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ABSTRACT 

 

 

INFLUENCE OF O POLYSACCHARIDES ON OUTER MEMBRANE VESICLE 
FORMATION AND BIOFILM DEVELOPMENT IN PSEUDOMONAS AERUGINOSA 

PAO1 
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University of Guelph, 2014              Dr. Cezar M. 
Khursigara 

 

 

Certain environmental conditions can alter the expression of the lipopolysaccharide 

(LPS) O polysaccharide on the surface of Pseudomonas aeruginosa cells. Changes in O 

polysaccharide expression influence cell surface characteristics. This study investigated the 

effect of directly altering O polysaccharide expression on outer membrane vesicle (OMV) 

production and composition, as well as biofilm formation. P. aeruginosa PAO1 produces 

two structurally distinct forms of O polysaccharide, the common polysaccharide antigen 

(CPA) and the O-specific antigen (OSA). Chromosomal knockout mutants of PAO1 that 

are defective in producing either OSA (∆wbpM) or CPA (∆rmd), or both (∆wbpL) were 

compared to wildtype cells. It was demonstrated that changes in O polysaccharide 

expression do not significantly influence OMV biogenesis, but do affect the size and protein 

sorting of OMVs. In addition, O polysaccharide expression was determined to influence 

biofilm development, and results from this study highlight the importance of CPA in this 

process. 
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CHAPTER 1: INTRODUCTION 

Pseudomonas aeruginosa is the most prevalent pulmonary infector of patients with cystic 

fibrosis 

Cystic fibrosis (CF) is the most common lethal inherited disease in the Caucasian 

population, occurring in one of every 3,600 births in Canada (Cystic Fibrosis Canada, 2011). The 

disease is caused by an autosomal recessive mutation of the CF transmembrane conductance 

regulator (CFTR) gene, which encodes a chloride channel found at the apical surface of various 

epithelial cell types (Riordan et al., 1989). Mutations result in chloride transfer defects that affect 

the electrolyte secretions of these epithelial cells in multiple organs (Rosenstein and Zeitlin, 

1998). In the lungs, electrolyte imbalance can lead to hyperosmolar mucus secretion, causing the 

airway surface liquid layer to become dehydrated and highly viscous (Oliver et al., 2000). This 

sticky mucus layer is essentially a breeding ground for bacterial pathogens, as it prevents normal 

defence mechanisms in the lungs from protecting against colonization (Stockley, 1998). In 

addition, the innate immune function of lung epithelia is affected by mutations in CFTR, 

resulting in ineffective inflammation responses that fail to eradicate pulmonary pathogens 

(Cohen and Prince, 2012). 

Mutations in CFTR are also known to result in decreased amounts of sialylated 

glycoproteins and gangliosides on the cell surface; this has been shown to make it easier for the 

opportunistic pathogen Pseudomonas aeruginosa to bind to host tissue (Rocchetta et al., 1999; 

Dosanjh et al., 1994; Kriven et al., 1988). The majority of patients will eventually succumb to 

complications due to chronic airway infection, most commonly with P. aeruginosa (Ramsey, 

1996). It is estimated that 80% of CF patients 18 years and older have P. aeruginosa infections 

(Goldberg, 2010; Oliver et al., 2000). For this reason, P. aeruginosa represents an excellent 
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focus for research relating to the pathogenesis of infection, as understanding the mechanisms 

involved could elucidate new targets for CF treatment.  

P. aeruginosa is a Gram-negative, environmentally ubiquitous bacterium, and is 

considered an opportunistic pathogen since most cases of infection are associated with 

compromised host defence (Stover et al., 2000; Lyczak et al., 2000). Once chronic infection 

occurs, P. aeruginosa characteristically becomes the predominant bacterium in the CF lung 

(FitzSimmons, 1993). The prominence of P. aeruginosa as a pathogen is likely due to its 

inherent resistance to many antibiotics, metabolic versatility and large variety of virulence 

factors (Stover et al., 2000; Livermore, 2002). It is well known that supernatants collected from 

centrifugation of cultures of P. aeruginosa were found to have a strong antimicrobial activity 

(Bouchard, 1889; Qin et al., 2009), and a major constituent of these supernatants are small 

vesicles secreted from the bacterium’s outer membrane (OM) (Mayrand and Gernier, 1989; 

Beveridge, 1999; Kulp and Kuehn, 2010). These vesicles may contribute to bacterial 

pathogenesis (Ellis and Kuehn, 2010) and are potentially a key factor in P. aeruginosa 

dominance as a CF pulmonary infector.  

  
Outer membrane vesicle biogenesis is a natural bacterial process  

Outer membrane vesicles (OMVs) are extracellular blebs derived from the OM of Gram-

negative bacteria (Mayrand and Grenier, 1989; Gankema et al., 1980; Hoekstra et al., 1976). 

OMVs are released when portions of the OM and periplasm bleb off of the cell, without the loss 

of membrane integrity, to form small vesicles (Fig. 1.1) (Kadurugamuwa and Beveridge, 1995; 

Chatterjee and Das, 1967).  
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Figure 1.1 An illustration of OMV formation. Shown are the OM of a Gram-negative 

bacterium beginning to bud, and an OMV after formation. The OMV contains material from the 

periplasm, OM proteins, phospholipids and lipopolysaccharides.  
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These spherical structures are typically 20 to 250 nm in diameter and are reflective of the wall 

from which they originate (Kulp and Kuehn, 2010; Beveridge, 1999). Accordingly, OMVs 

possess OM proteins, lipopolysaccharides (LPS), phospholipids, and periplasmic constituents 

(Beveridge, 1999; Gankema et al., 1980; Hoekstra et al., 1976). 

OMVs are produced under a variety of environmental conditions, and vesiculation 

appears to be a fundamental characteristic of Gram-negative bacteria (McBroom et al., 2006). 

They are pervasive in laboratory-grown cultures, but are also present in natural environments 

such as soil, ground water and aggregate communities of bacteria known as biofilms (Beveridge, 

1999; Beveridge et al., 1997; Schooling and Beveridge, 2006). OMVs are thought to be actively 

produced from bacterial cells within the body, as evidenced by their presence in several biopsy 

studies on human tissues (Ellis and Kuehn, 2010; Fiocca et al., 1999, Keenan et al., 2000). While 

vesiculation is ubiquitous across Gram-negative bacteria, the level of OMV production can be 

influenced by growth and environmental conditions. It has long been known that an increased 

growth temperature results in an increase in OMV production (Katsui et al. 1982), though this 

could be a result of increased membrane fluidity (Kulp and Kuehn, 2010). In Escherichia coli, it 

was observed that environmental conditions that caused cellular envelope stress also increased 

vesiculation (McBroom et al., 2007), and OMV production has been seen to increase in P. 

aeruginosa treated with the antibiotic gentamicin (Kadurugamuwa and Beveridge, 1995). These 

increases in OMV production under stressful conditions have been correlated with bacterial 

survival, which suggest that vesiculation can serve as a defense mechanism (Haurat et al., 2011; 

Ellis and Kuehn, 2010; McBroom and Kuehn, 2007). No growth condition has been discovered 

that completely inhibits OMV production, but a number of genetic mutations have been found to 

both up-regulate and down-regulate the occurrence of vesiculation.  
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In an attempt to identify internal regulatory mechanisms of OMV production, several 

studies have investigated how certain gene disruptions can increase or decrease vesiculation 

(McBroom et al., 2006; Bernadac et al., 1998; Shibata and Visick, 2012). Very few low-

vesiculation mutants have been identified (McBroom et al., 2006) and no null mutants exist. 

McBroom et al. (2006) found that a mutation in the E. coli waaG gene, which is in the operon 

responsible for LPS core biosynthesis, caused a decrease in OMV production. Numerous gene 

disruptions were also seen to cause increases in vesicle production compared to the wild-type 

levels. These increases were not associated with detergent sensitivity, cellular leakiness, or 

growth changes, demonstrating that OMV production was not related to envelope instability 

(McBroom et al., 2006). In a recent study by Wessel et al. (2013), it was seen that the 

inactivation of P. aeruginosa PA14 peptidoglycan-associated OM proteins OprF and OprI 

increased OMV production by about 3-fold and 8-fold, respectively. However, the regulatory 

mechanisms for each protein were suspected to be different. Loss of OprI was presumed to 

decrease tethering of the OM to peptidoglycan, whereas the absence of OprF was seen to impact 

OMV formation through increasing the production of the Pseudomonas quinolone signal (PQS) 

(Wessel et al., 2013). The quorum-sensing signal PQS, a molecule used for population density-

dependent communication, has been shown to stimulate OMV formation in P. aeruginosa PA14, 

and a mutant lacking PQS production showed a significant decrease in vesiculation (Mashburn 

and Whiteley, 2005; Mashburn-Warren et al., 2009). More recently, Schertzer and Whiteley 

(2012) proposed a model for OMV biogenesis in P. aeruginosa in which the accumulation of 

PQS in the outer leaflet of the OM induces blebbing. They suggested that the insertion of PQS 

causes the outer leaflet to expand and become larger than the inner leaflet, increasing curvature 

and forcing the membrane to form vesicles (Schertzer and Whiteley, 2012). While this was the 
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first model for OMV biogenesis to consider the involvement of PQS, it was not the first to 

suggest the necessity of curvature-inducing molecules. Kadurugamuwa and Beveridge (1996) 

proposed that LPS expressing the electronegative O specific antigen (OSA) O polysaccharide 

collected in small, localized regions of the outer leaflet. The negative charge-to-charge repulsion 

caused by OSA in close proximity was suggested to push the molecules apart and force the OM 

into high-curvature structures, causing vesiculation (Kadurugamuwa and Beveridge, 1996). 

Other models for OMV biogenesis have been predicted (Deatherage et al., 2009; Tashiro et al., 

2009; Wensink and Witholt, 1981), but as of yet no common mechanism has been identified. 

However, it has been established that vesiculation is a regulated process, and it is clear that OMV 

biogenesis is a complex process involving many factors.  

 
Outer membrane vesicles offer a unique form of secretion for bacteria  

While there are still gaps in the literature regarding the mechanism of OMV formation, 

numerous studies have highlighted the biological significance of these membrane vesicles. Their 

composition and structure allow for OMVs to have a number of possible functions. OMVs have 

been implicated in many extracellular activities including the release of quorum-sensing 

molecules (Mashburn-Warren and Whiteley, 2006; Mashburn-Warren et al., 2008), the secretion 

of degradative enzymes (Kadurugamuwa and Beveridge, 1995) and virulence factors (Haurat et 

al., 2011), and the transfer of genetic information (Dorward et al., 1989; Kadurugamuwa and 

Beveridge, 1995; Kolling and Matthews, 1999; Yaron et al., 2000). There is no sole, defined 

function for OMVs, but their production in such a wide spectrum of conditions by a number of 

Gram-negative bacteria suggests that they are important for bacterial survival.  

