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Abstract 

Pseudomonas aeruginosa persists within the lungs of chronically infected cystic fibrosis 

(CF) patients as a multi-cellular community, whereby individual bacteria exist within a 

complex and highly heterogeneous extracellular matrix, termed a biofilm. Biofilm 

populations of P. aeruginosa display markedly elevated levels of resistance to both the 

host immune response and antimicrobial agents. This study addresses the role of several 

known virulence factors in biofilm formation and biofilm antibiotic resistance. Studies of 

P. aeruginosa strains with varying levels of alginate production have led to the proposal 

that excess alginate production may serve as an escape mechanism for bacterial 

dissemination from the biofilm. Studies using P. aeruginosa gacA' strains indicate that 

the GacA/GacS two component global regulatory system is an important and novel 

regulator of genes involved in biofilm formation and maturation. The three well-

characterized RND-type multi-drug efflux pumps of P. aeruginosa were demonstrated to 

play only a minor role in the recalcitrant resistant nature of biofilms. This study also 

addressed the genetic differences which distinguish biofilms as a distinct mode of 

bacterial growth. Gene expression in P. aeruginosa biofilms was shown to be 

substantially different from that in planktonic populations. Northern blot analysis 

revealed that while transcription of las quorum sensing system components and RND-

type multi-drug efflux pumps is relatively similar in both populations, alginate production 

is elevated in biofilms. The use of a novel subtractive hybridization procedure developed 

in this study to identify genes preferentially expressed during biofilm growth was 

effective in identifying genes involved in anaerobic metabolism, biosynthesis, outer 

membrane permeability, nutrient procurement and genes of unknown function, all of 

which are uniquely or hyper-expressed during biofilm growth. Also in this study, the 

molecular tools required for a genetic screening approach based on IVET techniques for 

the identification of promoters active exclusively during biofilm growth were developed. 
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Chapter 1: Introduction 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative bacillus. Sequencing analysis of the entire 

6,246,410 bp genome of P. aeruginosa strain PAOl has demonstrated the existence of 

over 5500 predicted genes (Olson, 1999). This vast genomic repertoire provides the 

microorganism with a tremendous degree of phenotypic plasticity. P. aeruginosa is a 

facultative organism that is capable of using nitrate as a terminal electron acceptor in the 

absence of oxygen. P. aeruginosa has enormous nutritional flexibility as it can utilize 

over 80 organic compounds and can grow over an extremely broad temperature range 

that extends up to 43°C (Doudoroff and Palleroni, 1974; Vasil, 1986). The large 

repertoire of genes contained by P. aeruginosa allow it to be extremely malleable and as 

such, it is ubiquitous in both aquatic and soil environments. Furthermore, this 

microorganism is a pathogen of both plants and animals (Rahme et al, 1995). P. 

aeruginosa has become notorious as the archetypical opportunistic human pathogen. 

1.1.1 P. aeruginosa Infections 

P. aeruginosa is an important opportunistic human pathogen that causes infections only 

in patients suffering from a loss or disruption of a normal defence mechanism. Infections 

can only proceed if there is a disruption of a physical barrier as in burn wounds or in 

medical device implants, or if there is an underlying immune system deficit (Govan and 

Haris, 1986). While P. aeruginosa is rarely found as a natural component of the human 

microflora, it can be commonly isolated from patients who have been hospitalized for 

over one week (Bennett, 1974). Furthermore, P. aeruginosa is the Gram negative 

bacterium which is responsible for the majority of nosocomial infections (Grogan, 1966; 

VanDelden and Iglewski, 1998). P. aeruginosa can elicit a number of infections at 

virtually any anatomic site causing a diversity of diseases including; endocarditis, 

external otitis, endopthalmitis, corneal infections, septicemia and meningitis (Bodey, 

1983). Perhaps the hallmark infection associated with P. aeruginosa is the chronic 

pulmonary infection of cystic fibrosis (CF) patients. It is believed that the ability of P. 
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aeruginosa to produce such diverse and often overwhelming infections is due to the vast 

array of virulence factors the organism is capable of producing. 

1.1.1.2 P. aeruginosa Cystic Fibrosis Pulmonary Infections 

One group of individuals predisposed to P. aeruginosa infections are those who have 

cystic fibrosis (CF). CF is a recessive autosomal genetic disorder which afflicts 

approximately 1 in 2500 individuals of European ancestry (Riordan, 1993). The 

symptoms of CF are the result of a mutation in the Cystic Fibrosis Transmembrane 

Conductance Regulator gene (cftr), which encodes a chloride ion transport channel. 

