginosa PAO1k. This region comprises genes encoding proteins involved in type IV pili biogenesis. 

The presence of the entire pilMNOPQ gene cluster in the cosmid insert further supported the 

hypothesis that bacteriophage φKMV infectivity is type IV pili dependent. Correlation between 

bacteriophage φKMV infectivity and type IV pili, along with its associated twitching motility, was 

confirmed by the resistance of a P. aeruginosa PAO1∆pilA mutant to the phage. Subcloning of the 

complementing cosmid and further phage infection analysis and motility assays suggests that a 

common regulatory mechanism and/or interaction between the ponA and pilMNOPQ gene products 

are essential for bacteriophage φKMV infectivity. 

The yeast two-hybrid system was applied in an alternative approach for the determination of phage 

φKMV-host receptor protein interaction. This was the method of choice due its amenability to high 

throughput applications. The method allowed for the screening of a highly redundant two-hybrid P. 

aeruginosa PAO1k prey library for phage-host receptor interactions using phage φKMV late gene 

products’ (gp) bait constructs.  
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A single interaction between bacteriophage φKMV gp48 and a putative secondary receptor protein 

on the outer membrane of P. aeruginosa PAO1k was determined by six library scale yeast two-hybrid 

screens. This interaction between φKMV gp48 and P. aeruginosa PAO1k protein PA4736 was 

reproducible in a confirmatory drop test where the bait and interacting prey were re-introduced into 

freshly grown yeast AH109 cells. There was high overlap of prey fragments in the confirmed gp48-

PA4736, an indication for a true positive interaction.  

PA4736 is co-transcribed with the outer membrane protein (OMP) PA4735 and it is highly likely that 

these proteins interact. PA4735 has an AsmA domain which has been shown to play a role in LPS 

biogenesis and assembly of OMPs in E. coli. PA4735 gene knockout mutants were not susceptible to 

phage φKMV in liquid culture infectivity tests. The cells were also elongated and joined at the poles, 

a possible indicator that they were defective in cell division. PA4736 is suspected to associate with 

outer membrane protein PA4735 which when knocked out results in altered infectivity by phage 

φKMV in liquid culture. It is thus proposed that OMP-associated protein PA4736 is the secondary 

receptor for phage φKMV. It is not uncommon for phages to use bacterial essential outer membrane 

proteins as receptors. As was observed with the OMP (PA4735) that associates with PA4736, this 

choice of a receptor comes with the advantage that the host has to loose its viability altogether so as 

to gain resistance against the phage. 
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Chapter 1 

Introduction and background 

1.1 Pseudomonas aeruginosa 

The genus Pseudomonas encompasses one of the most diverse ecologically significant groups of 

bacteria. The universal distribution of Pseudomonas is probably due to its remarkably high degree of 

genomic diversity and genetic adaptability (Palleroni, 2005). 

The γ-proteobacterium Pseudomonas aeruginosa is a rod-shaped, ubiquitous and metabolically 

versatile microorganism. It differs from other members of the Pseudomonas genus because of its 

potential pathogenicity for human beings and other mammals. It can cause severe infections in 

immunocompromised hosts and is the main proven perpetrator of lung function decline and 

ultimate mortality in cystic fibrosis (CF) patients. Chronic P. aeruginosa infection leads to epithelial 

surface damage and airway plugging, progressively impairing airway conductance, which results in a 

decline in pulmonary function (Emori and Gaynes, 1993; Lyczak et al., 2000; Driscoll et al., 2007; 

Kobayashi et al., 2009). 

P. aeruginosa is able to occupy a wide range of environments, this being partly due to its diverse 

metabolic competence. It is able to utilize simple small molecules as well as complex organic 

compounds as carbon sources. Coupled to this, P. aeruginosa has the capability to grow both 

aerobically as well as anaerobically using nitrate or arginine as respiratory electron acceptors (Kiil et 

al., 2008). 

1.1.1 Adaptations to life in diverse environments 

1.1.1.1 Genome 

Due to its large genome and gene complexity (Stover et al., 2000), P. aeruginosa is able to adapt and 

thrive in different environmental conditions and hosts. The genome (GC content 65-67%) is made up 

of a single circular chromosome and sometimes a variable number of plasmids. The genome is 

composed of a conserved core and a variable accessory part which results in variations of genome 

size between 5.2 and 7Mbp. Annotation of strain PAO1 shows that P. aeruginosa is equipped with a 

large repertoire of transporters and transcription regulators which reflect its metabolic versatility to 

utilize a broad range of nutrients (Schmidt et al., 1996; Stover et al., 2000; Mathee et al., 2008). At 

the time of its publication, the P. aeruginosa genome was among the bacterial genomes with the 

largest fraction (8.4%) involved in regulation (Kiil et al., 2008). 
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Comparison of reference strain PAO1 genome and five different clinical P. aeruginosa isolates shows 

that 80% of the PAO1 genome is conserved among other strains. Non-conserved regions comprise of 

those composed of prophages, pyoverdine biosynthesis loci, genes encoding type I secretory 

systems and putative restriction modification systems. 

The majority of extracellular virulence factors have been shown to be regulated by quorum sensing 

signals (Brint and Ohman, 1995; Pearson et al., 1997). Moreover, P. aeruginosa is capable of using 

distinct strategies for different types of infection. This is evident from its ability to develop genetic 

adaptations during long-term persistence such as in CF patients, in which virulence factors are 

selected against (Smith et al., 2006; Jelsbak et al., 2007).  

In general, the P. aeruginosa genome encodes numerous genes and operons that encode adhesion 

and transport systems for the targeting of adhesins, for virulence factors and for antibiotic resistance 

determinants. All these confer P. aeruginosa the ability to colonize and persist in diverse niches. 

1.1.1.2 Antibiotic resistance in Pseudomonas aeruginosa 

Of major concern is the fact that P. aeruginosa has low antibiotic susceptibility, making it difficult to 

treat its infections using conventional antibiotic therapies. Antibiotic resistance in P. aeruginosa is 

attributed to multidrug efflux pumps and chromosomally encoded antibiotic resistance, as well as its 

low envelope permeability. For example it possesses an AmpC β-lactamase that can be induced by β-

lactams, making it resistant to cephalothin and ampicillin (Livermore, 1995). Efflux pumps like 

MexAB-OprM remove β-lactams, chloramphenicol, fluoroquinolones, novobiocin as well as various 

dyes and detergents (Poole, 2001).  

Resistance to antibiotics can also be brought about by P. aeruginosa acquiring mutations that render 

it resistant to antibiotics that a strain is not inherently resistant to (Livermore, 2002). Recent 

theoretical and laboratory studies suggest that the adaptation of bacteria to a heterogeneous and 

changing environment would promote the selection of hypermutable strains. In vitro, hypermutable 

strains are produced mainly by alterations in the DNA repair and error-avoidance genes (Oliver et al., 

2000). Antibiotic resistance has also been attributed to phenotypic variation associated to biofilm 

formation or emergence of small colony variants (Fajardo and Martinez, 2008).  

1.1.1.3 Phenotypic variation and biofilm formation 

A strategy frequently used by bacteria to survive changing environmental conditions is to create a 

phenotypically heterogeneous population by a mechanism called phase variation. P. aeruginosa has 

the propensity to generate diverse morphotypes such as the mucoid (Govan and Deretic, 1996) and 

small-colony morphology (dwarf) variants (SCV; Häussler et al., 2003) to enhance its ecological 
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fitness (Boles et al., 2004). Further variation in phenotypes is also evident within isolates with similar 

morphology, including motility, expression of cell-surface components and auxotrophy (Oliver et al., 

2000; Kresse et al., 2003). 

Diverse morphotypes can be recovered from respiratory tract specimens of CF patients, although 

most patients are colonized with only one or few P. aeruginosa clones (Zierdt and Schmidt, 1964; 

Tummler et al., 1997). Often there is conversion from a non-mucoid to a mucoid alginate-

overproducing phenotype that is associated with increased inflammatory response (Govan and 

Deretic, 1996). By adopting a biofilm mode of growth, whereby microcolonies are embedded in an 

exopolysaccharide matrix, the bacteria are able to evade the host’s immune response and to 

withstand antibacterial therapy (Meyer, 2005). Other bacterial phenotypes that have been 

recognized in the respiratory tract of CF patients include slow growing sub-populations also termed 

small colony variants (Haussler, 2003). SCV in P. aeruginosa are heterogeneous, but have an 

increased resistance to amino-glycosides. A subgroup of SCV is hyperpiliated and shows increased 

biofilm formation capability (Déziel et al., 2001; Haussler, 2004). Drenkard and Ausubel (2002) were 

able to demonstrate that the process that links antibiotic resistance and biofilm formation, involving 

a phase variation mechanism from wild type to antibiotic resistant SCV is governed by the two-

component response regulator PvrR.  

The reduced susceptibility of biofilms to antibiotics are ascribed to several factors like low diffusion 

rate of antibiotics in the extracellular matrix, slow growth of bacteria, reduced oxygen 

availability/concentration inside a biofilm and, ultimately, the specific expression of antibiotic 

resistance genes when P. aeruginosa grows forming biofilms (Costerton, 2002; Fajardo and 

Martinez, 2008). It has been shown that the accumulation of chromosomally encoded β-lactamase 

may be a major mechanism of resistance to β-lactam antibiotics in biofilm forming P. aeruginosa 

(Stewart and Costerton, 2001). P. aeruginosa cells forming biofilms encounter different 

environments and different antibiotic pressures that may favor selection of different resistance 

patterns (Bagge et al., 2004).  

1.1.2 Bacteriophages as an alternative to antibiotics in treating Pseudomonas infections 

Emergence of new P. aeruginosa strains and persistence of existing antibiotic-resistant isolates has 

led to the exploration of bacteriophages as an alternative way of treating P.  aeruginosa infections. 

Studies to assess the utility of phages in the prevention and treatment of P. aeruginosa infections in 

human as well as in animals have underlined the importance of identifying potent, strongly virulent, 

well-characterized phages for bacteriophage therapy (Summers, 2001). There are reports on the 

utility of phages in preventing and treating experimental disease in mice and guinea pigs infected 
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with P. aeruginosa. These reports suggested that phages are efficacious in preventing infections of 

skin grafts used to treat burn patients (Soothill, 1992; Marza et al., 2002; McVay et al., 2007). There 

has also been a recent report on the efficacy of a therapeutic bacteriophage preparation in chronic 

otitis in humans due to antibiotic-resistant P. aeruginosa (Wright et al., 2009). 

1.2 Bacteriophage research; historical overview and applications 

Evidence concerning the existence of viruses that specifically infect bacteria (bacteriophages or 

phages) can be traced to reports dating as far back as the late nineteenth century (Hankin, 1896). 

However, the actual discovery of these agents of bacterial death is credited to pioneering work by 

Felix d’ Herelle, which was later affirmed by Fredrick W. Twort. The name bacteriophage is 

attributed to the former, who is also said to have probably more accurately recognized what he was 

dealing with and even further acknowledged their potential clinical significance (Twort, 1915; 

d’Herelle, 1917). 

The particulate nature of phages remained a controversial topic until they were directly visualized by 

electron microscopy in 1940 (Pfankuch and Kauche, 1940; Ruska, 1940). This finally laid to rest the 

protracted debate on what was commonly referred to by microbiologists at the time as the “Twort-

d’Herelle phenomenon” or the “bacteriophage phenomenon”.  

However, interest in the biological nature of phages was overshadowed by the attention on their 

therapeutic potential. The observation by d’Herelle’s that phage titres increased in stool samples 

from dysentery patients led to a cult-like following on the commercial and medicinal possibilities of 

phages. A note authored by Bruynoghe and Maisin (1921) from Université de Louvain, was the first 

report on the therapeutic use of phages. Other subsequent documented trials of phage application 

in veterinary and medicine are reviewed in Kutter and Sulakvelidze (2005).  

The initial enthusiasm in embracing phage therapy was confronted with critical skepticism which led 

to its subsequent abandonment in some parts of the world. The main cause of concern on the 

therapeutic use of phages arose from the fact that the biological nature of bacteriophages was 

poorly understood and the lack of standards for purity and potency of phages in remedies made it 

impossible to compare results from successful as well as failed studies published at the time (Eaton 

and Bayne-Jones, 1934; Summers, 2006). The findings in the Eaton and Bayne-Jones report following 

an evaluation of phage therapy by the American Medical Association were reaffirmed by another 

report by Krueger and Scribner (1941). The publication of these reports took place shortly before the 

start of the “antibiotic era”, hence contributing significantly in dealing phage therapy a severe blow 

in western world.  

The documentation of therapeutic properties of penicillin (Chain et al., 1940) heralded the 

“antibiotic era” which was characterized by subsequent discovery and extensive use of many 
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different antibiotics. Alexander Fleming, the discoverer of lysozyme, had previously published on the 

antibacterial action of cultures of Penicillium (Fleming, 1929), which led to the discovery of penicillin. 

Antibiotics were found to be more favorable than phages for use in clinical settings owing to their 

broader specificity. Due to these developments, many western phage researchers shifted their focus 

from medicine to the fundamental nature of phages, thereby laying ground for the nascence of the 

disciplines of molecular biology and microbial genetics (Table 1.1).  

Table 1.1 Selected highlights of some of the major scientific milestones associated with bacteriophage 

research. 

Scientific  milestone References 

Concept of the ‘one-step virus growth cycle’ essential to the 

understanding of virus replication-viral particles do not ‘grow’ 

but are assembled from preformed components. 

Ellis and Delbrück (1939) 

First scientific applications of the newly invented electron 

microscope in the visualization of bacteriophage particles. 

Ruska (1940) 

Demonstration that phages mutate; lays basis for 

understanding antigenic variation in virus 

Luria (1944); Hershey (1946) 

Discovery of lysogenic bacteriophage in Bacillus megaterium; 

clarified existence of temperate and virulent bacteriophage 

leading to gene expression studies in prokaryotes and 

ultimately the operon hypothesis of Jacob and Monod 

Lwoff and Gutmann (1950) 

Mutations occur randomly and independent of selection 

procedures 

Lederberg (1952); Lederberg and 

Lederberg (1952) 

Demonstration of DNA as the genetic material, using 

radioisotope labeled T2 phages 

Hershey and Chase (1952) 

Host-induced modification Luria and Human (1952); Bertani and 

Weigle (1953) 

Experimental verification of link in pathway of genetic 

information from gene to the ribosome (i.e. existence of 

mRNA) 

Volkin and Astrachan (1952); Hall and 

Spiegelman (1962) 

First sequenced RNA genome ; Bacteriophage MS2 Fiers  et al.,1976 

First sequenced DNA genome; Bacteriophage φ-X174 Sanger et al., 1977 

Use of filamentous fusion phage as expression vectors that 

display cloned antigens on the virion surface (Phage display). 

Smith (1985) 

Rapid amplification of plasmid and phage DNA using phi29 

DNA Polymerase 

Dean et al., 1989 

Use of phages the rapid assessment of drug susceptibilities of 

Mycobacterium tuberculosis 

Jacobs et al., 1993 

Immunization of HIV-infected patients with phage phiX174 for 

the evaluation of lymphocyte function in vivo 

Fogelman et al., 2000 

Use of filamentous phages as DNA vaccine delivery vehicles Manoutcharian, et al., 2001 

Identification of organ/tissue-targeting peptides by phage 

display 

Arap et al., 2002 

Whole bacteriophage lambda particles as delivery vehicles for 

nucleic acid immunisation 

Clark et al., 2004 

Since their discovery, phages have also been exploited to provide molecular biology tools such as 

vector systems and enzymes. However, their use in other parts of the world such as Eastern Europe, 

Asia, Africa and the Soviet Union as a therapeutic tool has remained steady over the past 80 years. In 

recent years, there has been an increased interest in phage therapy due to the emergence of an 
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alarming number of antibiotic-resistant bacteria. This is evident from the upsurge of research papers 

and review articles on this aspect of phage research (Kutter and Sulakvelidze, 2005).  

By and large the interest in phage research has been renewed by three recent trends: (i) phages are 

potential tools for use in the treatment of antibiotic-resistant bacterial pathogens, (ii) they influence 

cycling of organic matter (Fuhrman, 1999; Canchaya et al., 2003) and (iii) they have a major impact 

on bacterial gene evolution thereby contributing in the evolution, physiology and pathogenicity of 

their hosts (Dobrindt and Reidl, 2000; Boyd et al., 2001). 

1.3 Bacteriophage influence on host diversity and ecology 

Bacteriophages have been shown to play a role in host diversification and phenotypic variation. This 

is especially the case in P. aeruginosa where they influence the formation of the SCV phenotype. 

Through microarray studies, bacteriophage genes have been found to be among the most highly up-

regulated group of genes during P. aeruginosa biofilm development (Whiteley et al., 2001; Hentzer 

et al., 2005). The genes of Pf1-like filamentous phage (designated Pf4) which exists as a prophage in 

the genome of P. aeruginosa (PA0717-PA0722), showed up to 83.5-fold activation during biofilm 

development compared with expression in planktonic cells (Hentzer et al., 2005). Activity of Pf4 

phage has also been linked to killing and lysis of a subpopulation of P. aeruginosa cells within 

biofilms (Webb et al., 2003), hence playing an important role in physiology and development of P. 

aeruginosa biofilms. 

Infection of P. aeruginosa with biofilm-derived Pf4 causes the emergence of SCV within culture, thus 

suggesting the possibility that Pf4 can mediate phenotypic variation and production of SCV 

phenotype in P. aeruginosa (Webb et al., 2004). Temperate bacteriophages have also been 

implicated in mucoid conversion of P. aeruginosa in the CF lung (Tejedor et al., 1982). 

Pilus-dependent virulent phages have been implicated in playing a role in P. aeruginosa 

diversification. By measuring a number of bacterial traits, Brockhurst and colleagues were able to 

determine the role of type IV pili-dependent single-stranded RNA phage PP7 in the evolution of P. 

aeruginosa diversity in experimental microcosms. It was found that the multiple mechanisms of 

phage PP7 resistance (mainly associated with loss of pilus or loss of pilus retraction) and associated 

fitness costs may drive increase in P. aeruginosa diversity (Brockhurst et al., 2005).  

1.4 Basic phage biology 

Bacteriophages, just like all other viruses, are obligate parasites. They are ubiquitous in nature and 

form the most numerically abundant biological entities on earth with an estimated population of 

about 10
30

 to 10
32

 phage particles - this makes them key contributors in the regulation of the 
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microbial balance in every ecosystem (Bergh et al., 1989; Brussow and Kutter 2005). This is evident 

from studies showing the impact of phages on the cycling of organic matter in the biosphere at a 

global level (Fuhrman, 1999) and their influence on the evolution of their own genomes and those of 

host bacteria. Hence making a major contribution in the physiology, pathogenicity and evolution of 

their hosts (Dobrindt and Reidl, 2000; Boyd et al., 2001).  

1.4.1 Virulent versus temperate phages 

Phages can be divided into two classes based on their life cycle: virulent or temperate. Virulent 

phages can only multiply by means of a lytic life cycle which leads exclusively to host cell lysis and 

the release of progeny phage particles. On the other hand, infection by temperate phages may occur 

via two alternate pathways: (i) The lytic pathway whereby infection leads to propagation and lysis of 

the host cell, or (ii) lysogenization in which the phage lytic functions are repressed and its genome 

coexists in a stable form within its host. In the latter case, the phage genome assumes a quiescent 

state; either integrated into the bacterial chromosome (as a prophage) or remains separate, as a 

‘plasmid’. The prophages are replicated and transmitted to daughter cells upon cell division. Host 

cells harboring the prophages are capable of coming out of the quiescent state and enter the lytic 

pathway (Figure 1.1).  

Temperate phages may contain within their genome particular genes that change the phenotype of 

their bacterial host (‘lysogenic conversion genes’: LCG). A good example is the 15 kb pathogenicity 

island SaP11 of Staphylococcus aureus which encodes the toxin Tst (Ruzin et al., 2001).  

 

Figure 1.1: Virulent and temperate bacteriophage replication cycles. The bacteriophage recognizes the 

receptors on the host cell membrane surface and adsorbs using its tail and tail fiber proteins. This is then 

followed by internalization of the phage genome after which the cycle proceeds to either the lysogenic or lytic 

replication cycles.  

The imprecise excision of a prophage and its packaging along with segments of host bacterial DNA, 

can result in the transfer of the co-packaged DNA to the next host where it can be incorporated into 
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the bacterial chromosome (transduction).  The impact of this phage-mediated lateral gene transfer is 

evident in the number of identifiable prophage sequences in published bacterial genome sequences. 

Many bacteria are polylysogenic (contain multiple prophage) e.g. E. coli O157 strain Sakai which has 

18 prophages (Ohnishi et al., 2001). 

Through lateral gene transfer, phages have also been implicated in conferring beneficial properties 

to the host such as provision of photosynthetic pathway repair mechanisms to Cyanobacteria in the 

ocean environment. By doing this, the phage guarantees its continued replication by in turn ensuring 

the survival of the host cell through the maintenance of its photosynthetic activity (Mann et al., 

2003).  

Phage conversion is a process by which phage-encoded genes convert their bacterial host from a 

non-pathogenic strain to virulent strain by providing mechanisms of invasion of host tissues or 

avoidance of the immune system. A majority of these phages form stable lysogens thereby 

mediating both horizontal and vertical gene transfer. Such and other traits for example 

superinfection immunity confer selective advantage to the host leading to clonal expansion (Boyd, 

2006).  

1.4.2 Infection process 

Bearing in mind the fact that the object of this study-bacteriophage φKMV- is virulent by nature, we 

herein discuss in more detail the general lytic infection process for tailed phages with particular 

emphasis on the key molecular mechanisms in infection of Gram-negative bacteria. 

1.4.2.1 Host recognition and adsorption 

The first step in a bacteriophage lytic cycle (Figure 1.1) is the interaction between the phage and 

specific binding site (receptor) on the cell surface. The presence or absence of attachment antigens 

is a determinant of phage host range. Some phages of Gram-negative bacteria interact with various 

specific lipopolysaccharides (LPS, endotoxin) components, some with outer membrane proteins 

(OMP) and others have complex adhesins that recognize receptors of either type (Yokota et al., 

1994; Tetart et al., 1998; Wang et al., 2000). Phages of Gram-positive bacteria recognize one or 

several molecules e.g. teichoic acid which are embedded in the layers of peptidoglycan that form the 

outer wall of these bacteria. 

The infection of Gram-negative bacteria by tailed phages has been observed to follow almost the 

same general scheme: the tail fibres make first contact with the cell surface. This binding is followed 

by specific and irreversible binding of one of the proteins located at the tip of the tail to an outer 
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membrane component. Phage binding triggers conformational changes that are transmitted along 

the tail to the connector allowing its opening and release of the viral genome from the capsid. 

Phage adsorption structures such as fibers bind to specific host-bacterial surface molecules. The 

concentration and spatial orientation of the receptor molecule are critical for phage recognition and 

adsorption. However, some phages such as coliphage N4 (whose receptor is a protein called NfrA), 

are able to use receptors present in a few copies per cell. External factors such as requirement of 

specific cofactors e.g. divalent cations and the bacterial host physiological state also play a key role 

on the adsorption process (Guttman et al., 2005). 

Even though bacteria may develop resistance through alteration or loss of receptors, phages can 

acquire compensating adaptation through mutations that alter host cell adhesion molecules, so that 

they may recognize the changed cell surface component or enable them to bind to a different 

receptor. 

Loss of some surface molecules used by phages as receptors may result in bacterial loss of important 

functions or lack of competitiveness. This is especially the case if the surface molecules are essential 

for the bacterial cell growth under particular environmental conditions. 

1.4.2.2 Penetration  

Each phage has its own unique system of transferring its genome into the host cell; however, a 

general mechanism involves the tail tip which possesses an enzyme for penetrating the 

peptidoglycan layer and inner membrane to release DNA into the cell (Molineux, 2001). For some 

phages, entry of DNA is dependent on host cellular genetics as has been demonstrated in T7 

(Moffatt and Studier, 1988). Phages overcome susceptibility to exonucleases and restriction 

enzymes by circularizing their genomes, inhibition of host nucleases or use of modified nucleotides 

in their DNA (Arber and Dussoix, 1962; Dussoix and Amber 1962). 

1.4.2.3 Replication of phage genome 

The recognition of phage promoters by the host RNA polymerase leads to transcription of early 

genes whose products play the role of protecting the phage genome and convert the host 

environment appropriately for the needs of the phage (Duckworth, 1970). In certain cases, phage 

proteins may be injected into the host cell with the phage genome (Kutter et al., 1994). Replication 

of phage genome commences upon establishment of optimal host environment conditions. Virulent 

phages have been found to often encode their own replication mechanism as opposed to the case in 

temperate and small lytic phages which depend on the host cell for their replication (Kutter et al., 

2005). They generally use recombination or annealing of staggered ends to circularize after infection 
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and in their lytic mode, they also use the standard bacterial mode for circular-DNA replication. Some 

phages later generate a long linear concatemer for packaging using a rolling-circle mechanism.  

On the other hand, the larger lytic phages encode their own DNA polymerases and replicate as linear 

molecules, solving the problem of replicating the ends by recombining to make concatenates many 

genomes long from which headfuls of DNA are packaged. Some phages contain a unique ori (phage 

l), while others contain multiple replication origins, which may use different mechanisms and may be 

of particular use under different environmental conditions (e.g. phages T4, T7, and P4) (Kutter et al., 

2005). 

1.4.2.4 Morphogenesis and cell lysis 

Morphogenesis involves the initial assembly of new phage heads and capsids (or protein shells called 

procapsids) involving complex interactions between scaffolding proteins and the major head 

structural proteins. This process precedes the packaging of replicated and concatemized phage 

genomes (Kutter et al., 2005). The timing of the lysis of host bacteria is tightly controlled (Wang et 

al., 2003) with most tailed phages using the two component lysin-holin system. The lysin is an 

enzyme that cleaves key bonds in the peptidoglycan and the holin is a protein that assembles pores 

in the inner membrane to allow the timely access of the peptidoglycan by the lysin (Kutter et al., 

2005). Lysis of the host cell and the concomitant release of progeny phages forms the final stage in 

the lytic cycle (Figure 1.1). 

1.5 Bacteriophage classification 

The possibility of a polyphyletic origin of bacteriophages is believed to have led to their 

heterogeneous nature both morphologically and physiologically.  The International Committee on 

Taxonomy of viruses (ICTV), established in 1973, has classified viruses into different orders, family 

and genera. Based on classification of 5,568 phages examined by electron microscopy, most 

bacteriophages were found to be tailed (96%) while polyhedral, filamentous, or pleomorphic (PFP) 

phages constitute only 3.7% (Ackerman, 2007). Bacteriophages are classified into 1 order, 13 

families, and 31 genera. The families are classified on the basis of the nature of their nucleic acid and 

overall virion morphology (Ackerman, 2005). The basic bacteriophage morphotypes are summarized 

in Figure 1.2. 

Tailed phages are the most abundant group of microbial viruses and they infect both Bacteria and 

Archaea hence suggesting that their appearance predates the separation of these domains of life 

(Ackerman, 2005). Electron microscopy has enabled the classification of tailed phages into three 

families based on the tail morphology: Myoviridae, with contractile tail consisting of sheath and 

central tube (25% of tailed phages); Siphoviridae, with long non-contractile tails (61% of tailed 
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phages); Podoviridae, with short, non-contractile tails (14% of tailed phages). Based on genomic 

structure and replication, tailed phages have been divided into fifteen genera (Ackerman, 2007).  

PFP phages have been classified into 10 families, with only the phages of filamentous and polyhedral 

shapes infecting Pseudomonas (Ackerman, 2005). Polyhedral phages are icosahedral or have related 

structure with cubic symmetry, while filamentous phages have helical symmetry. Pleomorphic 

phages lack symmetry axes. They may be enveloped or not (Hertveldt and Lavigne, 2008). 

 

Figure 1.2: Different morphotypes displayed by bacterial and in archeal viruses (Ackermann, 2007). 

1.6 Host recognition structures and determination of phage infectivity range 

T-even phages such as T4 and T2 specifically recognize surface receptors on bacterial host cells using 

the tip of their long tail fibers. In T4, gene 37 encodes the long distal fiber that determines the host 

range while in T2 phage gene 38 performs this role. Gp38 does not form part of the T4 particle but 

acts as a molecular chaperone in conjunction with gp57 during dimerization of gp37 (Reide et al., 

1987; Hashemolhosseini et al., 1994; Wood et al., 1994). 

Phage IP008 (Namura et al., 2008) isolated from sewage effluent has an exceptionally wide host 

range with thirty-three percent of E. coli strains isolated from the environment sources being 

susceptible to it compared with 7% for T2. Mahichi et al. (2009) were able to replace the tail fiber 

genes of T2 with those of IP1008 by homologous recombination, hence resulting in recombinant 



Introduction and background 

12 

 

phages with host range comparable with that of IP008. This is consistent with what Tetart et al. 

(1998) had observed: exchanges within conserved motifs can replace one adhesin-recognizing 

domain with another one and change the host range of the phage. 

1.7 Pseudomonas phages 

Phages have been found of a wide range of pseudomonads (Table 1.2) with P. aeruginosa being the 

most commonly investigated host species. This can be attributed to the ubiquitous nature of the 

bacterium and the on-going search for new antibacterial agents against pathogenic strains of P. 

aeruginosa. In addition to direct use in phage therapy, the potential of phage proteins (e.g. lysins) or 

phage-inspired proteins in treatment of Pseudomonas infections has also driven the increased 

interest in Pseudomonas phages (Hertveldt and Lavigne, 2008).   

Pseudomonas phages have also found an application in typing of specific strains (Lindberg and Latta, 

1974; Ackermann et al., 1988) and as tools in biotechnology (Darzins and Casadaban, 1989; Sharp et 

al., 1996; Hoang et al., 2000).  

1.7.1 Pseudomonas tailed phages; host recognition and infectivity range 

The order Caudovirales (tailed phages) makes up the majority of the phages that infect 

Pseudomonas. They consist of virions made up of a protein shell and dsDNA. As stated in section 1.4, 

tailed phages are classified into three families; Myoviridae, Siphoviridae and Podoviridae.  Fifteen 

genera are found within these three families with each being distinguished based on genome 

organization and replication strategy (Maniloff and Ackermann, 1998). 

1.7.1.2 Myoviridae representatives 

Temperate cytotoxin (CTX)-converting phage φCTX with its R-pyocin related long contractile tail is 

the prototype of this family among Pseudomonas infecting phages. Morphologically and at level of 

genome organization, φCTX resembles bacteriophage P2. Just like P2, it has a non-inducible lysogenic 

state and both phages use LPS as receptor in Ca
2+

-dependent manner. LPS-defective mutants have 

been found to be resistant to the phage hence suggesting that the core LPS region is the receptor 

site for phage φCTX. The host range of φCTX also showed a marked correlation to the O-serotype of 

the host strains (Yokota et al., 1994). 

There is a newly proposed genus within the Myoviridae family which is made up of Pseudomonas-

infecting giant virulent phages. A representative of this family is phage φKZ which has a large 

icosahedral head and a long contractile tail (196 × 21 nm), consisting of neck, a collar, a contractile 

sheath and 30 nm-terminal tail fibers (Krylov et al., 2007). Due to its broad host spectrum, φKZ is an 

attractive candidate for phage therapy applications. Mass spectrometry data has shown that φKZ is 
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closely related to Pseudomonas chlororaphis phage 201φ2-1 (167 similar proteins)(Thomas et al., 

2008). As is the case with the more distantly related giant Pseudomonas phage EL, phage φKZ 

encodes 5 tRNAs which is proposed to play a role in optimizing codon usage during expression of 

phage genes (Hertveldt and Lavigne, 2008). 

1.7.1.2 Siphoviridae representatives 

All Pseudomonas infecting Siphoviridae described to date are temperate in nature. They have an 

icosahedral head and a flexible, non-contractile tail. Examples of P. aeruginosa phages in this family 

are D3112, B3 and D3, which all morphologically resemble the well known E. coli phage λ. On a 

genomic level, D112 and B3 resemble the Myovirus Mu whereas phage D3 has a phage λ-like 

genome organization. Recently sequenced phage DMS3 is closely related to D112. D112, B3 and 

DMS3 have pili-dependent infectivity as opposed to phage Mu which requires LPS for infection. 