Secreting products can allow a bacterium to interact with much more of its surrounding 

environment, especially in areas that the cell may not be able to reach itself. OMVs offer a 
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unique form of secretion for Gram-negative bacteria. They have the ability to deliver relatively 

high concentrations of insoluble molecules and other cellular products that are not easily 

transported to distant destinations (Bomberger et al., 2009). For example, OMVs have been 

shown to contain the highly hydrophobic PQS and transport the signaling molecule throughout a 

P. aeruginosa population (Mashburn and Whiteley, 2005).  

Investigators have attempted to elucidate the possible biological functions of OMVs by 

focusing on their composition. It has traditionally been reported that OMVs consist mainly of 

known, abundant OM proteins as demonstrated through comparisons of SDS-PAGE banding 

patterns from isolated OMVs and OM fractions (Hoekstra et al., 1976; Kato et al., 2002; 

Bauman and Kuehn, 2006; Haurat et al., 2011). However, through the use of mass spectrometry 

(MS) recent studies have been able to demonstrate that there are also a significant proportion of 

cytoplasmic and inner membrane proteins detected in OMVs (Lee et al., 2007; Choi et al., 2011; 

Wessel et al., 2013). The use of MS in proteomic profiling of OMVs has allowed researchers to 

better characterize OMV composition, and has provided evidence that they do not solely contain 

proteins from the OM and periplasm. However, these studies have not provided information on 

the abundance of detected proteins, and it is possible that the cytoplasmic proteins represented a 

very small part of the OMV content (Kulp and Kuehn, 2010).  

There are many extracellular factors involved in P. aeruginosa pathogenesis. The 

transport and dissemination of virulence factors is critical for the development and propagation 

of infection. OMVs offer an efficient mechanism for the delivery of virulence factors, and 

vesicles isolated from P. aeruginosa have been confirmed to contain molecules that aid in 

pathogenesis (Bauman and Kuehn, 2006; MacEachran et al., 2007). Bauman and Kuehn (2006) 

purified OMVs from cultures of a CF isolate of P. aeruginosa and saw that the aminopeptidase 
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PaAP was significantly enriched compared to the OM. Aminopeptidases are QS-regulated 

proteins that generate free amino acids from short peptides (Nouwens et al., 2003). The P. 

aeruginosa CiF protein (CFTR inhibitory factor) was also found to be preferentially packaged 

into OMVs. CiF was found to decrease the level of CFTR in lung epithelial cells (MacEachran et 

al., 2007; Bomberger et al., 2009). Hence the authors surmised that CiF possibly acted to 

diminish protective host responses to facilitate colonization of the CF lung, and exacerbate 

symptoms related to the lack of functional CFTR.  

OMVs are also known to contain both plasmid and chromosomal DNA, and can facilitate 

the transfer of genetic material between Gram-negative bacteria (Yaron et al., 2000; Dorward et 

al., 1989; Kadurugamuwa and Beveridge, 1995; Kolling and Matthews, 1999). Yaron et al. 

(2000) demonstrated that OMVs from E. coli O157:H7 transferred genes encoding virulence 

factors and antibiotic resistance, which were expressed by different recipient strains. This 

method of OMV-mediated genetic exchange offered protection from degradation by extracellular 

DNases as well as efficient delivery and uptake into a recipient cell (Kolling and Matthews 

1999). P. aeruginosa OMVs also contain DNA (Kadurugamuwa and Beveridge 1995; Renelli et 

al., 2004; Schooling et al., 2009), which may be clinically relevant to CF infections as OMVs 

could be trafficking genes that propagate infection and antibiotic resistance (Mashburn-Warren 

and Whiteley, 2006). Importantly, additional roles for extracellular DNA (eDNA) have also been 

reported. Whitchurch et al. (2002) identified that the addition of eDNA to P. aeruginosa cells 

stimulated the initial establishment of biofilms. More recent studies have supported the role of 

eDNA in biofilm organization and structure (Gloag et al., 2013; Das et al., 2013). OMVs have 

been identified as important components of the extracellular matrix of P. aeruginosa surface-

associated biofilm communities (Schooling and Beveridge, 2006; Toyofuku et al., 2012). Given 
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that DNA is known to be associated with OMVs, it is possible to speculate that OMVs may be 

involved in the formation of biofilms (Kulp and Kuehn, 2010).  

 
Biofilms are the predominant mode of growth for bacteria 

Biofilms are communities of cells attached to biotic or abiotic surfaces that are encased in 

a self-produced extracellular matrix consisting of secreted proteins, polysaccharides, nucleic 

acids and cellular debris. These multi-cellular communities are normally found in natural 

environments and represent the predominant growth mode of the majority of microorganisms 

(Hall-Stoodley et al., 2004). Biofilm development consists of discrete but continuous stages 

where free-floating planktonic bacteria transform into a closely associated and structured 

community (Fig. 1.2). Planktonic bacterial cells initially adhere reversibly to a substratum as a 

monolayer, but eventually adhesion becomes irreversible (Costerton et al., 1987; Marshall et al., 

1971). After irreversible attachment is initiated, bacterial cells will produce an encompassing 

extracellular matrix and reproduce within it to create adherent microcolonies of sister cells 

(Allison, 2002).  
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Figure 1.2 An illustration of the transition of Pseudomonas cells from a planktonic to 

biofilm state. Free-floating, liquid-borne bacteria, producing OMVs, irreversibly adhere to a 

substratum and develop into a mature, continuous biofilm encompassed by an extracellular 

matrix. 
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Sustained cell division within microcolonies and recruitment of more planktonic cells lead to the 

development of mature, continuous biofilms (Costerton et al., 1987). 

The extracellular matrix accounts for the vast majority of the dry mass in most biofilms 

(Flemming and Wingender, 2010). It comprises an assortment of high-molecular weight 

biopolymers called extracellular polymeric substances (EPS) that establish the biofilms 

architecture and structural integrity (Flemming and Wingender, 2010). In addition to proteins, 

lipids, and nucleic acids, the major contributors to the EPS matrix are exopolysaccharides 

(Schooling et al., 2009; Wingender et al., 2001; Frølund et al., 1996; Ross et al., 1991). P. 

aeruginosa produces at least three different exopolysaccharides that enrich biofilm matrices, 

including alginate, Pel, and Psl (Franklin et al., 2011). The former, a high-molecular weight 

polysaccharide consisting of uronic acids (Franklin et al., 2011), is the best-characterized P. 

aeruginosa exopolysaccharide due to its importance in the pathology of CF (Evans and Linker, 

1973). However, alginate is generally only produced by strains isolated from the CF lung 

(Franklin et al., 2011), and may not hold importance for in vitro experimentation. Little is known 

about Pel and Psl biosyntheses (Franklin et al., 2011). The structure of Pel has not been 

elucidated, but it is suggested as being a glucose-rich polysaccharide (Franklin et al., 2011; 

Friedman and Kolter, 2004). Psl contains a repeating pentasaccharide comprising D-mannose, D-

glucose and L-rhamnose (Byrd et al., 2009). It has been demonstrated that Psl is the primary 

exopolysaccharide used by P. aeruginosa PAO1 as a structural scaffold for biofilm formation, 

and that it is also involved in biofilm maturation (Colvin et al., 2006; Colvin et al., 2012; Ma et 

al., 2009). EPS form the architecture for biofilm matrices that keep bacteria together, and are 

responsible for making biofilm communities one of the most successful forms of life on earth.  
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P. aeruginosa biofilms were first described in the lungs of CF patients over 35 years ago 

by Niels Høiby (Høiby, 1977). In addition to the structural changes that bacterial communities 

undergo during the course of infection, they also undergo other phenotypic changes. It has been 

observed that P. aeruginosa initially express virulence factors required for acute infection 

(Lyczak et al., 2000), and subsequent chronically colonizing bacteria decrease the expression of 

these factors to encourage persistence (Hancock et al., 1983; Penketh et al., 1983; Luzar et al., 

1985). While the bacteria are constantly exposed to host defenses, antibiotics and other stressors, 

the adaptability of P. aeruginosa and the protection of biofilms allow them to thrive. P. 

aeruginosa has an increased tolerance to high doses of antibiotics compared to other infecting 

species, and the biofilm mode of growth has been suggested to restrict antimicrobial penetration 

(Bjarnsholt et al., 2009; Drenkard 2003). These factors aid in allowing P. aeruginosa to become 

the most prominent pulmonary infector in CF patients, outcompeting other bacterial species 

(FitzSimmons, 1993). During chronic pulmonary infection, the immune-mediated inflammatory 

response fails to eradicate the protected biofilm communities, and instead leads to tissue damage 

(Bjarnsholt et al., 2009; Koch and Høiby 1993). It is for this reason that biofilms represent an 

important focus of study for the elucidation of novel CF treatments.  

Another important component of the biofilm matrix is LPS. Although its precise role in 

biofilms is still uncertain, the surface characteristics and binding capabilities of P. aeruginosa 

can be influenced by changes in the LPS phenotype (Makin and Beveridge, 2001). Interestingly, 

when cultured as biofilms in vitro, the phenotype of P. aeruginosa LPS changes (Beveridge et 

al., 1997). This phenotypic alteration is also observed in P. aeruginosa clinical isolates derived 

from chronically infected lungs of CF patients (Lam et al., 1989). Taken together, this suggests 
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that LPS may play an important role in P. aeruginosa biofilm formation and chronic pulmonary 

colonization in CF patients.  

 
Lipopolysaccharide is a fundamental constituent of the cell envelope in Gram-negative 

bacteria 

LPS is a major component of the cell envelope in Gram-negative bacteria, and it plays an 

important role in cellular survival, adaptation and virulence. The location of LPS in the outer 

leaflet of the OM makes it the first point of contact at both the biotic and abiotic surfaces that a 

bacterium encounters. LPS is a complex glycolipid consisting of three main components: the 

hydrophobic lipid A, a core oligosaccharide, and the O polysaccharide (Fig. 1.3A; Lam et al., 

2011). The distal O polysaccharide is the outermost domain of LPS, and is consequently 

involved in the interactions between the bacterium and the environment or host (King et al., 

2009b). Multiple infection studies have used animal models to show that O polysaccharides are 

required for LPS-mediated virulence (Cryz et al., 1984; Tang et al., 1996). The composition and 

number of sugars in the O polysaccharide is highly variable between different species and strains 

of Gram-negative bacteria, providing a structural diversity that engenders O-serotype specificity.  