While symptoms of the disease are diverse and manifest themselves in organs such as the 

liver, pancreas, and small intestine, patients ultimately die of progressive lung failure 

caused by chronic infections with opportunistic pathogens. Reduced chloride secretions 

from pulmonary apical epithelial cells results in an increase in osmolality and causes 

water to be drawn from the lumen. As a result, mucous secretions lining the bronchioles 

and bronchial tubes are dehydrated and develop hyper-viscous characteristics (Welsh and 

Smith, 1993; Welsh and Smith, 1995). The hyper-viscous mucous impedes the function 

of the mucocilliary escalator and, as a result, microorganisms become trapped within the 

mucous layer and cannot be easily cleared. This creates an ideal environment for 

colonization by prevalent opportunistic pathogens such as P. aeruginosa, which can 

attain numbers exceeding 108 organims per ml of sputum (Storey et ai, 1997). This 

chronic state of infection by P. aeruginosa leads to a cycle of airway obstruction, chronic 

endobronchial infection and inflammation, furthering lung deterioration, and ultimately 

resulting in death. 

1.2 Global Regulators of Virulence 

Many pathogenic bacteria co-ordinately regulate genes involved in pathogenesis in 

response to specific environmental cues. The pathogenesis of P. aeruginosa is multi

factorial as evidenced by the diversity of diseases it causes. Sequence analysis data 

provided from the P. aeruginosa PAOl sequencing project has revealed that 479 genes, 

or 8% of all known genes, have regulatory functions (Olson, 1999). The breadth of 

regulatory elements of P. aeruginosa impart exquisite levels of control for virulence 
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factor expression. Furthermore, it is the differential expression of the vast array of 

virulence factors which account for the malleability of P. aeruginosa in infecting various 

eukaryotic organisms and causing a range of diseases. Discussed below are the known 

global regulators of virulence in P. aeruginosa. 

1.2.1 Fur 

In order to limit the potential for microbial infection, eukaryotic hosts sequester iron as a 

means to prevent bacterial growth. Hence, one signal for the up-regulation of virulence 

related genes recognized by invading bacteria is greatly diminished iron levels. The 

ferric uptake regulator (Fur) is a global iron regulator that plays a critical role in the 

pathogenesis of P. aeruginosa (Hassett et al., 1996; Ochsner et al., 1995). Fur is a DNA-

binding repressor, which requires Fe2+ as a cofactor to bind to the promoters of genes 

containing Fur boxes and repress transcription (Bagg and Neilands, 1987). During 

infections because Fe2+ levels are greatly diminished, Fur is unable to bind to the 

promoters of target genes, and therefore they are actively transcribed. Fur regulates a 

number of virulence genes involved in either active or passive procurement of Fe2+. Fur 

regulates the two siderophore - mediated iron acquirement systems of P. aeruginosa 

required for obtaining iron from host tissues (Prince et al, 1993). Furthermore, an 

alternate mechanism of iron acquisition is based on the cytotoxic effects of exotoxin A 

(ETA), resulting in the release of iron from damaged host cells. Fur also regulates the 

transcription of toxA the gene which encodes ETA (Prince et al., 1991). 

1.2.2 Vfr 

The virulence factor regulator (Vfr) is a regulator of several of the virulence factors 

produced by P. aeruginosa. Vfr belongs to the cAMP receptor protein family (CRP) and 

is a homolog of E. coli CAP. Vfr has been shown to be involved in controlling the 

expression of proteases (lasB and apr) as well as exotoxin A (West et al., 1994). Vfr 

contains binding motifs for both cAMP and RNA polymerase. These motifs and the 

presence of a helix-turn-helix DNA binding domain suggest that Vfr acts to regulate the 

transcription of target genes. Albus et al. (1997) demonstrated that Vfr binds to a CRP 

binding consensus sequence upstream of the lasR Tl and T2 start sites, and acts to 
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positively regulate lasR transcription. This data supports a role for Vfr as a major 

regulator of P. aeruginosa quorum sensing, as the quorum sensing cascade is initiated by 

the activation oflasR transcription by Vfr. 

1.2.3 Quorum Sensing Systems 

Many of the virulence factors produced by P. aeruginosa are regulated via a complex 

regulatory circuit involving cell-cell signalling, termed quorum sensing. Quorum sensing 

systems consist of a freely diffusible acylated homoserine lactone (HSL) signal molecule, 

termed an autoinducer, and a autoinducer dependent transcriptional activator (Fuqua et 

al., 1996). At low cell densities, bacteria produce a basal level of the autoinducer, and as 

population density increases so to does autoinducer concentration. Upon reaching a 

threshold concentration, the autoinducer interacts with the transcriptional regulator to 

initiate expression of quorum sensing regulated genes. 