Conservation of pilin proteins in P. aeruginosa may explain the wide host range of these phages 

among clinical isolates (Roncero et al., 1990; Budzik et al., 2004).  

D3 is a temperate, serotype-converting phage that was originally isolated from a clinical strain. 

Holloway and Cooper were the first to note that lysogenization of this phage caused a change in the 

serological properties of the host (Holloway and Cooper, 1960). It was later demonstrated that the 

O-antigenic polysaccharide chains are chemically altered in the lysogen (Kuzio and Kropinski, 1983), 

suggesting LPS involvement as phage D3 receptor. The structural alterations in O-antigen 

trisaccharide repeats results in change in serotype from O5 to O16/20 and simultaneously the 

lysogen becomes resistant to superinfection by D3. 

1.7.1.3 Podoviridae representatives 

Several Pseudomonas phages including: gh-1, Pssy920, φPLS27, and φPLS743 belonging to the 

Podoviridae family have been assigned the T7 group. P. putida phage gh-1 has a genomic 

organization similar to that of other members of the “T7-like viruses”. It has regions of high 

homology to T7 that are interspersed with non-homologous regions encoding regulatory elements 

and small ORFs of unknown function. Phage gh-1 is a member of T7 sensu strictu group, and its gene 

expression is regulated by a system very similar to that of the “T7-like viruses” (Hausmann, 1988). 

Just as is the case with T3, T7 and φYe03-12, LPS has been demonstrated to be phage gh-1 receptor 

(Kovalyova and Kropinski, 2003). 

A geographically widespread yet tight-knit group of phages within the Podoviridae constitutes the 

newly established “φKMV-like viruses”. Phage φKMV is most intensely studied in this group which 

includes the newly sequenced bacteriophages LKD16, PNM, LUZ19, phikF77 and LKA1 (Ceyssens et 
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al., 2006). “φKMV-like viruses” have a narrow host range but have strong lytic properties, forming 

large clear plaques.  

Other members of Podoviridae infecting Pseudomonas include the temperate phages PaP3 and type 

IV-pili dependent F116. Phage F116 has biofilm degrading properties that enable it to penetrate the 

host. It possesses the unique ability to replicate as plasmid during the lysogenic cycle. The mosaic 

nature of F116 genome acts as evidence that the host too influences phage evolution in the same 

manner that phages have an impact on the host’s evolution (Byrne and Kropinski, 2005).  

 



 

 

Table 1.2: Pseudomonas phage representatives (adapted from Hertveldt and Lavigne, 2008; Lavigne et al., 2009) 

Shape 

 

Nucleic acid Morphology
a 

Virus family (Subfamily) 

genus 

Phage
b
 

 

Natural host Genome properties
C 

Predicted genes Particular  

features 

Tailed 

 

dsDNA 

linear 

Icosahedral 

head 

(60 – 120 nm ∅) 

Long, contractile   

tail 

(135 - 200 nm) 

 

 

Myoviridae 

 

“phi KZ like viruses” φKZ 

NC_004629 

P. aeruginosa 280,334 bp - 36.8% G+C 

circularly permuted and 

terminally redundant 

306 ORFs 

6 tRNA s 

Virulent 

Large capsid 

(120 nm ∅) 

 

     201phi2-1 

NC_010821 

P. chlororaphis 316,674 nt- 45% G+C 

Linear ds DNA 

461 ORFs Virulent 

     EL 

NC_007623 

P. aeruginosa 211,215 bp - 49.3% G+C 

circularly permuted and 

terminally redundant 

201 ORFs 

1 tRNA  

Virulent 

Large capsid 

     φCTX 

NC_003278 

P. aeruginosa 35,580 bp - 62% G+C 

21 nt 5’-extruding cohesive 

ends 

74 ORFs Temperate 

Cytotoxin-

converting  

 

    “119X like viruses” 199X 

NC_007807 

P. aeruginosa 43,365 bp- 44% G+C 53 ORFs  

    “PB1 like viruses” 14-1 

NC_011703 

P. aeruginosa 66,235 bp- 55% G+C 

 

90 ORFs Virulent 

 

    “unclassified Myoviridae” F8 

NC_007810 

P. aeruginosa 66,015 bp- 54% G+C 

 

91 ORFs  

     LBL3 

NC_011165 

P. aeruginosa 64,427 bp- 55% G+C 

 

88 ORFs  

     LMA2 

NC_011166 

P. aeruginosa 66,530 bp – 55% G+C 

 

94 ORFs Virulent 



 

 

 

     PB1 

NC_011810 

P. aeruginosa 65,764 bp- 54% G+C 

Linear ds DNA 

93 ORFs  

 dsDNA 

Linear 

Icosahedral 

head 

(50-60 nm ∅) 

Long, 

noncontractile 

tail 

(140-190 nm) 

Siphoviridae 

 

 D3112 

NC_005178 

P. aeruginosa 37,611 bp - 64% G+C 

Flanking host sequences 

55 ORFs  

 

Temperate  

Random 

integration 

     DMS3 

NC_008717 

P. aeruginosa 36,415 bp - 64% G+C 52 ORFs Temperate  

Random 

integration 

     B3 

NC_006548 

P. aeruginosa 38,439 bp - 63.3% G+C 

Flanking host sequences 

59 ORFs 

 

Temperate  

Random 

integration 

     D3 

NC_002484 

P. aeruginosa 56,426 bp - 57.8% G+C 

9 nt 3’-extruding cohesive 

ends 

90 ORFs 

4 tRNA s 

Temperate  

Serotype-

converting 

Specific 

integration  

     73 

NC_006548 

P. aeruginosa 42,999 nt-53% G+C 

 

52 ORFs  

    Unclassified Lambda-

related Siphoviridae 

MP22 

NC_009818 

P. aeruginosa 36,409 bp- 64% G+C 

 

51 ORFs Temperate 

     MP29 

NC_011613 

P. aeruginosa 36,632 bp- 64% G+C 

 

51 ORFs  

     MP38 

NC_011611 

P. aeruginosa 36,885 bp- 64% G+C 

 

51 ORFs  

    Unclassified Siphoviridae F10 

NC_007805 

P. aeruginosa 39,199 bp- 62% G+C  

 

63 ORFs  

 

     M6 P. aeruginosa 59,446 bp- 64% G+C 85 ORFs Virulent 



 

 

NC_007809  

     PAJU2 

NC_011373 

P. aeruginosa 46,872 bp-56% G+C 

 

79 ORFs Temperate 

 dsDNA 

linear 

Icosahedral 

head 

(50-70 nm ∅) 

Short tail 

 

Podoviridae 

 

(Autographivirinae) 

“T7-like viruses” 

gh-1 NC_004665 P. putida 37,359 bp - 57% G+C             

TR: 216 bp 

42 ORFs Virulent 

    (Autographivirinae) 

“phiKMV-like viruses” 

φKMV 

NC_005045 

P. aeruginosa 42,519 bp - 62% G+C             

TR: 414 bp 

49 ORFs Virulent 

     LKD16 

AM265638 

P. aeruginosa 43,200 bp – 62.6% G+C          

TR: 428 bp 

54 ORFs Virulent 

     LKA1 

AM265639 

P. aeruginosa 41,593 bp – 60.9% G+C           

TR: 298 bp 

56 ORFs Virulent 

     LUZ19 

NC_010396 

P. aeruginosa 43,548 bp- 62% G+C 

 

54 ORFs Virulent 

     PaP2 

NC_005884 

P. aeruginosa 43,783 bp - 45 % G+C 58 ORFs Temperate 

     F116 

NC_006552 

P. aeruginosa 65,195 bp - 63% G+C 70 ORFs Temperate 

 

    “Luz 24-like viruses” Luz 24 

NC_010325 

P. aeruginosa 45,625 bp- 52% G+C 68 ORFs Virulent 

     PaP3 

NC_004466 

P. aeruginosa 45,503 bp - 52 % G+C 

20bp 5’-extruding cohesive 

ends 

 

71 ORFs 

4 tRNA s 

Temperate 

Polyhedral ssRNA 

Linear 

Icosahedral 

capsid 

(23 nm ∅) 

Unenveloped 

Leviviridae 

 

 PP7 

NC_001628 

P. aeruginosa 3,588 nt - 54% G+C 

positive-stranded 

4 ORFs Virulent 



 

 

 

 dsRNA  

Linear  

Icosahedral 

capsid 

(80 nm ∅) 

enveloped 

 

Cystoviridae 

 

 φ6 

NC_003714 

NC_003715 

NC_003716 

P. syringae 13,385 bp - 55% G+C 

3 genome segments 

(S, L, M) 

13 ORFs Virulent 

     φ8 

NC_003299 

NC_003300 

NC_003301 

P. syringae 14,984 bp - 54% G+C 

3 genome segments      

(S, L, M)             

16 ORFs Virulent 

     φ12 

NC_004173 

NC_004174 

NC_004175 

P. syringae 13,173 bp - 55% G+C 

3 genome segments 

(S, L, M) 

15 ORFs Virulent 

     φ13 

NC_004170 

NC_004171 

NC_004172 

P. syringae 13,652 bp - 57% G+C 

3 genome segments 

(S, L, M) 

13 ORFs Lytic 

Filamentous ssRNA 

Circular 

Long filaments 

2000 nm x 7 nm 

Inoviridae 

 

 Pf1 

NC_001331 

P. aeruginosa 7,349 bp - 61% G+C 14 ORFs Carrier state 

Extrusion 

  Long filaments 

700 nm x  7 nm 

  Pf3 

NC_001418 

P. aeruginosa 5,833 bp - 45% G+C 

covalently closed ssDNA 

9 ORFs Carrier state 

Extrusion 

     PA11 

NC_007808 

P. aeruginosa 49, 639 bp- 44% G+C 

Linear ds DNA 

70 ORFs  

a
 The sizes indicated reflect approximate dimensions obtained from Ackermann (2005) , Ackerman and DuBow (1987) and their specific genome papers. 

b
 Numbers refer to genbank accession numbers at http://www.ncbi.nlm.nih.gov 

C
 TR = terminal repeats 
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1.8 Pseudomonas aeruginosa virulent bacteriophage φφφφKMV: the prototype of a genus 

within the Podoviridae family 

Since its isolation and genome sequencing, bacteriophage φKMV remains the most intensely studied 

phage among the members of the newly established genus (“phiKMV-like viruses”) within the 

Podoviridae family. The other members of this genus include LKA1 and LKD16 (Lavigne et al., 2003; 

Ceyssens et al., 2006; Lavigne et al., 2008).  

Phage φKMV has an icosahedral capsid 60 nm (Figure 1.3) in diameter and a 20 nm long non-

contractile tail with no visible tail fibers (by electron microscopy). The phage possesses a 42,519 bp 

ds linear genome with 414 bp long terminal repeats. The genome (Figure 1.4) has a G+C content of 

62.3% (Lavigne et al., 2003), a value higher than that of P. aeruginosa infecting φKZ (36.8%; 

Mesyanzhinov et al., 2002) and temperate phage D3 (50%; Kropinski, 2000). But this GC content is 

almost similar to that of phage φCTX (62.6%; Nakayama et al., 1999) and is close to the 66.6% of P. 

aeruginosa genome (Stover et al., 2000). 

 

Figure 1.3: Electron microscope image of bacteriophage φφφφKMV particles. Scale bar 100 nm (Lavigne et al., 

2003) 

LKD16 and LKA1 also possess dsDNA genomes of 43,200 bp and 41,593 bp, respectively. LKD16 and 

LKA1 also possess markedly long direct terminal repeats of 428 bp and 298 bp, respectively. LKD16 

has an overall DNA identity of 83% with φKMV, whereas LKA1 has no significant DNA similarity 

(Ceyssens et al., 2006). 

There is good correspondence of codon usage between φKMV and its host. More than half of the 

codons show no significant difference in usage, while the remainder show small differences. The 

dominant codon for each amino acid is identical in φKMV and in P. aeruginosa. This is probably why 

no potential tRNA coding regions are present in the phage genome. 
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A gene clustering loosely corresponding to T7 (Dunn and Studier, 1983) is observed in φKMV, LKD16 

and LKA1, which suggests a similar genomic organization between the phages (Figure 1.4). The genes 

are divided into three classes: class I (early) genes, class II (DNA replication) genes and class III genes 

encoding structural proteins, helper proteins for assembly and host lysis. φKMV has four promoters 

in front of the class I genes. Just as is the case with three E. coli promoters of T7, the host RNA 

polymerase (RNAP) recognizes these four promoters (Lavigne et al., 2003). LKD16 and LKA1 also 

possess bacterial promoters on the left end of the genome and just like is the case with φKMV, no 

clear, conserved (T7-like) phage promoters have been identified in their genomes, in comparison to 

gh-1 (Ceyssens et al., 2006; Hertveldt and Lavigne, 2008). 

Apart from the lack of conserved (T7-like) phage promoter elements, another unique feature of 

“phiKMV-like viruses” is the late localization of the single-subunit RNA polymerase gene, which is 

predicted to be among the DNA replication genes, rather than in the early region of the genome 

(Lavigne et al., 2003; Ceyssens et al., 2006). These unique features suggest a major disparity from T7 

in the transcription scheme of “phiKMV-like viruses” in which two functional genomic regions are 

delineated (Figure 1.4). The first genomic region ends after the RNA polymerase gene, and 

encompasses genes for host conversion (“early” genes) and DNA replication, while the second region 

(“late” genes) is made up of genes coding for structural and lysis proteins (Hertveldt and Lavigne, 

2008).  

From a structural perspective, as expected, major differences are present in the tail fiber proteins 

among the φKMV-like phages. There is a markedly lower similarity between φKMV and LKD16, while 

LKA1 has a completely different tail fiber. In LKA1 there occurs a single large putative tail fiber 

protein resembling that of D3 gp27 (Newton et al., 2001). In contrast, as depicted in Figure 1.5, 

φKMV and LKD16 have four small ORFs in this region (Lavigne et al., 2003; Ceyssens et al., 2006).  



 

 

 

 

 

 

 

 

Figure 1.4: Bacteriophage φφφφKMV genome organization. The four host-specific promoters are indicated by filled purple arrow heads to the left of the genome. Putative 

phage specific promoters are found within the genome as indicated by filled grey arrows. The stem and loop symbols indicate terminator regions. 
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Figure 1.5: Overview of the structural region and lysis cassette of LKA1 (top) and φφφφKMV (bottom). The ORFs 

which encode proteins that have been identified by mass spectroscopy are colored grey. In black are ORFs that 

encode non-structural proteins that make up the lysis cassette. 

1.9 Pseudomonas aeruginosa phage receptors: structure, biogenesis and functions 

As mentioned previously in section 1.3.2.2, the first step in the tailed phage lytic cycle is the 

interaction between phage attachment sites on their tails and host surface molecules. In Gram-

negative bacteria, these surface molecules may either be LPS components, outer membrane 

proteins (OMPs), flagella or pili. The expression of the phage receptors on the cell surface may be 

associated with expression of other P. aeruginosa virulence determinants, as is the case for pilus 

biosynthesis in Vibrio cholerae, which is regulated along with expression of toxin determinants 

(Taylor et al., 1987). 

Some phages use a single, central fiber as their adhesin (recognition element) whereas others use a 

cluster of several fibers associated with the tail structure. Adsorption may take place in multiple 

steps as observed in coliphages T1 and T4. In this case, there is a first reversible binding by fibers 

responsible for initial host recognition, structural rearrangement of the tail and the proper 

positioning of the base plate (Crawford and Goldberg, 1980). This is then followed by irreversible 

binding of different phage adhesins to a secondary receptor molecule (Montag et al., 1987).   

Three components of P. aeruginosa outer membrane surface that have been identified as 

bacteriophage receptors are herein discussed in more detail: the LPS, OMP and type IV pili. Examples 
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of how each individual molecule serves as a receptor for specific P. aeruginosa phages has been 

highlighted in section 1.5.1. 

1.9.1 Pseudomonas aeruginosa lipopolysaccharide; conserved and variable structural features 

Specific structures within the LPS molecule serve as receptors for a variety of bacteriophages. Phage 

adsorption to its receptor is highly specific. Phage resistance that results from changes in LPS 

structure usually indicates that the LPS is the surface receptor, and the structural change identifies 

the region of the LPS comprising the receptor. 

The LPS of Gram-negative bacteria play a key structural role in outer membrane integrity and is also 

an important mediator of host-pathogen interactions. In P. aeruginosa, like in other Gram-negatives, 

this glycoconjugate has a tripartite structure (Figure 1.6) composed of: (i) Lipid A, the hydrophobic 

component that anchors the LPS molecule in the outer leaflet of the outer membrane; (ii) the core 

oligosaccharide which links the lipid A region to the (iii) O-antigen polysaccharide. The core is further 

divided into the inner and outer core.  

 

Figure 1.6: Schematic representation of P. aeruginosa tripartite LPS structure. Abbreviations: G: D-

glucosamine; K: 2-keto-3-deoxy-D-octulonate; H: L, D-heptose; P: phosphate; n: variable number of O-antigen 

units. 

In addition to this division, in P. aeruginosa the LPS is present in three distinct forms: (a) uncapped 

LPS (lipid A-core) consisting of lipid A and core oligosaccharide; (b) A-band LPS, consisting of lipid A-

core capped by a homopolymeric polysaccharide composed of D-rhamnose residues arranged in 

trisaccharide repeating units linked α1→2, α1→3, α1→3 (Arsenault et al., 1991); and (c) B-band 

LPS, which consists of lipid A-core capped by a heteropolymeric polysaccharide composed of di- to 

pentasaccharide repeating units of various monosaccharides (Knirel and Kochetkov, 1994).  

A lot of interest on P. aeruginosa LPS has focused on its serological properties mainly due to the 

potential of using its components in vaccination. The International Antigenic Typing System (IATS) 

classifies strains of P. aeruginosa into 20 Serotypes based on the serological reactivity of the O-

antigen (Liu et al., 1983; Liu and Wang, 1990). Another serological classification scheme by Lànyi and 

Bergan (Lànyi and Bergan, 1978) and extended by Akatova and Smirnova (Akatova and Smirnova, 

1982) took into account both the serological distinctions of the IATS classification and the serological 
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relatedness of the O-antigens of some strains. This classification resulted in 13 O-serogroups, from 

which 9 O-serogroups are further subdivided into subgroups. Cloning and sequencing of the O-

antigen gene clusters of the 20 IATS serotypes revealed only 11 distinct gene clusters, which 

correspond to 11 Lanyi and Bergan serogroups (Raymond et al., 2002). 

1.9.1.1 Lipid A 

The hydrophobic lipid A serves to anchor the LPS in the outer membrane. Its backbone comprises a 

β-1’, 6-linked disaccharide of 2-amino-2-deoxy-D-glucose (D-glucosamine, D-GlcN) to which fatty 

acids, typically 3-hydroxyalkanoic acids, are attached by ester or amide linkage. 

The general acylation pattern is conserved within different strains of the species but there is 

heterogeneity in number of primary acyl groups and the number, nature and position of secondary 

acyl groups. Lipid A structural variants arise under different growth conditions. In laboratory strains, 

mostly five (~75%) and six (~25%) fatty acid substituents were identified on the glucosamine 

backbone. Figure 1.7 illustrates the five different types of P. aeruginosa lipid A structures (Kulshin et 

al., 1991). 

 

Figure 1.7: Structures of P. aeuginosa hexa- (A,D), penta- (B,C), and hepta-acyl (E) lipid A variants (adapted 

from Knirel et al., 2006). 

Lower toxicity of P. aeruginosa lipid A, as compared to enterobacterial lipid A can be attributed to 

the shorter-chain fatty acids (C10-C12 versus C14, respectively; Takada and Kotani, 1992) and by the 

preponderance of penta-acyl LPS, which is much less effective at activating inflammatory signaling 
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through Toll-like receptor 4 (TLR-4) compared with the hexa-acyl LPS of Escherichia coli (Backhed et 

al., 2003). 

1.9.1.2 Core oligosaccharide 

The core oligosaccharide is divided into the inner and outer core. It is a structurally more conserved 

region when compared to the multivariant O-chains but it has some variable and distinct structural 

features, which are characteristic of the core produced by different strains (Sadovskaya et al., 1998, 

2000; Bystrova et al., 2003). 

The inner core (Figure 1.8) consists of two 3-deoxy-D-manno-oct-2-ulosonic acid residues (Kdo
I
 and 

Kdo
II
) and two L-glycero-D-manno-heptose residues (Hep

I
 and Hep

II
). Hep

II 
possesses a carbamoyl 

group.  

 
Figure 1.8: Structure of the inner core of P. aeruginosa LPS. Dotted lines indicate non-stoichiometric 

substitution. Abbreviations: Hep: L, D-heptose; Kdo: 2-keto-3-deoxy-D-octulonate; Etn: ethanolamine; Cm: 

carbamoyl (adapted from Knirel et al., 2006). 

Phosphorylation in the LPS has been associated with intrinsic resistance to some common antibiotics 

(Yethon et al., 2000; Walsh et al., 2000). The phosphate groups in P. aeruginosa LPS occur in multiple 

forms and are exclusively located in the inner core region on three major phosphorylation sites at 

position 2 and 4 of Hep
I
 and position 6 of Hep

II
.  A minor phosphorylation site was found at position 

4 of Hep
II
 in a P. aeruginosa cystic fibrosis LPS-rough isolate.  Each phosphorylation site may be 

occupied by a phosphate, diphosphate or triphosphate. The triphosphate group is the most 

commonly occurring in most wild type strains (Bystrova et al., 2006).  

A unique LPS feature of both smooth laboratory strains and rough clinical isolates of P. aeruginosa is 

the occurrence of two structurally similar outer core glycoforms, 1 and 2 (Figure 1.9). Both 

glycoforms are made up of one D-galactosamine (GalN) and three D-glucose residues (Glc
I
-Glc

III
) but 

differ in the position of a terminal L-rhamose (Rha) residue. The attachment of a Rha residue at 

position 6 of Glc
II 

blocks attachment of another Rha residue at position 3 of Glc
I 
and vice versa. Two 

variants of glycoform 1 have been observed with glycoform 1a lacking a fourth glucose (Glc
IV

) 
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residue linked to Rha whereas glycoform 1b possesses the Glc
IV

 residue (Figure 1.9 A, B). Glycoform 

1a is more common among reference strains (Bystrova et al., 2004). 

In all reference strains, derived mutants and clinical isolates of P. aeruginosa GalN is acylated with an 

L-alanyl group. 

While in LPS-rough P. aeruginosa strains the core of both glycoforms is the terminal portion of the 

LPS molecule (Figure 1.9 A-C), whereas in all reference strains, the glycoform 2 core is completely or 

almost completely substituted with an O-polysaccharide, which is attached at position 3 of terminal 

Rha residue (Figure 1.9 D). Whether Rha carries Glc
IV 

or not, the glycoform 1 cannot be substituted 

with the O-polysaccharide, thus suggesting a narrow specificity of ligase WaaL, the enzyme that links 

the O-polysaccharide or one O-unit to lipid A moiety. 

 

Figure 1.9: Structures of outer core of P. aeruginosa LPS. Glycoform 1a (A) and 1b (B) are present in rough 

strains. Glycoform 2 is present in LPS rough (C) and LPS-smooth (D) strains respectively (adapted from Knirel et 

al., 2006). 

O-Acetylation of outer core sugars especially the terminal Rha residue is common in P. aeruginosa. 

O-Acetylation occurs to a smaller extent when the Rha residue is substituted with Glc
IV

 (glycoform 1b 

in R-type LPS) or with O-antigen (glycoform 2 in SR type LPS). 

In P. aeruginosa, the biological significance of O-acetylation as well as O-carbamoylation of the core 

remains to be determined.  
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1.9.1.3 O-antigen 

P. aeruginosa produces two forms of O-antigen, known as A band (homopolymer) and B band 

(heteropolymer). The A-band O-polysaccharide region is composed exclusively of D-rhamose (D-Rha) 

residues arranged in trisaccharide repeating units (Figure 1.10a). The A-band D-rhamnan 

polysaccharide is composed of approximately 70 D-Rha residues, which is equivalent to 23 repeating 

units. This is shorter than B-band O antigen (composed of ≥50 repeating units), which is thought to 

mask underlying A-band polysaccharide, since A
+
B

+
 strains are not agglutinable with A-band-specific 

monoclonal antibodies (MAbs). B-band O antigen is composed of di- to pentasaccharide repeating 

units of various monosaccharides. The composition of the B-band O-antigen trisaccharide repeat of 

serotype O5 is di-N-acetylmanosaminuronic acid and N-acetyl-6-deoxygalactose (Fuc2NAc) (Figure 

1.10b). 

 

Figure 1.10: Structures of O-antigen units in reference strains of P. aeruginosa. (a) A-band O-antigen unit; (b) 

Serotype O5 B-band O-antigen unit.  

Biosynthesis of P. aeruginosa O-antigens of IATS serotypes O5, O6 and O11 has been studied in more 

detail but the occurrence of a number of common features in the LPS structure suggests that similar 

biosynthetic pathways exist for most other O-serogroups. With the exception of serogroups O14 and 

O15, the first monosaccharide of the O-unit is 2-N-acetyl derivative of a 6-deoxy-D-hexosamine (D-

quinovosamine, D-QuiN), D-fucosamine (D-FucN) or, in serogroup O3, 4-amino-4-deoxy-D-

quinovosamine (D-QuiN4N) (Knirel et al., 2006). 

In P. aeruginosa transfer of 6-deoxy-α-D-hexosamine-1-phosphate from its UDP derivative to a 

membrane-linked undecaprenol phosphate (UndP) carrier, catalyzed by by glycosyl phosphate 

tranferase WbpL, initiates biosynthesis of the O-unit at the cytoplasmic surface of the inner 

membrane. Subsequent assembly of the O-unit, which is either a trisaccharide or tetrasaccharide 

proceeds by successive transfer to the UndPP-linked 6-deoxy-D-hexosamine of various 

presynthesized monosaccharides catalyzed by corresponsing glycosyl transferases. The flipase Wzx 

translocates the O-unit from the cytoplasmic to the periplasmic surface where the O-unit is 
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polymerized by O-antigen polymerase Wzy with participation of chain-length regulator Wzz 

(Rocchetta et al., 1999; Miller and Lam, 2008). Then the O-polysaccharide or non-polymerized O-unit 

is ligated by the ligase WaaL to the independently synthesized glycoform 2 core-lipid A moiety to 

give smooth (S-type) and smooth-rough (SR-type) LPS, respectively (Abeyrathne et al., 2005). 

Most genes encoding proteins involved in O-antigen biosynthesis in P. aeruginosa, including genes 

for enzymes involved in synthesis and transfer of sugar nucleotides and O-antigen processing, are 

clustered at a particular site of the chromosome called wbp (Rocchetta et al., 1999; Miller and Lam, 

2008). 

O-antigen structural diversity is achieved at different stages of biosynthesis: before, during and/or 

after polymerization of the O-unit. For example conversion of IATS serotype O5 to O16 was 

demonstrated to result from lysogeny with bacteriophage D3, which introduces into the O5 genome 

three genes, including those for β-polymerase (Wzy) and inhibitor of α-polymerase (Iap) (Newton et 

al., 2001). It has been suggested that Wzy specificity in other serogroups can be altered by a similar 

mechanism (Knirel et al., 2006). 

1.9.2 Pseudomonas aeruginosa type IV pili 

Bacterial pili were cited as early as at the turn of the 20
th

 century by Hinterberger and Reitman who 

observed numerous thread-like structures on cells of Pseudomonas pyocyanea (aeruginosa) on old 

media. Years later, while studying flagella of E. coli and P. pyocyanea, Houwink and van Iterson made 

the first detailed report of “non-flagellar appendages”, noting that these long thread-like structures 

are apparent on bacteria associated with surfaces, while they are not observed on swimming 

bacteria (Houwink and van Iterson, 1950). 

In 1955, the terms “fimbrae” and pili were introduced to describe these structures (Brinton, 1959; 

Duguid et al., 1955) thus establishing the divisive nomenclature of these structures. In 1975, a 

standardized classification system was proposed and the flexible pili that contribute to twitching 

motility were placed into Group IB (Ottow, 1975). With the advent of molecular biology and 

structural biochemistry, type IV pili have been further divided into two subtypes, type IVa pili and 

type IVb pili based on protein size, sequence and structure (Craig et al 2004). (described in more 

detail below.) 

It is interesting to note that type IVb pili seem to be strictly associated with human pathogens that 

colonize the intestines, including Vibrio cholerae, Salmonella enterica serovar Typhi, 

enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC) (Donnenberg et al., 1992; Giron et 

al., 1991; Giron et al., 1994; Shaw and Taylor, 1990; Taniguchi et al., 1995; Zhang et al., 2000). In 
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contrast, bacteria possessing type IVa pili are found in a variety of different environments (Craig et 

al., 2004). Nevertheless, both types of type IV pili are considered important colonization factors. 

Type IV pili are among the P. aeruginosa surface molecules that function as phage receptors of 

structurally (and taxonomically) unrelated phages. Some of these include PO4 (Bradley, 1973a), PP7 

(Bradley, 1966), Pf (Bradley, 1973b), F116 (Byrne and Kropinski, 2005), D3112 (Wang et al., 2004), 

DMS3 (Budzik et al., 2004) and B3  (Roncero et al., 1990). Bacterial mutations resulting in loss of 

pilus (unpiliated bacteria) or loss of pilus retraction (hyperpiliated bacteria) confer resistance to the 

type IV pili-dependent P. aeruginosa phages Pf, PO4 and Pseudomonas syringae phage φ6 (Bradley, 

1974; Lythgoe and Chao, 2003). 

1.9.2.1 Type IV pili structure, biogenesis and functions 

The P. aeruginosa type IV pili (Figure 1.11) are about 5-7 nm in diameter and are several 

micrometers in length. They are polymers of a single protein subunit, PilA or pilin, which is derived 

from a precursor by cleavage of its six N-terminal residues and N-methylation of the newly revealed 

N-terminal phenylalanine residue (Strom et al., 1993). The pilin subunit is arranged in helical 

conformation with 5 units per turn and may be glycosylated in some species (Mattick, 2002). Pilins 

from different species are normally 145-160 aa in length with a distinct primary structure, a short 

positively charged leader sequence and a short hydrophobic amino terminal domain. 

 

Figure 1.11: Model structures of P. aeruginosa strain PAK type IV pili monomer and pilus fiber. (a) Crystal 

structure of N-terminally truncated P. aeruginosa PAK pilin. Structurally conserved residues are colored green 

in β-strands, blue in α-helices, and black in coil regions (b) Fiber model of P. aeruginosa PAK pilin. The α-helix 

(blue) and major β-sheet (green) are shown. The minor β-sheet region (yellow coils), the C-terminal disulphide-

bonded loop (red coils) and the remainder of the residues (purple coils) are also shown. (adapted from Hazes 

et al., 2000) 
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Pseudopilins are pilin-like proteins which are thought to combine to form a short dynamic fiber 

(pseudopilus) that acts as a piston in type II secretion system of many Gram-negative bacteria 

(Durand et al., 2003; Filloux, 2004). In the event of overexpression of the major subunit of the 

pseudopilus, an extracellular pilin-like fiber is formed (Durand et al., 2003; Vignon et al., 2003). The 

pseudopilin subunits, like type IVa pili subunits, are composed of a similar and conserved positively 

charged leader sequence followed by a 20-30 amino acid-long α-helix, and a globular head domain 

composed of β-strands. However, the C-terminal disulphide loop is not present (Kohler et al., 2004; 

Nunn and Lory, 1993).  