P. aeruginosa LPS may be described as either smooth (containing an abundance of O 

polysaccharide repeats), rough (lacking O polysaccharide), or semi-rough (core plus one O 

polysaccharide repeat) (Goldberg and Peir, 1996). Most P. aeruginosa strains produce two 

structurally distinct forms of O polysaccharide, the homopolymeric common polysaccharide 

antigen (CPA; formerly termed A band) and the heteropolymer O-specific antigen (OSA; 

formerly termed B band) (Fig. 1.3B; Lam et al., 2011; Knirel et al., 2006).   
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Figure 1.3 An illustration of lipopolysaccharide. The LPS structure consists of lipid A 

attached to a core oligosaccharide that links it to the O polysaccharide. The variable number of O 

polysaccharide repeats is represented by n.  Modified from Lam et al. (2011). 
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CPA O polysaccharide is composed of repeating trisaccharide units of D-rhamnose (D-Rha) 

(Arsenault et al., 1991). Conversely, OSA has various monosaccharides in di- to pentasaccharide 

repeating units (Knirel et al., 2006), and it is these variations that form the basis of the 

International Antigenic Typing Scheme (IATS) that allows for the classification of P. aeruginosa 

serotypes. The O polysaccharides of the different serogroups have widespread structural 

diversity (Knirel et al., 2006), and currently 20 different serotypes have been identified (Lam et 

al., 2011; Liu and Wang, 1990). P. aeruginosa PAO1 (serotype O5) remains the most studied 

molecularly and is the most common reference strain used, as its complete genome was the first 

to be sequenced in this species (Stover et al., 2000). In planktonically cultured P. aeruginosa 

PAO1, OSA is the immunodominant O polysaccharide (Lam et al., 1992). Dasgupta et al. (1994) 

reported that wildtype (wt) P. aeruginosa with smooth LPS is resistant to the bactericidal effect 

of human serum, but a mutant lacking OSA LPS was serum sensitive, suggesting that OSA is 

involved both in triggering the host response, and protecting the bacteria. Conversely, CPA 

chains are generally shorter and less immunogenic than OSA, likely due to their neutral charge. 

The biological function of CPA remains largely unknown. 

OSA LPS and CPA LPS are both produced in most strains of P. aeruginosa (Lam et al., 

2011), though OSA is prominent due to its negative charge and longer chain length relative to 

CPA, allowing it to extend beyond both CPA LPS and OM proteins (Kadurugamuwa et al., 

1993; Lam et al., 1992; Makin and Beveridge, 1996). While the mechanism behind O 

polysaccharide expression regulation is still unknown, it has been shown that changes in the 

expression of CPA or OSA LPS can directly influence surface characteristics and the  
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Figure 1.4 An illustration of the different glycoforms of LPS on the surface of P. aeruginosa 

cells. Rough LPS lacks an O polysaccharide. CPA LPS has a shorter, homopolymeric 

polysaccharide with an overall neutral charge. OSA LPS has a longer, heteropolymeric 

polysaccharide with an overall negative charge. Lipid A is shown anchoring the LPS molecule 

into the OM of a P. aeruginosa cell. Modified from Lam et al. (2011).  
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ability of cells to bind to different substrates (Makin and Beveridge, 1996). Importantly, studies 

indicate that certain environmental conditions can alter its production. For example, OSA 

synthesis is known to be associated with both growth temperature and variations in osmotic 

conditions (Kropinski et al., 1987; McGroarty and Rivera, 1990). There were also slight 

increases in CPA chain length observed with growth under altered nutrient conditions 

(McGroarty and Rivera, 1990; Makin and Beveridge, 1996). Notably, when P. aeruginosa PAO1 

is cultured as biofilms in vitro, the phenotype of LPS shifts from CPA+/OSA+ to CPA+/OSA–, 

which is reversible when cells from the biofilm are re-cultured planktonically (Beveridge et al., 

1997). The favouring of the shorter and less immunogenic CPA expression within biofilms is 

also observed in the LPS of P. aeruginosa clinical isolates derived from patients with CF. This 

shift to CPA is suggested to confer immune protection and bacterial persistence in chronic 

infections (Lam et al., 1989), and has been shown to be important for attachment of the bacteria 

to human airway epithelial cells (Matewish, 2004). 

In addition to the aforementioned disparities, CPA and OSA are made via two different 

biosynthesis pathways. CPA is synthesized by an ABC (adenosine-triphosphate binding cassette) 

transporter system (Rocchetta and Lam, 1997), whereas OSA synthesis occurs via the Wzy-

dependent pathway, involving a series of integral inner membrane proteins (Islam et al., 2010). 

Previously, a cluster of eight genes were found to be required for CPA synthesis (Rocchetta and 

Lam, 1997; Rocchetta et al., 1998a,b; Lam et al., 2011); more recently, an adjacent five-gene 

cluster were also found to be important for P. aeruginosa to make CPA (Hao et al., 2013). Three 

particular P. aeruginosa PAO1 proteins that have been identified to be important for O 

polysaccharide synthesis are Rmd, WbpM, and WbpL, which are required for CPA synthesis, 

OSA synthesis, and both, respectively. The gene rmd is part of the original eight-gene cluster 
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involved in CPA biosynthesis (Rocchetta et al., 1998b). Rocchetta et al. (1998b) constructed an 

rmd-knockout mutant that lacked CPA, but still synthesized OSA. They proposed that the 

encoded product, Rmd, functions as a reductase responsible for the biosynthesis of GDP-D-Rha, 

the nucleotide precursor for CPA (Rocchetta et al., 1998b). A subsequent study by King et al. 

(2009a) provided the biochemical and structural evidence to show that Rmd is a reductase. The 

wbpM gene is located at the 3’ end of the wbp cluster, and is highly conserved (Burrows et al., 

1996; Raymond et al., 2002). A WbpM-knockout mutant constructed by Burrows et al. (1996) 

did not synthesize OSA LPS, while CPA expression was unaffected. Creuzenet and Lam (2001) 

later showed that WbpM possessed UDP-N-acetylglucosamine (UDP-GlcNAc) C6 dehydratase 

activity. The WbpL enzyme has homology to glycosyltransferases involved in the initiation of O 

polysaccharide biosynthesis (Burrows et al., 1996). Therefore, it is suggested that it is the initial 

catalyst for the transfer of monosaccharide units from the nucleotide sugar to the lipid carrier 

undecaprenol. A wbpL knockout mutant did not synthesize CPA or OSA (Rocchetta et al., 

1998a).  

As OMVs are derived from the OM of Gram-negative cells, LPS is the primary 

component of their outer leaflet. OMVs essentially act as LPS vehicles, and they have been 

observed to contribute the majority of the LPS present in P. aeruginosa biofilms (Kulp and 

Kuehn, 2010; Schooling and Beveridge, 2006). Given that LPS expression changes when cells 

are cultured in biofilms or colonizing the CF lung, studying the impact of this phenotypic change 

on OMV production is important. A study by Nguyen et al. (2003)  investigated the effects of O 

polysaccharide expression on OMVs produced in the presence and absence of the membrane-

perturbing antibiotic gentamicin. Their findings suggested that variations in O polysaccharide 
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expression in P. aeruginosa PAO1 affect the size, mass and total protein of the OMVs produced 

(Nguyen et al., 2003).  

 

Research rationale 

P. aeruginosa is the leading cause of mortality in patients with CF, and is commonly the 

predominate organism in late stage infections. A key factor that drives the pathogenicity of P. 

aeruginosa in the CF airway is the transition from a planktonic mode of growth to a biofilm 

(Folkesson et al., 2012; Gellatly and Hancock, 2013). The adaptability of P. aeruginosa and the 

protection of the biofilm allow the bacteria to thrive in the hostile environment of the CF lung 

(Folkesson et al., 2012; Gellatly and Hancock, 2013; Wagner and Iglewski, 2008). A newly 

emerging and understudied aspect of biofilm-mediated chronic infections is the role played by 

OMVs in biofilm development and pathogenesis. OMVs have been implicated in a number of 

biological activities, but the mechanism of their biogenesis is still not fully understood. LPS is a 

fundamental constituent of the Gram-negative cell envelope, located on the OM, and as such is 

an important component of OMVs. Therefore, I sought to examine the effect of targeted LPS 

mutations on OMV production and cell envelope stability. Identifying factors involved in OMV 

biogenesis could provide a novel target for the prevention or mitigation of P. aeruginosa 

infections and subsequent tissue damage. 

The OM of P. aeruginosa is the first point of direct cell-to-cell contact between the 

bacterium and the lungs of patients with CF, making the distal O polysaccharide portion of LPS 

the primary molecule interacting with the external environment. As such, LPS could be an 

important factor in the development of biofilms, and their subsequent maturation in this niche. 

When P. aeruginosa exist in the biofilm mode of growth, there is a shift in the phenotype of their 
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LPS O polysaccharide, and the bacteria only express CPA LPS (Beveridge et al., 1997). This 

phenotypic shift is also seen in P. aeruginosa isolates from CF patients with chronic pulmonary 

infections (Lam et al., 1989). I hypothesize that directly changing the O polysaccharide 

expression in the P. aeruginosa laboratory strain PAO1 would result in changes to biofilm 

formation and maturation. In addition, LPS is a major constituent of OMVs, but little is known 

about the effect that changes in LPS have on OMV structure and composition. My second 

hypothesis is that O polysaccharide expression would affect the size and protein composition of 

OMVs produced from PAO1.  

Both P. aeruginosa biofilm development and OMV production represent prospective 

therapeutic targets. The goal of this research was to investigate how LPS O polysaccharides 

influence the transition of P. aeruginosa cells from a planktonic to biofilm lifestyle, and the 

production of OMVs. Gaining a better understanding of the cellular factors that promote biofilm 

transition and OMV biogenesis could aid in elucidating therapeutics targeting biofilm 

development.  

 

Introduction to outcomes 

In this thesis, the effect of O polysaccharide expression on OMV biogenesis, size and 

composition was investigated. Chromosomal knockout mutants of P. aeruginosa PAO1 that are 

defective in producing either OSA (∆wbpM) or CPA (∆rmd), or both (∆wbpL) were compared to 

wt cells. Furthermore, the ability of these mutants to form biofilms was characterized at both 

early and late time points to assess how O polysaccharide expression affects biofilm 

development. The results demonstrate that changes in O polysaccharide expression do not 

significantly influence OMV biogenesis, but do affect the size and protein sorting of OMVs 
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derived from both CPA– and OSA– cells; these mutant cells also exhibited different physical 

properties compared to wt cells. It was also observed that CPA– cells fail to develop into robust 

biofilms and exhibit changes in cell morphology and biofilm matrix production. Together these 

results demonstrate the importance of O polysaccharide expression on P. aeruginosa OMV 

composition and highlight the significance of CPA expression in biofilm development. 
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CHAPTER 2: MATERIALS AND METHODS 

Bacterial strains and growth conditions  

The strains and plasmids used in this study are listed in Table 2.1. P. aeruginosa PAO1 

(CPA+/OSA+), ∆wbpL (CPA–/OSA–) and ∆rmd (CPA–/OSA+) were all generously provided by 

Dr. J. Lam (University of Guelph, Guelph, ON). The ∆wbpM (CPA+/OSA–) mutant was 

constructed as described below. P. aeruginosa liquid cultures were grown in tryptic soy broth 

(TSB; Becton Dickinson, Mississauga, ON), and E. coli liquid cultures used for the ∆wbpM 

mutant construction were grown in Luria broth (LB; Becton Dickinson, Mississauga, ON). All 

cultures were incubated at 37°C in a rotary shaker at 200 rpm, unless stated otherwise. Bacterial 

glycerol stocks were made by adding 750 µl of an overnight culture grown to late exponential 

phase to 250 µl of pre-chilled, sterile glycerol (80% [v/v]). All glycerol stocks were preserved at 

–80°C.  