P. aeruginosa contains at least two HSL quorum sensing systems, las and rhl, which 

regulate virulence factor expression and allow for a density dependent concerted attack 

upon the host (Passador et al, 1993, Pearson et al, 1994). In the las quorum sensing 

system, LasI catalyses the synthesis of N-3-oxododecanoyl-L-HSL (PAI-1), which 

interacts with LasR, the transcriptional regulator, thereby activating it (Passador et al., 

1993, Passador et al., 1996). The las quorum sensing system positively regulates the 

expression oiapr (Gambello et al., 1993), lasA (Toder et al., 1991), lasB (Passador et al., 

1993), rhlR (Latifi et al, 1996), sodA (Hasset et al, 1999), toxA (Gambello et al, 1993), 

and xcpP/R (Chapon-Herve et al, 1997). 

The rhl quorum sensing system is composed of Rhll, which synthesizes N-butyryl-L-

HSL (PAI-2) and the transcriptional activator RhlR (Pearson et al, 1995; Pearson et al, 

1997). The rhl quorum sensing system regulates the expression of hcnABC (Reimmann 

et al, 1997; Latifi et al, 1995), rpoS (Latifi et al, 1996), rhlAB (Ochsner and Reiser, 

1995), sodB (Hassett et al, 1999), xcpP/R (Chapon-Herve et al, 1997) and algD (Storey 

et al, unpublished data). While the two HSL quorum sensing systems act 

interdependently to control expression of various virulence products, the las system is 
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dominant (Pesci et ai, 1997; Pearson et al, 1997). Regulation of quroum sensing has 

been recently shown to be even more complicated with the discovery of rsaL, a negative 

regulator which directly acts to decrease lasl transcription (de Kievit et ai, 1999). 

A third signalling molecule termed the Pseudomonas quinolone signal, 2-heptyl-3-

hydroxy-4-quinolone, has recently been identified (Pesci et al., 2000). While little is 

known about this third signalling molecule, it has been shown to effect the expression of 

lasB. The synthesis and bioactivity of this signal is controlled by both the las and rhl 

quorum sensing systems. 

1.2.4 GacA/GacS Two Component Regulatory System 

The global activator (gac) two component regulatory system is highly conserved among 

fluorescent Pseudomonads. Two component regulatory systems typically include a 

transmembrane sensor histidine kinase which responds to environmental signals by 

autophosphorylating, and transferring this phosphate to a cytoplasmic response regulatory 

protein thereby initiating the subsequent regulatory cascade. In Pseudomonads GacS 

(also called LemAj functions as the histidine kinase sensor protein. Alternatively, GacA 

is the response regulator and has significant homology to the FixJ family of regulatory 

proteins (Rich et al., 1994). The GacA/GacS two component regulatory system differs 

from prototypical two component systems as the genes encoding the two components are 

not physically linked on the chromosome as they are in most bacterial systems. 

Furthermore, the gacS gene has been shown to have both histidine kinase and response 

regulator type domains (Barta et al., 1992). Lastly, in P. aeruginosa PAOl three separate 

loci with significant homology to gacS exist (Parkins et al., unpublished data). 

While the gacA/gacS two component regulatory systems in fluorescent Pseuomonads 

have high functional conservation this does not extend into the regulatory pathway. 

There is a large degree of regulatory heterogeneity in the gacA/gacS regulon between 

various species of plant pathogenic Pseudomonads. The GacA/GacS system positively 

regulates production of protease, peptide antibiotic tabtoxin, swarming and type III 

secretion in P. syringae (Barta et al., 1992; Rich et al, 1994; Kinscherf and Willis, 1999; 
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Hirano et al., 1999), biocontrol activity, secondary metabolite production and stress 

response in P. flourescens (Whistler et al, 1998), pectate lyase, proteases, siderophores 

and alginate in P. viridiflava (Liao et al., 1994; Liao et al., 1996), and tolaasin toxin and 

protease production in P. tolaasii (Grewal et al., 1995). However, in P. tolaasii, 

fluorescent pigment production and motility are negatively regulated through the 

GacA/GacS regulatory hierarchy. Thus, it appears that the gacA/gacS system can have 

both positive and negative regulatory capacities. GacA/GacS homologs in more distantly 

related organisms have an even greater degree of regulatory divergence. In the human 

pathogen Salmonella typhimurium, the gacA homolog, sir A, is essential for invasion and 

virulence (Johnston et al., 1996). Whereas in uropathogenic E. coli expression of airS 

{barA), the gacA homolog, is induced after contact with human cells and mediates the 

production of siderophores (Zhang and Normack, 1996). 

Recent evidence suggests that the GacA/GacS regulon is post transcriptionally regulated 

by GacA. Blumer et al. (1999) demonstrated that in P. flourescens small mutational 

changes in the ribosome binding site of target transcripts are sufficient to result in or 

abolish GacA - mediated control. They further established an antagonistic role in the 

expression of GacA - regulated genes by RsmA (repressor of secondary metabolism). 