Through the study of pseudopilins in Klebsiella oxytoca and P. aeruginosa information on the early 

events of pseudopilus, and ostensibly pilus biogenesis, have been generated. The prepseudopilins 

are translated in the cytoplasm and translocated across the inner membrane in a Sec-dependent, 

signal recognition particle (SRP)-dependent process, in which the N-terminal leader sequence acts as 

a Sec-signal sequence (Arts et al., 2007). The hydrophobic α-helix becomes embedded in the 

membrane, with the C-terminus in the periplasmic side. Once in the membrane, the signal sequence 

is cleaved by the bi-functional XcpA/PilD, which also methylates the new N-terminal residue, often 

phenylalanine (Strom et al., 1994; Arts et al., 2007). This processing step is essential to make pilins 

competent for assembly, as mutants lacking XcpA/PilD are unable to express pili on the surface. 

The biogenesis and function of type IV pili in P. aeruginosa are controlled by over 50 genes. Some of 

the gene products are involved in biogenesis and mechanical function whereas others play a role in 

transcriptional regulation and chemosensory pathways. The genes are expressed from unlinked gene 

clusters throughout the P. aeruginosa genome (Whitchurch et al., 2002; Beatson et al., 2002; 

Mattick, 2002). 

Type IV pili are assembled with the aid of a complex molecular machine, at the center of which is a 

traffic NTPase, a polytopic inner membrane protein, and an outer membrane channel or secretin 

(Figure 1.12). A pre-pilin peptidase, PilD, cleaves the pilin signal sequence. The pilin monomer is 

embedded in the inner membrane bilayer with its hydrophilic head in the periplasm, PilC and minor 

pilins such as PilE, V, W and X, and FimU form a platform within the cytoplasmic membrane through 

which pilins and pseudopilinins are driven to the periplasmic side of the cytoplasmic membrane by 

energy provided by the traffic NTPase PilB. The pilus is extruded through the outer membrane via a 

pore composed of multimeric PilQ (Mattick 2002; Jyot and Ramphal, 2008). After extension is 

completed, and possibly following a signal from the tip, retraction commences. Retraction is driven 

by PilT, a hexameric ATPase, a member of the AAA family of motor proteins (Vale and Milligan, 

2000).  
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In general P. aeruginosa type IV pili are important cell-associated virulence factors that play a crucial 

role in mediating: (i) bacterial adherence to, and colonization of, mucosal surfaces, (ii) flagella-

independent translocation over moist surfaces known as “twitching motility”, and (iii) the initial 

stages of the infection process for a number of bacteriophages (Mattick, 2002). 

 

Figure 1.12: Model of type IV pili assembly and retraction. Prepilin leader sequences are cleaved by inner 

membrane peptidase PilD. Processed PilA is assembled on a base of minor pilins (PilE. V, W, X, and FimU) by 

action of cytoplasmic membrane protein PilC and NTP-binding protein PilB. The pilus is extruded through the 

outer membrane via a pore composed of multimeric PilQ, stabilized by lipoprotein PilP. Pili are retracted by 

action of PilT and PilU (adapted from Mattick, 2002) 

Twitching motility is probably the primary biological role of type IV pili (Henrichsen et al., 1972; 

Bradley, 1980; Henrichsen, 1983). They are also found in other bacteria e.g. Neisseria gonorrhoeae, 

Neisseria meningitidis, various Moraxella species, Dichelobacter nodosus, and a wide range of other 

species classified in these and other genera, including Acinetobacter, Alteromonas, Eikenella, 

Pasteurella, and Wolinella (Mattick, 2002). 

A number of genes required for pili assembly are homologous to genes involved in type II protein 

secretion and competence for DNA uptake, suggesting that these systems share a common 

architecture. Twitching motility is also controlled by a range of signal transduction systems, including 

two-component sensor-regulators and a complex chemosensory system. 
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Twitching motility occurs by the extension, tethering, and then retraction of polar type IV pili, which 

operate in a manner similar to a grappling hook (Mattick, 2002). Type IV pili  and twitching motility 

are required for biofilm formation by P. aeruginosa on both abiotic and biotic surfaces (O'Toole and 

Kolter, 1998) and as follows, plays an important role in the colonization of epithelial surfaces in 

animals. Studies have shown that mutants with abrogated twitching motility have reduced infectivity 

(Hazlett et al., 1991; Comolli et al., 1999). Biofilm formation is important in P. aeruginosa infections 

particularly in the lungs of cystic fibrosis patients where the bacteria grow as microcolonies 

embedded in the exopolysaccharide alginate (Govan and Deretic, 1996). 

1.9.2.2 Resistance to type IV pili-dependent phages 

Pilus-dependent virulent phages have been implicated in playing a role in P. aeruginosa 

diversification. By measuring a number of bacterial traits, Brockhurst and colleagues were able to 

determine the role of type IV pili-dependent single-stranded RNA phage PP7 in the evolution of P. 

aeruginosa diversity in experimental microcosms (Brockhurst et al., 2005). It was found that the 

multiple mechanisms of phage PP7 resistance (mainly associated with loss of pilus or loss of pilus 

retraction) and associated fitness costs may drive increase in P. aeruginosa diversity.  It is of interest 

to carry out further investigations to establish how type IV pili-dependent virulent and temperate 

phages such as D3112, B3, and DMS3 (Roncero et al., 1990; Budzick et al., 2004) influence the 

evolution of type IV pili mutants in clinical populations of P. aeruginosa.  

1.9.2.3 Type IV pili classification 

As mentioned above, type IV pili are divided into two subclasses, type IVa which is found in a wide 

range of Gram-negative bacteria and type IVb which is restricted to human enteric bacteria. These 

two subclasses differ on the basis of their subunit amino acid sequence and length. P. aeruginosa 

type IV pili is of the type IVa family based on the shorter pre-pilin length (a leader sequence of five or 

six amino acids), a shorter mature pilin sequence (around 150 amino acids) and the N-methylated N-

terminal residue being phenylalanine (Craig et al., 2004). 

Another mode of classification divides pilins into five distinct phylogenetic groups (designated I-V), 

based on amino acid sequence and presence of unique accessory genes downstream of pilA (Kus et 

al., 2004).  

Group I pilins are related to those from P1 strain, a CF isolate, which was originally identified as 

having an unusual pilin sequence over the last three quarters of the protein, with the most notable 

features being its mature length of 148 amino acids, a 17 amino acid disulphide loop, and a pilin 

gene with GC content of 52% (Pasloske et al., 1988). Additional strains with group I pili, including 

strain 1244, were analyzed and found to contain an additional 1.4 kb open reading frame (ORF) 
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between pilA and tRNA-Thr, later named pilO (Castric 1995). Only pilins of group I and IV are 

glycosylated. 

Group II pilins are represented by those of the well-described laboratory strains PAK and PAO1, 

which have mature type IV pili of 143-144 amino acids long, disulphide loop of 12 amino acids, a pilin 

gene GC content of 48% (as compared to 67% overall for PAO1) and a tRNA-Thr gene downstream of 

the 3’ end of pilA (Sastry et al., 1985; Spangenberg et al., 1995; Kiewitz and Tümmler, 2000; 

Wolfgang et al., 2003).  

Group III type IV pili were first identified in strain G7. These pilin genes have a GC content of 54.8%, 

and encode the longest mature pilin, composed of 173 amino acids, with a disulphide loop of 31 

residues (Spangenberg et al., 1995). Similar to group I strains, additional DNA was found between 

pilA and tRNA-Thr genes. However, it was only 798 bp long, and failed to hybridize with a probe 

made from the corresponding region from group I strains; it is designated ORF1. This additional ORF 

had a GC content of 48.4%, different from both that of pilin gene and average chromosomal content 

(Spangenberg et al., 1995).   

In group IV strains, two genes are located downstream of pilA: tfpW, which encodes a large 

hydrophobic hypothetical transmembrane protein, and tfpX, which encodes a putative pilin 

accessory protein most similar to TfpZ, and to PilB and FimB of Eikenilla corrodens and  Dichelobacter 

nodosus, respectively. 

Group V strains contain a tfpZ gene which encodes a putative pilin accessory protein homologous 

(31% identity, 53% similarity) to the PilB protein of E. corrodens strain VA1, respectively downstream 

of pilA gene. 

1.9.3 Outer membrane proteins  

The outer membrane of Gram-negative bacteria contains several general porins and various high-

affinity receptor proteins that catalyze specific transport of solutes e.g. vitamin B12, catechols, fatty 

acids and different iron complexes (siderophores and heme). Lipoproteins and porins connect the 

outer membrane to the peptidoglycan layer. The concentration of outer membrane proteins used as 

phage receptors is dependent on environmental conditions and general need for a particular 

compound that the protein transports. TonB and TolA proteins which are anchored to the inner 

membrane but span the periplasmic space are important for infection by many phages (Guttman et 

al., 2005). The TolC protein of E. coli is implicated in a variety of diverse cellular functions, including 

antibiotic efflux and α-hemolysin secretion.  TolC also facilitates the entry of the bacteriophage TLS 

in E. coli (German and Misra, 2001). 



Introduction and background 

34 

 

Examples of phages of Gram-negative bacteria that use outer membrane proteins as receptors 

include T4-like phages K3, Ox2 and M1 which use OmpA as receptor; phage lambda (λ) which uses 

LamB, the inducible E. coli maltose uptake protein (Kutter et al., 2005); in P. aeruginosa, the phage 

V4 is unable to form plaques on the OprF-deficient strain H283 (Nicas and Hancock, 1982). 

In some cases such as with phage TLS, both the outer membrane protein TolC and the LPS are 

required for phage infection. It would easily be assumed that TLS-resistance in TolC mutants is 

caused by changes in LPS structure or conversely, deep-rough LPS mutants are TLS resistant because 

of an effect on TolC. However, it was shown that each mutant influences a receptor component that 

is distinct from the other, and that both components are required for phage infection. Deep-rough 

LPS and TolC mutants are TLS-resistant due to changes in two independent cell-surface components 

that function together to constitute a functional phage receptor (German and Misra, 2001). This is 

also the case in several other phages that require both an OMP and LPS for cell-surface binding and 

infection (Datta et al., 1977; Yu and Mizushima, 1982; Vakharia and Misra, 1996; Traurig and Misra, 

1999). It is also known that in some cases O-antigen carrying lipopolysaccharide prevents access of 

phages to their outer membrane protein receptors (van der Ley et al., 1986). 

Ligand-gated porins (LGP), which often function in the uptake of metals (such as ferrisiderophores), 

show broad multifunctionality by also acting as receptors for bacteriophage, bacteriocins and 

antibiotics. These LGP are also called TonB-dependent receptors since they depend on the inner 

membrane protein TonB (in addition to proteins ExbB and ExbD) to be energized. One such LGP, 

FhuA in E. coli, recognizes the hydroxamate siderophore ferrichrome; phages T1, T5, φ80, and UC-1; 

colicin M; and the antibiotics albomycin and microcin 25 (Braun and Wolff, 1973; Wayne and 

Neilands, 1975; Braun et al., 1980; Salomon and Farias, 1993; Killmann et al., 1995). Like FhuA, the 

ferric enterobactin (FeEnt) receptor FepA is multifunctional: it is the cell surface receptor for colicins 

B and D as well as phage H8 (Rabsch et al., 2007).  

1.10 Detection of bacteriophage-receptor protein interactions 

Heller (1992), reviewed a number of outer membrane phage receptors that have been identified and 

their interaction with phage receptor-binding proteins demonstrated mainly by genetic approaches. 

On the other hand, few of the interactions have been investigated starting from the isolated purified 

proteins e.g. the interaction between the E. coli phage lambda and its receptor LamB is mediated by 

the tail protein gpJ. Specific interaction between the C-terminal portion of gpJ and purified LamB 

were demonstrated by dot blot immunoassays (Wang et al., 2000). 

One striking feature of many organisms’ proteome is that approximately a third of the predicted 

proteins of an organism are predicted to be anchored in the lipid bilayer (Auerbach et al., 2002). 
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These membrane-associated proteins perform a wide range of essential cellular functions. For 

example, pores, channels, pumps and transporters facilitate the exchange of membrane-

impermeable molecules between cellular compartments and between a cell and its extracellular 

environment. Transmembrane receptors sense changes in the cellular environment and, typically 

through associated proteins, initiate specific cellular responses. Bacterial outer membrane proteins 

serve as bacteriophage receptors as briefly outlined above and in Section 1.9.3. 

Various techniques have been developed for the study of protein-protein interactions with some of 

them finding application in phage-host protein interaction studies. For many years biochemical 

approaches such as protein affinity chromatography, affinity blotting, coimmunoprecipitation, and 

cross-linking have been used for analysis of protein-protein interactions (Phizicky and Fields 1995). 

One major disadvantage of these approaches is that they are time consuming with a majority of 

them requiring prior knowledge about the proteins and availability of the protein in high amounts 

for the assay to be carried out. Moreover, these classical biochemical approaches require in vitro 

handling of the protein extracts. Further limitations of these techniques include restricted sensitivity 

and bias towards high affinity interactions as well as a bias towards identification of interactions of 

highly abundant proteins (Van Criekinge and Beyaert, 1999).  

The yeast two-hybrid system (Fields and Song, 1989) is an alternative screening method that has 

been developed to investigate interactions between proteins.  The yeast two-hybrid system can be 

easily automated for high-throughput studies of protein interactions on a genome-wide scale as 

shown for phage T7 (Bartel et al., 1996), S. cerevisiae (Ito et al., 2001), Drosophila melanogaster 

(Formstecher et al., 2005), Caenorhabditis elegans (Obrdlik et al., 2004) and humans (Stelzl et 

al.,2005; Rual et al., 2005). 

In the recent past, a few interaction maps for phages, bacteria and eukaryotes have been produced 

using two different approaches of the yeast two-hybrid system: the matrix and library screening 

approach (Auerbach et al., 2002). The library screening approach was adapted in this study (see 

Chapter 2).  

Yeast two-hybrid has several advantages over other physical or library-based methods. Since the 

interactions are detected in vivo in yeast cells, they more closely resemble cellular conditions. 

Another important advantage over in vitro systems is the fact that weak and transient interactions 

are more easily detected using yeast two-hybrid. 

Some technical features of the yeast two-hybrid system that give it an upper hand over biochemical 

approaches are: (i) No requirement for recombinant protein with only the bait and prey or library 

fragments having the need to be cloned in the bait and prey vector; (ii) Along with the identification 
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of an interaction, the coding sequence of the interaction partner is also available as a clone; (iii) Low 

investment costs with the requirement of minimum of laboratory equipment and low-cost microbial 

growth media being needed (Van Criekinge and Beyaert, 1999). 

The two-hybrid system, however, has limitations with respect to identifying partners for membrane 

proteins. Because a protein–protein interaction that leads to the reconstitution of an active 

transcription factor must occur on the promoter of the reporter gene, the interacting proteins have 

to be located in the nucleus to detect the interaction. For this reason, transmembrane proteins, 

which tend to be insoluble and form aggregates if not present within membranes, are poor 

candidates for this assay. Moreover, these proteins can undergo post-translational modifications 

(e.g. glycosylation, disulphide bond formation), contain intra-membraneous ligand-binding pockets 

(as in receptors), or oligomerize through interactions between their transmembrane domains, which 

are not favourable for a nuclear-based assay. Genome-wide yeast two-hybrid screens have shown 

that the coverage of membrane protein interactions is poor (Uetz et al., 2000). In spite of all these 

drawbacks, certain membrane protein interactions have been detected successfully in the two-

hybrid assay (Bourette et al., 1997; Hellyer et al., 1998). 

Another limitation of the yeast two-hybrid system is embodied in its use of artificial fusion proteins. 

The fusions might alter the actual conformation of the bait and/or prey protein. This altered 

conformation might result in reduced activity, inaccessibility of the interaction domain or the 

exposure of artificial surfaces. 

The yeast two-hybrid system also has the disadvantage of only being able to detect binary 

interactions. Interactions depending on more partners are not detected (Van Criekinge and Beyaert, 

1999). As a result, interactions among proteins of large complexes are underrepresented in yeast 

two-hybrid results (von Mering et al., 2002). 

1.11 Pseudomonas aeruginosa lytic phage receptor analysis 

Studies to assess the utility of phages in the prevention and treatment of P. aeruginosa infections in 

human as well as animals (Marza et al., 2006; McVay et al., 2007) have underlined the importance of 

identifying potent, strongly lytic, well-characterized phages for bacteriophage therapy (Dixon, 2004). 

The Katholieke Universiteit Leuven Laboratory of Gene Technology (LoGT) has been involved in the 

isolation, genome analysis and characterization of bacteriophages infecting P. aeruginosa. The 

genome sequences of φKZ (Mesyanzhinov et al., 2002), φKMV (Lavigne et al., 2003), EL (Hertveldt et 

al., 2005) and a host of other P. aeruginosa phages including, LKD16, LKA1 (Ceyssens et al.,2006), 

LUZ19, LUZ24 as well as others listed in table 1.2 have been determined. The molecular 

characterization of the sequenced as well as newly isolated phages is ongoing. However, receptors 
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for a majority of the bacteriophages have not been identified and characterized. Phage receptor 

analysis is of importance especially if phage therapy application is envisaged since the receptor may 

not be present in all P. aeruginosa isolates. 

As mentioned in section 1.3.2.1, the initial step in a bacteriophage lytic cycle is the interaction 

between the phage and its receptor on the host cell surface. There is still limited description of the 

adsorption process of P. aeruginosa lytic phages isolated and their genomes sequenced at LoGT, 

with sparse information on the nature of phage receptors having been reported.  

The narrow host range of lytic phages has been the limiting factor to their utility as an alternative to 

the broad-spectrum antibiotics in treatment of bacterial infections. This factor is coupled to the 

development of phage-resistant bacterial strains. Most phage-resistant cells exhibit changes in 

membrane components responsible for phage binding. The use of phage cocktails targeting a wide 

variety of host strains can counter this problem and delay or even suppress the emergence of phage-

resistant strains. This fact underlines the necessity of identifying the host receptors in order to 

design a phage cocktail that uses a diversity of receptors. Such a pool of phages will have an 

expanded host range and delayed host resistance due to the different receptors (Tanji et al., 2004). 

1.12 Phage tail proteins: applications as efficient tools for sample preparation and 

diagnostics 

Bacteriophages are known to propagate in a very effective way and in order to ensure this efficiency, 

it is essential that the infection takes place even in very adverse conditions. It is therefore not 

surprising that phage proteins and especially proteins involved in the phage infection process have 

to show excellent attributes concerning specificity and robustness. Phage tail proteins for example 

exhibit high thermal stability and are still active even in the presence of high molar urea (Biebl et al., 

2008). These molecules are therefore suited to serve as detection or capture molecules for bacteria 

or components of the bacterial cell wall. Based on this knowledge, a number of different applications 

have been developed in the life science and food diagnostics. Good examples of where 

bacteriophage tail proteins have found applications in industry are the products by Profos AG in 

Germany. Herein are listed some examples of this particular company’s products where 

bacteriophage tail proteins have found applications as capture molecules for bacteria or bacterial 

cell wall components: 

• EndoTrap


 - An affinity chromatography system for removal of lipopolysaccharides 

(endotoxins), which is one of the most difficult downstream processes during protein 

purification. This product is highly efficient in eliminating endotoxins from protein solutions 

while still maintaining high protein recovery. It is advantageous because it ensures specific 
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LPS removal , has high LPS-binding capacity, can function in broad pI range for target 

proteins, is compatible with commonly used buffer additives and high salt concentration, it 

is re-usable and has no requirement for binding or washing. 

• VIDAS


 UP E.coli O157 – an automated quantitative ELISA-test for the detection of E. coli 

O157 in food, feed, environmental samples and soil. The use of highly specific phage binding 

proteins instead of antibodies increases the sensitivity of this ELISA based detection system 

enormously to be at least comparable to molecular detection methods. 

• Listeria Capture Kit


- Allows the specific enrichment of Listeria, especially from food 

samples. The kit combines the reduction of concomitant flora and contaminations using 

magnetic separation with specific lysis. This results in the possibility of fast and efficient 

detection of Listeria from a variety of different samples. 
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Chapter 2 

Study objectives 

2.1 Introduction 

Besides their applications as fundamental tools in genetics and biotechnology, virulent phages are 

being studied as candidate antibacterial agents against pathogenic bacteria (Summers, 2001; Merril 

et al., 2003). Phages may serve as alternative (or supplementary) agents in treatment of infections 

caused by antibiotic-resistant bacteria e.g. Pseudomonas aeruginosa, Staphylococcus aureus and 

Enterobacter aerogenes. The advantage of using phages as antibacterial agents is their ability to 

increase in titer as they infect, multiply and lyse target bacteria. They also have high specificity for 

particular bacterial strains hence permitting targeting of specific pathogens without affecting 

beneficial bacteria (Burrow and Soothill, 1997; Levin and Bull, 2004). 

This study focuses on the P. aeruginosa virulent bacteriophage φKMV. P. aeruginosa has emerged as 

a major opportunistic human pathogen, possibly due to its resistance to conventional antibiotics and 

disinfectants (Section 1.1.1.2). In developing countries, infections by drug-resistant strains of 

bacteria can only be treated using antibiotic cocktails that are not frequently affordable to a majority 

of the population. This emphasizes the need for the development of alternative, cheaper modes of 

treatment of bacterial infections. Phage therapy has the potential to meet these criteria. 

Various studies have implicated variation in host adhesion factors as determinants of host range and 

adsorption characteristics of bacteriophages (see section 1.8). However, to date, it has not been 

established which specific P. aeruginosa feature(s) act as receptor molecules or play a role in the 

initial phage φKMV infection process. This made it essential to encompass phage receptor studies in 

case the use of this phage for phage therapy applications is envisaged. 

The objective of this study is to determine the receptor(s) of lytic bacteriophage φKMV of P. 

aeruginosa with the aim of:  

• Carrying out in-depth analysis and characterization of identified phage φKMV receptor(s). 

• Development of a platform for the analysis of receptors of other bacteriophages e.g. 

through the generation of tools such as the P. aeruginosa strain PAO1k cosmid library which 

may be used in identification of the receptors of other P. aeruginosa lytic phages. 
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2.2 Receptor identification strategy 

Two approaches were adopted for the determination of bacteriophage φKMV receptor and 

supplementary host infection determinants. One strategy, involving a genomic method, entails the 

isolation of a spontaneous phage φKMV-resistant P. aeruginosa PAO1k mutant (herein referred to as 

strain PAO1KMVResistant-designated PAO1KR; Chapter 5), followed by the generation and use of a 

cosmid clone library of the wild type host (P. aeruginosa PAO1k) genomic DNA to select for clones 

able to restore φKMV infection in the resistant mutant. A schematic representation of this strategy is 

presented in Figure 2.1. Complemented transconjugants were then phenotypically characterized and 

compared to both the φKMV-sensitive wild type strain PAO1k and the φKMV-resistant mutant strain 

PAO1KR. Subcloning of the complementing cosmid and further phage infection analysis as well as 

phenotypic assays enabled identification of gene products that are essential for bacteriophage 

φKMV infectivity (Chapter 6).  

The second strategy involved a proteomic method based on the use of the yeast two-hybrid system 

for detection of interactions between the structural gene products of bacteriophage φKMV and the 

outer membrane proteins of host strain P. aeruginosa PAO1k (Chapter 7).  

In order to confirm the findings from the yeast two-hybrid detected interaction, P. aeruginosa 

PAO1k deletion mutants of the genes encoding proteins predicted to be involved in phage-host 

interactions were made. This was then followed by growth tests and phage infectivity assays to 

determine whether the knockout genes had any functional implications on phage infection of the 

mutated strain (Chapter 7). 

2.2.1 Functional genomic approach: use of a cosmid clone library of P. aeruginosa PAO1k 

A genomic library was constructed from wild type P. aeruginosa strain PAO1k in broad host range 

cosmid vector pRG930cm (Chibeu et al., 2009b). This library was used to isolate wild type genes by 

complementation of the spontaneous phage φKMV-resistant mutant strain PAO1KR.  A detailed 

description of the construction of the cosmid clone library can be found in chapter 5 of this thesis. 

The cosmid clone library was subsequently used to isolate wild type genes that complement a 

spontaneous mutant resistant to bacteriophage φKMV.  

 



Chapter 2 

41 

 

 

Figure 3.1: Schematic representation of phage receptor identification genomic strategy adopted in this 

study. A phage φKMV spontaneous resistant mutant was complemented with the wild type P. aeruginosa 

PAO1k cosmid bank. The complementing cosmid was then identified and sequenced to determine the genomic 

fragment that was able to re-establish phage sensitivity. 

2.2.2 The yeast two-hybrid approach 

The yeast two-hybrid system was selected as the method of choice to determine bacteriophage-

receptor protein interactions, as the method is amenable to high throughput application. A pair-wise 

yeast two-hybrid interaction assay approach similar to that of Roucourt et al. (2009) was applied. 

The yeast two-hybrid system relies on two fundamental properties of eukaryotic transcription 

factors: (i) the modular nature of the transcription factors, whereby they are made up of two 

discrete domains; a DNA binding domain and an activator domain. (ii) These two domains do not 

have to be present in the same polypeptide to give rise to an active transcription factor but just need 

to be in the vicinity of one another (Ma and Ptashne, 1988). 

The classical yeast two-hybrid system such as the one used in this study is made up of three 

components: (i) a ‘bait’ constructed by fusing a protein X to the DNA-binding domain derived from a 

transcription factor (DB-X); (ii) a ‘prey’ constructed by fusing a protein Y to the activation domain of 

a transcription factor (AD-Y); (iii) one or more reporter genes (such as amino acid biosynthetic genes) 

placed downstream of the DNA-binding sites recognized by the DNA-binding moiety of the bait.  

The bait and prey fusions are co-expressed in yeast, where the interaction of X and Y leads to the 

reconstitution of functional transcription factor which is measured by assaying the activity of 

reporter genes (Fields and Song, 1989) (Figure 2.2). 
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Figure 2.2: Principle of the yeast two-hybrid system: Two chimeric proteins are expressed in yeast. (A) The 

DNA-binding domain fusion (DB-X) can bind consensus sites upstream of a promoter gene but cannot activate 

transcription. (B) The activation domain hybrid (AD-Y) does not activate transcription because it is not localized 

at the DNA binding site. (C) The AD fusion can activate transcription of the reporter gene only when interaction 

with the DB-fused protein draws it to the promoter. 

The yeast two-hybrid approach adopted in this study entailed the use of bait fusions to screen 

against a redundant random genomic fragment library of P. aeruginosa PAO1k in the yeast two-

hybrid prey vector pGAD424 (Roucourt, 2009). The bait plasmids comprised of tail fiber (gp38, gp39, 

gp40 and gp41) as well as two unknown structural genes (gp47 and gp48) cloned in yeast two-hybrid 

vector pGBT9. As follows, the bait was a fusion between the respective φKMV late gene product and 

the Gal4p DNA-binding domain, and the prey comprised of a partial or full-length P. aeruginosa 

protein attached to the C-terminal end of Gal4p activation domain.  

To detect interactions, Saccharomyces cerevisiae strain AH109 was sequentially transformed with 

bait plasmid and prey library. This was subsequently screened on selective media to check for HIS3, 

ADE2 and MEL1 reporter gene activation (Figure 2.3). 

Upon identification of interacting prey constructs, the investigation of its role in phage infectivity 

focused on creating deletion mutants of the genes involved and testing φKMV sensitivity at different 

multiplicity of infection (MOI). 
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Figure 2.2: Schematic representation of Library yeast two-hybrid screen approach used in the study. A 

random fragmented P. aeruginosa genome library was created in yeast two hybrid prey vector pGAD424. Bait 

constructs comprised of PCR amplified φKMV tail fiber as well as structural gene products gp47 and gp48. 

Upon transformation of S. cerevisiae, the cells were subsequently screened on media selecting for yeast 

prototrophs containing interacting constructs. 
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Chapter 3 

Materials and Methods 

3.1 Bacterial strains, cell manipulations and growth medium 

3.1.1 Bacterial strains 

The P. aeruginosa strain PAO1 used for bacteriophage φKMV propagation was provided by Prof. V. 

Krylov of the State institute for Genetics and Selection of Industrial Micro-organisms, Moscow, Russia. 

The P. aeruginosa strain PAO1 available at LoGT (part of the Pirnay collection; Pirnay et al., 2002a) is not 

susceptible to bacteriophage φKMV.  

To distinguish between the P. aeruginosa PAO1 strain sensitive to φKMV and the non-susceptible strain, 

they are herein reffered to as P. aeruginosa PAO1k and P. aeruginosa PAO1pirnay, respectively. 

A spontaneous phage φKMV-Resistant mutant strain PAO1KR used for phage receptor studies was 

derived from P. aeruginosa strain PAO1k. 

 A φKMV-resistant P. aeruginosa PAO1k derived small colony variant mutant was also isolated in this 

study and it was designated P. aeruginosa PAO1KRscv. 

In addition, a collection of 55 untyped P. aeruginosa isolates (GHB strains) obtained from Prof. J. 

Verhaegen of the Leuven University hospital were also used in phage φKMV host range determination.  

P. aeruginosa PAO1k flagella mutant PAO1∆fliC and and type IV pili deficient mutant, PAO1∆pilA were 

obtained from Dr. Max Schobert (Technische Universitat Braunschweig, Germany). P. aeruginosa PAO1k 

mutant strains rmd, waaL, rmlC and wbpL which have chromosomal deletions of LPS biosynthesis genes 

were obtained from Prof. J. S. Lam (University of Guelph, Canada). 

E.coli strains used in the study are found in Table 3.1. 

Table 3.1: E.coli strains used in the study 

Strain Genotype Use 

XL-1 Blue MRF’ Δ(mcrA)183 Δ(mcrCB-hsdSMR-

mrr)173 endA1 supE44 thi-1 recA1 

gyrA96 relA1 lac [F´ proAB 

lacI
q
ZΔM15 Tn10 (Tet

r
)]. 

Cloning and preparation of cell 

stocks of constructs 

DH5α F
-
 φ80dlacZΔM15 Δ(lacZYA-

argF)U169 deoR recA1 endA1, 

hsdR17(rk
-
, mk

+
) phoA supE44 λ

-
, thi-

Subcloning and complementation 

analysis 
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1 gyrA96 relA1 

KC8 hsdR leuB600 trpC9830 pyr::Tn5 

hisB463 lacDX74 strA galU galK 

For selective rescue of Yeast two-

hybrid prey plasmid 

HB101 F
–
 Δ(gpt-proA)62 leuB6 glnV44 ara-
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Cosmid cloning host 

3.1.2 Growth medium 

E. coli and P. aeruginosa were routinely grown on Luria Bertani (LB) agar plates or in LB broth with 

aeration at 37 °C. LB contains 1% w/v bacto tryptone (Lab
M

,Bury, UK), 1% w/v NaCl (Across Organics, 

Geel, Belgium) and 0.5% w/v yeast extract (Lab
M

). When required, the antibiotics ampicillin, 

chloramphenicol and spectinomycin were used. Their concentrations in different media for E. coli and 

P. aeruginosa are described for each specific experiment. 

M9 medium was composed of 11.28 g/l M9 salts (Difco Laboratories, Detroit , MI, USA), 2mM MgSO4 

(Acros Organics), 0.1 mM CaCl2 (Sigma-Aldrich, St Louis, MO, USA) and 5% w/v of acetate (Merck, 

Darmstadt, Germany) or citrate (Sigma-Aldrich) as carbon source. 

3.1.3 Pseudomonas aeruginosa phenotypic characterization 

The following tests were performed in order to check whether the wild type φKMV-sensitive strain 

PAO1k obtained and derived φKMV-resistant mutant strain PAO1KR shared the same properties. 

3.1.3.1 Measurement of pyoverdine production 

Pyoverdine production was determined by measuring the amount of pyoverdine in supernatant after 

growth of each strain in liquid Casamino acid (CAA) medium (Difco) at 37 °C for 48 h. A400 values were 

determined and spectrofluorimetric measurements taken (excitation at 405 nm, emission at 460 nm) 

using a spectrofluorimeter (Shimadzu Corporation, Kyoto, Japan). The values were normalized for the 

biomass as expressed by the OD600 of the cultures. 