Competent cells for P. aeruginosa PAO1 (∆wbpM), and E. coli DH5α and SM10 were 

prepared using calcium chloride (CaCl2) treatment (Cohen et al., 1972). An overnight culture 

was grown in the appropriate medium of which 4 ml were used to inoculate 96 ml of fresh 

media. This culture was incubated at 37°C, with shaking at 150 rpm, until an optical density of 

0.6 at 600 nm (OD600) was reached. Aliquots of 35 ml of culture were then centrifuged at 1500 x 

g for 8 min at 4°C (Beckman Coulter Avanti J-E centrifuge, JA-25.50 rotor, Mississauga, ON). 

The cell pellets were resuspended in 20 ml of cold CaCl2 (50 mM) and incubated in an ice water 

bath for 20 min. The centrifugation step was repeated, and cells were resuspended in 4 ml of the 

CaCl2 solution. Glycerol stocks were prepared as described above.  
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Table 2.1 Bacterial strains and plasmids used in this study. 

Strains and plasmids Phenotype*/genotype Source 

 
Strains 

  

P. aeruginosa   
    PAO1 wildtype CPA+/OSA+, serotype O5

  
(Hancock and Carey, 
1979) 

     
    PAO1 ∆wbpM 

 
CPA+/OSA–, full-length core, 
serotype O5  
 

 
This work 

    PAO1 ∆rmd 
 
 

CPA–/OSA+, full-length core, 
serotype O5 
 

(Rocchetta et al., 1998b) 

     
    PAO1 ∆wbpL 

 
CPA-/OSA-, full-length core, 
serotype O5 

 
(Rocchetta et al., 1998a) 

 
E. coli 

  

     DH5α lacZYA-argF) U169 recA1  
   endA1 hsdR17 (rK–, mK+) 
phoA supE44 λ– thi- 
   1 gyrA96 relA1 

 Invitrogen 

    SM10 thi-1 thr leu tonA lacY supE 
recA RP4-2-Tc::Mu, Kmr 

 

 (Simon et al., 1983) 

Plasmids   
    pEX18Ap Gene-replacement vector, 

OriT, sacB, Apr 
 (Hoang et al., 1998) 

    pHERD20T  Shuttle vector   (Qiu et al., 2008) 
   
*The phenotype of each P. aeruginosa strain is described in terms of absence or presence of the 
common polysaccharide (CPA) or O-specific antigen (OSA).  
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Construction of unmarked deletion mutant  

The ∆wbpM (CPA+/OSA–) mutant was constructed by in vitro deletion of the P. 

aeruginosa wbpM gene via allelic replacement (Fig. 2.1A). A list of primers used for this mutant 

construction can be found in Table 2.2. All primers were created using the ApE plasmid editor 

program (v2.0.45) and purchased from Operon (Huntsville, Alabama, USA). Upstream and 

downstream regions flanking the wbpM gene were amplified from PAO1 genomic DNA using 

the polymerase chain reaction (PCR) and annealed together to create an insert devoid of the gene 

(Horton et al., 1989). The upstream fragment was amplified using forward primer wbpM-F1 and 

reverse primer wbpM-R1. The downstream fragment was amplified using forward primer 

wbpM-F2 and reverse primer wbpM-R2. Purified upstream and downstream fragments were then 

used as a template to create a ΔwbpM insert that was amplified using primers wbpM-F1 and 

wbpM-R2. The suicide vector pEX18Ap was digested with restriction enzyme SmaI, and the 

ΔwbpM insert was ligated into the blunt ended SmaI site using DNA ligase (Thermo Scientific, 

Ottawa, ON), creating pEXΔwbpM. Plasmid pEXΔwbpM was then transformed into competent 

E. coli SM10, and transferred into P. aeruginosa PAO1 by conjugation. pEX18Ap contains a 

sacB site, coding for sucrose sensitivity. Accordingly, the allelic replacement chromosome 

deletion mutant was then selected on LB plates containing sucrose (Hao et al., 2013; Choi and 

Schweizer, 2005; Schweizer and Hoang, 1995). To complement the mutant, the wbpM gene was 

amplified from PAO1 genomic DNA using forward primer wbpM-CF and reverse primer wbpM-

CR, and inserted into the broad host shuttle vector pHERD20T (Qiu et al., 2009). The plasmid 

was transformed into competent PAO1 (∆wbpM) cells using chemical shock (Fig. 2.1B) (see 

details below describing Western blotting).  
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Figure 2.1 Chromosomal knockout of wbpM by in-frame deletions and allelic replacement. 

Knockout of the wbpM gene from P. aeruginosa PAO1 was constructed following the schematic 

in (A). Western blot analysis was used to demonstrate the return of wt levels of OSA LPS when 

the wbpM gene was complemented back into the ∆wbpM strain (B).   
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Table 2.2 Primers used for mutant construction.  

Primer Name   Primer Sequence (5’–3’) 

wbpM-F1 TGC ATG TGG AGC TGA TCT GG 
 

wbpM-R1 GTA GTC GTC CTT CTC CAC GGG ATC ATG TCT TCT GTG CCC 
AAC C 
 

wbpM-F2 GGT TGG GCA CAG AAG ACA TGA TCC CGT GGA GAA GGA 
CGA CTA C 
 

wbpM-R2 ATC CAC CGA GA CGA ACG GAC 
 

wbpM-CF CAC TCT AGA ACG GGG CTG ATA AAT AGG ATG 
 

wbpM-CR CAC AAG CTT CCC AGC AAA GCA GTC GCT TC 
 

 

Outer membrane vesicle isolation  

For purification of OMVs, all P. aeruginosa strains were grown in 800 ml TSB for 16 h. 

Whole cells were centrifuged at 12,000 × g, 10 min, 4°C (Beckman Coulter Avanti J-E 

centrifuge, JA-10 rotor, Mississauga, ON). To isolate OMVs, the supernatant was subjected to 

ultracentrifugation at 150,000 × g, 1.5 h, 4°C (Beckman L8-55M ultracentrifuge, Ti45 rotor). 

The pellet containing the OMVs was washed and resuspended in 25 mM HEPES buffer (pH 7.4). 

The remaining cellular debris was removed from the suspension via syringe filtration through a 

0.45 µm cellulose acetate membrane filter (Thermo Scientific, Ottawa, ON). The filtrate was 

sedimented by centrifugation at 21,000 × g, 30 min, 4°C using a microcentrifuge (Eppendorf 

5424 microcentrifuge, FA-45-24 rotor, Mississauga, ON). The supernatant was discarded and the 

pellet containing OMVs was resuspended in 100 µl of 25 mM HEPES. Protein concentration of 

OMV samples was determined using the bicinchoninic acid assay (Thermo Scientific, Ottawa, 

ON) with bovine serum albumin (BSA) as the standard.  
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Gel electrophoresis 

Polyacrylamide gels were prepared using a 12% acrylamide resolving solution and a 5% 

acrylamide stacking solution (see Appendix for solutions). Electrophoresis was performed at 150 

V in 700 ml of running buffer (Appendix) using the Bio-Rad MiniProtean III system. All gels 

contained 5 µl of BLUeye Prestained Protein Ladder (FroggaBio, North York, ON) in their first 

lane. Protein samples were boiled in sodium dodecyl sulfate (SDS) sample buffer (Appendix) for 

20 min, and 1 µg of protein from each sample was loaded for SDS-polyacrylamide gel 

electrophoresis (PAGE) analysis. LPS samples were prepared using the rapid proteinase K and 

SDS method of Hitchcock and Brown (Hitchcock and Brown, 1983; Appendix).  

Agarose gels were prepared by dissolving 0.4 g of agarose into 40 ml TAE buffer 

(Appendix) with 2.5 µl of GelRed nucleic acid gel stain (Biotium, Hayward, CA). All agarose 

gels were run with 2 µl of a 1-kb DNA marker (Invitrogen, Burlington, ON).  

 
Qualitative and quantitative assessment of outer membrane vesicles  

The protein content of purified OMVs from each strain was compared using SDS-PAGE 

with 12% acrylamide gels stained with silver. Gels were fixed, sensitized, stained and developed 

as described (Morrissey, 1981; see Appendix for solutions). The OMV LPS samples were 

analyzed by SDS-PAGE followed by the ultrafast silver staining method of Fomsgaard et al. 

(1990) for detection of LPS. For Western immunoblotting, the LPS were transferred onto 

nitrocellulose membranes (Pall Life Sciences, Port Washington, NY) using a transfer buffer 

(Appendix) for 7 min at 25 V. The membranes were probed with murine monoclonal antibody 

(mAb) MF15-4 (specific for OSA) or N1F10 (specific for CPA). An alkaline phosphatase-

conjugated goat anti-mouse Fab2 (Cedar Lane, Burlington, ON) was used as the secondary 

antibody to detect the presence or absence of the OSA or CPA polysaccharide. The blots were 
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developed using nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) 

as described previously (Hao et al., 2013; De Kievit et al., 1995; Blake et al., 1984). 

To quantify OMV production, purified OMVs (described above) were prepared in 

triplicate for each strain and 5 µl was dot-blotted to a nitrocellulose membrane using a vacuum 

manifold system (Bio-DotTM, Bio-Rad Laboratories, Mississauga, ON). The membrane was 

immunoblotted using hybridoma culture supernatants containing mAb specific for the LPS core 

region (De Kievit et al., 1994), and developed using the Western immunoblotting methods 

described above. The dot blots were scanned and the density of each triplicate spot was measured 

using the ImageJ program (version 1.46r, National Institutes of Health). A lysis control was 

performed for the triplicate OMV isolations by testing cell-free supernatant from the sample 

cultures for a reaction against mouse mAb raised against RNA-polymerase alpha (Santa Cruz 

Biotechnology, Dallas, TX).  