Despite the wealth of information regarding the gacA/gacS two component regulon, little 

is known about the initial environmental signal to which GacS responds. 

In P. aeruginosa, few studies have been performed on the gacA/gacS regulon. GacA has 

been demonstrated to be an essential virulence factor for P. aeruginosa pathogenesis as 

gacA' mutants were unable to cause disease in either Arabidopsis plant models (Rahme et 

al., 1995; Rahme et al., 1997), mouse burn models (Rahme et al., 1995), or 

Caernorhabditis elegans infection models (Tan et al., 1999a; Tan et al., 1999b; Mahajan-

Milkes et al, 1999). Reimmann et al. (1997) demonstrated that in P. aeruginosa PAOl 

GacA positively controls the production of PAI-2, pyocyanin, cyanide, and lipase. An 

understanding of the genes and physiological functions controlled by the gacA/gacS 

regulon will aid in the recognition of the initial environmental stimuli sensed by GacS, 

and a more complete understanding of the pathogenesis of P. aeruginosa. 
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1.3 Virulence Factors of P. aeruginosa 

The pathogenesis of P. aeruginosa is multi-factorial as is evident from the diversity of 

diseases it causes. Furthermore, it has been well established that P. aeruginosa possess a 

vast array of virulence factors which account for its adaptability. 

1.3.1 Cell Associated Virulence Factors 

P. aeruginosa produces a number of cell associated virulence factors that are involved in 

initial colonization and persistence in the CF lung. 

1.3.1.1 Adhesins 

P. aeruginosa adherence to epithelial cells and mucin in the CF lung has been 

demonstrated to be mediated by the virulence factors pili, non-pilus adhesins and flagella. 

Type IV pili have been demonstrated to account for 90% of the adherence capacity of P. 

aeruginosa to human pneumocytes (Hahn, 1997). Furthermore, type IV pili mediate 

twitching motility which is required for microcolony aggregation. Two non-pilus 

adhesins have been identified and shown to be involved in mucin binding (Simpson et al., 

1992). However, these two non-pilus adhesins do not contribute significantly to 

virulence in a mouse model, questioning their role in P. aeruginosa pathogenesis 

(Farinha et al., 1994). While there is a correlation between production of the single polar 

flagellum and adhesion, the flagellin protein itself does not mediate bacterial attachment 

(Arora et al., 1996). Flagellar function may in fact be more important to non-CF 

infections where the flagella mediates motility and tissue invasion. The bulk of P. 

aeruginosa CF isolates do not express flagella which likely diminishes their antigenicity 

(Mahenthiralingam et al., 1994). 

1.3.1.2 Alginate 

Alginate is a viscous extracellular linear polysaccharide of P 1-4 linked D-mannuronic 

and L-guluronic acid residues produced by P. aeruginosa (Vasil, 1986; Evans and 

Linker, 1973). Infection of the CF respiratory tract induces an alteration in colonizing 

strains culminating in an over-production of alginate. This results in a characteristic 
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mucoid phenotype (Govan and Harris, 1986). Alginate over - production has been 

demonstrated to inhibit opsonization (Jensen, 1993), suppress lymphocyte function and 

neutrophil oxidative burst (Buret and Cripps, 1993), and impede complement mediated 

lysis (Govan and Fyfe, 1978). As such, the emergence and predominance of mucoid P. 

aeruginosa CF isolates has profound implications for the developing pulmonary disease. 

At least 24 genes are involved in alginate production and these are clustered into three 

separate regions on the P. aeruginosa chromosome (Gacesa, 1998). The first step in 

alginate biosynthesis devoted solely to the production of alginate is catalyzed by GDP 

mannose dehydrogenase, AlgD. As such, the expression of algD can be used as an 

indicator of alginate production (Hoyle et al., 1993). Furthermore, the bulk of alginate 

regulatory mechanisms focus on effecting transcription of algD (Delic-Attree et al., 

1997; Mohr et al, 1991; Deretic et al, 1990; Martin et al, 1994; Baynham et al, 1999). 

Due to the enormous energy demands imposed by alginate biosynthesis, at least 11 

regulators of alginate production have been identified and include a two component 

system as well as an alginate specific o-factor (Mohr et al, 1991, Deretic et al, 1994; 

DeVries and Ohman, 1994). 