3.1.3.2 Measurement of pyocyanin production 

Pyocyanin production was determined by plating the bacteria on Pseudomonas P agar (Difco), followed 

by 48 h incubation. Pyocyanin production by Pseudomonas results in deep blue coloring of the growth 

medium. 
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3.1.3.3 Swimming, swarming and twitching motility assay 

Swimming and swarming motility were determined by spotting overnight cultures of P. aeruginosa 

PAO1k and its derived mutants on LB plates containing 0.4 % and 1% agar, respectively. Comparisons 

were made based on the diameter of spread zones after overnight incubation at 37 °C. 

To assay subsurface twitching motility (Déziel et al., 2001), an overnight culture of the P. aeruginosa 

colony to be tested was stab-inoculated with a sterile toothpick to the bottom of a 3 mm thick 1% LB-

agar plate. Following incubation at 37°C for 16 h, a zone of motility could be visualized between the agar 

and petri dish interface. This was done by removing the agar and staining the twitching zone using 

crystal violet (1% [wt/vol]
 
solution) for 2 h and then removing the unbound dye using distilled water. 

3.1.3.4 Multiplex PCR to determine the type of pyoverdine receptor 

Colony PCR was used to amplify pyoverdine receptor gene fpvA. The PCR mixture (25 µl final volume) 

contained: 12 µl sterile distilled water, 5 µl of 5 × q solution (Qiagen GmbH, Hilden, Germany), 2.5 µl of 

10 × PCR buffer, 0.5 µl of deoxynucleotide mixture (dGTP, dTTP, dATP and dCTP; 10 mM final 

concentration), 4 µl of a primer mixture (10 µmol each), 1 µl template DNA and 0.125 µl of Qiagen Taq 

polymerase (10 U/µl). Primers used for the assays are summarized in Table 3.2. 

Table 3.2 : Primer combinations for pyoverdine receptor gene PCR amplification. 

Gene Primer name Primer sequence (5’-3’) 

fpvA type I  FpvAI-1F CGAACCCGACGAAGGCCAGA 

 FpvAI-1R TTGAGCCTCTACACCAGCTA 

fpvA type II  FpvAI-2F TACCTCGACGGCCTGCACATG 

 FpvAI-2R CTACGGCAAGCCATTCACCTTC 

fpvA type III receptor FpvAI-3F TGGGACAAGATCCAAGAGA 

 FpvAI-3R CTCGCATTTCGTCCTACCAGAA 

fpvA type II receptor S-variant FpvAS-SF GAACAGGGCACCTACCTGTA 

 FpvAS-SR TACGAGTTCAGCAACGGCATC 

3.1.4 Transconjugant screening to isolate complementing cosmid 

Each transconjugant colony was arrayed on a 96-well microtiter plate well in 100 µl of LB broth and 

mixed with 100 µl 1 × 10
7
 φKMV particles. This mixture was replicated on LB-agar plates containing 200 

µg/ml of chloramphenicol, 200 µg/ml spectinomycin and 50 µg/ml ampicillin and incubated at 37 °C for 

16 h.  
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3.1.5 Complementation of bacteriophage φφφφKMV-resistant mutant 

Biparental mating with E. coli DH5α bearing plasmid pBBrA, pBBrB, pBBrC or pBBrD were performed for 

the complementation
 

of bacteriophage φKMV-resistant P. aeruginosa strain PAO1KR.
 

The 

complementing mutants were selected on LB supplemented with
 
300 µg/ml of chloramphenicol and 

tested for sensitivity to bacteriophage φKMV. P. aeruginosa transformed with ‘empty’ plasmid 

pBBR1mcs was used as a negative control in the phage sensitivity complementation tests. 

3.1.6 Transmission electron microscopy (TEM) 

Bacteria were grown overnight (16 h at 37°C). Uncoated Cu grids (Stork Veco B.V., Eerbeek, The 

Netherlands) with a film of 7/1000 Pioloform (polyvinyl butyral) (Wacker) were used as a probe to 

adsorb bacterial cells. Grids were placed on a drop of bacterial suspension for 15 s, incubated in 0.25% 

phosphotungstic acid (pH = 7) for 30 s, and washed three times in distilled water, after which the excess 

liquid was drained using filter paper no.413 (VWR international). The bacteria were observed with a 

Philips EM 208S transmission electron microscope at 80 kV. Images were digitalized using the integrated 

Soft Imaging Software (SIS) image analysis package (GmbH, Münster, Germany). 

3.2 DNA Manipulations and cloning procedures 

3.2.1 DNA isolation 

Plasmid DNA was isolated from E. coli cultures using the QIAprep Spin miniprep Kit (Qiagen, Hilden, 

Germany) or QIAGEN Plasmid Maxi Kit (Qiagen). Purification of DNA from agarose gels was performed 

using QiaEx QIAquick gel extraction kit (Qiagen). In order to purify DNA after enzymatic treatment, it 

was subjected to purification with the Invisorb Spin PCRapid Kit (Invitek, Berlin, Germany). Genomic DNA 

of P. aeruginosa was purified using Nucleobond AX columns (Macherey-Nagel, Düren, Germany).  

Yeast two-hybrid prey plasmids were isolated from S. cerevisiae using the QIAprep spin miniprep Kit 

(Qiagen). This was preceeded by degradation of the yeast cell wall using yeast lytic enzyme (MP 

Biomedicals, Solon, OH, USA). 

3.2.2 PCR amplification 

Polymerase chain reaction (PCR) amplification of P. aeruginosa genomic fragments and bacteriophage 

φKMV ORFs for cloning purposes was performed using Pfu DNA polymerase (Fermentas , Burlington, 

Canada). GoTaq DNA polymerase (Promega, Madison, WI, USA) was used for verification of the presence 

of insert fragments in clone analysis PCR. About 50 ng of P. aeruginosa PAO1k DNA was used as 
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template for PCR reactions which were performed with 0.5 µM of both primers (Eurogentec, Seraing, 

Belgium) and 0.2 mM of each dNTP (Fermentas) in the supplied buffer. Primer annealing temperatures 

were adjusted where necessary and the PCR mixture subjected to 30 or 35 cycles of amplification using 

the TRIO-Thermoblock (Biometra, Gottingen, Germany). Other cycling parameters used were as 

recommended by the manufacturer. Clone analysis PCR was performed using E. coli transformants as 

template. 

3.2.3 Reverse transcriptase (RT)-PCR analysis 

Approximately 10
9
 P. aeruginosa PAO1k and PAO1KR cells were collected from cells grown overnight in 

LB medium. From these, RNA was purified using the High Pure RNA purification kit (Roche). A minor 

modification to the protocol involved a repeat of DNase treatment by mixing the purified RNA sample 

with binding buffer and re-applying it on the column, to minimize DNA contamination. cDNA was then 

synthesized with the total RNA as a template using the first-strand cDNA synthesis kit (Qiagen). PCR was 

performed on cDNA using specific primer sets. The primers were designed to amplify cDNA of pilM 

(PA5044), ponA (PA5045), and oprL (PA0973, as an housekeeping gene control). The primers used for 

RT-PCR analysis are listed in Table 3.3. 

Table 3.3: List of primers used in RT PCR analysis 

Primer Sequence (5’-3’) Gene Amplified fragment (bp) 

AC_RTpilMFwd TGCTAGGGCTCATAAAG 
pilM 330 

AC_RTpilMRvs CTCGATCTTCAGCTGGTT 

AC_RTponAFwd ATGCGCCTGCTGAAGTT 
ponA 513 

AC_RTponARvs GTTGCCCAGGTAGATCTT 

PS1 ATGAACAACGTTCTGAAATTCTCTGCT 
oprl 249 

PS2 CTTGCGGCTGGCTTTTTCCAG 

3.2.4 Cloning procedure 

Restriction digests to create compatible ends for cloning were performed in accordance to restriction 

enzymes manufacturer’s instructions. The restriction enzymes used were purchased from Roche Applied 

Science (Basel, Switzerland), New England Biolabs (Ipswich, MA, USA) or Fermentas. Ligation of DNA 

molecules with compatible ends was catalyzed by T4 DNA ligase (Fermentas) incubated overnight at 

16 °C. 

Linearized vector was first dephosphorylated with Antarctic phosphatase (New England Biolabs) prior to 

carrying out the ligation reaction. The ligation reaction contained 50 to 100 ng vector DNA and three to 

nine fold excess insert DNA in a reaction volume of 20 µl. The T4 DNA ligase was heat inactivated at 
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70 °C for 10 min before carrying out ethanol precipitation of the DNA used in electroporation of 

competent cells. 

Electrocompetent E. coli XL1 Blue MRF’ cells (Stratagene, La Jolla, CA, USA) were prepared as described 

by Tung and Chow (Tung and Chow, 1995). These cells were electroporated with the ligation mixture in 

1 mm gap electroporation cuvettes (Eurogentec) using a Gene Pulser


 apparatus (Bio-Rad Laboratories, 

Hercules, CA, USA). 1ml of warm LB broth was added to the cells before incubation at 37 °C for 45 

minutes and plating the mixture on selective media. 

DNA fragments were analyzed by separation on agarose gels (1 to 2 %) in TAE electrophoresis buffer [40 

mM Tris.HCl (Acros Organics, Geel, Belgium), 500 mM sodium acetate (Acros Organics), 50 mM EDTA 

[(Acros Organics) at pH of 7.2]. DNA fragments were then stained with ethidium bromide and visualized 

by UV illumination. Reference markers were used to estimate the size of fragments. 

Bacteriophage φKMV ORFs 38, 39, 40, 41, 47 and 48 were used in yeast two-hybrid interaction analysis. 

The insertion of the ORFs in the correct reading frame in the Y2H bait vector pGBT9 (Matchmaker I 

system, BD Bioscience, Franklin Lakes, NJ, USA) fuses the corresponding protein or protein fragment to 

the C-terminus of Gal4p DNA-binding domain. The fusion constructs were expressed from a truncated 

ADH1 promoter. The presence of TRP1 and LEU2 on pGBT9 and pGAD424, respectively, allow selection 

for S. cerevisiae plasmids. 

The φKMV ORFs and P. aeruginosa pilM gene were amplified in a standard PCR reaction using primers 

listed in Table 3.4. Since all primers carry a restriction sequence in their 5’ tail, the amplicons were 

flanked by the restriction sites necessary for cloning. Both the PCR fragments and the vectors were 

digested using the appropriate restriction enzymes. The linearized vectors were dephosphorylated to 

avoid self ligation and then subjected to the standard cloning procedure as highlighted above. 

3.2.5 Vectors 

Yeast two-hybrid bait vector pGBT9 (Clontech, Palo Alto , CA, USA) was used to create bait constructs for 

yeast two-hybrid screen against the random prey library. The vector contains the colE1 origin of plasmid 

replication, the S. cerevisiae 2µ origin of replication, the bla gene (for ampicillin resistance in E. coli), the 

TRP1 nutritional marker that allows auxotrophs carrying pGBT9 to grow in limiting synthetic medium 

lacking Trp. It also possesses a Gal4p DNA-binding domain preceded by a truncated ADH1 promoter. The 

multiple cloning site (MCS) allows fusion of the insert to the C-terminus of the DNA-binding domain. The 

truncated ADH1 promoter in combination with the 2 µ replicon allows low-to-medium level expression 
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of the fusion construct. Transcription is terminated at the ADH1 termination signal. Hence the pGBT9 

vector generates a hybrid protein that contains the sequence of the GAL4 DNA-binding domain (DB; aa 

1-147). Plasmid pGBT9 is a shuttle vector that replicates autonomously in both E. coli and S. cerevisiae. 

Broad-host-range chloramphenicol-resistant vector pBBR1mcs (Kovach et al., 1994) was used for 

subcloning and high copy number expression of P. aeruginosa genomic fragments during 

complementation analysis. 

The low copy number, broad-host-range cosmid pRG930cm is a chloramphenicol/spectinomycin-

resistant vector that was used to construct a cosmid bank for complementation experiments with 

spontaneous phage φKMV-resistant P. aeruginosa mutant PAO1KR. The vector sequence was previously 

unknown and was determined as part of the work in this thesis.  

pRG930cm is not self transmissible, therefore, helper plasmid pRK2013 was used to mobilize it in mating 

experiments. Plasmid pRK2013 is a ColE1 plasmid carrying its own mob genes plus the RK2 tra genes. 

Suicide vector pEX18Ap (Hoang et al., 1998) was used for construction of P. aeruginosa deletion 

mutants. Plasmid pPS856 provided the gentamycin resistance cassette required for the creation of the 

mutants as described in section 3.2.6.  

High copy number, ampicillin-resistant plasmid pUC18 was used in DNA sequencing reactions as 

described in section 3.2.7. 

Vector pUC-mini-Tn7T-LAC (Choi et al., 2005) was used for the single-copy expression of P. aeruginosa 

PAO1k pilM gene in spontaneous resistant mutant strain PAO1KR. This vector allows for expression of 

cloned genes from an expression cassette, which is integrated and stably maintained in the 

P. aeruginosa PAO1KR genome. The expression cassette is flanked by the Tn7L and Tn7R ends of the Tn7 

transposon, which are required for insertion. Expression is directed by the tac promoter. The expression 

cassette carries a copy of lacl
q
 to ensure efficient shut-off of expression in the absence of IPTG. 

A summary of all the primers used to amplify inserts used in the cloning procedures are given in Table 

3.4. 
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Table 3.4: Overview of constructs for yeast two-hybrid analysis and recombinant expression of the pilM gene. 

Restriction sites for cloning (BamHI GGATTC, EcoRI GAATTC, SacI GAGCTC and SpeI ACTAGT) are underlined in the 

primers that were used to amplify the inserts.* Y2H (Yeast two-hybrid); DBD (DNA-binding domain). 

Vector  Insert Primers (5’-3’) Purpose* 

pGBT9 φKMVgp38 GCGGAATTCGTGGCTCGGTTCAAGAATCCC 

GTAGGATCCTTAGTCGTCCTCCATCGCCCC 

Y2H Gal4p DBD-gp38 bait fusion 

φKMVgp39 GGCGAATTCATGCGTGGCATTATCGCAGG 

TATGGATCCCTATGGTACATAAACTTTGCCC 

Y2H Gal4p DBD-gp39 bait fusion 

φKMVgp40 CGCGAATTCATGTACCATAGCAGCACCATCC 

GAGGGATCCTCATACCCGATTGAAGATGTGG 

Y2H Gal4p DBD-gp40 bait fusion 

φKMVgp41 CGAGAATTCATGATTCAGTTCAAGTTCG 

TATGGATCCTCAGCCCGCCGGTGCGGTG 

Y2H Gal4p DBD-gp41 bait fusion 

φKMVgp47 GCCGAATTCATGGCGAACACCCGCGAGC 

TATGGATCCTCAGCCCGCCGGTGCGGTG 

Y2H Gal4p DBD-gp47 bait fusion 

φKMVgp48 GATGAATTCATGGCAACCTTCGCCGCTGC 

GAGGGATCCCTACGCGTAGACCTTGGCC 

Y2H Gal4p DBD-gp48 bait fusion 

pUC18-mini-Tn7T-LAC pilM GTGGAGCTCAAGAATCGTTCGTAAGTATTG 

TATACTAGTCCAGGGTAGAAGGTTGATCC 

Regulated single copy expression of 

pilM gene in P. aeruginosa PAO1KR 

3.2.6 Targeted gene knockouts 

Suicide vector pEX18Ap was used for the construction of P. aeruginosa deletion mutants as described by 

Hoang et al. (1998). Briefly, the genomic fragments flanking the gene of interest were amplified by 

standard PCR reaction using P. aeruginosa genomic DNA as template. The 5’ tails of the forward and 

reverse primer for amplification of 5’ fragment contain a HindIII and BamHI restriction site, respectively. 

On the other hand, the primers for the 3’ fragment carry a BamHI and EcoRI restriction sites (Table 3.5). 

The fragments were then ligated in HindIII and EcoRI digested and dephosphorylated pEX18Ap, along 

with a gentamycin resistance cassette. Since the cassette was derived from BamHI digestion of pPS856 

(Hoang et al., 1998) followed by gel extraction (Qiagen), the flanking fragments are inserted at each side 

of the cassette. Subsequent steps of the cloning procedure were performed as described in Section 

3.2.4. 

Table 3.5: P. aeruginosa PAO1k deletion mutants. The sequence of the primers used for the amplification of the 

5’ and 3’ fragment are indicated. For the creation of double gene knockout mutant PAO1∆PA4736/37, primer sets 

for PA4736 5’ fragment and PA4737 3’ fragment amplification were used. The restriction sites used for cloning of 

the flanking fragments in pEX18Ap on both sides of the Gm
R
 cassette are underlined (HindIII AAGCTT). To ensure 

efficient restriction of the amplified fragments, 3 nucleotides were added to the 5’ end of each primer. 

Targeted 

gene 

Deletion 

mutant 

5’fragment primers 3’ fragment primers 

PA4735 PAO1∆PA4735 GTCAAGCTTATCGATGCTCGACCTCCCGT 

TTAGGATCCGGGACGGTGGCGTATT 

CGAGGATCCCGGACGATCGCATCTACTTGA 

CTGGAATTCTTTGCTGTACTTCGAAGGC 

PA4736 PAO1∆PA4736 AACAAGCTTCTGGACAGCGACGAACG 

TTAGGATCCTGCCGCAACGCATGGTGTCG 

CGAGGATCCATCGAGTTCAAGCGTTG 

CTGGAATTCATGGCGCTGAGGCGGTTGC 
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PA4737 PAO1∆PA4737 CTGAAGCTTGTCGAGGAGTGGGTGTACG 

ATTGGATCCGCAGCGCGCAAGGACGTC 

GACGGATCCATCCAGCGCCCATGAAA 

TTCGAATTCTGGAAGCAACTCACCGGCAAG 

3.2.7 DNA sequence analysis 

DNA sequence analysis was performed with ABI BigDye Terminator cycle sequencing chemistry (v.1.1) 

on purified plasmid DNA and analyzed on an ABI3130 capillary sequencing device (Applied Biosystems, 

Foster city, CA, USA). Further analysis was performed using the Vector NTI Advance 10 software package 

(Invitrogen, Carlsbad, CA, USA). All constructs were verified by DNA sequence analysis and vector 

primers were used for this purpose. 

For sequencing of cosmid pRG930cm and pRGpil, the procedure involved sonication of the entire cosmid 

DNA, end repair of the fragments and ligation of 1- to-2 kb DNA fragments into the SmaI site of pUC18 

and transformation with E. coli XL1-Blue cells (Stratagene). Plasmids extracted from single colonies were 

used directly as templates for sequencing. After standard ethanol precipitation of the samples, they 

were fractionated and analyzed on an ABI 3130 capillary sequencing device (Applied Biosystems). 

Sequence assembly was performed with Sequencher 4.1 software (Genecodes). Both DNA strands were 

sequenced using shotgun sequencing while uncertain positions were verified by direct sequencing using 

pRG930cm-specific primers.  

Table 3.6 lists the sequencing primers that were used in this study. 

Table 3.6: List of sequencing primers used in the study 

Purpose Primer name (5’-3’) Sequence 

Sequencing 5.8 kb plasmid pBBRA insert 

region  

 

 4BG121fwd GCTGACCAAACCCACC 

 4BG122fwd GGACGAAGTATTCAAC 

 4BG123fwd GTAGATGAACGGCTTG 

 4BG124fwd CTCGGAGATCAGCTTG 

 4BG125fwd TGGTGCAGCAGGTTTC 

 4BG121rev GACCTGTTCTCTGAAC 

 4BG122rev CCAGATCCGCGTGCAG 

 4BG123rev AGTGCTGCTCAGTTTC 

 4BG124rev ACGGGTTGGCGACCAG 

 4BG125rev TACGAGTGATGTCCTG 

Sequencing cosmid pRG930cm   

 pRG930cm1 TGGCACGACAGGTTTC 

 pRG930cm 001 CATCCATACCGCCAGT 

 pRG930cm 002 GCAATAAACCAGCCAG 

 pRG930cm 003 GTCGCGGTGCATGGAG 

 pRG930cm 004 GGTGGTGGCTGAAAGG 

 pRG930cm 005 TATCAGCGCCTGCCTG 
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 pRG930cm 006 CAAGCAGGAAGCCACC 

 pRG930cm 007 TGGGTTTCGTAGGCGT 

 pRG930cm 008 ACTCACCAGTCACAGA 

 pRG930cm 009 AAAGGAAGAGTATGAG 

 pRG930cm 010 CCCTTTCGCCAGCTGG 

 pRG930cm 011 GATGTGCTGCAAGGCG 

 pRG930cm 012 CAGGCGCTCTTCCGCT 

 pRG930cm 013 CCCTATACCTTGTCTG 

 pRG930cm 014 CAGTTATTGGTGCCC 

 pRG930cm 015 ACCGTCTTTCATTGCC 

 pRG930cm1 TATTCTGCCTCCCAGAGCCTG 

 pRG930cm2 TGGCAGAACATATCCATCGCG 

 pRG930cm3 CCCAGTCACGTAGCGATAG 

 pRG930cm4 GAGATCGGTGTGTGTCGTG 

 pRG930cm5 CGCTCTGCCAGGTACTGCTTG 

 pRG930cm6 GCTGAAGCCAGTTACCTTC 

Retrieval of cosmid pRG30 inserts    

 pRGmcsfwd001 GATACCGCGAGACCCACGCT 

 pRGmcsrvs005 CATTGCCATACGGAATTCCC 

3.2.8 Cosmid library construction 

The total DNA of P. aeruginosa PAO1k was isolated using the blood and cell culture DNA midi kit 

(Qiagen, Germany). Partially Sau3A-digested genome fragments were cloned into the BamHI site of 

pRG930cm (Chibeu et al., 2009b). Ligated DNA was packaged using the Gigapack III Gold-4 kit 

(Stratagene). 1948 clones were selected on LB agar plates containing 50 μg/ml of spectinomycin. The 

cosmid clones were mobilized into φKMV-resistant mutant P. aeruginosa PAO1KR by triparental 

conjugation (Cornelis et al., 1992). E. coli HB101 harboring plasmid pRK2013 was used as a helper strain. 

P. aeruginosa transconjugants were selected on LB agar plates containing 200 µg/ml of 

chloramphenicol, 200 µg/ml spectinomycin 
 
and 50 µg/ml ampicillin.  

3.2.9 Analysis of complementing cosmid insert 

The sequencing of cosmid pRGpil was performed as outlined in Section 3.2.7. Cosmid pRGpil insert 

fragment sequences were compared with
 
entries in the P. aeruginosa database (Winsor et al., 2009). 

Direct sequencing using cosmid pRG930cm specific primers (Chibeu et al., 2009b) were employed to 

establish and retrieve the border sequences of cosmid pRGpil insert. 

3.2.10 Subcloning of type IV pili biogenesis gene fragments  

Plasmid pBBrA was constructed by subcloning a 5.8-kb P. aeruginosa PAO1k SmaI fragment from cosmid 

pRGpil into the broad host range plasmid pBBR1mcs.  
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Further subcloning of a 5.8 kb pBBrA insert using BamHI removed the entire ponA gene, followed by self 

ligation using T4 DNA ligase resulting in plasmid pBBrB.  

Plasmid pBBrC was created by FseI restriction of plasmid pBBrB and blunting the 3’ overhangs using T4 

DNA polymerase. The resulting construct was treated with EcoRV and ligated using T4 DNA ligase. 

Plasmid pBBrD was created in a similar manner by digestion of plasmid pBBrA with FseI and subsequent 

blunting the 3’ overhangs with T4 DNA polymerase (Invitrogen).  

3.3 Phage manipulations and infectivity 

3.3.1 Phage propagation 

Bacteriophage φKMV was propagated on its host P. aeruginosa strain PAO1k. To amplify the phages, 

50 ml LB broth was inoculated with 500 µl of a suspension of stationary-phase P. aeruginosa cells. 

10 mM MgSO4 was added and the mixture incubated at 37 °C with shaking at 240 rpm. 100 µl of φKMV 

(1.05×10
11

 PFU/ml) was used to infect the early exponential growth phase (OD600 ∼0.400; 5.1×10
8
 

CFU/ml) cell culture.  

After about 5 hrs incubation, during which time host cell lysis occurred, the bacterium-phage
 
suspension 

was treated with 500 µl of chloroform to release progeny phage which may still have been in the host 

cells, and
 
the suspension was incubated for an additional 10 min with shaking

 
at 37°C.  

To remove bacterial debris, the suspension was
 
centrifuged at 4,000 rpm for 30 min at 4 °C (SORVALL 

centrifuge, DuPont, CN, USA.). The
 
supernatant was precipitated in 25% (w/v) polyethylene glycol (PEG) 

8000 and 1M NaCl and allowed to stand overnight at 4 °C. Bacteriophage φKMV was separated by 

centrifugation at 2 × 4000 rpm for 30 minutes at 4 °C. 0.5 to 1ml of SM buffer (100 mM NaCl, 50 mMTris, 

8 mM MgSO4, 0.1 g/l gelatin, pH 7.5) was used to resuspend pellets from 50 ml phage suspension 

mixture. The phage suspension was subsequently withdrawn and filtered through 0.45-µm-pore-size 

MILLEX 
®
 filter (Millipore Corporation, Bedford, MA, USA). 

The agar-overlay method was used to determine the amplified bacteriophage φKMV titer which was 

found to be 1.05 × 10
12 

PFU/ml. The bacteriophage stock was then stored at 4 °C. 

3.3.2 Phage infectivity  

In the agar-overlay method, approximately 1 × 10
7
 PFU were mixed with 0.2 ml stationary phase P. 

aeruginosa and 3 ml LB top agar (Lab
M

). This mixture was plated on a petri dish containing LB bottom 
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agar. The plates were then incubated overnight at 37 °C. Plaques in the soft agar were visualized after 

about 16 h incubation in cases where the strain was susceptible to the phage. 

For the liquid culture infectivity screens, 4 ml of exponentially growing P. aeruginosa cells (OD600 ∼0.4 = 

5.1×10
8
 cfu/ml)were infected with approximately 1 × 10

7
 PFU of phage and the OD600 monitored over 

time during incubation of the tubes at 37 °C with shaking. A drop in OD600 was noted in cases where the 

strain was sensitive to the phage. 

3.3.3 Isolation of phage φφφφKMV-resistant mutants 

P. aeruginosa mutants resistant to bacteriophage φKMV were isolated from a LB-agar plate of P. 

aeruginosa PAO1k culture infected with 10
10

 phage particles by the agar-overlay method. After 24 h 

incubation at 37°C, colonies of various sizes were observed. Colonies were picked and subjected to 

single-colony isolation three times. The standard soft-agar-overlay method was used to verify resistance 

of isolated mutants to bacteriophage φKMV. Out of the 46 colonies picked, 36 were found to be fully 

resistant to φKMV. The phage φKMV-resistant P. aeruginosa strain PAO1KMV Resistant (designated 

PAO1KR) was selected randomly from among the mutants obtained. 

3.3.4  Bacteriophage φφφφKMV adsorption tests 

Bacteriophage adsorption tests were performed as described previously (Yokota et al., 1994), with 

minor modifications. A 1/100 dilution of each strain in LB + 10 mM MgSO4 (LB-Mg
2+

) was grown to mid-

log phase at 37 °C. Next, the cells were centrifuged (10,000g, 5 min), washed with LB-Mg
2+

 and 

suspended in the same medium to an OD600 of 0.2 (∼3.0 × 10
7
 CFU ml

-1
). 100 µl of the cell suspension 

was mixed with 900 µl LB-Mg
2+

 containing 3×10
4
 PFU/ml propagated on P. aeruginosa PAO1k. As a 

negative control, 100 µl LB-Mg
2+

 was mixed with 900 µl LB-Mg
2+

 containing 3×10
4
 PFU/ml phage 

particles propagated on P. aeruginosa PAO1k.  

Following incubation (8 min at 37°C with gentle shaking) cells were removed by centrifugation (15,000g, 

5 min at 4°C) and 960 µl of the supernatant transferred to a new tube. The plaque-forming titer of the 

supernatant was determined by the agar overlay method with P. aeruginosa PAO1k as an indicator. The 

percentage of phage bound to the cells was calculated as [(titer of added phage - titer of unbound 

phage)/(titer of added phage)] × 100. The average percentage from results of three independent 

experiments was calculated. 
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3.4 Yeast two hybrid analysis 

The Saccharomyces cerevisiae strain AH109 (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200,gal4Δ, 

gal80Δ, LYS2::GAL1UAS-GAL1TATA-HIS3,GAL2UAS-GAL2TATA-ADE2,URA3::MEL1UAS-MEL1TATA-lacZ, 

MEL1; BD Bioscience) was used for the yeast two-hybrid interaction analysis. This strain contains the 

reporter constructs HIS3, ADE2, MEL1 and lacZ. 

Bait proteins were examined to check for self-activation of the reporter constructs by transforming 

AH109 with bait vectors together with an unrelated prey construct (pGAD424-GPA1) as described by 

Roucourt et al. (2007).  

A modified protocol of Woods and Geitz (2001) was used for efficient transformation of bait containing 

AH109 cells with the prey library constructs. The yeast cells were then grown on synthetic defined 

minimal medium (SD) containing 0.67% w/v yeast nitrogen base without amino acids (Formedium, UK) 

supplemented with the necessary amino acids and nitrogenous bases (40 mg/l Ade, 50 mg/l
 
Arg, 80 mg/l

 

Asp, 20 mg/l
 
His, 50 mg/l Ile, 100 mg/l Leu, 50 mg/l Lys, 20 mg/l Met, 50 mg/l Phe, 100 mg/l Thr, 50 mg/l

  

Trp, 50 mg/l
 
Tyr, 20 mg/l Ura and 140 mg/l Val).  

Omission of Trp, Leu, His and Ade enabled selection for bait vector, prey vector, HIS3 and ADE2 reporter 

construct activation, respectively. For solid medium, 20 g/l agar (Lab
M

) was added. To inhibit self 

activation of the HIS3 reporter construct, 0.5 mM 3-amino-1,2,4-triazole (3AT; Sigma) was added to the 

medium. To assay for α-galactosidase activity (MEL1 reporter activation), 40 mg/l 5-bromo-4-chloro-3-

indoyl-α-D-galactopyranoside (X-α-gal, Apollo Scientific) was included in the medium.  

Following library scale transformation of AH109, transformants were selected for His prototrophy. 

Positive colonies were picked and arrayed in a 96-well format and again selected for His prototrophy. 

After 5 days incubation at 30 °C, the arrayed colonies were replica plated to medium selecting for His 

and Ade prototrophy and X-α-galactosidase activity and incubated again at 30 °C for 5 days.  

For the drop tests to confirm identified interactions, the bait and prey constructs were cotransformed to 

fresh AH109 cells. Then 2.5 µl of the transformation mixture was spotted on solid SD medium lacking 

Trp and Leu (SD-WL); Trp, Leu and His (SD-WLH) and Trp, Leu, His and Ade (SD-WLHA). SD-WL selects for 

the presence of the bait and prey vector, SD-WLH has additional selection for histidine prototrophy and 

SD-WLHA has additional selection for adenine prototrophy. 

A modified protocol for the QIAprep spin miniprep kit by Roucourt et al.(2009) was used to isolate prey 

plasmids from AH109 transformants that were able to activate all reporter constructs (HIS3, ADE2 and 
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MEL1). The yeast cell wall was first degraded using yeast lytic enzyme (ECN Biochemicals) before 

subjecting the cells to standard protocol of miniprep plasmid isolation. Prey plasmids were then rescued 

by transformation of E. coli KC8 (His, Leu and Trp auxotroph: BD Biosciences) followed by plating on M9 

minimal medium lacking Leu. The prey plasmids were then isolated using QIAprep spin miniprep Kit and 

the sequence of P. aeruginosa PAO1k genomic fragment determined by DNA sequence analysis as 

described in Section 3.2.7. 
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Chapter 4 

Bacteriophage φφφφKMV infection: host range and adsorption 

4.1 Introduction 

The host-range for bacteriophage φKMV as well as its close relative LKD16 was investigated by standard 

agar overlay and liquid culture infectivity screens. This was performed on a world-wide collection of 73 

AFLP-typed clinical and environmental P. aeruginosa isolates (Pirnay et al., 2002a) as well as 55 untyped 

clinical isolates (GHB strains) from the Katholieke Universiteit Leuven hospital (Gathuisberg). 