  
Transmission electron microscopy  

Isolated OMVs (5 µl) were applied to carbon-coated 200-mesh copper grids, blotted and 

negatively stained with 2% uranyl acetate (5 µl). Grids containing OMVs were loaded into a 

Phillips CM-10 transmission electron microscope operating at 80 kV under standard operating 

conditions, and images were collected using a SIS/Olympus Morada 11-megapixel CCD camera. 

For each sample, 1000 OMVs were imaged and the diameters were measured using the ImageJ 

program.  

 

 

 

 



	   29	  

Protein digestion and mass spectrometry  

Each strain was grown in duplicate, and OMVs were purified and disrupted by sonication 

(5 x 15 s, with 10 s of cooling between). A protease inhibitor complex (Roche Diagnostics, 

Indianapolis, IN) was added to the sonicate, and 20 µg of protein from each sample was digested 

in-solution as previously described (Foster et al., 2003). Prior to digestion, proteins were 

denatured in 6 M urea/2 M thiourea (in 10 mM HEPES, pH 8.0), reduced in 10 mM dithiothreitol 

(in 50 mM ammonium bicarbonate [ABC] buffer), and alkylated in 55 mM iodoacetamide (in 50 

mM ABC). Proteins were digested with lysine C for 3 h, followed by an overnight digestion with 

trypsin (Princeton Separations Adelphia, NJ). Trifluoroacetic acid was added to stop digestion, 

and solutions were dried under vacuum.  

Tandem liquid chromatography–mass spectrometry (LC-MS/MS) analyses were 

performed on an Agilent 1200 HPLC liquid chromatograph interfaced with an Agilent UHD 

6530 Q-Tof mass spectrometer at the Mass Spectrometry Facility of the Advanced Analysis 

Centre, University of Guelph. The instrument was externally calibrated with the ESI TuneMix 

(Agilent, Mississauga, ON). The sample injection volume was 100 µl. A C18 column (Agilent 

Advance Bio Peptide Map, 100 mm x 2.1 mm) was used for chromatographic separation with 

solvents A and B. Solvent A was ddH2O with 0.1% formic acid, and solvent B was acetonitrile 

with 0.1% formic acid. The mobile phase gradient was as follows: initial conditions, 2% B, 

increasing to 45% B in 40 min and then to 55% B over the next 10 minutes, followed by column 

wash at 95% B and a 10 min re-equilibration. The first 2 min and last 5 min of gradient were sent 

to waste instead of the spectrometer. The flow rate was maintained at 0.2 ml/min. The mass 

spectrometer electrospray capillary voltage was maintained at 4.0 kV and the drying gas 

temperature at 350°C with a flow rate of 13 l/min. Nebulizer pressure was 40 psi and the 
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fragmentor was set to 150. Nitrogen was used as nebulizing drying gas and collision-induced 

gas. The mass-to-charge ratio (m/z) was scanned across the range of 300-2000 m/z in 4 GHz 

(extended dynamic range) in positive-ion and auto MS/MS mode. Three precursor ions per cycle 

were selected for fragmentation.  

Raw data files were loaded directly into PEAKS 6 software (Bioinformatics Solutions 

Inc.) where the data were refined and subjected to deNovo sequencing and database searching. 

Methionine oxidation and carbamidomethylation of cysteine residues were considered in the 

search parameters. The complete PAO1 protein database from Pseudomonas Genome Database 

last updated 2013-03-08 was used to identify proteins (Winsor et al., 2011). The tolerance values 

used were 10 ppm for parent ions and 0.5 Da for fragment ions. Proteins identified in both 

replicates of each sample with a -10logP (PEAKS 6 scoring) value greater than 20 were used for 

comparison between samples. 

 
Biofilm development assay  

Biofilm assays were performed according to Stepanović et al. (1995). Liquid cultures of 

each strain were grown to an OD600 of 0.5. From these cultures, 200 µl of a 1:40 dilution of each 

were added in triplicate to a 96-well culture plate. Negative control wells containing 200 µl of 

sterile media were also added in triplicate.  Plates were incubated for 16 h or 48 h at 37°C, then 

washed three times with phosphate buffered saline (PBS; Appendix) and left to dry for 1.5 h. 

Crystal violet (2% [w/v]) was added to each well and left for 15 min to stain any remaining 

adherent cells. Plates were washed at room temperature with ddH2O to remove excess stain, and 

left to dry for 1.5 h. Glacial acetic acid (33% [v/v]) was then added to the wells to release the 

stain from the remaining cells, and the absorbance at 600 nm of each well was measured. 
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Scanning electron microscopy  

Liquid cultures of each strain were grown for 16 h or 48 h, as described above, in 96-well 

plates containing plastic cover slips. After incubation, each cover slip was washed in SEM buffer 

(Appendix) three times. Cover slips were fixed in 2% (v/v) glutaraldehyde, followed by 1% (v/v) 

osmium tetraoxide, for 30 min each. Samples were then dehydrated in a sequential series of 

ethanol solutions (increasing from 50% to 100%). Cover slips were critical point dried and 

coated with 15 nm of gold using an Emitech K550 sputter coater, and viewed using a Hitachi S-

570 scanning electron microscope. 

 
Statistical analysis  

Statistical analyses of the growth curves, OMV production, cell lysis, and biofilm 

formation were completed using ANOVA (parametric analysis of variance) and Tukey’s post test 

comparison via Prism 5 (GraphPad Software, Inc., San Diego, CA). Dunn’s multiple comparison 

post-tests were used to make specific comparisons between individual groups. The level of 

significance was set at alpha=0.05.  Endpoint data (16 h) was the only time point compared for 

time course experiments (i.e. growth curve), and additional within-group comparisons were 

completed for biofilm formation experiments to compare the    16-h and 48-h time points. 

Information describing the distribution of OMV sizing data was calculated using Microsoft Excel 

(Microsoft, Redman, WA). 
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CHAPTER 3: RESULTS 
 
Changes in O polysaccharide expression do not affect OMV biogenesis  

The LPS profiles for each strain were evaluated by SDS-PAGE (Fig. 3.1A) and Western 

immunoblotting to confirm the presence of OSA or CPA (Fig. 3.1B and C). To assess the effects 

of O polysaccharide expression on the biogenesis of OMVs in P. aeruginosa a series of mutants 

were used that had altered production of CPA and OSA (Table 2.1). First, these mutants were 

tested for their ability to grow under standard conditions (Fig. 3.2A) to a density that would 

support sufficient OMV production (late log/early stationary phase; ~16 h of growth). The wt 

strain PAO1 (CPA+/OSA+) grew to an optical density of ~4.0 (@600 nm), while the CPA+/OSA– 

(∆wbpM; hereafter called OSA–) and the CPA–/OSA– (∆wbpL) strains demonstrated slightly less 

robust growth over the same period (optical densities of ~3.6 @600 nm for each strain). The 

CPA–/OSA+ (∆rmd; hereafter called CPA–) cells demonstrated greater growth than wt cells (Fig. 

3.2A), however, this increase was not statistically significant. To quantify OMV production for 

each strain, OMVs were purified at the 16-h time point from cell-free supernatants and dot-blot 

analyses were performed using anti-LPS monoclonal antibodies directed against the core region 

(Fig. 3.2B; top panel). Based on densitometry from three independent dot blot experiments, no 

statistically significant differences in OMV production were observed for any of the O 

polysaccharide mutants compared to PAO1 (Fig. 3.2C). To ensure that OMV production was not 

caused by OM instability in the mutant cells, cell lysis was assessed by performing dot 

immunoblotting using an anti-RNA polymerase antibody (Fig. 3.2B; lower panel).  
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Figure 3.1 O polysaccharide lipopolysaccharide expression. (A) Silver-stained SDS-

polyacrylamide gel, and corresponding Western immunoblots specific for (B) OSA and (C) CPA 

LPS, demonstrating the differences in expression in the P. aeruginosa strains used in this study 

(Table 2.1). 

A	  

B	  

C	  
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Figure 3.2 Cell growth, OMV production and cell lysis of O polysaccharide mutants.  

(A) Growth curves for each P. aeruginosa strain cultured in TSB and measured up to 16 h. (B) 

Representative OMV production (anti-LPS; top panel) and lysis (anti-RNA polymerase; bottom 

panel) dot-blot immunoassays of purified OMVs and cell-free supernatant, respectively. (C) 

Quantitative assessment of OMV production taken from densitometry readings of dot-blot 

immunoassays (from Fig. 3.2B, upper panel). (D) Quantitative assessment of cell lysis taken 

from densitometry readings of dot blot immunoassays (from Fig. 3.2B, lower panel). All 

experiments were conducted in triplicate. Symbol: (*) p<0.05 vs. PAO1. 

 

 

	  	  	  	  * 
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Densitometry readings based on triplicate cell-free supernatant samples showed negligible levels 

of lysis for the wt P. aeruginosa CPA+/OSA+ as well as the CPA–/OSA– and CPA– mutant cells. 

OSA– cells demonstrated an increased variability in cell lysis (Fig. 3.2B, lower panel; 3.2D), 

suggesting this mutation decreases OM stability. Despite this, the cells grew well into stationary 

phase and behaved similarly to wt PAO1 CPA+/OSA+ cells (Fig. 3.2A), albeit to consistently 

lower optical densities. 

 
Differences in O polysaccharide influence OMV size and composition  

Based on reports that the size and composition of OMVs change when growth or 

environmental conditions are modified (Kadurugamuwa and Beveridge, 1995; Schooling and 

Beveridge, 2006), I sought to determine the effect of O polysaccharide expression on the size 

and composition of the OMVs produced by each strain. Negatively-stained transmission electron 

micrographs (Fig. 3.3A to D) of purified OMVs were obtained and the mean and median 

diameters, range, and skew of the OMVs were measured for each strain (Table 3.1). OMVs 

isolated from wt PAO1 were similar to previously reported size estimates (Schooling and 

Beveridge, 2006; Nguyen et al., 2003) with a mean diameter of 88.2 nm (median of 87.2 nm), 

ranging from 21.3 nm to 231.9 nm. OMVs isolated from the OSA– strain displayed a similar 

range of sizes, but with significantly smaller mean and median diameters of 56.7 nm and 52.4 

nm, respectively (Fig. 3.3B and E; Table 3.1). OMVs isolated from CPA– cells were slightly 

smaller than those isolated from PAO1, but still significantly larger than those isolated from the 

OSA– strain (Table 3.1). However, the largest OMVs (mean = 161.9 nm; median = 153.9 nm) 

with the greatest size distribution were observed in the ∆wbpL mutant (Fig 3.3D and E; Table 

3.1), in which both CPA and OSA productions are abrogated; ~12% of OMVs measured 

exceeded the ~250 nm maximum   
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Figure 3.3 Size distributions of OMVs from different O polysaccharide mutants. Negatively 

stained transmission electron micrographs of OMVs purified from 16-h cultures of (A) PAO1, 

(B) ∆wbpM, (C) ∆rmd, and (D) ∆wbpL cells (bar = 1 µm). (E) A histogram representing the size 

distribution of OMVs purified from the different P. aeruginosa O polysaccharide-producing 

strains measured from transmission electron micrographs (n = 1000 OMV measurements/strain).  
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Table 3.1 Measurements of OMV size distribution*. 