1.3.1.3 Lipopoylsaccharide 

The lipopolysaccharide (LPS) of P. aeruginosa is another important contributor to 

pathogenesis as it provides protection from host defences and mediates entry into 

eukaryotic cells. P. aeruginosa CF clinical isolates typically lack the O- antigen portion 

of the LPS resulting in a rough colony phenotype (Goldberg and Pier, 1996). This is 

believed to result in reduced antigenicity and enhanced evasion of the host immune 

response. P. aeruginosa has also been demonstrated to produce a unique lipid A portion 

of the LPS during chronic CF pulmonary infections (Ernst et al, 1999). The expression 

of the CF specific lipid A which contains aminoarabinose and palmitate residues results 

in increased resistance to cationic antimicrobial peptides and is believed to mediate 

bacterial persistence in the CF lung. Furthermore, the CF - specific lipid A molecule was 

subsequently demonstrated to elicit increased production of IL-8, and is believed to 

enhance airway inflammation and hasten the progress of pulmonary disease. 
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1.3.2 Extracellular Virulence Factors 

P. aeruginosa produces a number of extracellular virulence factors in the form of toxins, 

proteases and hemolysins which contribute to tissue damage and procurement of 

nutrients. 

1.3.2.1 Toxins 

Exotoxin A (ETA) is one of the most cytotoxic virulence factors produced by P. 

aeruginosa (Liu, 1974). ETA catalyses the transfer of an ADP- ribose moiety from 

NAD+ to host cell elongation factor II (EF-2) (Iglewski et al., 1977). This reaction 

prevents host cell protein synthesis and inevitably leads to cell death and the release of 

valuable nutrients. The expression of ETA is tightly regulated by environmental iron 

levels through a complex regulatory cascade involving regAB (Frank and Iglewski, 

1988), PvdS (Hunt and Storey, unpublished data), Vfr (West et al., 1994), LasR 

(Gambello and Iglewski, 1991), PtxR/PtxS (Hamood et al, 1996; Colmer and Hamood, 

1998) and the global iron regulator Fur (Prince et al., 1991). 

P. aeruginosa has a type III secretory system for the targeting of specific virulence 

factors directly into the cytosol of eukaryotic cells. The exoS regulon has been shown to 

mediate the secretion of at least 8 effector proteins by type III secretion (Yahr et al., 

1997). Of these, only four have been characterized; ExoS, ExoT, ExoU and ExoY. 

ExoS is a potent cytotoxin that can disrupt actin microfilaments and prevent phagocytosis 

(Iglewski et al., 1978; Coburn et al., 1989; Coburn et al., 1991). ExoS has been shown to 

ADP-ribosylate several host cell signalling proteins including Ras. Furthermore, ExoS 

has been demonstrated to have a second cytotoxic activity, independent of its enzymatic 

domain. ExoT has significant homology to ExoS, and similar cytoxic activites. 

However, ExoT has only 0.2% of the ADP - ribosyl transferase activity of ExoS (Yahr et 

al., 1996). Both ExoS and ExoT must be cleaved by the eukaryotic protein FAS for 

enzymatic activiation. Of the identified type III secreted proteins, ExoU is the most 

cytotoxic, yet its mechanism of action remains to be determined (Finck-Barbancon et al., 
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1997). Lastly, ExoY is an adenylate cyclase, which like ExoS/T, requires an as yet 

unidentified eukaryotic protein for activation (Yahr et al, 1998). 

1.3.2.2 Proteases 

Paramount to P. aeruginosa pathogenesis in the chronically infected CF lung is the role 

proteases play in the destruction of elastin and connective tissues. Bacterial proteases 

directly contribute to pulmonary dysfunction leading to bronchiectasis and ultimately to 

respiratory failure. P. aeruginosa produces at least three proteases; elastase, LasA 

protease and alkaline protease (Suter et al., 1994). Together, these enzymes degrade a 

number of host structures including; connective tissues, immunoglobins, cytokines and 

complement components (Heck et al, 1986; Heck et al, 1990; Horvat et al, 1989; Schad 

et al, 1987). Elastase is a zinc metalloprotease encoded by the gene lasB (Schad et al, 

1987; Bever and Iglweski, 1988). In order for LasB to have full elastolytic potential it 

requires the combined synergistic activity of LasA protease (Peters and Galloway, 1990; 

Toder et al, 1991). LasA, the gene product of lasA, is a serine protease that acts to nick 

elastin, increasing the proteolysis activity of LasB. 

1.3.2.3 Hemolysins 

P. aeruginosa produces two distinct phospholipase C proteins (Pic); a hemolytic PlcHR 

and a non-hemolytic PlcN (Ostroff et al, 1990). Both Pics are involved in degradation of 

eukaryotic phospholipid membranes. Rhamnolipid, a heat stable hemolysin produced by 

P. aeruginosa, is a rhamnose - containing glycolipid which has detergent - like properties 

(Ochsner et al, 1994a). Genes coding for biosynthesis, regulation, and induction of 

rhamnolipid production are organized in tandem in the rhlABRI gene cluster (Ochsner et 

al, 1994b). Rhamnolipid is thought to solubilize the phospholipids of lung surfactant. 