The main aim of the tests was to determine the host range and also to try and establish whether there is 

any correlation between the phage infectivity and the host properties used in typing the strains by 

Pirnay et al. (2002a). The strain characteristics used to distinguish the 73 isolates included: the type of 

outer membrane (lipo) protein gene sequences (oprI, oprL and oprD), a DNA-based fingerprint (AFLP; 

amplified fragment length polymorphism), serotype and pyoverdine siderophore type produced by each 

isolate. In this manner, it was envisaged that this may give clues about the receptor or the host specific 

factors that influence the phage host range.  

The first step in interaction between a bacteriophage and its host cell is specific adsorption. In this 

process, a special part of the phage anatomy, frequently the tip of the tail, comes in contact with an 

area of the bacterial surface to allow stable interaction. Adsorption is specific because only the host 

bacteria carry the correct receptor areas to which the phage can attach. 

Adsorption can be measured in two basic ways:  by determining the amount of phage unadsorbed in a 

mixture of phage and bacteria as performed in this study or, conversely, the number of infected cells 

can be counted. After taking sufficient measurements during the period of adsorption, a curve can be 

plotted and the kinetics of adsorption studied. The amount of free phage in the mixture with cells was 

determined after centrifugation to sediment the cells together with the attached phage. 

4.2 Host infectivity screens 

Host infectivity screens were carried out by both standard agar overlay method and also by infecting 

exponential phase liquid cultures of the respective P. aeruginosa isolates with the phage and monitoring 

the drop in optical density (OD) over time. The infections in liquid culture medium were performed at 

high phage multiplicity of infection (MOI). A summary of infectivity screen results is presented in Table 

4.1. 
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Pirnay et al. (2002a) used a number of markers to define the epidemic population structure that P. 

aeruginosa displays. They integrated both phenotypic and genotypic data in a consensus type of 

clustering to study aspects of population genetics and epidemiology of P. aeruginosa. They combined a 

data set for 73 P. aeruginosa isolates that was comprised of the nucleotide sequence of three outer 

membrane protein genes (oprl, oprL and oprD), amplified fragment length polymorphism (AFLP) pattern 

analysis, serotype (based on LPS O_antigen) and pyoverdine type (Liu et al., 1983; De Vos et al., 1997; 

Pirnay et al., 2000; Meyer 2000; Pirnay 2002b). The isolates were collected from 18 different countries, 

from both clinical and environmental habitats. 

As summarized in Table 4.1, we noted that there was no correlation between the four different typing 

methods used by Pirnay et al. (2002a) and the host range of either bacteriophage φKMV and its close 

relative bacteriophage LKD16.  

Table 4.1: Summary of bacteriophage φφφφKMV and LKD16 infection of the different P.aeruginosa strains from the Pirnay library 

and GHB strains. Phage sensitivity detected by: agar overlay and liquid medium assays (S+L); agar overlay method only (S); 

liquid medium assay only (L). Lack of sensitivity to the phage (-) and characteristic not determined (ND) are also indicated. (a); 

designates strains that were siderotyped by pyoverdine-induced growth stimulation with the non-cognate growth stimulating 

pyoverdines indicated between brackets. 

P. aeruginosa strain Country Source Alleles of: AFLP 

group 

Serotype PVD 

type 

φφφφKMV LKD 16 

   oprD oprL oprI     

Br 776 Belgium Throat 18 8 1 III 6 II S - 

Br 906 Belgium Nose 2 5 1 III 6 III S+L - 

Is 580 Turkey Burn 16 18 1 ND 3 II S - 

Pr 317 Czech 

republic 

Burn 29 14 1 ND 11 II S+L L 

US 448 USA Urine 13 4 1 III 9 II S+L S 

GHB 15 Belgium        S - 

TuD 199 Tunisia Sputum 6 1 1 ND 11 I S S 

Be 136 The 

Netherlands 

Sputum 1 2 1 ND 3 II S+L - 

LMG 14083 Hungary Unknown 25 8 1 III 16 II S - 

Mi 151 USA Burn 8 14 1 ND 11 I(II, III)a S+L S+L 

TuD 47 Tunisia Ascite 4 14 1 ND 9 II S+L L 

Bo 559 USA Burn 3 16 2 ND 1 I S - 

GHB 3 Belgium Hospital 

environment 

ND ND ND ND ND ND - S 

GHB 1 Belgium Hospital 

environment 

ND ND ND ND ND ND S S 

GHB 28 Belgium Hospital 

environment 

ND ND ND ND ND ND - S 

GHB 13 Belgium Hospital 

environment 

ND ND ND ND ND ND S S+L 

GHB 37 Belgium Hospital 

environment 

ND ND ND ND ND ND S S 
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SG17M Germany River water 17 14 1 ND 1 IIa S - 

Br257 Belgium Plant 

rhizosphere 

13 7 1 III 6 II S L 

C 17 Germany Hospital 

environment 

17 14 1 V 1/13 II S+L L 

C 18 Germany Hospital 

environment 

17 14 1 V 1/13 II S L 

LMG 14084 Romania Water 7 1 1 ND 17 I S - 

Pr 335 Czech 

republic 

Hospital 

environment 

12 14 2 V 1 I L L 

PT31M Germany Drinking 

water 

17 14 1 V 1/13 II S+L L 

Tu 863 Tunisia Ear 11 20 1 ND 13 III S L 

US 450 USA Burn 23 14 1 ND 11 II S - 

ATCC 27853 USA Blood 13 7 1 III 6 II - S 

Aa 246 Germany Burn 32 6 1 ND 11 II - S 

PhDW6 Philippines Wound 12 10 2 ND PA II - S 

4.3 φφφφKMV surface dependent infectivity 

Bacteriophage φKMV infected 25 out of the total 128 strains tested (19.5% infectivity) whereas 

bacteriophage LKD16 had a lower infectivity spectrum (15.6% infectivity) with lysis being observed in 20 

out of the total 128 strains.  

Both bacteriophage φKMV and LKD16 infection were detected either by the agar overlay method on 

solid LB medium or/and by the liquid culture infectivity screen (Table 3.1). A large proportion of the 

identified bacteriophage φKMV- and LKD16-sensitive P. aeruginosa strains (15/25 and 9/20, 

respectively) were susceptible to phage infection when cells were grown on solid media. There were 

more φKMV-sensitive (9/25) compared to LKD16-sensitive (3/20) P. aeruginosa strains that were lysed 

when infected on either solid or liquid growth media (Table 4.2).  

From these results it was evident that a majority of bacteriophage φKMV-sensitive strains were lysed 

when cells were infected using the agar overlay method (surface-dependent growth of cells). With 

LKD16, there was almost equal distribution of sensitive strains detected by either agar overlay or liquid 

medium assay. 

Table4.2: Summary of phage infectivity detected using different assay methods.  

Method Number of φφφφKMV-sensitive strains Number of LKD16-sensitive strains 

Agar overlay method only  15 9  

Liquid medium assays only  1  8  

Both agar overlay method and 

liquid medium assays  

9  3  

Total 25 20 
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The fact that various strains are infected by either of the phages under different growth conditions 

suggests: 

a) The possibility of phage adsorption dependence on the growth conditions for each strain of P. 

aeruginosa. This is exemplified in the study by Roncero et al. (1990), who demonstrated the 

requirement of pili and surface growth for adsorption of P. aeruginosa transposable phages 

D3112 and B3.  

b) The need for the presence of the receptor in sufficient amount or in correct spatial 

conformation in order to effectively interact with the phage.  

Strain Pr335 was the only φKMV-sensitive strain whose lysis exclusively took place when it was 

incubated with the phage in liquid media. This strain was also among the 8 LKD16-sensitive strains that 

could only be lysed in liquid and not on solid media. 

It was observed that plating of P. aeruginosa strains US 447 and GHB 13 with bacteriophage φKMV did 

not result in lysis on either solid or Liquid LB medium but a change of lawn /broth color was evident. 

This suggests possible alterations in the bacterial metabolism due to phage adsorption. Studies have 

also shown that some phages, e.g.T5, T1 and φ80, bind to receptors that are components for transport 

of high affinity ferric siderophores such as ferrichrome and albomycin across the outer membrane 

(Killmann et al., 1995). Hence, we may not rule out the possibility that the adsorption of φKMV to strains 

US 477 and GHB 13 could have affected their siderophore uptake mechanism and contributed to the 

observed color variation. 

4.4 Adsorption assays 

Bacteriophage φKMV adsorption tests were performed as described previously (Yokota et al., 1994), 

with minor modifications as highlighted in section 3.3.4. In summary, the method allowed for the assay 

of the number of unadsorbed phages remaining in solution after incubation with host bacterial cells for 

a fixed amount of time. The determined percentage unabsorbed phages was plotted against incubation 

time to give an overall adsorption curve for the phage (Figure 4.1). 

Bacteriophage φKMV and its close relative LKD16 adsorb poorly to the cell envelope of P. aeruginosa 

PAO1k. The other member of the “phi KMV-like virus” family, LKA1, gives a clear cut adsorption curve 

when compared to φKMV (Figure 4.1). 
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The poor adsorption of φKMV is comparable to the weak attachment observed in phage φS1, of which 

only a small percentage of the total phage population adsorbs to the host outer surface (Kelln and 

Warren, 1971; Ceyssens et al., 2006). 

 

Figure 4.1: Bacteriophage φφφφKMV adsorption curve (top) compared to that of another “phiKMV-like virus”, LKA1 

(bottom). Each point along the curve represents the average percentage of unadsorbed phages from three 

independent experiments.  

Surface-dependent infection by φKMV explains its poor host adhesion properties observed in the 

adsorption tests which were performed in a liquid broth set-up. The expression of bacteriophage φKMV 

receptor is surface-dependent; hence the low concentrations of these structures in liquid culture set-up 

of the adsorption tests may have led to low host-adsorption rates by φKMV.  This is further supported by 
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the fact that, while carrying out infectivity screens to determine the host range of phage φKMV, a larger 

proportion of the sensitive P. aeruginosa strains were susceptible to φKMV when infectivity tests were 

performed on solid media and not in liquid culture. 

4.5 Discussion 

Phage infectivity screens on the Pirnay library and additional strains from the Leuven University hospital 

did not directly indicate a possible receptor molecule. However, it was established that bacteriophage 

φKMV has surface-dependent infectivity, like Pseudomonas phages D3112 and B3. 

Often, bacteriophage adsorption kinetics has been neglected in many studies involving phage 

characterization. In this study, it was difficult to establish a clear adsorption curve for φKMV. This was 

attributed to the fact that the standard adsorption tests carried out in this study were in a liquid culture 

set-up. This precluded the establishment of a clear-cut adsorption curve since our findings from the host 

range infectivity screens suggested a surface-dependent infectivity for this phage. In contrast, 

bacteriophage LKA1, which is a relative of φKMV, has very good adsorption properties and displays a 

characteristic adsorption curve with almost complete depletion of phage particles from the medium 

after an incubation period of only three minutes (Figure 3.1). However, LKA1 has an extremely narrow 

host spectrum, lysing only a single strain of the Pirnay library besides P. aeruginosa PAO1k. 

LKD16 seems to share similar properties to bacteriophage φKMV, displaying a weak, easily reversible 

attachment to the outer membrane of P. aeruginosa. Like φKMV, this phage failed to produce a clear 

adsorption curve and was able to show only minor adsorption to host cells (20 to 30% adsorption at MOI 

of 0.001). 

A plausible cause of discrepancy in φKMV host infectivity range between the two experimental set-ups 

used could be the state of growth of the cells in the respective media at time of infection. In the agar 

overlay method, bacterial cultures used were in either late exponential phase or stationary phase since 

overnight cultures of the cells were used. As follows, it was realized that a majority of strains were 

susceptible to the phage under these conditions as compared to when the tests were performed in 

liquid culture infectivity screens. It is important to note that, in contrast, mid-exponential phase cell 

cultures were used for liquid culture infectivity screen. It is possible that motility and adhesion are 

probably less important for the bacteria in a shaking culture at mid-exponential phase. This would lead 

to lack or low expression of type IV pili which has been found to be necessary for bacteriophage φKMV 

infectivity (chapter 6). As mentioned in section 1.6.2, P. aeruginosa type IV pili are essential for bacterial 
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adherence to surfaces, twitching motility and adsorption for a number of bacteriophages. These 

structures are expressed in conditions whereby adhesion and motility are essential, such as in spatially 

heterogeneous environments, for example on moist solid surfaces. In addition, the expression phage 

φKMV secondary receptor (see Chapter 7) under different growth conditions could result in variability in 

the phage’s adsorption and overall infectivity. Alteration of host infectivity screens to encompass testing 

for phage sensitivity under varied host growth conditions is recommended for future phage receptor 

studies. 

Effort was made to improve phage φKMV adsorption properties by including MgSO4 in the culture 

medium prior to carrying out adsorption tests. It was hoped that this would provide divalent cations 

which have been shown to be necessary for particular phage adsorption. However, this was not the case 

for phage φKMV. As was the case with the host infectivity range determination in liquid medium, phage 

adsorption tests were performed using mid exponential phase P. aeruginosa PAO1k cultures. The fact 

that φKMV infectivity is type IV pili dependent (Chapter 6) also explains the poor adsorption using the 

standard adsorption test procedure that was adapted in this study. 

There exist alternative methods of determining unadsorbed phage particles in a mixture of phage and 

host bacteria that could be adapted in future adsorption studies involving poorly adsorbing 

bacteriophages such as φKMV. An example of such a method is the use of antiserum to remove 

unadsorbed phages. This method usually determines phage which has become serum insensitive due to 

adsorption onto the cell, and more likely, penetration into host cell. Phage and bacteria are mixed and 

samples are taken at zero time and at intervals and diluted 1:10 in serum at such a concentration that 

99% of phage is inactivated in 5 minutes. The mixture is then assayed for phage after further dilution to 

a lower serum concentration at which plaque formation is not affected. The plaque count is due solely 

to infected bacteria and knowing the input phage concentration, the fraction adsorbed at any time can 

be calculated (Kay, 1972). 

It is important to note that, as highlighted in Chapter 1, there are major differences in the tail structure 

proteins among the “φKMV-like viruses” (Figure 1.5). There is a markedly low similarity between φKMV 

and LKD16. The structural region of LKA1 is completely different with a single large putative tail fiber 

protein whereas LKD16 and φKMV have four small ORFs in this region. Genome wide comparisons of 

φKMV and LKD16 show that the main difference between the two phages at genome level lies in the tail 

fiber section. In contrast with other structural proteins which are perfectly conserved, gp39, gp40 and 

gp41 show only 50%, 25% and 50% nucleotide conservation, respectively (Ceyssens et al., 2006). This is 
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consistent with the difference in host spectrum between φKMV and LKD16 with 9% infected by both 

phages while 6% and 3% are exclusively lysed by φKMV and LKD16, respectively. 

Changes in the structure of the surface receptor, among other possible phenotypic changes, drive 

concomitant changes in the conformation of tail fibers (Weitz et al., 2005). Another possible outcome of 

such pairwise changes is the generation of completely resistant bacterial host for which no host range 

mutant exists (see Chapter 5) (Lenski, 1984; Lenski and Levin, 1984). 

Bacteria-bacteriophage interactions have also been viewed as being an imperfect lock-key mechanism, 

for which every tail fiber may adsorb to multiple receptor configurations, though not with equal 

efficiency. Likewise, a single receptor may be sensitive to adsorption by multiple tail fibers. Such a 

mechanism is likely to occur whenever there are severely deleterious consequences for the fitness of a 

bacterial mutant whose surface receptor is severely altered or eliminated alltogether (see Chapter 7). 

It might be argued that the narrow host range of “φKMV-like viruses” makes them unsuitable for phage 

therapy applications against P. aeruginosa. However, when used in a cocktail, there is a resultant 

expanded host range as exhibited by the combination of φKMV and LKD16. In addition, the surface-

dependent infectivity suggests a possible link between the phage host range and biofilm formation. This 

may be of interest to researchers concerned with effects of phages in shaping the population structure 

in P. aeruginosa biofilm communities. 
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Chapter 5 

Spontaneous phage φφφφKMV-resistant mutant isolation 

5.1 Introduction 

As laid out in Chapter 2, the strategy for identification of bacteriophage φKMV entailed the isolation and 

generation of a number of starting materials and/or tools. For the genomic approach for the 

identification of phage φKMV receptor, it was necessary to first isolate a spontaneous phage-resistant P. 

aeruginosa mutant strain. This would then be followed with creation of the wild type P. aeruginosa 

strain PAO1k cosmid library and using it to restore phage sensitivity in the spontaneous resistant 

mutant.  

By making use of a spontaneous φKMV resistant mutant for the purpose of phage receptor 

identification, this study aimed at determining P. aeruginosa features that are susceptible to naturally 

occurring mutations leading to phage resistance. The mutant to be used in complementation analysis 

was isolated from the centre of a plaque formed by φKMV on a lawn of wild type phage-sensitive P. 

aeruginosa strain PAO1k. The mutant was molecularly characterized to determine whether or not it is 

shares traits with the wild type parent strain. This was followed by further phenotypic characterization 

to establish differences with parent strain that confer resistance to phage φKMV. 

5.2 Isolation and characterization of a spontaneous phage φφφφKMV-resistant mutant 

5.2.1 Mutant isolation procedure 

Initial infectivity screens had revealed that the P. aeruginosa strain PAO1 available at LoGT (part of the 

‘Pirnay collection’; Pirnay et al., 2002a) was resistant to bacteriophage φKMV. In contrast, the P. 

aeruginosa PAO1 obtained from Prof. V. N. Krylov (State Institute for Genetics and Selection of Industrial 

Microorganisms, Moscow, Russia) was sensitive to the phage and was therefore, as described herein, 

used as the parent strain for phage amplification and host receptor identification.  

The φKMV-sensitive and φKMV-resistant P. aeruginosa PAO1 strains were distinguished by designating 

them PAO1k and the PAO1pirnay respectively.   

Bacteriophage φKMV-sensitive parental strain P. aeruginosa PAO1k, was used in the isolation of phage 

resistant mutants. P. aeruginosa mutants resistant to bacteriophage φKMV were isolated from a LB-agar 

plate of P. aeruginosa PAO1k culture infected with 10
10

 PFU/ml by agar overlay method. After 24 h 
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incubation at 37°C, resistant colonies were observed in the zone of lysis. These colonies were picked and 

subjected to single-colony isolation three times as outlined in Figure 5.1.  

Standard soft-agar overlay method was used to verify resistance of isolated mutants to bacteriophage 

φKMV. Out of the 46 colonies picked, 36 were found to be fully resistant to φKMV. These 36 resistant 

strains were assumed to have their adsorption receptors functionally inactive or lost, because attempts 

to isolate phage mutants or detect natural φKMV or LKD16 phages capable of overcoming resistance of 

these bacteria failed. The remaining 10 out of the 46 initial resistant strains had their resistance partially 

overcome when infected with high titer of phage. It was observed that these strains had a drop in OD600 

when grown in the presence of high titer of phage φKMV in liquid broth.  

Cross resistance with bacteriophage LKD16 was realized early during initial steps of phage resistant 

mutant isolation procedure i.e. LKD16 did not lyse the bacteriophage φKMV-resistant mutants obtained 

from the first single-colony isolation step (Figure 5.1).  

 

Figure 5.1: Schematic representation of bacteriophage φφφφKMV-resistant mutant isolation procedure.  

These initially isolated mutants were not lysed by high titers (1.05×10
6 

PFU/ml) of bacteriophage φKMV 

using the agar overlay method. However, mid-exponential phase cell cultures infected with high titers of 

φKMV displayed a slight drop in OD600 after overnight incubation at 37 °C. Separation of remaining 
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resistant cells by centrifugation followed further by single cell isolation yielded mutants that were totally 

resistant to high titer φKMV when grown on either solid medium or in liquid culture. 

One out of the 36 mutants chosen at random, PAO1 KMV Resistant (PAO1KR), had a colony morphology 

phenotype almost similar to that of the φKMV-sensitive wild type P. aeruginosa PAO1k. The wild type 

strain PAO1k had large, spreading, slightly mucoid colony morphology whereas the phage φKMV-

resistant mutant strain, PAO1KR, was medium sized, slightly mucoid with smaller spreading zones on 

solid LB medium. P. aeruginosa PAO1pirnay also hadsmaller colonies as compared to the wild type 

phage φKMV-sensitive strain PAO1k (Figure 5.2).  

In addition, among the 36 isolated phage-resistant spontaneous mutants, one with the small colony 

variant (SCV) phenotype was isolated (designated strain PAO1KRscv). It grew slowly compared to the 

wild type strain PAO1k and had a small colony, non-spreading, non-mucoid phenotype (Figure 5.2).  

 

Figure 5.2: Colony morphology of wild type and phage-resistant mutant P. aeruginosa PAO1 strains isolated for 

phage receptor studies. PAO1k and PAO1pirnay are the wild type φKMV-sensitive P. aeruginosa strain PAO1 

obtained from Prof V. N. Krylov and phage φKMV-resistant strain PAO1 that is part of the Pirnay library 

respectively. PAOKR and PAOKRscv are the spontaneous φKMV-resistant mutants derived from the wild type P. 

aeruginosa PAO1k. 

The mutant strain PAO1KRscv was not used for further analysis in determination of the bacteriophage 

φKMV receptor. This is because the lack of sensitivity to phage φKMV in this mutant could be a result of 

alterations in the bacterium physiology that led to slow growth and complete changes of the cell surface 
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architecture as described for the hyperpiliated phenotype characteristic of SCV (Haussler et al., 1999; 

Déziel et al., 2001). It has been noted that while most laboratory-derived, spontaneous SCV may have a 

single mutation relative to the parent strain, clinical SCV probably accumulate multiple mutations in the 

CF lung (Kirisits et al., 2005). However, the occurrence of more than one physiological alteration in this 

mutant would make it tedious to pinpoint the genetic and phenotypical determinants that result in 

phage resistance.  

5.2.2 Mutant phenotypic characterization 

The following phenotypic tests were carried out in order to verify whether the wild type P. aeruginosa 

strain PAO1k and its derived spontaneous φKMV-resistant mutants share some traits. 

5.2.2.1 Measurement of pyoverdine production 

As is the case with all aerobic bacteria, pseudomonads need to take up iron via the secretion of 

siderophores which complex iron (III) with high affinity. Fluorescent pseudomonads produce the high-

affinity peptidic siderophore pyoverdine, and also, in many cases, a low affinity siderophore such as 

pyochelin (Meyer, 2000; Ravel and Cornelis, 2003). 

Pyoverdine is composed of a dihydroxyquinolone chromophore and a variable peptide chain. Pyoverdine 

is an iron scavenger as well as a regulator of some virulence factors e.g. exotoxin A (ETA), PvdS-

regulated endoprotease, lysyl class endoprotease (PrpL) and pyoverdine itself. In P. aeruginosa, three 

different types of pyoverdines have been described, as well as their corresponding outer membrane 

receptors. Specific receptors in the outer membrane ensure highly efficient ferrisiderophore uptake (De 

Chial et al., 2003; Ghysels et al., 2004). 

Pyoverdine production was determined by measuring the amount of pyoverdine in supernatant after 

growth of each strain in liquid CAA medium at 37 °C for 48 h. The A400 were determined and 

spectrofluorimetric measurements taken (excitation at 405 nm, emission at 460 nm) and normalized by 

a biomass unit expressed as OD600 of the culture. Both P. aeruginosa PAO1k and its derived mutant 

PAO1KR produced the same amount pyoverdine after 24 h. 

In addition to this, multiplex PCR was carried out on the wild type φKMV-sensitive P. aeruginosa PAO1k 

and its derived mutant strain PAO1KR to determine the type of pyoverdine receptor they encode (see 

Chapter 3). The purpose of this was to determine whether the colonies were indeed isogenic. It was 

found that both strains encode the type I pyoverdine receptor, FpvA, which is characteristic of P. 

aeruginosa PAO1. 
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5.2.2.2 Test for pyocyanin production 

Pyocyanin is a blue redox-active phenazine pigment that generates reactive oxygen species due to 

intracellular redox cycling. Upon reduction by NAD(P)H, the pyocyanin pigment reacts with molecular 

oxygen to produce superoxide and hydrogen peroxide exposing the  host cells to oxidative stress.  

Pyocynin is among the secondary metabolites that play an important role in the persistence of 

pseudomonads in the environment (Price-Whelan et al., 2006). Studies on its role in virulence in vivo 

using alternative model hosts have revealed that pyocyanin causes a wide spectrum of cellular damage 

and contributes to the persistence of P. aeruginosa in the lungs of patients with CF. In particular, studies 

showed that pyocyanin causes multiple effects on human cells, such as the inhibition of cell respiration, 

ciliary function and epidermal cell growth (Lau et al., 2004).  

Pyocyanin production was determined by plating the bacteria on Pseudomonas P agar (Difco), followed 

by 48 h incubation. Pyocyanin production by Pseudomonas results in deep blue coloring of the growth 

medium. 

P. aeruginosa PAO1k and its derived φKMV-resistant mutant PAO1KR were both deficient in pyocyanin 

production as exemplified by the lack of blue coloration on the Pseudomonas P-agar. In contrast P. 

aeruginosa PAO1pirnay dispayed the characteristic blue pigmentation on the Pseudomonas P-agar. 

5.2.2.3 Swimming, swarming and twitching motility assays 

Movement in aqueous environments by swimming or along surfaces by use of different modes of 

translocation has been classified into several distinct forms. Swimming on a surface takes place when 

the fluid film is sufficiently thick and the micromorphological pattern is unorganized. When the fluid 

layer on a surface is relatively thin, the swimming bacteria become elongated and hyperflagellated and 

move in a coordinated manner known as swarming. Twitching motility is another form of translocation 

on a solid surface in which the micromorphological pattern is less organized than in swarming. Among 

these three modes of surface translocation, swimming and swarming depend on flagella, whereas 

twitching depends on type IV pili (see section 1.9.2.1). 

Swimming and swarming motility were determined by spotting overnight cultures of P. aeruginosa 

PAO1k and its derived mutants on LB plates containing 0.4 % and 1% agar, respectively. Comparisons 

were made based on the diameter of spread zones after overnight incubation at 37 °C. 
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P. aeruginosa PAO1k and its derived mutant PAO1KR had similar swarming motility. It was also found 

that wild type P. aeruginosa strain PAO1k and its derived mutant were defective in swimming motility as 

exemplified by the small diameter of their swim zones (Figure 5.3).  

Twitching motility was investigated by stab-inoculation of LB medium containing 1% agar with overnight 

culture of cells using a sterile tooth pick. Motility zones on polystyrene plate around the prick point were 

visualized by staining the plate with crystal violet dye after removal of the agar.  

P. aeruginosa PAO1k had the largest twitching zone whereas its derived mutant PAO1KR was totally 

defective in twitching. These results pointed at a probable link between twitching motility, which is 

mediated by type IV pili, and bacteriophage φKMV infectivity. These results concurred with previous 

findings during the phage host range and infectivity screens that indicated that bacteriophage φKMV has 

a surface dependent infectivity (see Chapter 4).  

The expression of type IV pili, which are responsible for twitching motility, is surface-dependent; hence 

the low concentrations of these structures in liquid culture set-up of the adsorption tests may have led 

to low host-adsorption rates by φKMV.  As depicted in Figure 5.3, it is evident that although PAO1KR 

presented defects in all three modes of motility in P. aeruginosa i.e., flagellum-mediated swimming, 

flagellum and type IV pili-mediated swarming, and type IV pili-mediated twitching, only twitching was 

completely abrogated.  

Confirmatory tests were carried out to ascertain that type IV pili-mediated twitching motility and not 

flagella-mediated swimming or swarming motility was necessary for φKMV infectivity. These tests 

entailed phage infectivity assay on flagella and type IV pili mutants of P. aeruginosa PAO1k. It was found 

that φKMV was capable of successfully infecting the flagella mutant, P. aeruginosa PAO1∆fliC. In 

contrast, the phage was unable to infect type IV pili deficient mutant, P. aeruginosa PAO1∆pilA. This was 

an indication that flagella or flagella-mediated swimming and swarming motility are not essential for 

bacteriophage φKMV infection. In contrast, the results suggest that φKMV has a type IV pili-dependent 

infectivity (Chapter 6). 
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Figure 5.3: Twitching (left), swarming (center) and swimming (right) motilities of P. aeruginosa strain PAO1k 

(top) and bacteriophage φφφφKMV-resistant mutant strain PAO1KR (bottom). Wild type P. aeruginosa PAO1k has a 

larger twitching zone than mutant PAO1KR. There was no significant difference between the swim and swarm 

zones of the mutant and wild type. 

5.3 Discussion 

A spontaneous phage φKMV-resistant mutant strain of P. aeruginosa was selected at random from thirty 

six phage resistant isolates that had been generated using the mutant selection procedure discussed in 

this chapter. Apart from being resistant to bacteriophage φKMV, the P. aeruginosa strain PAO1KR 

differed from the wild type strain PAO1k in its colony morphology and twitching motility. The wild type 

strain had larger colonies which were spreading and slightly mucoid on solid LB medium whereas the 

mutant had smaller, less spreading and slightly mucoid colonies. In addition to this, P. aeruginosa PAO1k 

wild type displayed a larger twitching zone than its derived phage-resistant spontaneous mutant.  This 

conforms to our earlier hypothesis as highlighted in Chapter 4 that bacteriophage φKMV could have type 

IV pili dependent infectivity. Confirmatory phage infectivity tests performed on flagella and type IV pili 

defective mutants (P. aeruginosaPAO1∆fliC and P. aeruginosa PAO1∆pilA, respectively) showed that the 

phage has a type IV pili-dependent infectivity (Chapter 6). This was evident from resistance to φKMV 
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infectivity of the P. aeruginosa PAO1∆pilA mutant strain as compared to susceptibility to the phage by 

the flagella mutant P. aeruginosaPAO1∆fliC. 
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Chapter 6 

Bacteriophage φφφφKMV type IV pili dependent infectivity 

6.1 Introduction 

This chapter describes the construction of a P. aeruginosa PAO1k cosmid library. As outlined in the 

receptor identification strategy in chapter 2, the library was used in the complementation of 

bacteriophage φKMV sensitivity in the isolated spontaneous phage φKMV-resistant mutant P. 

aeruginosa PAO1KR.  

A major bottleneck in complementation studies is the choice of screening strategy to determine the 

cosmid clone that is able to confer phenotypic trait of interest. This was also considered a major 

methodological tool that was established in the course of identifying bacteriophage φKMV host 

infectivity determinants. A schematic overview of the strategy adapted in this respect along with the 

necessary controls during the screening are discussed in more detail in this chapter. 

A number of candidate transconjugants containing wild type P. aeruginosa PAO1k DNA inserts in cosmid 

pRG930cm were identified that revert the mutant strain PAO1KR to bacteriophage φKMV sensitivity 

(Section 6.3). This was as a result of the mobilization of P. aeruginosa PAO1k cosmid genomic library to 

the spontaneous phage resistant mutant strain PAO1KR. Along with this came the challenge of 

identifying the nucleotide sequence of the cosmid inserts that were able to confer the bacteriophage 

sensitivity trait to the mutant. 

In this chapter, we discuss the complementation analysis and sequencing of the cosmid clone construct 

insert in an effort to identify bacteriophage φKMV host range determinants. Complementation analysis 

and further subcloning gave a more in depth analysis of the genes and mechanisms altered in the 

spontaneous mutant that led to resistance to the phage. 

Cosmid insert sequences were identified by shotgun sequencing and the regions flanking the insert were 

retrieved by use of cosmid specific primers described in Chapter 5. Apart from checking for 

complementation of bacteriophage φKMV sensitivity by the cosmids, assays to check to what extent 

twitching motility was re-established (See section 3.1.3.3) were also carried out. This follows the 

indication of surface and type IV pili dependent infectivity of bacteriophage φKMV established during 

the infectivity and host range determination, the adsorption assays and the phenotypic characterization 

of the phage resistant mutants. 
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Availability of deletion mutants of LPS biosynthesis genes of P. aeruginosa PAO1 provided the 

opportunity to carryout tests to confirm or rule out the possibility that the regions of the LPS serve as 

bacteriophage φKMV receptors. Phage φKMV infectivity tests were therefore performed on these 

mutants. 