Strain Mean ± SE 
(nm) 

Median 
(nm) 

Range 
(nm) 

Std. Dev. 
(nm) 

   Skew 

CPA+/OSA+ 
(PAO1)  
 

88.2 ± 1.0 
 

87.2 21.3 – 231.9 31.2 0.6 

CPA+/OSA–  
(∆wbpM)  
 

56.7 ± 0.8 52.4 18.0 – 251.8 25.4 2.0 

CPA–/OSA+  
(∆rmd) 

78.4 ± 1.0 74.2 21.0 – 219.5 30.4 0.9 

      
CPA–/OSA– 
(∆wbpL) 

161.9 ± 2.9 153.9 23.5 – 889.6 93.0 1.2 

*Values are an average of OMV diameter measurements taken from three independent 
experiments comprising multiple micrographs for each strain. A total of 1000 OMVs were 
measured for each strain.  
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size observed for the PAO1 OMVs. These results suggest that the composition of O 

polysaccharide at the surface of P. aeruginosa cells affects the size distribution of OMVs 

produced. 

In addition to determining the effects of O polysaccharides on the size distribution of 

OMVs, I investigated if the changes in cell surface polysaccharides also affect the protein 

composition of OMVs. To measure this, purified OMVs were first standardized based on protein 

concentration and equal amounts were resolved on a silver-stained SDS-PAGE gel (Fig. 3.4). 

Numerous differences were observed in protein composition between the four strains. To further 

investigate these differences, tandem LC-MS/MS was used to identify proteins within the 

purified OMV samples from each strain. MS analysis was performed on two biological replicates 

from each strain. Forty-six proteins were identified that were present in at least one strain and 

within each replicate (Table 3.2). Consistent with previous reports (Toyofuku et al., 2012; 

Wessel et al., 2013), OMVs produced from wt P. aeruginosa cells were enriched in OM and 

periplasmic proteins, but also contained a large number of cytoplasmic and cytoplasmic 

membrane proteins, in addition to unknown proteins (Fig. 3.5). This general trend was conserved 

among the O polysaccharide mutants with the notable exception of the OSA– strain. It contained 

a decreased proportion of OM and extracellular proteins and an increased proportion of 

periplasmic and unknown proteins (Fig. 3.5). An increased amount of cell lysis was also 

observed for the OSA– strain through the detection of RNA-polymerase alpha in culture 

supernatant (Fig. 3.2D). Together, this suggests that in the ∆wbpM mutant lacking OSA, the cell 

envelope may be compromised, thereby leaking periplasmic and cytoplasmic contents. 

Interestingly, this effect was not observed in the CPA–/OSA– cells. 
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Of the 46 proteins described in Table 3.2, only five were detected in the OMVs of all four 

strains, indicating considerable variability exists between the OMV proteomes analyzed. This 

variability is further highlighted when the OMV proteins identified for each strain are grouped 

based on PseudoCAP functional classifications (Fig. 3.6). Both wt PAO1 and CPA–/OSA– OMV 

proteomes demonstrate remarkable consistency in the proportion of protein distributed across 

functional classifications. However, OMVs derived from both the CPA– and OSA– strains 

demonstrated greater variability in the functional distribution of proteins. In the CPA– OMVs, I 

detected a larger proportion of proteins involved in ‘transport of small molecules’ and smaller 

proportions of proteins involved in ‘translation and post-translational modifications’ and 

‘transcriptional regulators’ as compared to the proteomes of OMVs derived from wt cells. CPA– 

OMVs also showed a significantly lower proportion of proteins involved in ‘motility and 

attachment’. OMVs derived from OSA– cells demonstrated the largest change in functional class 

distribution of proteins compared to wt OMVs, with an increased proportion of proteins related 

to ‘adaptation’, ‘protection’, ‘translation and post-translational modifications’, ‘transcriptional 

regulators’ and ‘proteins related to phage, transposons and plasmids’ (Fig. 3.6). 
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Figure 3.4 Mutations in O polysaccharide resulted in changes in protein content within 

OMVs. Purified OMVs from all four P. aeruginosa strains analyzed by silver-stained SDS-

PAGE showing differences in protein composition between samples.  
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Figure 3.5 Proportion of protein abundance for each strain tested separated by the 

localization of proteins based on cellular compartment. Cellular localization groupings were 

based on information from the Pseudomonas Genome Database for P. aeruginosa PAO1. The 

dataset represents proteins identified from two biological replicates.  
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Figure 3.6 Proportion of protein abundance for each strain tested separated by PseudoCAP 

functional classification. Functional groupings were based on information from the 

Pseudomonas Genome Database for P. aeruginosa PAO1. The dataset represents proteins 

identified from two biological replicates.  
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TABLE 3.2 Proteins identified in purified OMVs derived from wt and mutant P. aeruginosa 

cells by LC-MS/MS.  

 
Cellular 
Location 

 
Locus 
Tag 

 
Gene 
Name 

 
Protein Description; 
Alternate Location 

 
CPA+/ 
OSA+ 

 
CPA+/ 
OSA– 

 
CPA–/ 
OSA+ 

 
CPA–/ 
OSA–  

 
Outer 
Membrane 

 
PA2462 

  
hemagglutinina 

 
+ 

 
+ 

 
+ 

 
+ 

 PA0788  glycosyl transferasea + – – + 
 PA4735  peptidoglycan-

associated 
(lipo)proteina 

– – + – 

 PA1178 oprH PhoP/Q and low 
Mg2+ inducible 
protein H1b; 
periplasmic 

+ – + + 

 PA1777 oprF  major porin OprFb; 
periplasmic 

– – + – 

Periplasmic PA1092 fliC  flagellin type Bb; 
extracellular, flagellar 

+ + + + 

 PA2856 tesA  acyl-CoA thioesterase + – – + 
 PA0331 ilvA1  threonine 

dehydrataseb; 
cytoplasmic 

+ – + + 

 PA2204  probable binding 
component of ABC 
transporterb 

– + – – 

 PA2612 serS seryl-tRNA 
synthetaseb; 
cytoplasmic 

– + – – 

 PA0371  peptidasea,b – – + – 
 PA5312 pauC aldehyde 

dehydrogenaseb; 
cytoplasmic 

– – + – 

Extracellular PA0690  filamentous 
hemagglutinin-like 
proteina 

+ – + + 

Cytoplasmic 
Membrane 

PA5022  potassium efflux 
protein KefA 

+ + + + 

 PA0847  diguanylate cyclasea + – – + 
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Cellular 
Location 

 
Locus 
Tag 

 
Gene 
Name 

 
Protein Description; 
Alternate Location 

 
CPA+/ 

OSA+ 

 
CPA+/ 
OSA– 

 
CPA–/ 

OSA+ 

 
CPA–/ 

OSA–  
  

PA2378  
  

probable aldehyde 
dehydrogenase 

 
+ 

 
– 

 
– 

 
+ 

 PA3728  DNA repair ATPasea + – + + 
 PA2615  ftsK cell division protein 

FtsK 
– + – – 

 PA3258  diguanylate 
phosphodiesterasea 

– – + – 

 PA5479 gltP proton-glutamate 
symporter 

– – + – 

 PA4821  probable transporter 
(DNA-damage-
inducible protein F) 

– – + – 

 
Cytoplasmic 

 
PA2302 

 
ambE 

 
protein AmbE 

 
+ 

 
– 

 
– 

 
+ 

 PA5181  probable 
oxidoreductase 

+ – – + 

 PA5060 phaF polyhydroxyalkanoat
e synthesis protein 
PhaFb 

+ – – + 

 PA4995  probable acyl-CoA 
dehydrogenase 

+ – – + 

 PA5036 gltB glutamate synthase  – + + – 
 PA3327  probable non-

ribosomal peptide 
synthetase 

– + – – 

 PA1572  ATP-NAD kinasea – + – – 
 PA2025 gor glutathione reductaseb – – + – 
 PA2978 ptpA phosphotyrosine 

protein phosphatase 
– – + – 

 PA1413  probable 
transcriptional 
regulator 

– – + – 

 PA4937 rnr exoribonuclease 
RNase R 

– – + – 

 PA3961  probable ATP-
dependent helicase 

– – + – 
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Cellular 
Location 

 
Locus 
Tag 

 
Gene 
Name 

 
Protein Description; 
Alternate Location 

 
CPA+/ 

OSA+ 

 
CPA+/ 
OSA– 

 
CPA–/ 

OSA+ 

 
CPA–/ 

OSA–  
 
Unknown 

 
PA0623 

  
probable 
bacteriophage protein 

 
+ 

 
+ 

 
+ 

 
+ 

 PA0186  probable component 
of ABC transporter 

+ – – + 

 PA0172 siaA SiaA + – – + 
 PA2402  non-ribosomal 

peptide synthase 
– + + – 

 PA0622  bacteriophage protein – + – – 
 PA1573  putative periplasmic 

proteina 
– + – – 

 PA5253 algP alginate regulatory 
protein AlgP 

– + – – 

 PA1628  probable 3-
hydroxyacyl-CoA 
dehydrogenase 

– – + – 

 PA1031  DNA recombination 
protein RmuCa 

– – + – 

 PA4225 pchF pyochelin synthetase – – + – 
 PA2787 cpg2 carboxypeptidase G2 

precursor 
– – + – 

aHypothetical proteins identified by BLAST search;  
bProteins experimentally proven to be in given location.   
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Changes in P. aeruginosa O polysaccharide modify biofilm development  

To determine if the changes in PAO1 O polysaccharide altered the ability of cells to form 

biofilms, the biofilm-forming ability of the four strains was tested using a standard 96-well 

biofilm assay. At 16 h, all strains demonstrated substantial biofilm growth (Fig. 3.7). While 

OSA– cells formed less biofilm, and cells lacking both CPA and OSA formed roughly twice as 

much biofilm as wt PAO1 cells at 16 h, none of the differences were determined to be 

statistically significant. At 48 h, the level of biofilm development increased slightly for PAO1 

cells, where the increase in biofilm formation for OSA– cells was more dramatic (p<0.05 vs. 