Rhamnolipid and phospholipase C are thought to act in concert to release and solublize 

phospholipids from lung tissue to support bacterial growth (Brint and Ohman, 1995). 
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1.3.2.4 Siderophores 

Iron is an essential element for almost all growth. In order to diminish bacterial invasion 

several organisms have developed iron sequestering mechanisms in order to make iron 

unavailable to invading microorganisms. Pathogenic bacteria have adapted by evolving 

secretory iron chelating molecules called siderophores and their cognate outer membrane 

receptor proteins for the procurement of iron in limiting environments. P. aeruginosa 

produces two low molecular weight siderophores for the acquisition of iron; pyoverdin 

and pyochelin. 

Pyoverdin is the main siderophore produced by P. aeruginosa. It is a fluorescent yellow 

- green siderophore composed of a chromophore linked to a species - specfic octa-peptide 

(Hohnadel et al, 1988). Pyoverdin acts to chelate ferrous iron through its catecholate 

and hydroxymate groups. Pyoverdin has a strong affinity for Fe2+, as ferripyoverdine has 

been shown to have a stability constant of 1032. Furthermore, it has been demonstrated 

that pyoverdin can remove bound ferrous iron from transferrin and lactoferrin (Meyer et 

al., 1996; Xiao and Kisaalita, 1997). The importance of iron in the growth of P. 

aeruginosa is implied by the vast amount of genetic material dedicated to the 

biosynthesis and up-take of pyoverdin, approximately 103 kb (Tsuda et al., 1995). 

Finally, pyoverdin has been shown to be an essential virulence factor for P. aeruginosa 

pathogenesis in a burned mouse model of infection (Meyer et al., 1996). 

Pyochelin is a red phenolic siderophore whose biosynthesis involves the condensation of 

one molecule of salicylic acid and two cysteine molecules directed by two separate 

operons; pchEF and pchDCBA (Cox et al., 1981; Serino et al., 1997). Pyochelin is a 

relatively poor iron chelator in that it binds Fe2+ with a remarkably low stability constant 

of 105 (Cox et al., 1981). However, as pyochelin has similar affinities for Cu(II), Co(II), 

Mo(IV), and Ni(II), it may act as a general transition metal chelator to enhance the 

growth of P. aeruginosa under metal limiting conditions, rather than being solely 

dedicated to iron acquisition (Visca et al., 1992). The ferripyochelin binding protein is 
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required for the uptake of ferripyochelin in host environments, and when disrupted results 

in diminished virulence (Sokol, 1987). 

1.3.3 Antibiotic Resistance Mechanisms 

The high level of innate resistance to antimicrobial agents displayed by strains of P. 

aeruginosa is due to the diversity of antibiotic avoidance strategies employed by the 

organism. Furthermore, P. aeruginosa is notorious for developing acquired resistance 

mechanisms during prolonged exposure to therapeutic agents. P. aeruginosa produces a 

chromosomally encoded P-lactamase responsible for the breakdown of several sub

classes of [}-lactam antibiotics (Lindberg et al., 1985; Lodge et al., 1990). Furthermore, 

several aminoglycoside - modifying enzymes have been shown to be produced by clinical 

isolates of P. aeruginosa (Westbrock-Wadman et al., 1999). The unique structure of the 

outer membrane is thought to further contribute to resistance by limiting the diffusion of 

antibiotics into the periplasm (Bellido et al., 1992). This impermeability type resistance 

has been circumstantially linked to alterations in LPS structure (Hasegawa et al., 1997), 

and altered expression of outer membrane proteins (Young et al., 1992). 

Furthermore, P. aeruginosa possesses an impressive array of antibiotic efflux pumps. 

Four efflux systems have been well characterized in P. aeruginosa; MexAB-OprM, 

MexCD-OprJ, MexEF-OprN, and AmrAB (MexXY). The MexAB-OprM, MexCD-

OprJ, MexEF-OprN efflux systems are very robust and responsible for the active 

transport of a variety of antibiotics from the cell including tetracycline, chloramphenicol, 

quinolones, novobiocin, macrolides, trimethoprim, P-lactams and 0-lactamase inhibitors 

(Li et al, 1995; Li et al, 1998; Poole et al., 1996; Kohler et al., 1997). The AmrAB 

efflux system is much more discriminatory and appears to be responsible solely for the 

efflux of aminoglycosides from the bacterial cell (Westbrock-Wadman et al., 1999). 

The MexAB-OprM system is operational under normal laboratory conditions and is the 

major contributor to the innate level of antibiotic resistance seen in P. aeruginosa. 

Alternatively, the functionally homologous efflux operons MexCD-OprJ, and MexEF-

OprN are inactive in vitro and only expressed in AnfxB and AnfxC multi-drug resistant 
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backgrounds (Poole et al., 1996). As such, expression of either the mexCD-oprJ or 

mexEF-oprN operons is associated with acquired antibiotic resistance (Poole et al., 1996; 

Kohler et al, 1997). Lastly, sequence data obtained from the P. aeruginosa PAOl 

genome sequencing project indicates the existence of six, as yet uncharacterised loci with 

homology to the RND family of efflux pumps (Westbrock-Wadman et al, 1999). 