6.2 Construction of genomic library of φφφφKMV-sensitive Pseudomonas aeruginosa PAO1k 

A genomic library of the φKMV-sensitive P. aeruginosa PAO1k was made in the broad host-range cosmid 

vector pRG930cm. This was done with the intention of mobilizing the cosmid clones into the 

bacteriophage φKMV resistant mutant PAO1KR, our goal being to complement the phage resistance 

phenotype in order to re-establish bacteriophage φKMV sensitivity. In this manner, it would be possible 

to determine phage receptor molecules and/or host determinants that influence φKMV infectivity and 

host range. 

The cosmid library was generated by first isolating the total DNA of P. aeruginosa PAO1k and partially 

digesting it with Sau3A (↓GATC) then cloning the genomic fragments into the BamHI site of pRG930cm. 

Ligated DNA was packaged into λ bacteriophage heads using the Gigapack III Gold-4 kit (Stratagene, 

USA). The 1,948 clones generated were selected on LB agar plates containing 50 μg/ml of 

spectinomycin. Ten clones were selected at random and subjected to BamHI digest to check if they 

contained differently sized insert fragments. An average insert size of 28 kb was established implying 

that the 1,948 clones had completely covered the entire P. aeruginosa genome almost twice. This is 

based on the fact that in the case of an average fragment size of 28 kb, approximately 1,027 

independent clones would suffice (p = 0.99) to cover the P. aeruginosa PAO1 genome (6,264,403 bp) at 

least once (Clarke and Carbon, 1976). 

The cosmid clones were mobilized into φKMV-resistant mutant P. aeruginosa PAO1KR by triparental 

mating (Cornelis et al., 1992). E. coli HB101 harboring plasmid pRK2013 was used as a helper strain. 

P. aeruginosa transconjugants were selected on LB agar plates containing 200 µg/ml of chloramphenicol 

, 200 µg/ml spectinomycin and 50 µg/ml ampicillin.  

6.3 Screening to identify a cosmid clone complementing phage φφφφKMV sensitivity 

To isolate wild type genes by functional complementation, each transconjugant colony was arrayed on a 

96-well microtiter plate well in 100  µl of LB broth and mixed with 100 µl 10
7
 φKMV particles. This 

mixture was replicated on LB-agar plates containing 200 µg/ml of chloramphenicol, 200 µg/ml 

spectinomycin and 50 µg/ml ampicillin and incubated at 37 °C overnight (Figure 6.1).  
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Figure 6.1: Schematic representation of the complementing cosmid screening strategy adapted in this study. 

High titer of bacteriophage φKMV was arrayed in 96-well format and used to screen for phage-sensitive 

transconjugants 

The chloramphenicol and spectinomycin selected only P. aeruginosa transconjugants containing the 

cosmids whereas ampicillin killed all E. coli cells. The P. aeruginosa transconjugants with complete zone 

of lysis on selection media were chosen as having re-established phage sensitivity (Figure 6.2). 

This strategy ensured the efficient screening of the entire library of 1,948 transconjugants derived from 

of the φKMV-sensitive P. aeruginosa PAO1k cosmid library. The method established in this phage 

receptor study can also be used in the future during the screening of other libraries to determine the 

receptor of different phages. 
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Figure 6.2: Selection of complemented φφφφKMV-sensitive clones. Left panel: the negative control where the clones 

have been spotted on selective medium without first mixing with 10
7
 PFU/ml φKMV particles. Right panel: the 

same clones have been mixed with 10
7
 PFU/ml φKMV particles before spotting on selective medium. The positions 

marked with a circle are those of clones completely lysed by φKMV. 

6.4 Complementing cosmid insert identification 

Five independent cosmids were able to complement bacteriophage φKMV sensitivity; pRGladS, pRGpvd, 

pRGpil, pRGxcp and pRGcob. The cosmids were sequenced by shotgun sequencing in order to identify 

the inserts present in each of them. Whole cosmid shotgun sequencing was coupled with nucleotide 

comparison to entries in the P. aeruginosa database. Results from the sequencing showed that none of 

the five cosmid inserts had sequence similarity, hence no overlap in insert sequence. There was also the 

problem of chimera formation in the process of constructing the cosmid. This resulted in cosmids having 

inserts comprising of different regions of the P. aeruginosa PAO1k chromosome. This problem was 

observed in three out of the five cosmids that complemented bacteriophage φKMV sensitivity. These 

three cosmids (pRGladS, pRGxcp and pRGcob) were not investigated further owing to the complexities 

that would arise in trying to effectively subclone and identify the roles of different independent 

chromosomal regions of the cosmid insert. Table 6.1 gives an overview of the insert fragments identified 

in these three cosmids. To circumvent the problem of chimera formation, it is recommended that in 

future, a sucrose gradient separation step should be performed after partial digestion with restriction 

enzymes during the cosmid library preparation procedure. 

The two cosmids that did not contain chimeras and were able to restore bacteriophage φKMV sensitivity 

in the spontaneous mutant P. aeruginosa PAO1KR were pRGpvd and pRGpil. The 27.34 kb cosmid pRGpil 

insert was within the chromosomal positions 5665121 and 5692574 of P. aeruginosa PAO1k. The 

pRGpvd insert encompassed the 29.61 kb chromosomal region between positions 2666164 and 

2695774. Whereas the insert in cosmid pRGpil contained the genes encoding proteins involved in type 

IV pili biogenesis (Figure 6.3A; Table 6.2), cosmid pRGpvd insert contained some of genes encoding 

proteins responsible for pyoverdine biosynthesis (Table 6.3).  
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Figure 6.3: Phage sensitivity complementation in φφφφKMV-resistant mutant strain PAOKR by PAO1k genes in 

cosmid pRGpil: (A) PA5032-priA locus in cosmid pRGpil; genes involved in type IV pili biogenesis are in black and 

ponA in grey. (B) φKMV plaques with wild type size and morphology generated upon infection of sensitive P. 

aeruginosa strain PAO1k and resistant mutant strain PAO1KR complemented with PAO1k genes in cosmid pRGpil. 

(C) TEM images of strain PAO1k with type IV pili (indicated by black arrow) that are absent on mutant PAOKR 

surface; scale bar 500 nm. (D) Wild type twitching motility zones by φKMV-sensitive strain PAO1k and 

complemented mutant PAOKR compared to that of non-sensitive mutant PAOKR. 



 

 

Table 6.1: Description of genes present on insert fragments of cosmids pRGladS, pRGxcp and pRGcob. Based on comparison to entries on P. aeruginosa 

geneome database (Winsor et al., 2009).  

Cosmid name Genome position of 

sequenced insert 

fragments 

Gene(s) Encoded protein(s) 

pRGladS    

 3958576-3958918 (+) PA3536 Hypothetical protein 

 4069633-4069685 (+) Eno (PA3635)  Enolase 

 4427270-4427336 (+) rocR (PA3947) RocR 

 4452960-4453235 (-) PA3973 Probable transcription regulator. 

 4453963-4454638 (+) ladS (PA3974)  Lost adherence sensor. 

 4457972-4457220 (+) hemL (PA3977) Glutamate-1-semialdehyde 2,1-aminomutase 

 4459525-4460223 (-) PA3979 and PA3980  Hypothetical protein and Conserved hypothetical protein. 

 6251636-6251727 (+) atpA (PA5556)  ATP synthase alpha chain. 

 6252436-6253240 (-) atpH and atpF (PA5557 and PA5558) ATP synthase delta chain and ATP synthase B chain. 

    

 6256978-6258273 (+) gidB and gidA (PA5564,PA5565) Glucose inhibited division protein B and glucose-inhibited division protein A 

 6258614-6259756 (+) PA5565 and PA5566:  Glucose-inhibited division protein A and hypothetical protein 

 6261678-6262972 (-) PA5567 and PA5568  Conserved hypothetical protein and conserved hypothetical protein. 

 6263122-6264325 (-) PA5568 and rnpA (PA5569)  Conserved hypothetical protein, ribonuclease P protein component. 

 602-1359 (+) dnaA (PA0001)  Chromosomal replication initiator protein DnaA 

 5263-6052 (+) gyrB (PA0004)  DNA gyrase subunit B 

    

pRGxcp    

 1713364-1714163 (+) PA1572 Conserved hypothetical protein. 

 1716705-1715806 (+) PA1576 Probable 3-hydroxyisobutyrate dehydrogenase 

 3464882-3464953 (+) PA3086  Hypothetical protein. 

 3465954-3466005 (+) PA3087 Hypothetical protein. 

 3474709-3475407 (+) PA3094 Probable transcriptional regulator. 

    

pRGcob    

 668927-668987 (+) PA0606 Probable permease of ABC transporter. 

 1384695-1385565 (-) cobB (PA1273)  Cobyrinic acid a,c-diamide synthase 

 1389042-1389806 (+) cobQ (PA1277) Cobyric acid synthase 

 1398376-1398684 (-) PA 1286  Probable major facilitator superfamily (MFS) transporter 

 1400768-1400897 (+) PA1289 Hypothetical protein 

 



 

 

Table 6.2: Description of genes present in the 27.34kb insert of cosmid pRGpil. *; As described on Pseudomonas genome database (Winsor et al., 2009)  

Gene Genome position Function* Structural feature* 

PA5032 5662742 – 5663815 (+) Probable transcriptional regulator AraC family signature 

PA5033 5663889 – 5664869 (+) Hypothetical protein-unknown function Computationally predicted type I export signal by (cleavage after residue 25) 

hemE 5666057 – 5664990 (-) uroporphyrinogen decarboxylase (Porphyrin and 

chlorophyll metabolism pathway) 

 

gltD 5667667 – 5666234 (-) NADPH-dependent glutamate synthase beta chain and 

related oxidoreductases-Amino acid transport and 

metabolism 

FMO-like, Flavin-binding monooxygenase-like domain; Pyr_redox_2, Pyridine 

nucleotide-disulphide oxidoreductase domain  

gltB 5667667 – 5666234 (-) Glutamate synthase domain 2 (Amino acid transport 

and metabolism) 

GATase_2, Glutamine amidotransferases class-II domain; Glu_syn_central, 

Glutamate synthase central domain; Glu_synthase, Conserved region in 

glutamate synthase domain; GXGXG, GXGXG motif  

PA5037 5674021 - 5672366 (-) Hypothetical protein- putative secretion ATPase, PEP-

CTERM locus subfamily 

Atrophin-1 domain; SPOR, Sporulation related domain 

aroB 5675134 - 5674028 (-) AroB, 3-dehydroquinate synthetase (amino acid 

transport and metabolism; phenylalanine, tyrosine 

and tryptophan biosynthesis) 

DHQ_synthase, 3-dehydroquinate synthase domain 

aroK 5675702 - 5675184 (-) AroK, shikimate kinase (amino acid transport and 

metabolism; phenylalanine, tyrosine and tryptophan 

biosynthesis) 

SKI, Shikimate kinase domain 

pilQ 5677858 - 5675714 (-) Type IV biogenesis outer membrane protein PilQ 

precursor 

Computationally predicted type I export signal by (cleavage after residue 22) 

STN, Secretin and TonB N terminus short domain; Secretin_N, Bacterial type 

II/III secretion system short domain;  Secretin, Bacterial type II and III secretion 

system protein domain 

    

pilO 5679056 - 5678433 (-) PilO, Tfp pilus assembly protein PilO (Cell motility and 

secretion / Intracellular trafficking and secretion). 

Pilus assembly protein, PilO domain 

pilN 5679649 – 5679053 (-) PilN, Type IV pilus assembly protein PilN (Cell motility 

and secretion / Intracellular trafficking and secretion). 

Pilus assembly protein, PilN domain 

pilM 5680713 - 5679649 (-) PilM, Type IV pilus assembly protein PilM (Cell motility 

and secretion / Intracellular trafficking and secretion). 

Motifs conserved in the ATP-binding domain of actin 

ponA 5680898 - 5683366 (+) Penicillin-binding protein 1A (Cell envelope biogenesis, 

outer membrane). 

Transgly, transglycosylase and transpeptidase, penicillin binding protein 

transpeptidase domain 

PA5046 5684739 - 5683471 (-) Malic enzyme Malic enzyme, N-terminal and NAD binding domains 

PA5047 5684739 - 5683471 (-) Hypothetical protein, unknown function Type II (lipoprotein) export signal computationally predicted  

Peptidase_M48, Peptidase family M48 domain 

PA5048 5687045 – 5686278 (-) Probable nuclease Computationally predicted type I export signal by (cleavage after residue 18) 

rpmE 5687320 - 5687105 (-) 50S ribosomal protein L31 Ribosomal protein L31 domain 

priA 5687496 - 5689715 (+) primosomal protein N (replication factor Y) ResIII, Type III restriction enzyme, res subunit; DEAD/DEAH box helicase; 

Helicase conserved C-terminal domain 
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Table 6.3: Description of genes present in the 29.61 kb insert of cosmid pRGpvd. Based on annotation in 

Pseudomonas genome database (Winsor et al., 2009). 

Gene Genome position Encoded protein information 

pvdJ 2666164 - 2665156 (-) PvdJ 

PA2402 2687178 - 2671729 (-) Probable non-ribosomal peptide synthetase 

PA2403 2687497 - 2688708 (+) Hypothetical protein 

PA2404 2688705 - 2689244 (+) Hypothetical protein 

PA2405 2689241 - 2689570 (+) Hypothetical protein 

PA2406 2689567 - 2690127 (+) Hypothetical protein 

PA2407 2690160 - 2691113 (+) Probable adhesion protein 

PA2408 2691110 - 2691865 (+) Probable ATP-binding component of ABC transporter 

PA2409 2691862 - 2692767 (+) Probable permease of ABC transporter 

PA2410 2692764 - 2693681 (+) Hypothetical protein 

PA2411 2694545 - 2693781 (-) Probable thioesterase 

PA2412 2694764 - 2694546 (-) Conserved hypothetical protein 

pvdH 2696251 - 2695774 (-) L-2,4-diaminobutyrate:2-ketoglutarate 4-

aminotransferase, PvdH 

Based on initial tests that had indicated that bacteriophage φKMV infectivity is surface dependent and is 

reliant upon type IV pili, it was decided that the cosmid pRGpil should be investigated further to see its 

influence on bacteriophage infectivity in the spontaneous resistant mutant strain PAO1KR. Cosmid 

pRGpvd may also be of interest in future studies to identify genetic elements present in its insert that 

restored bacteriophage φKMV sensitivity in the spontaneous mutant P. aeruginosa PAO1KR.  

6.5 Restoration of type IV pili expression and twitching motility 

Subsurface twitching motility assays suggested that the mutant strain PAO1KR was defective in type IV 

pili-dependent twitching motility in contrast to φKMV-sensitive wild type P. aeruginosa strain PAO1k, 

which generated twitching motility zones of larger diameter (Figure 6.3D). This was confirmed by TEM 

(Figure 6.3C) revealing that the mutant P. aeruginosa strain PAO1KR was devoid of type IV pili on its 

outer surface, as opposed to the clearly visible filamentous appendages observed on wild type strain 

PAO1k. 

Apart from restoring bacteriophage φKMV sensitivity (Figure 6.3B), cosmid pRGpil also re-established 

twitching motility in the mutant P. aeruginosa strain PAO1KR (Figure 6.3D). The correlation between 

type IV pili-dependent twitching motility and phage φKMV infectivity was further confirmed by P. 

aeruginosa PAO1ΔpilA resistance to the phage (efficiency of plating; EOP = 0). However, even though 

the P.  aeruginosa PAO1k fragment in pRGpil was able to complement receptor expression in the mutant 

PAO1KR to a level sufficient to allow successful phage infection (EOP = 0.018), it did not restore wild 

type φKMV adsorption levels. This was evident from the fact that the complemented mutant would only 
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be adsorbed to by 16% of phage particles added at MOI of 0.001 compared to wild type adsorption of 

30%. 

6.6 Subcloning of type IV pili biogenesis gene fragments from cosmid pRGpil 

Four subclones of cosmid pRGpil were generated by restriction digestion and cloning into broad-host-

range plasmid pBBR1mcs (Figure 6.4A). The resulting plasmids were used in complementation of phage-

resistant mutant strain PAO1KR. Plasmid pBBrA was constructed by subcloning a 5.8 kb P. aeruginosa 

PAO1k SmaI fragment from cosmid pRGpil into the broad host range plasmid pBBR1mcs. Further 

subcloning of a 5.8 kb pBBrA insert using BamHI removed the entire ponA gene, followed by self ligation 

using T4 DNA ligase resulting in plasmid pBBrB. Plasmid pBBrC was created by FseI restriction of plasmid 

pBBrB and blunting the 3’ overhangs using T4 DNA polymerase. The resulting construct was treated with 

EcoRV and ligated using T4 DNA ligase. Plasmid pBBrD was created in a similar manner by digestion of 

plasmid pBBrA with FseI and subsequent blunting the 3’ overhangs with T4 DNA polymerase. 

6.7 Subclone complementation of bacteriophage φφφφKMV-resistant mutant 

Biparental matings with E. coli DH5α bearing plasmid pBBrA, pBBrB, pBBrC or pBBrD were performed for 

the complementation
 

of bacteriophage φKMV-resistant P. aeruginosa strain PAO1KR.
 

The 

complemented mutants were selected on LB (supplemented with
 
300 µg/ml of chloramphenicol) and 

tested for sensitivity to bacteriophage φKMV. P. aeruginosa transformed with ‘empty’ plasmid 

pBBR1mcs was used as a negative control in the phage sensitivity complementation tests. 

Plasmid pBBrA complemented bacteriophage φKMV sensitivity in P. aeruginosa PAO1KR. φKMV infection 

of the mutant bearing the plasmid resulted in the formation of plaques of similar size (3 mm diameter) 

and morphology as formed in wild type strain PAO1k infection (10 mm diameter; Figure 6.4B).  

Plasmid pBBrA contained a 5.8 kb P. aeruginosa PAO1k SmaI fragment from cosmid pRGpil. The P. 

aeruginosa PAO1k genome fragment encompassed the entire ponA, pilM and pilN genes as well as 

truncated pilO and PA5046 (positions 5678727 to 5684620 on P. aeruginosa database). This entire 

genomic region in the φKMV-resistant mutant P. aeruginosa PAO1KR was sequenced using P. aeruginosa 

PAO1k specific primers. The nucleotide sequence of the wild type P. aeruginosa PAO1k was found to be 

completely identical to that of φKMV-resistant mutant strain PAO1KR. These sequencing results implied 

that the cause of phage φKMV resistance in strain PAO1KR was due to a mutation in a different region of 

P. aeruginosa chromosome that influences (the expression of) proteins regulating the expression of 

pilMNO and ponA gene products. 
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Figure 6.4: Complementation of bacteriophage φKMV sensitivity and subsurface twitching motility in P. 

aeruginosa strain PAOKR with strain PAO1k genes in trans. (A) Schematic representation of the PAO1k genes 

present in the respective subclones that were able to complement phage φKMV sensitivity in P. aeruginosa strain 

PAO1KR. The genes involved in type IV pili biogenesis are in black, ponA in grey and PA5046 in white; (B) Plate 

images of the plaques formed upon φKMV infection of the mutant cells complemented with the respective 

plasmid; (C) Subsurface twitching motility zones formed by the complemented mutants. Hooked arrows indicate 

location of intergenic sigma-70-type promoters. 
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Plasmid pBBrB was generated by further subcloning of the P. aeruginosa PAO1k 5.8 kb SmaI fragment in 

pBBrA.  This plasmid comprised the truncated ponA and pilO genes as well as the entire pilM and pilN 

genes (Figure 6.3A). Although this plasmid was able to re-establish φKMV sensitivity in the resistant 

mutant strain PAO1KR, the plaques formed upon phage φKMV infection were of smaller size and slightly 

turbid as compared to those produced in a wild type strain PAO1k infection (Figure 6.4B). Under 

experimental conditions, the variables likely to affect plaque size were kept at constant. The smaller 

turbid plaques therefore suggest inefficient and/or partial φKMV infection of the bacterial lawn. 

In addition to restoring phage sensitivity to the mutant P. aeruginosa PAO1KR, both subclones (pBBrA 

and pBBrB) re-established twitching motility in this mutant. This was evident from the larger diameters 

of twitching zones generated by mutants complemented with these plasmids (15 mm diameter for both 

pBBrA and pBBrB) when compared to those of the mutant strain PAO1KR in subsurface twitching 

motility assays (5 mm diameter). These twitching zones were however of smaller diameter than that of 

wild type strain PAO1k, hence implying that wild type twitching motility was not fully restored (Figure 

6.4C). 

Two other plasmids pBBrC and pBBrD generated by subcloning plasmids pBBrA and pBBrB, respectively, 

also re-established φKMV sensitivity in the resistant mutant strain PAO1KR. However, as was the case 

with pBBrB, the plaques formed upon φKMV infection of P. aeruginosa PAO1KR transformed with pBBrD 

or pBBrC were smaller and slightly turbid (Figure 6.3B). This is in contrast with the large clear plaques 

formed upon infection of the wild type P. aeruginosa PAO1k with phage φKMV (Figure 6.2B). 

Transformation of strain PAO1KR with pBBrC and pBBrD also resulted in the cells displaying marginal 

twitching motility, generating motility zones almost equivalent to that of the mutant strain PAO1KR (5 

mm diameter; Figure 6.3C). 

6.8 Reverse transcriptase (RT)-PCR analysis 

RT-PCR was carried out to verify whether there was a difference in expression level between the type IV  

pili biogenesis genes and the adjacent divergently transcribed pon A gene. Previous studies have shown 

that in Neisseria gonorrhoeae, mutations affecting the expression of a transcription regulatory protein 

MtrR results in defective expression of the differentially regulated ponA and divergently transcribed 

pilM gene (Folster et al., 2007). 

Reverse transcriptase (RT)-PCR analysis was performed using primers specific for determining expression 

levels of  513 bp 3’ ponA and 330 bp 3’ pilM gene fragments. As a housekeeping gene control, oprL 
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[PA0973; Lim et al. (1997)] was used. The RT-PCR results showed similar expression of the pilM fragment 

for both the P. aeruginosa wild type strain PAO1k and mutant strain PAO1KR (Figure 6.5). The same held 

true for the ponA fragment (Figure 6.5), leaving the possibility of aberrant post-transcriptional 

regulation of the expression of these divergently transcribed genes in the spontaneous phage-resistant 

mutant PAO1KR.  

 

Figure 6.5: RT-PCR showing similar expression of the pilM and ponA gene fragments for both the P. aeruginosa 

wild type strain PAO1k and mutant strain PAO1KR. (A) Schematic representation of the pilM-ponA gene locus in 

P. aeruginosa PAO1k. (B) and (C) Two fold dilution series of ponA and pilM cDNA RT-PCR amplification products, 

respectively with (w) being the wild type P. aeruginosa PAO1k gene products and (m) the bacteriophage φKMV-

resistant mutant strain PAO1KR. (D) Lane (+w) and (+m) correspond to oprL cDNA RT-PCR product of wild type 

strain PAO1k and mutant PAO1KR respectively, which served as positive controls; lanes (-w) and (-m) are results of 

amplification directly on the extracted RNA to confirm the absence of DNA contamination in wild type PAO1k and 

mutant PAO1KR strains, respectively. 

6.9 Regulated single-copy gene expression to complement phage φφφφKMV infection 

The pilMNOPQ gene cluster in P. aeruginosa is located upstream of divergently transcribed ponA gene 

(Figure 6.3). The intergenic region between ponA and pilM contains sigma-70-type promoter sequences 
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in both orientations (Martin et al., 1995). PilN and PilO play a role in localization or organization of the 

type IV pili assembly network. PilP has classical lipoprotein signal sequence and is exported to the 

periplasm. The pilM gene product contains motifs conserved in ATP-binding domain of actin which are 

also found in cell cycle regulation proteins MreB and FtsA of E. coli. The fact that FtsA interacts with FtsI 

(penicillin-binding protein 3B) in E. coli, suggests a possible common regulatory mechanism and/or 

interaction between PonA (penicillin-binding protein) and PilM proteins in P. aeruginosa. The genetic 

data further suggests association between type IV pili biogenesis and peptidoglycan assembly or 

remodeling (Martin et al., 1995). 

As a follow up to the above described type IV pili dependent bacteriophage φKMV infectivity, additional 

tests were performed to establish whether regulated single-copy expression of pilM gene from an 

integrating plasmid is able to complement φKMV infection in the spontaneous resistant P. aeruginosa 

strain PAO1KR. Additional tests were also done to investigate the restoration of wild type P. aeruginosa 

PAO1k twitching motility through the regulated expression of the pilM gene in the mutant strain 

PAO1KR. 

The Tn7-based chromosomal integration expression system was used in this study specifically since it 

ensures single-copy insertion to investigate complementation of defective expression of the pilM gene 

in φKMV-resistant mutant PAO1KR. The pUC18-mini-Tn7T-LAC vector is based on Tn7 which, unlike most 

other transposons, inserts with high specificity to an attachment site (attTn7) downstream of the glmS 

gene, encoding fucosamine-fructose-6-phosphate aminotransferase. There is only one gmls gene and as 

follows only one attTn7 site. This insertion does not cause any gene inactivation since it is in an 

intergenic region between two divergently transcribed genes (Hoang et al., 1998). 

Transformation of P. aeruginosa PAO1KR involved the co-transfer (by electroporation) of recombinant 

suicide mini-Tn7 delivery vector (pUC18-mini-Tn7T-lac::pilM) and helper vector encoding the Tn7 site 

specific transposition pathway (pTNS2). Figure 6.6 gives a summary of the entire cloning procedure and 

transformation of φKMV resistant spontaneous mutant P. aeruginosa PAO1KR. Transformants were 

selected on LB Gm
30

 medium. Prior to P. aeruginosa PAO1KR transformation, the pilM insert sequence in 

the recombinant construct was verified by clone analysis PCR and sequencing of plasmid isolated from 

the E. coli cells to ensure that it comprised of wild type P. aeruginosa PAO1 sequence. 
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Figure 6.6: Transformation of φφφφKMV-resistant strain P.aeruginosa PAO1KR with recombinant plasmid pUC18-

mini-Tn7-LAC::pilM. 

6.10 Complementation analysis 

As stated earlier in this chapter, the possibility of a common regulatory mechanism and/or interaction 

between ponA and pilM gene products was suggested and seems essential for phage φKMV infectivity. 

By carrying-out single-copy expression of wild type pilM gene in the φKMV-resistant mutant P. 

aeruginosa PAO1KR, we aimed at establishing whether providing the wild type copy of the gene in trans 

would overcome phage resistance. Phage infectivity tests were carried out by both agar-overlay method 

and in liquid medium. 
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Phage sensitivity tests carried out by agar overlay method on P. aeruginosa PAO1KR transformed with 

pUC18-mini-Tn7T-lac::pilM in LB Gm
30

 in the presence of IPTG resulted in very turbid plaques . In the 

absence of induction of the lac promoter with IPTG, no such plaques were observed. This indicated that 

induced expression of the wild type pilM gene in trans is able to at least partially complement φKMV 

sensitivity. As was the case in the agar-overlay-infectivity screens, the liquid culture φKMV infection tests 

established that the induced expression of wild type pilM gene in P. aeruginosa PAO1KR was able to re-

establish partial φKMV sensitivity. This was evident from the slight drop in OD600 and resultant slower 

growth of the PAO1KR transformed with pUC18-mini-Tn7-lac::pilM in LB Gm
30

 in the presence of IPTG 

(Figure 6.7). 

 

 

Figure 6.7: Bacteriophage φφφφKMV liquid culture infectivity tests on P. aeruginosa strains. OD600 measurements 

were taken at intervals of 30 minutes. Each measurement represents an average from 3 independent experiments. 

All cultures except the negative control were infected with 10
10

 PFU ml
-1

 of φKMV at OD600= 0.4. Wild type P. 

aeruginosa PAO1k (blue line with squares); P. aeruginosa PAO1KR transformed with pUC18-mini-Tn7-lac::pilM 

(green line and triangles); P. aeruginosa PAO1KR transformed with pUC18-mini-Tn7-lac::pilM in LB containing IPTG 

(purple line with cross); P. aeruginosa PAO1KR (red line and squares); negative control: P. aeruginosa  PAO1k wild 

type without phage infection (light blue line with asterix). 
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Bacteriophage φKMV infectivity screens carried out by agar-overlay method and in liquid culture 

indicated that there was partial re-establishment of phage sensitivity in the spontaneous mutant P. 

aeruginosa PAO1KR. As observed in both infectivity tests, induction of expression of pilM gene provided 

in trans was necessary for the partial complementation of bacteriophage φKMV sensitivity in the mutant 

host, therefore suggesting that the single-copy provision of pilM gene in trans is sufficient to partially 

overcome the defects in expression of this gene in the spontaneous mutant which may be the cause of 

resistance to phage φKMV. 

6.11 Bacteriophage φφφφKMV infection of Pseudomonas aeruginosa LPS mutants 

Four mutants with chromosomal deletions in genes encoding proteins that play a role in different LPS 

components biosynthetic pathways were obtained from Prof. J. S. Lam (University of Guelph, Canada). 

These mutants had already been exhaustively characterized. The main aim of including the LPS mutants 

in bacteriophage φKMV receptor studies was to try and establish which regions of the LPS are critical for 

phage infection. The mutants as well as their respective properties and their susceptibility to 

bacteriophage φKMV are summarized in Table 6.4. 

Table 6.4: Susceptibility of P. aeruginosa LPS biogenesis gene mutants to bacteriophage φφφφKMV  

Mutant Properties φφφφKMV sensitivity 

rmd A-band deficient but produces B-band LPS. Sensitive 

waaL O-antigen ligase gene knocked out therefore deficient in both A- and B-band but 

produces complete core. 
Sensitive 

rmlC Rough mutant with truncated core lacking either the 1, 3-linked or 1,6- linked 

rhamnose residue. A-and B-band deficient. 
Resistant 

wbpL A- and B-band deficient but produces complete core. Resistant 

Results from phage infectivity tests of LPS mutants indicated that although type IV pili had been 

established to be key in bacteriophage φKMV sensitivity, other cell surface components such as the LPS 

are also essential. This stems from the fact that even though outer membrane proteins (including 

components of type IV pili) and LPS are independent cell surface components, there is the possibility 

that they are both required for phage infection. The rmlC mutant with a truncated core and the A and B-

band deficient wbpL mutants might have changes in the surface components that function together to 

constitute a functional phage φKMV receptor. 

On the other hand the A-band deficient rmd mutant and O-antigen ligase deficient waaL mutant 

remained susceptible to bacteriophage φKMV. This might be due to the fact that these chromosomal 

deletion mutations did not result in functional alteration of the phage’s receptor topology and spatial 

orientation on the host cell surface. 
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6.12 Discussion 

A spontaneous mutant P. aeruginosa PAO1KR resistant to phage φKMV was isolated and its resistance 

was linked to the expression of genes encoding the type IV pili, both at the physiological and molecular 

level. 

The cosmid pRG930cm was used to construct a genomic library of the φKMV-sensitive P. aeruginosa 

strain PAO1k. The 1,948 clone library with an average insert size of 28 kb was able to cover the entire P. 

aeruginosa genome at least twice (Clarke and Carbon, 1976) which was sufficient for use in 

complementation analysis. In addition to the generation of a cosmid library, a method was also 

developed for use in screening for the cosmid clone that is able to confer phage φKMV sensitivity. The 

screening strategy developed made it possible to carry out the screen in a high throughput manner 

while ensuring that one could easily trace the cosmid clone for sequencing , subcloning and further 

complementation analysis. 