OSA– at 16 h) (Fig. 3.7). The CPA–/OSA– mutant again demonstrated robust biofilm formation 

at 48 h, reaching the highest density of all strains tested. Surprisingly, biofilm formation for the 

CPA– strain was drastically reduced after 48 h (p<0.05), compared to both the 16 h values for 

CPA– and the 48 h values for PAO1, suggesting that the lack of CPA played a role in biofilm 

maturation.  

Next, scanning electron microscopy was used to visualize biofilm formation for each P. 

aeruginosa strain at both 16 h (Fig. 3.8A–D) and 48 h (Fig. 3.8E–H). At 16 h, all biofilms 

displayed irreversible cellular attachment, microcolony and macrocolony formation (Fig. 3.8A 

and B). Evidence of biofilm maturation was also detected based on the observable presence of 

exopolysaccharide and other biofilm matrix materials (Fig. 3.8C and D). As the biofilms 

continued to mature to 48 h, wt PAO1, OSA– and CPA–/OSA– cells showed comparable levels of 

biofilm formation (Fig. 3.8E, F and H). Only individual surface-attached cells and small colonies 

were observed for CPA– cells (Fig. 3.8G). These observations match the quantitative results 

obtained for each strain (Fig. 3.7) and suggest that deletion of the rmd gene resulting in the 

absence of CPA significantly diminished the ability of P. aeruginosa PAO1 to form mature 
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biofilms. Examining the 48-h biofilms at higher magnification revealed significant differences in 

the cellular morphology and architecture of the ∆rmd biofilms (Fig. 3.9C). The CPA– cells in the 

small surface-attached colonies appeared longer (2.5 µm to 3.5 µm) than the other strains (1.5 

µm to 2.0 µm). In addition, the “smoother” looking CPA– cells appeared to have less matrix 

material, including exopolysaccharide, compared the other three strains examined (Fig. 3.9A, B 

and D). 
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Figure 3.7 Biofilm formation of PAO1 and O polysaccharide mutants. Quantification of 

crystal violet staining associated with biofilm formation at 16 h (black bars) and 48 h (grey bars) 

for the different P. aeruginosa O polysaccharide-producing strains. Values on the y-axis result 

from solubilization of crystal violet and were quantified by determining the A600 (n = 9 

independent experiments/strain). Symbols: (*) p<0.05 vs. PAO1 at 48 h; (**) p<0.05 for 16 h vs. 

48 h within strain difference.   

A 6
00

 



	   49	  

 

 

 

 

 

Figure 3.8 Scanning electron microscopy of PAO1 and O polysaccharide mutant biofilm 

production. Micrographs of 16-h (A to D) and 48-h (E to H) biofilms from the different P. 

aeruginosa O polysaccharide-producing strains. The small white arrows denote irreversibly 

attached cells, while the white arrowheads denote micro- and macrocolonies (bar = 10 µm).  
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Figure 3.9 High-magnification scanning electron microscopy of mature biofilms. 

Micrographs of 48-h biofilms of (A) PAO1, (B) ∆wbpM, (C) ∆rmd, and (D) ∆wbpL biofilms (bar 

= 3 µm). 
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CHAPTER 4: DISCUSSION 

O polysaccharides extend from the surface of P. aeruginosa and other Gram-negative 

pathogens and are among the first points of contact between the bacterial cell and biotic and 

abiotic surfaces. As such, they play a critical role in surface attachment and modulating the host 

response. In P. aeruginosa PAO1, the two different forms of O polysaccharide that extend from 

the cell surface, CPA and OSA, can vary in their relative amounts and chain length depending on 

the environmental conditions (Lam et al., 2011; McGroarty and Rivera, 1990). This work 

demonstrates that altering the presence of CPA and OSA impacts the cell surface and results in 

changes in OMV size and composition, and in biofilm development.  

 Using defined mutations that resulted in the loss of CPA (∆rmd), OSA (∆wbpM), or both 

(∆wbpL), I first assessed the effects of O polysaccharide expression on OMV biogenesis and cell 

envelope integrity (Fig. 3.2). The choice of using “unmarked” deletion and allelic exchange 

knockout mutants in the study was deliberate, as compared to using knockout mutants 

constructed with a gentamicin cassette insertion followed by allelic exchange. The latter type of 

mutants require the addition of gentamicin during their growth to maintain the genotype, and this 

aminoglycoside antibiotic is known to cause blebbing artifacts of the Gram-negative cell 

envelope (Kadurugamuwa and Beveridge, 1995; Kadurugamuwa et al., 1993). 

The dot-blot results clearly demonstrated that altering O polysaccharide expression in P. 

aeruginosa PAO1 did not drastically alter the levels of OMVs produced. OSA LPS has been 

suggested to play a role in OMV biogenesis (Kadurugawuma and Beveridge, 1996); however, 

this study revealed that PAO1 mutants lacking OSA did not show decreased vesiculation. 

Schertzer and Whiteley (2012) provided evidence to suggest that PQS induces membrane 

curvature in P. aeruginosa, and proposed a model for OMV biogenesis in which the 
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accumulation of PQS in the OM induces blebbing. The signaling molecule strongly associates 

with LPS (Mashburn-Warren et al., 2008), and has been seen to stimulate OMV production 

(Mashburn and Whiteley, 2005). It was suspected that PQS was interacting with the lipid A 

region of LPS (Mashburn-Warren et al., 2008), a theory supported by my results, as vesiculation 

was not changed by O polysaccharide mutations.  

OSA– cells showed an increased level of cell lysis when compared to wt cells (Fig 3.2). 

Interestingly, OMVs derived from OSA– cells also demonstrated an altered proportion of protein 

content based on cellular location, with an increased proportion of periplasmic proteins and 

proteins of unknown function (Fig. 3.5A). Together, these data suggest that lacking only OSA at 

the surface of P. aeruginosa PAO1 may alter the stability of the cell envelope. Curiously, cells 

deficient in both CPA and OSA do not show the same observable instability in their cell 

envelope. A recent study by Macdonald and Kuehn (2013) used P. aeruginosa strain PA14 and 

examined whether OSA LPS was required for the induction of OMVs by chemical stress. 

Although these authors were using LPS mutants that affected similar genes to those used in my 

study, their strains were obtained from a collection of transposon insertion mutants (Liberati et 

al., 2006). It was reported that the basal levels of OMV production for PA14∆wbpM (OSA–) and 

PA14∆rmd (CPA–) were similar to wt PA14, but that OMV production for the CPA–/OSA– strain 

PA14∆wapR was ~2-fold higher (Macdonald and Kuehn, 2013). This differs from the 

observations for the CPA–/OSA– mutant used in this study. The difference may be attributed to 

the fact that the PA14∆wapR transposon mutant requires growth in gentamicin, which is a 

known inducer of OMV production and cell envelope stress (Kadurugamuwa et al., 1993; 

Kadurugamuwa and Beveridge, 1995). Another possible explanation may be the differences in 
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the functional roles of WapR (null mutants cause core oligosaccharide truncations in addition to 

the absence of O polysaccharides) and WbpL in LPS synthesis.  

 The OMVs derived from the different O polysaccharide-producing strains were next 

assessed for differences in physical properties. When Nguyen et al. (2003) measured 100 OMVs 

from three PAO1 LPS mutants, they observed that the CPA–/OSA– mutant (rd 7513) produced 

large sized OMVs and the OSA– mutant strain (AK 1401, a bacterial D3-phage infected lysogen) 

produced the smallest, consistent with my results. However, no mean, median, or standard 

deviations were cited, making quantitative comparisons difficult. My study took a more detailed 

approach to comparing the size distributions for the OMVs. Using transmission electron 

microscopy (Fig. 3.3), significant size distribution differences were demonstrated between the 

OMVs (Table 3.1). These differences are interesting because they suggest that the overall 

composition of cell surface sugars influenced the architecture of OMVs, and this in turn could be 

related to mechanisms involving OMV biogenesis. Schooling and Beveridge (2006) reported that 

OMVs derived from P. aeruginosa PAO1 biofilms were consistently smaller than their 

planktonically-derived counterparts. It has also been demonstrated that when PAO1 is cultured 

as biofilms the distribution of O polysaccharides shifts to almost exclusively favour CPA 

production (Lam et al., 2011; Beveridge et al., 1997). Results from this work clearly 

demonstrated that the smaller OMVs observed for the OSA– strain likely mimics the cell surface 

of PAO1 cells within a biofilm, and suggests that O polysaccharides have a role in determining 

the physical nature of OMVs. It is uncertain though, as to how the O polysaccharide influences 

OMV structure. One possibility is the influence of the charge variation that occurs with a change 

in O polysaccharide expression.  
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 My results also demonstrate that O polysaccharide expression on the surface of P. 

aeruginosa PAO1 cells may play a role in protein packaging within OMVs. OMVs derived from 

cells that lack only OSA on their cell surface exhibited a shift in the proportion of proteins based 

on cell localization and proposed cellular function (Fig. 3.5). This selective sorting of proteins 

into OMVs has been observed in P. aeruginosa and other pathogens. Recently, Wessel et al. 

(2013) used LC-MS/MS to determine the proteomes of OMVs produced from wt P. aeruginosa 

PA14 and a mutant of PA14 lacking the peptidoglycan-associated OM protein OprF. They 

demonstrated that the relative abundance of OM proteins shifted and was significantly higher in 

OMVs from cells that lacked OprF (Wessel et al., 2013). Another study by Haurat et al. (2011) 

proposed that in the human oral pathogen Porphyromonas gingivalis, specific virulence factors 

are preferentially packaged into OMVs and that abundant OM proteins are excluded. They also 

demonstrated that LPS specifically drives this selective mechanism of sorting proteins. While 

their results suggest that O polysaccharides are not involved in vesicle formation, it was 

demonstrated that OMVs from P. gingivalis are enriched with longer LPS chains that may differ 

in composition from those found on the OM (Haurat et al., 2011). The data presented in this 

study support the concept of selected sorting of proteins within OMVs and suggest that O 

polysaccharide expression affects this process.  

 A recent study by Choi et al. (2011) also used LC-MS/MS to examine the global OMV 

proteome of P. aeruginosa PAO1 OMVs. The authors determined that, in addition to being 

enriched with OM proteins, PAO1 OMVs also contained many cytoplasmic proteins (Choi et al., 

2011). This is consistent with the results obtained in this study (Fig. 3.5A). Choi et al. (2011) 

also used MS to analyze major protein bands that were seen with Coomassie Brilliant Blue-

stained SDS–PAGE, and identified FliC, OprF, OprH, and OprG as the most abundant PAO1 
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vesicular proteins. FliC was detected in both replicates of OMVs from all four strains used in this 

study (Table 3.2). Several other studies have identified FliC as a component of OMVs produced 

from a number of different species (Bauman and Kuehn, 2006; Lee et al., 2007; Nevot et al., 

2006). Recently, Manabe et al. (2013) investigated the role of FliC in OMV biogenesis in E. coli. 