Despite all of the antibiotic avoidance strategies employed by P. aeruginosa, the in vitro 

determination of minimal bactericidal concentration (minimal concentration required to 

eradicate planktonic bacteria) of most CF isolates indicates that they should be readily 

killed through conventional antimicrobial therapy (Costerton et al., 1987; Parkins et al., 

1998). Clinical data, however, clearly reveals that this is not the case. Studies have 

demonstrated that the chronic lung infections associated with CF are not due to continual 

eradication and re-colonization by new strains of P. aeruginosa. Rather, recurrent acute 

exacerbations are the result of the perturbations in the original infecting population. This 

indicates that current therapies fail to eradicate the original infecting strains (Romling et 

al, 1994). 

Current antimicrobial strategies only quell acute population exacerbations, while 

symptoms brought about by the exacerbation abate as the bacterial load declines. Total 

elimination of the original infecting strain is not achievable using current therapies 

(Pedersen et al, 1992). The persistence of P. aeruginosa pulmonary infections may be 

explained by the fact that the chronically infecting strains do not exist in the planktonic 

state in which clinical antimicrobial testing is performed. Rather, they adopt a multi

cellular mode of growth known as a biofilm, in which cells exist within a complex matrix 

of host and bacterial exoproducts (Lam et al, 1980). In this model, antibiotic therapy 

destroys planktonic bacteria disseminated from the biofilm, thereby alleviating 

symptoms brought about by the perturbation. However, the chronically infecting biofilm 

population remains impervious to conventional antibiotic therapy and permanently 

resides in the CF lung. 
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1.4 Biofilms 

Biofilms are adherent microcolonies of bacteria in which individual cells are embedded 

within a complex and highly heterogeneous extracellular polymeric matrix (Costerton et 

al, 1995). Biofilms predominate natural ecosystems, where it has been estimated that 

they comprise greater than 99.9% of the total microbial population. Because of the 

potential to form mats several hundred microns thick, biofilms have long been recognized 

as sources of biocorrosion and biofouling in industrial applications (Costerton et al., 

1987). However, the role microbial biofilms play in pathogenesis has only recently been 

explored. 

1.4.1 Pathogenic Microbial Biofilms 

Of the pathogenic bacteria examined to date, the vast majority have been demonstrated to 

have the ability to form biofilms (Ceri et al., unpublished data). Despite variability in 

infecting microorganisms, biofilm infections proceed by a similar step - wise progression, 

preferentially developing on inert surfaces and dead tissue (Costerton et al, 1987). 

However, several organisms can form biofilms on living tissue, as with endocarditis and 

CF pulmonary infections. Pathogenic biofilms are responsible for a wide variety of 

human diseases including; dental caries, bacterial prostatitis, endocarditis, chronic cystic 

fibrosis pulmonary infections and osteomylitis (Costerton et al, 1999). Furthermore, 

biofilm infections are responsible for a variety of implant device - related infections 

including; contact lenses, endotrachial tubes, mechanical heart valves, catheters, and 

shunts (Costerton et al, 1987). One common feature of pathogenic biofilm infections is 

that they elicit a chronic state of infection because they are not readily cleared by either 

host immune response or exogenously applied antibacterial agents. 

1.4.1.1 Pseudomonas aeruginosa Biofilms 

Lam et al. (1980) demonstrated that populations of P. aeruginosa chronically infecting 

the CF lung form adherent micocolonies where individual cells are embedded within a 

complex matrix of bacterial, or host and bacterial origin. Further investigations have 

conclusively demonstrated that P. aeruginosa biofilms are ubiquitous in the CF lung 

(Kobayashi et al, 1995). The ability to exist as a biofilm is advantageous for bacteria 
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chronically infecting the CF lung because as a biofilm, bacteria are much less susceptible 

to host immune response and antibiotic therapy than their planktonic counterparts. 

1.4.2 Biofilm Properties 

Biofilms represent a unique mode of bacterial growth, fundamentally different from 

planktonic cells grown in a batch culture. As such, biofilms have several properties 

which phenotypically and genotypically differentiate them from planktonic cells. 

Fundamental to biofilm physiology is increased resistance to both host immune response 

and exogenously applied antimicrobial therapies, which ultimately culminates in chronic 

infections. 