Complementation of the mutant’s φKMV sensitivity by cosmid pRGpil and its subclones suggests that a 

common regulatory mechanism and/or interaction between the ponA and pilMNOPQ gene products are 

essential for bacteriophage φKMV infectivity. This stems from the fact that the sequencing of a 5.8  kb 

region (positions 5678727 to 5684620 on P. aeruginosa PAO1 genome) in phage-resistant mutant P. 

 aeruginosa PAO1KR did not reveal genome mutations. However, this region did confer wild type phage 

φKMV sensitivity in the P. aeruginosa PAO1KR when provided in trans on the multicopy number plasmid 

pBBR1mcs. Further subcloning that led to removal of part or entire ponA gene from the complementing  

P. aeruginosa PAO1k fragment, re-established φKMV sensitivity but did not restore wild type plaque 

morphology. This suggests that P. aeruginosa PAO1KR resistance to φKMV is due to the aberrant type IV 

pili expression brought about by defective regulation of pilMNOPQ and ponA transcription by a yet to be 

identified regulatory protein. Expression of the pilMNO and ponA genes from a multicopy number 

plasmid was able to overcome this defect in PAO1KR and restore type IV pili expression as well as phage 

φKMV sensitivity, albeit to a lesser extent. 

This hypothesis is supported by a study of the similarly clustered pilMNOPQ operon and ponA gene in 

Neisseria gonorrhoeae (Folster et al., 2007). In Neisseria gonorrhoeae, mutations affecting the 

expression of a transcription regulatory protein MtrR results in defective expression of the differentially 

regulated ponA and divergently transcribed pilM genes. Previous studies have also suggested a common 

regulatory mechanism and/or interaction between the ponA gene product (Penicillin-binding protein 1A) 
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and PilM proteins thus linking type IV pili assembly and peptidoglycan assembly in P. aeruginosa 

(Martin et al., 1995). RT-PCR analysis of this region in the φKMV-resistant mutant P. aeruginosa strain 

PAO1KR did not show any difference in expression from the wild type strain PAO1k. However, this does 

not rule out the possibility of a defect in post-transcriptional regulation of the genes. 

One of the cosmids that was able to complement phage φKMV sensitivity but was not investigated 

further, pRGxcp, had genomic fragments within the region encompassing the Xcp secreton (type II 

secretory machinery consisting of genes xcpP-Z and xcpA). This cosmid was not investigated further 

since its encoded fragments were chimeras comprising of different regions of the P. aeruginosa PAO1k 

genome. However, the presence of Xcp pathway genes further confirms the pili-related infectivity of 

bacteriophage φKMV. In P. aeruginosa, type IV pilins and pseudopilins are processed and N-methylated 

at their N-terminal end by the same pre-pilin peptidase XcpA/pilD. XcpT but not the other pseudopilins 

(XcpU-X) can be assembled into single filaments about 6nm thick, which stick together under certain 

circumstances to form a multifibrillar structure rather than tight bundles, called the pseudopilus. Both 

the secreton and type IV piliation pathways co-exist in P. aeruginosa with PilA, the most abundant pilin 

being able to be crosslinked to pseudopilins (Lu et al., 1997). Thus the secreton and the piliation 

machinery are intimately related and might have overlapping functions. This might explain the reason 

why the Xcp pathway containing cosmid was able to complement pili-dependent phage infectivity in the 

spontaneous resistant mutant P. aeruginosa PAO1KR.  

Complementation by regulated expression of the pilM gene was able to prove that the provision of this 

gene in trans is sufficient to partially overcome defects in expression and/or interaction between this 

gene and ponA gene product. The protein product of the pilM gene is predicted to contain motifs 

conserved in ATP-binding domain of actin and which are also found in the cell cycle-regulated proteins 

MreB and FtsA of E.coli. FtsA is involved in cell division and interacts with another protein FtsZ 

(structural component of cytokinetic ring) and FtSI (penicillin binding protein 3B). The latter connection 

is related to the fact that penicillin binding protein 1A gene (ponA) is located immediately upstream of 

pilM (Robinson et al., 1984; Bork et al., 1992; Martin et al., 1995). This organization reflects the possible 

occurrence of a common regulatory mechanism and/or interaction between PonA and PilM proteins 

(Martin et al., 1995). As mentioned earlier, our experiments had shown this interaction to be essential 

for bacteriophage φKMV infectivity. To support this hypothesis, the genetic data discussed herein 

reflects the possible link between type IV pili biogenesis and peptidoglycan assembly and remodeling. 
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The products of pilMNOP and fimV are hypothesized to form an inner membrane complex linking the 

cytoplasmic and inner membrane components to the outer membrane secretin, a multimer of PilQ 

subunits. PilM is predicted to be a cytoplasmic protein; PilN, PilO and FimV putative inner membrane 

proteins and PilP a putative inner membrane lipoprotein. PilQ stability is decreased in pilMNOP mutants 

leading to lack of expression of type IV pili due to lack of extrusion of the major pilin subunit (PilA) via 

the secretin. If indeed there exists a pattern of mutual stabilization of pilMNOPQ gene products, then 

any variation in expression levels of any of the genes would probably result in destabilization of the 

complex and affect type IV pili expression.  

The type IV pili-dependent infection by φKMV explains its poor host adhesion properties observed in the 

adsorption tests (Chapter 4). The expression of type IV pili is surface-dependent; hence the low 

occurance of these structures in liquid culture set-up of the adsorption tests may have led to low host-

adsorption rates by φKMV.  This is further supported by the fact that, while carrying out infectivity 

screens to determine the host range of phage φKMV (Ceyssens et al., 2006), a larger proportion of the 

sensitive P. aeruginosa strains were susceptible to φKMV when infectivity tests were performed on solid 

media as compared to liquid culture (Chapter 4). 

Pilus-dependent virulent phages have been implicated in playing a role in P. aeruginosa diversification. 

By measuring a number of bacterial traits, Brockhurst and colleagues were able to determine the role of 

type IV pili-dependent single-stranded RNA phage PP7 in the evolution of P. aeruginosa diversity in 

experimental microcosms (Brockhurst et al., 2005). It was found that the multiple mechanisms of phage 

PP7 resistance (mainly associated with loss of pilus or loss of pilus retraction) and associated fitness 

costs may drive increase in P. aeruginosa diversity.  It is of interest to carry out further investigations to 

establish how type IV pili-dependent virulent and temperate phages such as D3112, B3, and DMS3 

(Roncero et al., 1990; Budzick et al., 2004) influence the evolution of type IV pili mutants in clinical 

populations of P. aeruginosa.  

P. aeruginosa LPS mutants were also tested to check for the influence of deleting the various LPS 

components on bacteriophage φKMV sensitivity. It was established that, apart from the type IV pili, LPS, 

which plays a role in the cell surface architecture, is also essential for the proper assembly of a 

functional bacteriophage φKMV receptor.  

It may appear that phage φKMV is unsuitable for use in phage therapy applications, based on its poor 

adsorption kinetics and the rapid development of phage-resistant mutants. However, pili-dependent 

phages such as φKMV may drive evolution of unpiliated bacteria that are unable to form biofilms and 
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hence display reduced virulence. This can be attributed to the role that type IV pili play in adherence of 

P. aeruginosa cells during colonization and subsequent infection. Unlike obligate pathogens such as N. 

gonorrhea, P. aeruginosa’s ability to exploit many different niches and to be an opportunistic pathogen 

of a variety of organisms is likely in part due to the general rather than specific adhesive properties of its 

type IV pili. It will be of interest to include phages such as φKMV in phage therapy cocktails against P. 

aeruginosa since, in order to develop resistance, the bacterium may have to loose an essential virulence 

factor leading to reduced virulence. 
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Chapter 7 

Bacteriophage-receptor protein interactions 

7.1 Introduction 

Bacteriophage-host interactions are the direct interactions between bacteriophage proteins and a 

component of the of the host cell. In certain cases, this interaction is specifically mediated by protein-

protein interactions. For example the phages Pseudomonas phages D3112, B3 and DMS3 bind to pilin 

proteins which are conserved in P. aeruginosa hence resulting in the wide host range of these phages 

among clinical isolates (Roncero et al., 1990; Budzik et al., 2004). The E. coli phages T1, T5 and phi80 

bind to the 78 kDa FhuA outer membrane protein that transports iron chelated to the siderophore 

ferrichrome (Killmann et al., 1995). Another example represents the interaction between E. coli phage λ 

tail protein gpJ and LamB (Wang et al., 2000). Tail fibre-host protein interaction in this case was 

characterized by a biochemical technique (dot blot immunoassay). Despite finding application in 

determining phage-receptor interactions, biochemical methods of detecting protein-protein interactions 

have several drawbacks that preclude their application in large scale screens to detect previously 

unknown phage-host receptor protein interaction. Some of these limitations as discussed in Section 1.10 

include: (i) the requirement of prior knowledge about the proteins and availability of the proteins in 

large amounts for the interaction assay to be performed; (ii) restricted sensitivity and bias towards high-

affinity interactions; (iii) bias towards identification of highly abundant proteins. 

In this study, a high-throughput yeast two-hybrid screening strategy was adapted for use in the 

identification of interactions between the tail and structural gene products (gps) of bacteriophage φKMV 

and the outer membrane proteins of host strain P. aeruginosa PAO1k. This approach entailed the use of 

bait fusions to screen against a redundant random genomic fragment library of P. aeruginosa PAO1k in 

the yeast two-hybrid prey vector pGAD424 (Roucourt, 2009). The bait constructs comprised of tail fiber 

genes (gp38, gp39 gp40 and gp41) as well as two unknown structural genes (gp47 and gp48) cloned in 

yeast two-hybrid bait vector pGBT9 (Sections 2.2.2.1 and 3.2.4).  

The advantages of library yeast two-hybrid approach that make it more suitable as compared to 

biochemical approaches in detecting phage-receptor protein interactions are: (i) the system allows for 

the large scale screening of interactions between the bait and an entire library of P. aeruginosa PAO1k 

proteins; (ii) interactions involving membrane proteins which may not fold properly if expressed as full 
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length proteins in yeast are also be detected by this method; (iii) overlapping fragments of the highly 

redundant prey library allow the precise mapping of a functionally interacting domain. 

To confirm the role of P. aeruginosa PAO1k proteins found to interact with phage φKMV late gps, 

deletion mutants of genes encoding the particular P. aeruginosa protein were created. The effect of the 

gene deletion mutations on φKMV infectivity was subsequently investigated. 

7.2 Yeast two-hybrid screening 

To identify interactions of bacteriophage φKMV late gps with proteins of the host P. aeruginosa PAO1k, 

each bait construct was tested against the genomic library of P. aeruginosa PAO1k in independent large 

scale experiments. The bait constructs produce a fusion protein between the Gal4p DNA-binding domain 

and the respective φKMV late protein. The φKMV late gps included in the screen were gp38, gp39, gp40, 

gp41, gp47 and gp48. Four of the gps (gp38, gp39, gp40 and gp 41) form the tail fibre proteins based on 

in silico gene function predictions as well as mass spectroscopy data (Lavigne et al., 2003; Lavigne et al., 

2006). Recent data obtained by immunocryo-EM, found that gp47 is a capsid decorating protein, a 

function which gp48 is also suspected to play (Konstantin Miroshnikov, personal communication). Tail 

fibre proteins are implicated in bacteriophage-host interactions among Podoviridae as mentioned in 

Section 7.1. Bacteriophage φKMV has no visible tail fibres by electron microscopy and it was suspected 

that in addition to the tail fibre proteins, the structural proteins gp47 and gp48 may also have a role in 

host sensitivity, hence their inclusion in the screen. 

In the random P. aeruginosa PAO1k library, in-frame fusions of a coding sequence attaches a part or an 

entire P. aeruginosa-protein to the C-terminal end of the Gal4p activation domain. The prey library 

consists of 9.94 × 10
6
 independent clones with 7.23 × 10

6
 (72.8%) carrying plasmid inserts. For an 

average fragment size of 571 bp, approximately 50,000 independent colonies would suffice (p=0.99) to 

cover the P. aeruginosa genome at least once (Clarke and Carbon, 1976). The library thus constitutes 24 

fold redundancy of the P. aeruginosa PAO1k genome (Roucourt et al., 2009).  

Bait constructs were prepared as described in Section 3.2.4. The constructs were checked for self 

activation of HIS3 reporter gene of S. cerevisiae strain AH109. This is a possible cause of false positives in 

yeast two-hybrid screens (James et al., 1996). It was noted that non of the bait constructs caused this 

self activation. However, as a precautionary measure, 3 mM 3AT (a competitive inhibitor of His3p) was 

included in the selection medium to completely rule out the occurrence of this form of false positive 

results. Selection for activation of ADE2 reporter construct also eliminated this form of false positives.  
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The yeast two-hybrid procedure was carried out by transforming the S. cerevisiae strain AH109 

sequentially with the bait plasmid and the prey library. The transformants were then selected on 

synthetic defined medium lacking histidine to check for HIS3 reporter gene activation. In addition, 

0.5 mM 3AT was included in the media to reduce the low basal activity of this reporter construct. 

Prototrophs were then arrayed in 96-well format to facilitate replica plating and subsequent selection 

steps. The prototrophs were then replica plated onto medium selecting for all three reporter constructs 

(HIS3, ADE2 and MEL1). Prey plasmids were then isolated from all colonies able to activate the three 

selectable reporter genes (HIS3, ADE2 and MEL1). The insert in the prey plasmid was identified by 

sequencing analysis and translated in-frame with Gal4p activation domain. The prey protein was then 

compared to entries in the Pseudomonas protein database. Potential interactions were retested by 

reintroducing the bait and prey plasmid in S. cerevisiae AH109 and retesting reporter construct 

activation and comparison to control constructs. 

7.3 Identified interactions 

All the predicted tail proteins (gp38, gp39, gp40 and gp41) and the two structural proteins (gp47 and 

gp48) of bacteriophage φKMV were screened against the random fragmented library of P. aeruginosa 

PAO1k. There was a variation in number of transformants generated during each library screening 

ranging from 1.25 × 10
5
 for pGBT9-ORF47 to 3.27 × 10

6
 for pGBT9-ORF39. These correspond to 0.3 and 

7.9 fold coverage of the P. aeruginosa PAO1k genome respectively. The number of prototrophs present 

on media selecting for HIS3, ADE2 and MEL1 reporter gene activation ranged from 0 (for ORF39 and 

ORF47) to 12 (for ORF40 and ORF48) (Table 7.1). The prey plasmid was successfully isolated from all 

prototrophs and prey fragments sequenced. Some of the prototrophs carried the prey fragment as an 

out-of-frame fusion between the Gal4p activation domain and the inserted coding sequence of P. 

aeruginosa PAO1k (Table 7.1). These were disregarded as only the in-frame fusions were considered as 

potential interactants. Prey polypeptides were then compared to P. aeruginosa PAO1k proteins. 

The library scale yeast two-hybrid screen for tail proteins and structural gps47 and 48 against the P. 

aeruginosa PAO1k prey library resulted in a total of 23 potential interactions. Of these, some were 

represented by a single prey fragment (12 interactions). The same prey was sometimes isolated from 

different prototroph colonies whereas other interactions were characterized by multiple overlapping 

preys part of the same P. aeruginosa protein. This was exemplified in the preys picked up by the 

pGBT9ORF48 bait which had ten independent preys which overlapped and were part of P. aeruginosa 

PAO1k protein PA4736 (Section 7.3.4). 
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Table 7.1: Results of the library-scale yeast two-hybrid interaction analysis. Each bait has its number of 

transformants (cfu) assayed together with number of prototrophs (cfu) listed. The percentage coverage of 24-fold 

redundant library and P. aeruginosa genome by the bait transformants is indicated. The number of non-identical/ 

non-overlapping prey proteins is indicated along with the number of times each of those unique preys was 

identified (in between brackets). Prey proteins indicated on the table include both those that formed in frame and 

those that formed out of frame fusions with Gal4p activation domain and the coding sequence of P. aeruginosa. 

Then the last column indicates the number of interactions confirmed by independent drop test. 

Bait Transformants  % Library  

coverage 

Genome 

coverage 

Prototrophs Prey proteins Confirmed 

interactions 

   (fold)  In frame Out of 

frame 

 

gp38 4.62× 10
5
 4.6 1.1 9 5(2-1-1-1) 4(1-1-1-1) 0 

gp39 3.27 × 10
6
 32.8 7.9 0 0 0 0 

gp40 4.72 × 10
5
 4.7 1.1 16 11(4-3-2-2) 5(2-2-1) 0 

gp41 7.36 × 10
5
 7.4 1.8 2 1 1 0 

gp47 1.25 × 10
5
 1.25 0.3 0 0 0 0 

gp48 1.19 × 10
6
 11.97 2.9 12 10(3-3-1-1-1-1) 2 (1-1) 1 

No interactions were identified in gp39 and gp47 yeast two hybrid screens. In the case of gp47, the lack 

of prototrophs on selective media could be attributed to the low transformation efficiency realized 

during the screen (1.25 × 10
5
 transformants representing only 0.3 fold coverage of the P. aeruginosa 

PAO1k genome). Higher transformation efficiencies could not be achieved in repeated screens 

suggesting the possibility of gp47 forming a toxic bait whose constitutive expression is deleterious to the 

viability of the yeast host. The same cannot be attributed to gp39 which enabled high transformation 

efficiencies (3.27 × 10
6
) with up to 7.9 fold coverage of the P. aeruginosa PAO1k genome. It is possible 

that interactions between this protein and P. aeruginosa PAO1k proteins could not be detected by yeast 

two-hybrid due to its intrinsic limitations as discussed in Section 1.10. 

To check for reproducibility and rule out the possibility of non-specific interactions, some of the 

potential interactions were subjected to confirmatory drop tests. These confirmatory tests were 

performed on those interaction partners that through bioinformatical analysis had shown potential of 

being located in the same cellular compartment as the bacteriophage protein. To this end, prey peptides 

that corresponded to P. aeruginosa outer membrane and /or outer membrane-associated proteins were 

subjected to further analysis using the drop tests. This retesting was meant to rule out nonspecific 

interactions and any false positive interactions caused by mutations in the yeast two-hybrid strain or the 

bait construct.  

To assess the specificity of the interaction, the identified preys were combined with control constructs 

pGBT9 and pGBT9GPA1 then examined in a drop test with two-fold dilution series.  
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In the subsequent sections, a more detailed description of the yeast two-hybrid screenings of the baits 

in Table 7.1 and the P. aeruginosa PAO1k prey library as well as confirmatory drop tests is given. 

7.3.1 Screening of pGBT9-ORF38 against the P. aeruginosa PAO1k prey library 

Screening of pGBT9-ORF38 against the P. aeruginosa PAO1k prey resulted in 9 colonies in which the 

three reporter constructs were activated (Table 7.1). A total of 4.62 × 10
5
 colonies (1.1 fold coverage of 

the P. aeruginosa PAO1k genome) were assayed. A majority of prototrophs (5/9) carried a prey plasmid 

with in-frame fusion construct. The 5 corresponding prey proteins comprise four different P. aeruginosa 

PAO1k proteins. One protein (PA5022) was identified by two overlapping prey fragments. The other 

proteins (PA4309, PA4310 and PA2522) were identified only once (Table 7.2). 

Four prey proteins resulting from out-of-frame fusion (between the coding sequence of Gal4p and the 

coding sequence of P. aeruginosa PAO1k) also showed similarity to proteins of P. aeruginosa PAO1k 

proteins. These were however disregarded since only in-frame fusions are taken into account in yeast 

two-hybrid protein-protein interaction analysis. 

Table 7.2: Results of pGBT9ORF38 against P. aeruginosa PAO1k prey library yeast two-hybrid screen. Five 

prototrophs with a prey plasmid with in-frame fusion construct were retrieved. Conserved hypothetical protein 

(PA5022) was retrieved twice by two overlapping prey fragments. Astrerix (*) denotes prey fragments which only 

the 5’ end of this plamid insert sequence was retrieved but the 3’ end was not, therefore, the corresponding  

protein’s end point was not determined (ND). 

Plasmid 

name 

 

Frame DNA Locus Protein 

Length Start  End Target Protein name Start  End  

PA5022A +1 693 5649839 5650531 PA5022 Conserved hypothetical protein 107 336 

PA5022B +1 693 5649839 5650531 PA5022 Conserved hypothetical protein 107 336 

PA4309 +1 473 4836343 4836815 PA4309 Chemotactic transducer PctA 361 517 

PA4310 +1 472 4838304 4838774 PA4310 Chemotactic transducer PctB 306 453 

PA2522 +1 550 2843243 2842694 PA2522 CzcC protein 22 204 

PA3685 -1 562 4126904 4126343 PA3685 Conserved hypothetical protein 1 148 

*PA1876/77 -1 1037 2047532 2046827 

PA1876  

and  

PA 1877 

Probable ATP-binding/permease 

fusion ABC transporter and  

Probable secretion protein 

572 

 

1 

723 

 

ND 

PA3002/03 -3 577 4126904 3364650 

PA3002  

and 

PA3003 

Transcription repair coupling 

protein mfd and  

Hypothetical protein PA3003 

1068 

 

52 

1148 

 

70 

PA0696 -3 279 768840 768649 PA0696 Hypothetical protein  91 141 

7.3.2 Screening of pGBT9-ORF40 against the P. aeruginosa PAO1k prey library 

16 colonies resulted from the screening of pGBT9-ORF40 against the P. aeruginosa PAO1k prey library 

(Table 7.3). This was out of a total of 4.72 × 10
5
 colonies (4.7 fold coverage of the P. aeruginosa PAO1k 
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genome) that were subjected to screening for activation of the HIS3, ADE2 and MEL1 reporter genes. 

Out of the 16 prototrophs, 11 had the prey plasmid with an in-frame fusion construct. These 11 

prototrophs corresponded to four different P. aeruginosa proteins.  

The four in-frame fusions with detected interactions identified by more than one fragment include, 

Fe(III)-pyochelin outer membrane receptor precursor (FptA; PA4221), aerotaxis transducer (Aer2; 

PA0176), two-component response regulator (AlgB; PA5483) and a conserved hypothetical protein 

(PA2613). These were retrieved by four, three, two and two overlapping unique prey fragments 

fragments respectively (Table 7.3).  

Table 7.3: Results of pGBT9ORF40 against P. aeruginosa PAO1k prey library yeast two-hybrid screen. Sixteen 

prototrophs with a prey plasmid with in-frame fusion construct were retrieved.  

Plasmid 

name 

 

Frame DNA Locus Protein 

Lengt

h 
Start  End  Target Protein name 

Star

t  
End  

PA4221A +1 166 4725409 4725244 PA4221 FptA 465 519 

PA4221B +1 843 4726024 4725182 PA4221 FptA 260 540 

PA4221C +1 843 4726024 4725182 PA4221 FptA 260 540 

PA4221D +1 843 4726024 4725182 PA4221 FptA 260 540 

Aer2A +1 828 200853 200026 PA0176 Aer2 263 538 

Aer2B +1 828 200853 200026 PA0176 Aer2 263 538 

Aer2C +1 828 200853 200026 PA0176 Aer2 263 538 

AlgBA +1 803 6173954 6174756 PA5483 AlgB 203 449 

AlgBB +1 803 6173954 6174756 PA5483 AlgB 203 449 

HypA +1 818 2955636 2954818 PA2613 Hypothetical protein 170 441 

HypB +1 818 2955636 2954818 PA2613 Hypothetical protein 170 441 

AmiCA +2 219 3775763 3775545 PA3364 AmiC 1 63 

AmiCB +2 219 3775763 3775545 PA3364 AmiC 1 63 

AldA +3 646 3197697 3198343 PA2843 Probable aldolase 20 234 

AldB +3 646 3197697 3198343 PA2843 Probable aldolase 20 234 

HelA -1 302 3693482 3693782 PA3297 

Probable ATP-dependent 

Helicase 408 507 

The Fe(III)-pyochelin outer membrane receptor (PA4221) was retrieved by two overlapping prey 

fragments. Once with a short 54 amino acids prey fragment and the second time by a longer 280 amino 

acids prey fragment, which occurred a total of three times (Table 7.3). Interaction with prey protein 

PA4221 was however not reproducible in the confirmatory drop tests (Figure 7.1). In these tests, a 

combination of ORF40 with PA4221 was unable to activate the reporter constructs and the same was 

the case when ORF40 was combined with negative controls pGBT9-empty as well as pGBT9-GPA1. This 

was evident from the lack of prototrophs on SD-WLH as well as SD-WLHA+ x-α-gal plates indicating that 

the detected interaction is irreproduciable hence a false positive (Figure 7.1). 
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Such a false positive result in the yeast two-hybrid analysis is most probably due to a spontaneous 

mutation in the yeast strain AH101 or in the constructs. This would lead to activation of all three 

reporter genes (HIS3, ADE2 and MEL1) during the initial yeast two-hybrid screen, but lack of reporter 

gene activation upon re-introduction of the bait and interacting prey in freshly grown AH109. 

 

 
 

Figure 7.1: Confirmatory yeast two-hybrid drop test for detected interaction between φφφφKMV gp40 and P. 

aeruginosa PAO1k PA5022. The bait (pGBT9-X) and the prey (pGAD424-PA5022) constructs are indicated. 

Combinations with pGBT9-GPA1 and pGBT9”empty” serve as negative controls.  

Although interactions involving prey fragments PA0176, PA5483 and PA2613 were retrieved more than 

once with overlapping fragments being evident, these interactions were not subjected to further 

confirmatory drop tests. Bioinformatical analysis showed that all the corresponding three proteins,      

aerotaxis transducer Aer2 (PA0176), two-component response regulator AlgB  (PA5483) and 

hypothetical protein (PA2613) do not occur in the vicinity of the outer cell membrane. This ruled out the 

possibility of the proteins serving as possible receptors for bacteriophage φKMV. However, putative 

interaction of these proteins with φKMV proteins during late phage infection process may be inferred. 

7.3.3 Screening of pGBT9-ORF41 against the P. aeruginosa PAO1k prey library 

Screening of pGBT9-ORF41 (encoding gp41) against the P. aeruginosa PAO1k prey library resulted in 2 

prototroph colonies out of the 7.36 × 10
5
 transformants (1.8 fold coverage of the P. aeruginosa PAO1k 

genome) assayed (Table 7.1). Only one prototroph carried the prey plasmid with an in-frame fusion 

construct. This prey protein corresponds to GbuR protein of P. aeruginosa PAO1k . This protein is a LysR-

type transcriptional regulator and had been detected in a previous yeast two-hybrid screen involving 

φKMV gp5 (Bart Roucourt personal communication). Data from the previous yeast two-hybrid analysis 

indicated that this protein produces unspecific activation of the HIS3 reporter construct and thus 

produces a false positive signal. Moreover, being a cytoplasmic protein, it is highly unlikely that this 

Bait Prey 

ORF40 PA4221 

 

 

GPA1 PA4221 

 

 

Empty PA4221 

             SD-WL                                     SD-WHL                             SD-WLHA+ x-α-gal 
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protein would serve as a potential phage φKMV receptor. Thus, this interaction was not investigated 

further to try and confirm it by drop tests.  

7.3.4 Screening of pGBT9-ORF48 against P. aeruginosa PAO1k prey library 

Of the 1.19 × 10
6
 transformants (11.97% coverage of 24-fold redundant prey library) assayed during the 

screening of pGBT9-ORF48 (encoding gp48) against the P. aeruginosa PAO1k prey library, 12 were able 

to activate the three reporter constructs. Ten prototrophs had their prey plasmid in-frame fusion 

construct. The ten prototrophs correspond to P. aeruginosa PAO1k hypothetical protein PA4736 (Tables 

7.1 and 7.4).  

Table 7.4: Yeast two-hybrid screening of pGBT9-ORF48 against the P. aeruginosa PAO1k prey library. For each 

bait, the corresponding interacting prey partner is listed with the frequency of occurrence and length (in number 

of amino acids) as well as a description of the P. aeruginosa PAO1k protein to which the prey protein corresponds. 

Identified prey protein Corresponding P. aeruginosa PAO1k protein 

Name Frequency Length(aa) Description Length(aa) Position 

PA4736_A 3/12 37 Hypothetical protein PA4736 97 61-97 

PA4736_B 1/12 54 Hypothetical protein PA4736 97 44-97 

PA4736_C 4/12 65 Hypothetical protein PA4736 97 33-91 

PA4736_D 1/12 37 Hypothetical protein PA4736 97 61-97 

PA4736_E 1/12 28 Hypothetical protein PA4736 97 70-97 

In total, the interaction between φKMV gp48 and P. aeruginosa PAO1k protein PA4736 was identified by 

6 unique overlapping prey fragments. A summary of the isolated peptides and their overlap as isolated 

in the yeast two-hybrid screens are given in Table 7.4 and Figure 7.2A. 

7.3.4.1 In silico analysis of φφφφKMV gp48 interacting protein PA4736 

In P. aeruginosa PAO1, PA4736 is downstream of the gene encoding a protein predicted to be outer 

membrane localized, PA4735 (Figure 7.2B). Using programs, Operon Finding Software V1.2 and the 

Pathway Tools PathoLogic software, it is predicted that PA4735 and PA4736 form an operon (with 

Operon Finding Software V1.2  predicting a probability of co-transcription of 0.72).  

BLASTP analysis of PA4735 protein shows identity to ATPase involved in pili biogenesis in Vibrio fisheri 

(53%), Shewanella piezotolerans WP3 (52%) and Syntrophus aciditrophicus SB (51%). Amino acid 1-160 

of PA4735 comprise AsmA domain. The AsmA gene product is involved in the assembly of outer 

membrane proteins in Escherichia coli and also plays a role in LPS biogenesis (Misra and Miao,1995; 

Deng and Misra, 1996). 
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A 

 

B 

 

C 

PA4736          LHKRFA--ALAAPLLYLACASAQADTMRCGSALVSVGDRAFEVQQKCGDPDHRDDVGY--  

PA4737*         LNRSLPRTGLVALLSLLPLAHAQADSLRCGSRLVSTGDSSADVLARCGEPRSRDSLGYRE  

                *:: :.  .*.* *  *. * ****::**** ***.** : :*  :**:*  **.:**   

 

PA4736          TLGSYDRR-EFKVEEWVYGPRNGVTYILTFEANKLKRIEFKR--  

PA4737*         VVGEWGKRYEVEVQEWVYGPWNGMLYFVRFEGNRLSAIQSRRGD 

                .:*.:.:* *.:*:****** **: *:: **.*:*. *: :*   

Figure 7.2: Overview of prey protein fragments identified for gp48-PA4736 interaction, the genetic context of 

PA4736 in the P. aeruginosa PAO1 genome and sequence comparison of PA4736 and PA4737*. (A) The thick 

black line is a representation of the entire prey protein PA4736 and the narrow black lines show the amino acid 

positions of identified fragments in the prey protein. The start and end of the prey fragment are indicated by 

amino acid residue number. The φKMV gp48-PA4736 minimum interaction domain is predicted from the 

overlapping prey fragments. (B) Genomic context of PA4735, PA4736 and PA4737 as annotated in the P. 

aeruginosa database. Genes and their direction of transcription are indicated by thick black arrows. The hooked 

arrow indicates alternative start position of predicted PA4737* gene. (C) ClustalW sequence alignment of PA4736 

and PA4737* proteins. In the alignment, the corresponding identical (*), strongly similar (:) and similar (.) amino 

acids between the two proteins are indicated.The predicted type I signal peptide, the first amino acid residue of 

PA4737 as annotated in Pseudomonas database and the φKMV gp48-PA4736 minimum interaction domain are 

highlighted in grey, red and yellow respectively.  
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Analysis of the genomic region encompassing PA4735-PA4737 reveals a high possibility that PA4737 

might actually be longer than it is annotated in the gene predictions on the Pseudomonas database. This 

prediction of a longer version of PA4737 (PA4737*) is based on the presence an upstream TTG start 

codon, which overlaps with the GGA stop codon of PA4736 (Figure 7.2B). As follows, the start/stop 

overlap would result in transcriptional/translational linkage of the PA4736 and PA4737*. Thus, 

PA4735/PA4736/PA4737* might be a 3-gene operon. A type I export signal (predicted using signal and 

LipoP) is present in both PA4736 and PA4737*. The signal peptides are very similar, with cleavage after 

residues 22 and 24 in PA4736 and PA4737* respectively (Figure 7.2C).  