They compared a parental wt strain expressing FliC to a strain with a fliC-null mutation, and 

found that the mutant produced reduced amounts of OMVs (Manabe et al., 2013). My results 

support the notion that FliC may be an important factor in the production of OMVs.  

To investigate the ability of O polysaccharide mutants to form biofilms, a combination of 

high-throughput 96-well plate assays and scanning electron microscopy were used to assess 

biofilm formation at 16- and 48-h time points (Fig. 3.6 and 3.7). This combination of techniques 

provides a reproducible, quantitative assessment of biofilm development with high resolution 

cellular and macrocolony visualization. The results demonstrated that wt P. aeruginosa PAO1 

developed substantial biofilms after 16 h of growth, with similar levels of biofilms observed for 

the CPA– strain. Cells lacking only OSA on their cell surface demonstrated a trend towards less 

biofilm formation at 16 h, while cells that lacked both CPA and OSA showed a trend towards 

more biofilm formation at 16 h. Makin and Beveridge (1996) demonstrated that after the early 

time point of 3 h, wt P. aeruginosa PAO1 cells and CPA– (dps89) cells demonstrated increased 

biofilm formation on glass surfaces when compared to OSA– (AK1401) and CPA–/OSA– 

(rd7513) mutants. Similar results were observed by Lindhout et al. (2009) and Lau et al. (2009), 

who reported that planktonically grown wapR PAO1 mutant, lacking all O polysaccharide, 

placed on glass coverslips showed reduced swimming compared to wt PAO1, correlating to 

increased surface attachment. These differences in adherence have been attributed to measurable 

changes in surface hydrophobicity and surface charge of the cells. In contrast, the ability of the 
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bacteria to adhere to polystyrene surfaces was observed to be enhanced for OSA– and CPA–

/OSA– cells, correlating to the increased hydrophobicity of these cell surfaces (Makin and 

Beveridge, 1996). Combined, these results suggest that the surface properties of P. aeruginosa 

PAO1 vary greatly with changes in O polysaccharide expression and that the surface properties 

of the substrates also play an important role in determining cellular attachment and biofilm 

formation.  

 After 48 h of biofilm development, the results showed increases in biofilm development 

of wt PAO1 and OSA– cells, with only a minor increase in biofilm development for CPA–/OSA– 

cells (Fig. 4). Surprisingly, at 48 h, cells that lacked only CPA demonstrated a drastic and 

reproducible decrease in biofilm formation (Fig. 3.6), and evidence of only micro- and 

macrocolony formation when visualized by SEM (Fig. 7G). Upon closer inspection, this 

reduction in biofilm formation for CPA– cells appeared to correlate with changes in cell 

morphology and exopolysaccharide production (Fig. 6C), when compared to the other strains. 

However, cells lacking both CPA and OSA did not demonstrate the same phenotype, possibly 

due to changes in the surface hydrophobicity when both O polysaccharides are removed, 

exposing the LPS core region. The apparent lack of matrix materials in the CPA– ∆rmd biofilms 

may account for the relative decrease in biofilm at the 48-h time point, as the matrix is believed 

to provide structural support to mature biofilms (Flemming and Wingender, 2010). Furthermore, 

the proportional reduction of proteins corresponding to ‘motility and adaptation’ observed in 

CPA– OMVs (Fig. 3.5B) might indicate that the corresponding ∆rmd whole cells also lack these 

proteins. Reductions in proteins involved in surface- and cell-to-cell contact could account for 

the poor maturation of biofilms observed for this strain.  
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 In conclusion, the modulation of O polysaccharide expression has an impact on the 

physical and compositional properties of P. aeruginosa OMVs, potentially playing a role in 

differential protein sorting within different strains. O polysaccharide expression also influences 

biofilm development and this study highlights the importance of CPA in this process. Since the 

expression of CPA increases when P. aeruginosa cells transition to a biofilm mode of growth 

(Makin and Beveridge, 1996; Beveridge et al., 1997; Lam et al., 1989), one could speculate that 

the presence of this polysaccharide on the cell surface acts to stabilize biofilms, as well as confer 

immune protection and bacterial persistence. To understand how CPA aids in the transition of P. 

aeruginosa from planktonic state to a biofilm lifestyle, further investigation is warranted. 

 
Future directions 

This thesis provided novel insights into the biofilm forming ability of P. aeruginosa 

PAO1 with LPS phenotype CPA–/OSA+. A drastic decrease in biofilm formation was seen in this 

strain between 16 h and 48 h of growth. Future work could be directed at identifying the cause of 

this decrease in biofilm growth. A time-course biofilm assay would elucidate when CPA–/OSA+ 

biofilm growth begins to decrease, and SEM images obtained from each time point could track 

how cell morphology changes as time progresses. To determine if biofilm formation decreased 

due to a lack of matrix EPS, fluorescent labeling could be used to detect EPS presence during 

each time point using confocal microscopy. Fluor-conjugated lectins have been effectively used 

to visualize biofilm EPS (Neu et al., 2001; Johnsen et al., 2000; Ma et al., 2009). Lectins bind 

mono- and oligosaccharides reversibly with high specificity, and are readily obtainable in 

purified form (Lis and Sharon, 1998). In addition, the structural and mechanical properties of 

biofilms could be studied using atomic force microscopy (AFM). AFM could be used to image 
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biofilms with sub-nanometre resolution, using force measurements to reveal the physical 

properties (Lau et al., 2009).  

The MS experiment described in this work was used as an indicator of whether, in 

general, the proportion of certain protein groups changed between the different OMV samples. 

We did not attempt to demonstrate that specific proteins were being enriched in OMVs from 

certain strains. To investigate the possibility of protein sorting, future experiments could aim to 

compare the protein profiles of OMVs and the OM that they were produced from using SDS-

PAGE. Unique bands could be excised and MS used to identify the specific proteins within. Of 

particular interest would be any differences observed in the CPA+/OSA– mutant, as this 

phenotype mirrors that which is seen in P. aeruginosa cells isolated from late stage chronic 

pulmonary infections in CF patients. Proteins of interest, such as those associated with virulence, 

could then be further investigated through the construction of null mutants. In addition, most 

large-scale OMV proteomic investigations have provided only descriptive results indicating the 

presence or absence of certain proteins or protein groups. Large-scale quantitative proteomic 

analyses using high-performance MS could be conducted to identify the levels of certain groups, 

such as proteins localized in the cytoplasm or inner membrane, and their relative ratios within the 

OMVs produced from the different strains. Recently, Park et al. (2013) were able to employ this 

method to identify quantitative differences in whole cell protein expression that occur between 

planktonic and biofilm cultures over time.  

Hao et al. (2013) recently identified five novel genes important for LPS CPA 

biosynthesis and chain length regulation, and have created chromosomal knockouts in P. 

aeruginosa PAO1. These LPS knockout mutants could be used to identify the affect of CPA 

chain length modality on biofilm development and OMV biogenesis. Protocols optimized in this 
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thesis for the study of PAO1 biofilm growth and OMV production could be applied to the 

mutants described in Hao et al. (2013) to provide new insights of the physiological properties of 

modal chain length distribution. In addition, these experiments could be used to obtain more 

clinically relevant results through the study of a series of P. aeruginosa isolates from patients 

with CF to examine any differences in their biofilm formation and OMV biogenesis.  

 The future work proposed herein will help to further answer the research questions 

presented in this thesis. A quantitative proteomic framework for the changes that are seen in 

OMVs could be elucidated to provide more information about the role of OPS in biofilm 

formation, which may then relate to infection. The major steps moving forward with this 

research should involve a transition from the use of abiotic surfaces to biotic surfaces to provide 

more physiological relevance. This could take place through an increased focus on understanding 

the interactions that occur when bacterial biofilms and OMVs are cultured with airway epithelial 

cells in vitro. Experiments optimized in this work could be repeated using bronchial epithelial 

cells as a base to determine if differences in OPS expression can lead to differences in cellular 

adhesion and biofilm development, or change the ability of the OMVs to interact with the 

mammalian cells.  
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APPENDIX: Solution Preparation  

 
SEM buffer 

To prepare the SEM buffer, sodium phosphate dibasic (Na2HPO4), at a concentration of 

0.07 M, was mixed together with potassium phosphate (KH2PO4), at concentration 0.07 M, in a 

50/50 ratio.  

 
Electrophoresis buffers 

A 10X stock of running buffer for SDS-PAGE contained 30.2 g Tris base, 144 g glycine, 

and 10 g SDS dissolved into 1 L ddH2O.  

A 12% resolving solution was prepared by mixing 2 ml of 30% acrylamide/bis solution 

(Bio-Rad, Mississauga, ON), 1.3 ml of 1.5 M Tris HCl (pH 8.8), 0.05 ml of 10% SDS, 0.05 ml 

of ammonium persulfate (APS), and 0.002 ml tetramethylethylenediamine (TEMED) with 1.6 ml 

sterilized H2O.  

A 5% stacking solution was prepared by mixing 0.25 ml of 30% acrylamide/bis solution 

(Bio-Rad, Mississauga, ON), 0.19 ml of 0.5 M Tris HCl (pH 6.8), 0.015 ml of 10% SDS, 0.015 

ml of APS, and 0.0015 ml TEMED with 1.05 ml sterilized H2O.  

The sample buffer for protein samples analyzed by SDS-PAGE consisted of 250 mM Tris 

HCl (pH 6.8), 10% SDS, 30% glycerol, 8% β-mercaptoethanol, and 0.1% bromophenol blue.  

 The Hitchcock-Brown buffer for preparation of LPS samples for SDS-PAGE analyses 

was 1 M Tris HCl (pH 6.8), 2% SDS, 10% glycerol, 4% β-mercaptoethanol, and 0.002% 

bromophenol blue.  
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TAE Buffer 

The Tris-acetate-EDTA (TAE) buffer for agarose gels consisted of 40 mM Tris, 20 mM 

acetic acid, 1 mM EDTA (pH 8.0), in ddH2O.  

 
Transfer buffer  

 The transfer buffer for Western blotting was 25 mM Tris, 20% methanol, and  

192 mM glycine.  

 
Silver Stain Solutions 

Fixative: methanol:acetic acid:sterilized H2O, 40:10:50 

Sensitizer: 0.02% (w/v) sodium thiosulphate, in sterilized H2O 

Stain: 0.1% (w/v) silver nitrate, in sterilized H2O 

Developer: 0.04% (v/v) formaldehyde, 2% (v/v) sodium carbonate, in sterilized H2O 

Quencher: 1% (v/v) acetic acid solution, in sterilized H2O 

 
PBS 

 The phosphate buffered saline (PBS) buffer used for biofilm assays was 137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, adjusted to pH 7.4 with HCl.   