Noteworthy is the fact that the arrangement of genes homologous to PA4735, PA4736 and PA4737 is 

conserved among sequenced Pseudomonas spp. genomes. Moreover, BLASTP searches reveal that 

PA4737* has 100% identity with P. aeruginosa PACS2 hypothetical protein PaerPA_01004907.  

The genetic data from computational predictions as discussed herein suggest the possible physical or 

functional interaction between PA4735, PA4736 and PA4737* proteins. This hypothesis is supported by 

results of a study by Dandekar et al. (1998) which identified a relationship between genes that are 

contiguous in several bacterial chromosomes and proteins that form complexes. This observation was 

limited to the small set of genes whose proximity in the genome is conserved in several bacterial 

species. Moreover, a BLASTP search performed to identify proteins homologous to φKMV gp48 

interacting protein PA4736 revealed similarity to downstream encoded P. aeruginosa PAO1k protein 

PA4737 (Exp = 2e-08). It was evident from a ClustalW alignment of PA4736 and PA4737* gene products 

that the φKMV gp48 minimum interaction domain is conserved between between the two proteins. The 

highest number of identical and similar amino acid residues occurred within this region (Figure 7.2C). 

These predictions led to the hypothesis that PA4746 protein actually interacts with bacteriophage φKMV 

gp48 at the outer membrane of the bacteria. Hence a confirmatory yeast two-hybrid test was carried 

out to verify the detected interaction of gp48 and P. aeruginosa PAO1k protein PA4736 (Section 7.3.4.2). 

7.3.4.2 Confirmatory drop tests 

The confirmatory drop tests (Section 3.4) were performed to verify if the φKMV gp48-PA4736 

interaction is genuine. In these tests, the interaction between φKMV gp48 and PA4736 was retested by 

reintroducing the bait (pGBT9-ORF48) and prey (pGAD424-PA4736) plasmid in S. cerevisiae AH109 and 

retesting reporter construct activation in comparison to control constructs. A combination of ORF48 

with PA4736 was able to activate all three reporter constructs HIS3, ADE2 and MEL1. However, when 
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ORF48 was combined with the negative controls (pGBT9-empty and pGBT9-GPA1) there was no 

activation of either of the three reporter constructs. This led to the conclusion that the initially detected 

interaction was a positive one.  The confirmatory drop tests showed that the interaction between φKMV 

gp48 and hypothetical protein PA4736 was reproducible and specific (Figure 7.3).  

 

 

Figure 7.3: Confirmatory yeast two-hybrid drop test for interaction between gp48 and P. aeruginosa PAO1k 

PA4736. The bait (pGBT9-X) and the prey (pGAD424-PA4736) constructs are indicated. Combinations with pGBT9-

GPA1 and pGBT9”empty”, serve as negative controls. Presence of prototrophs on SD-WLH and SD-WLHA + X-α-gal 

confirmed the detected interaction between phage φKMV gp48 and P. aeruginosa PAO1k protein PA4736. 

7.3.5 Influence of removal of the identified interaction partners on phage φφφφKMV infectivity 

Following identification of one bacteriophage φKMV-receptor protein interaction between φKMV ORF48 

and P. aeruginosa PA4736, the next step was to elucidate the role of this interaction. To this end, the 

influence of the interaction on the infection cycle of φKMV was investigated. This was realized by 

performing targeted deletions of the genes encoding the interacting P. aeruginosa protein as well as the 

adjacent genes which encode potential associated proteins. 

7.3.5.1 Construction of P. aeruginosa PAO1k deletion mutants 

Double homologous recombination was used to create deletion mutants of the P. aeruginosa gene 

interacting encoding for PA4736 and the flanking genes. The 5’ and 3’ flanking regions of the targeted 

genes were PCR amplified using P. aeruginosa PAO1k genomic DNA as template. The amplified 

fragments were inserted in P. aeruginosa suicide vector pEX18Ap (Hoang et al., 1998), flanking a 

gentamycin cassette. The vector constructs were verified by sequencing then used to transform P. 

aeruginosa PAO1k. Upon selection for gentamycin resistance, the targeted gene is replaced with the 

gentamycin cassette by double homologous recombination. Merodiploids arising from single 

homologous recombination events are excluded using the sacB counterselectable marker. The 

construction of four deletion mutants was successful. Three of the mutants were, PAO1∆PA4735, 

PAO1∆PA4736 and PAO1∆PA4737 corresponding to gene deletions of P. aeruginosa mentioned genes. 

Bait Prey 

ORF48 PA4736 

 

GPA1 PA4736 

 

Empty PA4736 

SD-WL    SD-WLH  SD-WLHA + x-α-gal 
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In addition a double gene knockout PAO1∆PA4736/37 corresponding to deletion of PA4736 and PA4737 

was also constructed. 

7.3.5.2 Effect of P. aeruginosa gene deletions on φφφφKMV infectivity 

Bacteriophage φKMV was able to effectively infect and form plaques on all the above mentioned four 

mutants when infectivity test was performed by agar overlay method. This was an indication that the 

products of the deleted genes and probable associated complex were not essential for the phage’s 

infectivity under these conditions. 

Gene deletions of PA4736, PA4737 as well as the double deletion mutant of PA4736 and PA4737 had no 

effect on phage φKMV infectivity. The mutated cells displayed similar growth curve as that of wild type 

P. aeruginosa strain PAO1k infected with phage φKMV in liquid culture. However, P. aeruginosa PAO1 

∆PA4735 displayed a non-canonical growth curve when in the absence or presence of phage φKMV 

infection (Figure 7.4).  

 

Figure 7.4: Growth curves of P. aeruginosa PAO1k (green line and triangles), P. aeruginosa PAO1k with phage 

φφφφKMV (purple line and cross), P. aeruginosa PAO1∆∆∆∆PA4735 (Blue line and squares) and P. aeruginosa 

PAO1∆∆∆∆PA4735 with phage φφφφKMV (red line and squares). The phage was added at MOI of 1 added at OD600 ∼ 0.2 

and 0.3. After 705 minutes of incubation, the PA4735 mutant cells did not grow beyond OD600 = 0.6 and there was 

no sharp drop in OD600as observed with wild type P. aeruginosa PAO1k infected with φKMV. 
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7.3.5.3 PAO1∆∆∆∆PA4735 viability tests 

Further analysis of the PAO1∆PA4735 deletion mutant involved viability analysis of the bacterial cell 

suspensions using the LIVE/DEAD BacLight Bacterial viability kit. This kit employs two nucleic acid stains- 

the green fluorescent SYTO


9 stain and the red-fluorescent propidium iodide stain. These two stains 

differ in their ability to penetrate healthy bacterial cells.  

SYTO 9 stain labels live bacteria with intact membranes resulting in the bacterial cells fluorescing green. 

Propidium iodide only penetrates bacteria with damaged membranes. Overnight culture of PA4735 

deletion mutant when viewed under a fluorescence microscope revealed that there were more dead 

cells than viable ones (Figure 7.5 a and b). The cells appeared elongated and joined at the poles. This 

was possibly due to a defect during cell division which is in line with the prediction that PA4735 has 

AsmA domain responsible for assembly of outer membrane proteins and for cell division. Wild type p. 

aeruginosa PAO1k had more viable cells within the overnight culture, with a majority processing intact 

membranes hence resulting in a high density of SYTO9 stained cells and no red propidium iodide stained 

cells (Figure 7.5 c and d) 

 

Figure 7.5: Bacterial viability staining of overnight culture P. aeruginosa with red-fluorescent propidium iodide 

(a and c) and green-fluorescent SYTO 9 stains (b and d). P. aeruginosa PAO1∆PA4735 (a and b) and Wild type P. 

aeruginosa PAO1k (c and d) 
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7.4 Discussion 

Bait constructs pGBT9-φKMV late gp result in fusion between the Gal4p DNA-binding domain and the 

corresponding φKMV late protein. In order to identify bacteriophage-host interactions involving gp38, 

39, 40, 41, 47 and 48 of bacteriophage φKMV, each bait construct was combined with the P. aeruginosa 

PAO1k fragmented prey library in six independent large scale experiments. For each screening 

procedure the prey plasmid was isolated from all clones able to activate the three reporter constructs 

(HIS3, ADE2 and MEL1) and insert identified by sequencing. 

The bait and identified potential interacting prey were re-introduced in freshly grown yeast AH109 strain 

to re-test the interaction. In this way, we rule out the possibility of false positives which arise from 

spontaneous mutations in the yeast cells or in the constructs (Uetz, 2002). One of the two interactions 

that were retested in this manner generated reproducible interactions with a P. aeruginosa protein. 

gp48 interacted with PA4736. Drop tests confirmed the specificity of the HIS3, ADE2 and MEL1 reporter 

construct activation for the PA4736 and φKMV gp48 interaction (Figure 7.3). Combination of prey with 

negative controls pGBT9 (encoding only the Gal4p DBD) and pGBT9-GPA1 (encoding the fusion product 

of Gal4pDBD and Gpa1 of S. cerevisiae) did not result in cell growth (Figure 7.2).  

Another interaction identified in the initial yeast two-hybrid library screening (φKMV gp40 and FptA1 

protein of P. aeruginosa PAO1k) was not reproducible since no colonies were observed on the HIS3, 

ADE2 and MEL1 reporter genes selection plates in the confirmatory drop tests carried out to verify the 

interactions. This interaction was therefore classified as a false positive.  

There was high overlap of the prey fragments in the confirmed PA4736 interaction which confirmed that 

the P. aeruginosa prey library was highly redundant. Moreover, it is common practice to consider 

multiple overlapping fragments as an indication for true positive interaction even though this is not a 

conclusive criterion. Six overlapping prey fragments were isolated for this particular interaction. The 

localization of PA4736 product is still unknown. However, following the in silico analysis which resulted 

in alternative gene PA4737* prediction, this study has demonstrated the high likelihood that PA4735, 

PA4736 and PA4737* form an operon. The analysis also suggests a possible interaction between the 

three genes’ products. Hence PA4736 is also likely to be outer membrane associated. 

It has been shown that bacteriophage φKMV infectivity is type IV pili dependent (Chapter 6). The data 

available on PA4735 show that the protein has similarity to an ATPase potentially involved in pili 

biogenesis. This might explain why there was no drop in OD600 when the P. aeruginosa PAO1∆PA4735 

was infected with φKMV. It is possible that this protein plays a role in the expression of type IV pili in the 
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tested conditions and hence the deletion of its encoding gene might concomitantly have an effect on 

φKMV infectivity. Moreover, the mutant cells displayed aberrant elongated cell morphology which is 

consistent with our hypothesis that the gene disruption resulted in altered cell morphology and 

membrane architecture. There is also the possibility that phage φKMV is not able to infect metabolically 

quiescent cells like the ones that result from the PA4735 deletion mutation. 

The AsmA domain of PA4735 has been shown to play a role in the assembly of outer membrane proteins 

in E. coli (Deng and Misra, 1996). AsmA is also said to have a role in LPS biogenesis (Misra and Miao, 

1995). These facts point at the possibility of this protein being essential for the bacterial cell’s viability. 

Results from growth in liquid culture and infectivity with bacteriophage φKMV of the cells in liquid broth 

confirm that PA4735 is essential for the bacterial growth in liquid culture. Initial studies had shown that 

φKMV infectivity is type IV pili dependent. Therefore, in this chapter, the possibility of the use of P. 

aeruginosa PAO1k outer membrane protein PA4735-associating protein PA4736 as the secondary 

receptor is proposed. It is not uncommon for phages to use bacterial essential outer membrane proteins 

as receptors. This comes with the advantage that the host has to loose its viability altogether so as to 

gain resistance against the phage.  

An adsorption mechanism that would initially involve host recognition involving the type IV pili and then 

followed by binding – possibly irreversible - to an outer membrane protein or complex such as that of 

PA4735/PA4736 as a secondary receptor is proposed.  

The results highlighted in this chapter show that bacteriophage φKMV makes use of one of its structural 

proteins in the initial stages of infection, which is the adsorption process. Preliminary cryoEM data has 

shown that gp48 could possibly be a capsid-decorating protein (Konstantin Miroshnikov, personal 

communication) similar to those observed in phages L, T4 and N4. It has been suggested that these head 

fibre and decorating proteins play a crucial role in stabilizing the capsid. (Morais et al., 2005; Fraser et 

al., 2006; Tang et al., 2006). These proteins are known to be added to the virion exterior surface only 

after the shell has been assembled (Casjens and Hendrix, 1988). Due to their role in the stabilization of 

the capsid, these proteins are often referred to as “cementing” proteins. To our knowledge, this is the 

first example of a sensory role attributed to phage capsid proteins and suggests the complex nature by 

which phage particles are directed to their secondary host receptor. 
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Chapter 8 

General conclusions and perspectives 

The susceptibility of a bacterium to bacteriophage infection is dependent on the capacity of the phage 

to interact with specific receptors on the cell surface. This crucial step of attachment and penetration by 

the phage has received less attention by microbiologists and molecular biologists as compared to later 

stages of the phage cycle (replication and synthesis of progeny phage). Many studies on bacteriophage 

host recognition structures and their receptors have dealt with E. coli phages and their cell wall 

receptors. This study extends the limited number of existing phage receptor studies for  P. aeruginosa 

(specifically) focussing on the virulent bacteriophage φKMV. 

The ubiquitous nature of pseudomonads has made them medically, environmentally and 

biotechnologically important bacteria. This feature, coupled to the ongoing search for new antibacterial 

agents against pathogenic strains of P. aeruginosa, has led to renewed interest in isolation and 

characterization of specific phages, such as φKMV, for possible application in phage therapy.  

Being a very specific process and part of the natural mechanism of host recognition, bacteriophage-host 

receptor interaction has gained attention correlated to renewed interest in bacteriophage therapy. An 

increased need to identify phages with broad host range which, when used as part of a cocktail, will 

target a wide variety of host strains, and suppress the emergence of phage resistant-strains.  

With the above in mind, this project was initiated with the objective of identifying P. aeruginosa phage 

φKMV receptor(s). The project aimed at performing an in-depth characterization of the identified 

receptor and phage host-range determinants. In addition to this, several methods and tools were 

established for use in the determination of the receptors of other lytic phages. 

8.1 The lessons learnt... 

As highlighted in sections 1.4.2.1 and 7.1 of this thesis, it has for long been the assumption that tailed 

phages follow the classical infection pathway, with the tail fibres making first contact with the cell 

surface. This binding is followed by specific and irreversible binding of one of the proteins located at the 

tip of the tail to an outer membrane component. As much as this thesis does not completely rule out the 

possibility that phage φKMV adopts this classical pathway, it has also been demonstrated here that 

blindly conforming to this school of thought amounts to oversimplification of the phage receptor 

recognition and early infection mechanism. From the experimental results discussed in this thesis, it is 
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evident that phage φKMV has a more intricate and complex mechanism of host recognition. This is 

evident from the conclusions derived from the findings of this study which could be summarized in three 

main points: 

i. Bacteriophage φKMV receptor’s expression and/or spetial topology is surface growth 

dependent. 

ii. The phage’s infectivity is type IV pili and twitching motility dependent with a possible role of the 

LPS. 

iii. Phage structural protein gp48 interacts with P. aeruginosa protein PA4736 which had no 

previously annotated function. 

Herein is a more detailed discussion of the hypotheses derived from the above mentioned conclusions. 

In addition, some of the lessons drawn from the different methods applied in the study are also 

discussed. 

An initial observation was that a majority of the strains infected by phage φKMV were lysed when the 

phage infectivity test was performed by the agar-overlay method. This led to the conclusion that this 

phage has surface-dependent infectivity. Other P. aeruginosa phages that have been found to have this 

pattern of infection are D3112 and B3 (Roncero et al., 1990). Further liquid broth screens suggested that 

phage φKMV adsorption was influenced by cell structures whose expression is realized when cells grow 

in a solid medium environment. 

Our findings of phage φKMV surface-dependent infectivity from the host-range determination screens 

correlated with the possibility that phage φKMV makes use of P. aeruginosa type IV pili as its receptor 

(See below). From the phenotypic characterization of the wild type P. aeruginosa PAO1k in comparison 

to its derived phage φKMV-resistant mutant strain PAO1KR, it was found that the mutant was 

completely devoid of type IV pili on its surface when viewed by electron microscopy. Moreover, this 

phage resistant mutant was also devoid of twitching motility, which is mediated by type IV pili. 

Among the phage receptor identification strategies applied in this study was the revertion of phage 

φKMV spontaneous resistant mutant P. aeruginosa PAO1KR to sensitivity using P. aeruginosa PAO1k 

cosmid clone library (Chapter 2). One of the identified complementing cosmid clone, pRGpil, was then 

used to determine phage φKMV receptor/host range determinants. The nucleotide sequence of the 

27.34 kb insert revealed that it contained genes that encode proteins involved in type IV pili biogenesis. 

It was noted that apart from re-establishing phage sensitivity, the cosmid also restored twitching 
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motility in the mutant strain PAO1KR. Our previous conclusions from phage host range and adsorption 

tests were confirmed by the findings from this receptor identification strategy that showed φKMV has a 

type IV pili-dependent infectivity. 

The successful application of this cosmid library complementation strategy in determining φKMV 

receptor and host-range determinants could be extended to the identification of other phages’ 

receptors. This is especially the case for phages infecting P. aeruginosa PAO1k since this strain’s cosmid 

library has been made available in the course of this study.  

An experience derived from the use of a spontaneous mutant for complementation analysis in phage 

receptor identification is that it is difficult to attribute a single factor to be responsible for the phage 

resistance phenotype. It has to be noted that there was no mutation identified in the spontaneous 

mutant strain PAO1KR that would be directly linked to phage resistance. A possible alternative to this 

approach, which would make it more direct in identifying phage infectivity host determinants, would be 

to make use of a wild type strain PAO1k transposon mutant library for the complementation procedure.  

The reversion to phage sensitivity of mutants with identified transposon insertions in genes that 

influence phage infectivity would indicate possible receptor(s) and host range determinants. 

To our knowledge, this study was the first time the yeast two-hybrid system was used in determining 

phage-host receptor interactions. Our choice of the method was mainly owing to its amenability to high-

throughput application. It allowed for the screening of a highly redundant two-hybrid P. aeruginosa 

PAO1k prey library for phage-host receptor interactions using φKMV late gene products’ bait constructs. 

The identified interaction between φKMV gp48 with P. aeruginosa PAO1k protein PA4736 was suggested 

to have a possible link to pili biogenesis. This is owing to the co-transcription and/or interaction between 

PA4736 with an outer membrane protein PA4735 which has similarity to an ATPase involved in pili 

biogenesis. These findings established a possible correlation with the type IV pili-dependent infectivity 

identified by the spontaneous mutant-cosmid library complementation strategy. 

The library approach yeast two-hybrid system receptor identification strategy is recommended for study 

of other bacteriophage receptors. However, it must be noted that the main drawback of this method is 

the fact that it has a bias towards being able to detect only binary interactions. Interactions depending 

on more partners are not detected by this method. As a result, interactions among proteins of large 

complexes are underrepresented in yeast two-hybrid results. It is known that some phages use 

complexes of their tail fibre proteins to bind to receptors on the host surface. This is an example of an 

interaction that would not be identified by a yeast two-hybrid screen. It is therefore recommended that 
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if the yeast two-hybrid approach is to be applied in future studies, it should be used in combination with 

an alternative strategy that would overcome this shortfall. This is demonstrated in this study whereby 

an alternative genomic approach was used in combination with yeast two-hybrid to identify phage 

φKMV receptor and host range determinants. 

8.2 The implications… 

The bacterial surface growth and type IV pili-dependent infectivity of phage φKMV has profound 

implications on the use of the phage for phage therapy applications. This is because these two facts will 

make it difficult to amplify the phage in large scale batch cultures for phage therapy applications. To 

circumvent this problem, the growth of host cells should be performed in cultures containing a 

macroviscosity agent that mimics the effect of growth on solid media e.g. polyvinylpyrrolidone 

(molecular weight, 360,000) which has been used for induction of expression of lateral flagella in other 

bacteria, such as Vibrio parahaemolyticus (Belas et al., 1986). 

Bacteriophage φKMV has been found to possess very poor adsorption properties.  An alternative 

method for determining the adsorption rates of phages with such poor host-binding properties in 

exponential phase host cultures has been suggested. This method would entail determining un-

adsorbed phages in a mixture of phages and host bacteria like the one used in this study. The only 

exception is that the method would make use of antiserum to remove un-adsorbed phages. In this 

manner, the method usually determines phages which have become serum insensitive due to 

adsorption onto and, more likely, penetration into host cells. It is presumed that the phage antiserum 

will have high affinity for phages and this would assist in providing a clear-cut delineation of the 

absorbed and unadsorbed phages in suspension. 

Recent advances into the role of the PilM/N/O/P/Q and FimV proteins have revealed patterns of mutual 

stabilization, localization and functional association, suggesting they form inner and outer membrane 

protein complexes involved in pilus assembly (Lori Burrows, personal communication). The role of the 

differential expression the pilMNOPQ genes in bacteriophage φKMV sensitivity would make the phage a 

valuable tool in the typing of P. aeruginosa strains with the intact type IV pili assembly complex. This 

would make phage φKMV assume a similar role to that of pili-dependent phage PO4 (Bradely et al., 

1973a) in experiments to determine the presence or absence of intact type IV pili assembly machinery 

and wild type twitching motility. In view of this, further investigation into the role of PilMNOPQ proteins 

in phage φKMV infectivity is proposed. Single and double mutant analyses coupled with determining 

their effect on the complex structural features would give an insight to the mode of phage resistant 
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development in P. aeruginosa and other Gram-negative bacteria. Such information is crucial where the 

development of phage therapy cocktails with expanded host range is envisaged. 

Preliminary data from cryo-EM studies on phage φKMV have shown that gp48 may constitute a capsid-

decorating protein (Konstantin Miroshnikov, personal communication) similar to the one observed in 

phages L, T4 and N4. It is known that such proteins play an important structural role in the stabilization 

of the phage capsid (Morais et al., 2005; Fraser et al., 2006; Tang et al., 2006). However, to our 

knowledge, this is the first example of a proven sensory role attributed to putative phage capsid 

proteins and suggests the complex nature by which phage particles are directed to their host receptor. 

8.3 Future perspectives… 

Type IV pili and twitching motility are important during surface-dependent growth of P. aeruginosa. 

They are required in the initial (attachment) step of biofilm formation; therefore the possible role of P. 

aeruginosa PAO1k biofilms in φKMV infectivity cannot be absolved. This is of importance in cases 

whereby the phage is to be used in countering infections exacerbated by formation of P. aeruginosa 

biofilm communities. Thus, there is need for future research into the infection properties of phage 

φKMV against P. aeruginosa cells growing in biofilm communities. 

Transcriptome and proteome analysis to elucidate differences between the spontaneous phage-

resistant mutant and the wild type φKMV P. aeruginosa PAO1k will provide crucial information on the 

mechanism of the phage’s resistance development.  This will make a big contribution in designing a 

phage cocktail that can overcome host resistance that occurs via the identified mechanism. An example 

of what this would entail is the isolation of phages using bacterial propagating strains with engineered 

mutations resembling those that confer resistance to φKMV. Such phages that overcome the resistance 

mechanism in question would then be used in combination with φKMV in the phage cocktail.   

It is routine procedure to verify interactions detected by yeast two-hybrid system by an alternative in 

vitro interaction assay. When successfully verified by an in vitro technique such as co-

immunoprecipitation or a pull-down assay, the interaction between φKMV gp48 and P. aeruginosa 

PAO1k protein PA4736 will be ascertained to be a true positive interaction. Recombinant expression of 

the proteins followed by in vitro interaction assays would provide data which when combined with that 

from this study would lead to the functional annotation of the phage φKMV co-receptor protein, 

PA4736. 
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A recombinant red fluorescent protein labeled gp48 has been generated and is currently being used in 

in-vitro interaction tests with both φKMV-sensitive as well as mutant φKMV-resistant P. aeruginosa 

PAO1 cells. Preliminary data from these experiments have shown that there is apparent binding of the 

recombinant red fluorescent protein-gp48 to P. aeruginosa PAO1 cells. Fluoromicroscopy experiments 

to try and identify the location of the binding are being carried out. The strength of the interaction can 

be determined by use of surface plasmon resonance (BIAcore). 

In cases whereby the genome sequence is available for the host strain for which its phage receptor is 

being investigated, it is recommended that a number of host range mutants be developed for the 

purpose of receptor studies. In this study, the availability of a number of host cell wall protein and LPS 

mutants provided the possibility of confirming suggested phage-receptor interactions involving the 

respective mutated host protein/LPS components.  

From the successful implementation of the receptor identification strategies (Chapter 2) used in this 

study, it is recommended that the same strategy be extended to the identification of receptors of 

additional P. aeruginosa and other bacteria phage receptors. 
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Appendix 

Genetic and physical map of cosmid vector pRG930cm 

9.1 Introduction 

There was limited knowledge concerning the genetic and physical map of cosmid pRG930cm. Even 

though cosmid pRG930cm has a broad host range, and is stably maintained by a number of Gram-

negative bacteria including Pseudomonas spp, E. coli, Agrobacterium tumefaciens and Azorhizobium 

caulinodans ORS571 (Van den Eede et al., 1992), its genetic and physical map was still unknown at the 

start of this study. As pRG930cm was already successfully used in previous studies (Matthijs et al., 2004), 

it was deemed necessary to determine its nucleotide sequence which would aid in the efficient 

construction and analysis of genomic libraries. In this chapter, we discuss the sequencing and 

determination of the genetic map of the cosmid vector pRG930cm. 

9.2 Genetic map of cosmid vector pRG930cm 

Cosmid pRG930cm was selected for use in complementation of phage φKMV-resistant P. aeruginosa 

strain PAO1KR. However, the nucleotide sequence and physical map of this low-copy-number, broad-

host-range-vector, were unknown. Knowledge of the genes and restriction sites present on its ancestral 

plasmid pGV910 and cosmids pRG930 was also lacking (Van den Eede et al., 1992). This genetic data 

could not be reconstructed from available sequences of the ancestor plasmids due to their mode of 

construction. Despite this drawback, pRG930cm had been used in the construction of a number of stable 

clone libraries in Pseudomonas, Burkholderia, and Acetobacter (Matthijs et al., 2004; De Chial et al., 

2003; Plesa et al., 2006). Subcloning and further analysis of these clone libraries was tedious due to the 

lack of the full DNA sequence of the cosmid. 

Therefore, the full sequence of cosmid pRG930cm was determined to aid in an efficient construction 

and analysis of the cosmid’s library in our application and also in future use. 

Cosmid vector pRG930 was constructed by ligating the 1.6-kb BglII cos fragment from cosmid pLAFR1 

into the BamH1 site of pGV910 and inserting part of pUC8 into the unique EcoRI site. To increase the 

spectrum of antibiotic resistance, and therefore the host range, the Cm
R
 cassette of pBR325 was 

inserted into the unique HindIII site of pRG930 resulting in pRG930cm (Matthijs et al., 2004). The 15.6 kb 

plasmid pGV910 was developed by ligating into plasmid pBR325 the 8 kb region of plasmid pVS1 

responsible for replication, stability and mobilization resulting into a broad host range cloning vector. 
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Incompatibility group P alpha (IncPα) low-copy-number plasmids (like pVS1 isolated from P. aeruginosa) 

have a wide host range and replicate/maintain themselves stably in Gram-negative bacteria. Plasmid 

pGV910 has both ColE1-derived and pVS1 origins of replication. 

pGV910 and its descendants pRG930 and pRG930cm are not self-transmissible but can be mobilized by 

pRK2013. Plasmid pRK2013 is a ColE1 plasmid carrying its own mob genes plus the RK2 tra genes. 

9.3 Shotgun sequencing of cosmid pRG930cm 

Cosmid vector pRG930cm was sequenced with average five-fold coverage by shotgun sequencing as 

described in Chapter 3, for which each nucleotide position was sequenced at least three times. The 

complete and truncated ORFs present on the vector were predicted using GeneMark.hmm, verified 

manually and functionally annotated. The annotated pRG930cm sequence was submitted to GenBank 

and is available under Accession Number FM174471. Figure 9.1 and Table 9.1 give an overview of the 

genetic and physical map of pRG930cm. 

The spectinomycin/chloramphenicol-resistant vector pRG930cm is a 17,256 bp cosmid with the ColE1 

and pVS1 origins of replication. BLASTN similarity search shows that the 599 bp region (from nucleotide 

coordinates 16178 to 16776) corresponds to ColE1-ori. Nucleotide coordinates 5930 to 7195 correspond 

to the pVS1 ori based on similarity to the ori of replication of plasmid pZU634. The 1.7 kb cos region 

derived from cosmid pLAFR1 contains the cos site and two phage phi 80 genes, ORF1 and ORF2. ORF3 

encodes a hypothetical protein with no significant homology to proteins in the databases. 

In addition, regions conferring chloramphenicol (cat) and spectinomycin/streptomycin (aadA) resistance 

are present. The genes responsible for conferring tetracycline (tetA and tetR; positions 14503-14922 and 

1195-1412 respectively) and ampicillin resistances (bla; position 16938-17256) are non-functional 

truncations. pRG930cm has PstI, SalI, BamHI, XmaI, Sma I and EcoRI restriction sites in its multiple 

cloning site (MCS). Restriction enzyme SalI is not unique and cannot be used for cloning. The presence of 

common unique restriction enzyme sites in the MCS enables efficient cloning into this vector.  
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Figure 9.1: Genetic map of cosmid vector pRG930cm including the restriction sites of enzymes. Position 1 on the 

vector corresponds to the reconiton site of PstI enzyme. Restriction enzymes in red cut at one location while those 

in blue cut at two locations. The inner circular map gives an overview of the different ancestors of pRG930cm. The 

colored regions correspond to the parts of the respective parent vector on the pRG930cm backbone.  Purple: 

derived from pGV910, orange: derived from pVS1, black: derived from Col E1 and yellow: derived from pBR325. 

The truncated cat gene (position 18-464) is located adjacent to the MCS. An identical sequence of the 

complete cat gene occurs at position 13702-14361. This has made it difficult to design primers annealing 

to a unique sequence flanking the MCS. For this reason, it has been difficult to analyze cosmid inserts in 

the past. With the complete pRG930cm sequence determined, primers designed upstream (5’-

GATACCGCGAGACCCACGCT-3’) and downstream (5’-CATTGCCATACGGAATTCCC-3’) of the MCS, 

respectively, have successfully been used in establishing the flanking sequences of cosmid inserts 

(Chibeu et al., 2009b).  
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Table 9.1: ORFs encoded on the cosmid vector pRG930cm. 

Position Gene name Function/characteristic 

1570-3357 traI DNA relaxase 

3354-3728 traJ ori T-recognizing protein 

4506-5336 kfrA Transcription regulation 

5930-7195  pVS1 ori 

6108-7283 parB pVS1 replication protein ParB 

7374-7589 parG pVS1 partioning protein ParG 

7610-8239 parA Partitioning protein ParA 

8326-8541 ORF 3 Hypothetical protein 

8538-9224 res Resolvase 

9560-9790 ORF 1 Bacteriophage phi 80 unknown gene 

9952-10680 ORF 2 Bacteriophage phi 80 unknown gene 

11288-12301 intI Integrase 

12300-13241 aadA 
streptomycin/spectinomycin 

adenyltransferase 

13702-14361 cat Chloramphenicol acetyltransferase 

15161-15529 mob Mob-like protein 

15528-15752 rom 
Rom/Rop protein. RNA I inhibition 

modulator protein 

16178-16776  ColE1 ori 

9.4 Discussion 

The genetic and physical map of the cosmid vector intended for use in creating a cosmid library was 

established. The sequence would make it possible to retrieve and determine the flanking sequences of 

cosmid inserts as described in Chapter 6. By determining the full sequence of cosmid pRG930cm, it was 

possible to efficiently construct and analyze the cosmid library that we constructed for the 

complementation of phage sensitivity in spontaneous φKMV-resistant mutant P. aeruginosa strain 

PAO1KR. Cosmid vector pRG930cm has a broad host range and can replicate in many Gram-negative 

bacteria, thus the provision of its sequence will enable it to find application in future experiments. 
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