1.4.2.1 Biofilms Have Increased Resistance to Host Immune Response 

Pathogenic microbial biofilm infections are characterized by chronic, or recurrent 

infections highly resistant to conventional treatment. This is because the biofilm mode of 

growth adopted by the infecting pathogen affords a certain degree of resistance to the 

host immune response. The oxidative burst response of polymorphonuclear leukocytes to 

infecting P. aeruginosa biofilms has been demonstrated to be significantly less than 

comparable planktonic inoculums (Jensen et al, 1990; Jensen et ah, 1992). Furthermore, 

host humoral immune response is impeded due to the structure of a biofilms. Biofilm 

architecture has been shown to prevent the penetration of antibodies (Anwar et ah, 1992; 

Meluleni et ah, 1995) and complement (Jensen et ah, 1993), thereby protecting cells 

within the interior of the biofilm. 

Chronically infecting biofilm populations serve as permanent niduses of acute infection 

by shedding planktonic bacteria to seed new sites for biofilm formation. As planktonic 

bacteria flourish resulting in a general population exacerbation, a host immune response 

is elicited which while effective in eliminating disseminating planktonic bacteria, cannot 

destroy the chronically infecting original biofilm population. It is in this way that biofilm 

infections exhibit periods of exacerbation and remission. Furthermore, biofilm bacteria 

shed antigens and stimulate the host immune response, however, neither humoral nor cell 

- mediated immune mechanisms are effective in killing biofilm bacteria (Costerton et ah, 
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1995; Riouful et al, 1999). Progression of biofilm disease is hastened by a frustrated 

host immune response resulting in immune complex damage and innocent bystander 

lysis. 

1.4.2.2 Biofilms have Decreased Susceptiblity to Antimicrobial Therapy 

The largest impediment of a physician's ability to treat pathogenic biofilm disease is the 

recalcitrant resistant nature of biofilms to antimicrobial chemotherapy. Furthermore, it 

has been the elevated levels of resistance of microbial biofilms to conventional antibiotic 

therapies which has spurred much of the recent research into pathogenic biofilms. 

Pathogenic bacterial biofilms have been demonstrated to have a two to three order of 

magnitude decrease in susceptibility to antimicrobials compared to planktonically grown 

bacteria (Costeron et al., 1995; Parkins etal, 1998). 

Several theories have been proposed and are currently being explored to explain the 

highly impervious nature of pathogenic biofilms to conventional antibiotic treatments. 

The best examined theory involves the extracellular polymeric matrix encompassing 

biofilms which has been suggested to act as a diffusional barrier to impede the 

penetration of antibacterial agents (Costerton et al, 1987; Allison and Gilbert, 1995). 

This model predicts that cells at the base of the biofilm are protected from experiencing 

lethal levels of antibiotics through a molecular sieving effect afforded by the biofilm 

matrix (Allison and Gilbert, 1995; Brown et al, 1995; Stewart et al, 1994). Several lines 

of evidence support this theory. The inherent resistance of microbial biofilms to 

antibiotics is dependent upon the intact structure of the biofilm, as cells dispersed by 

mechanical separation or natural dissemination have been shown to revert to the 

decreased level of antibiotic resistance seen in planktonic bacteria (Brown et al., 1995; 

Costerton et al, 1995). Furthermore, penetration of ciprofloxacin (Suci et al, 1994), 

povidone-iodine (Brown et al, 1995), and tobramycin (Anwar et al, 1992) has been 

demonstrated to be delayed by the biofilm matrix. 

A second model proposes that endogenous antibiotic efflux pumps and antibiotic 

degrading enzymes normally expressed at a basal level during planktonic growth are 
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hyper-expressed during biofilm growth. As such, this hyper-expression of nascent 

antibiotic avoidance mechanisms is responsible for bacteria within the depths of the 

biofilm escaping destruction (Allison and Gilbert, 1995; Succi et al, 1994). Brooun et 

al. (2000) examined the contribution of the efflux pumps to biofilm antibiotic 

susceptibility using P. aeruginosa strains over-expressing or lacking the mexAB-oprM 

efflux operon. The MexAB-OprM efflux system was demonstrated to mildly increase 

biofilm resistance to ofloxacin, however, biofilm ciprofloxacin resistance was shown to 

be independent of this efflux system. Furthermore, Maria-Litran et al. (2000) 

demonstrated that there was no appreciable difference in expression of the mar (multiple 

antibiotic resistance) efflux operon in E. coli grown as a biofilm when compared to 

planktonic growth. However, it has been demonstrated that exposure to piperacillin or 

imipenem induces high levels of 3-lactamase production by P. aeruginosa biofilms 

(Giwercman et al., 1991). 

A third model proposes that antibiotic resistance is a function of decreased growth rate in 

biofilm cells relative to planktonic bacteria (Brown et al, 1995; Tanaka et al, 1999; Xu 

et al, 2000). Cells in low diffusion areas within the biofilm have been demonstrated to 

be under oxygen and nutrient stress and are therefore metabolically quiescent, and 

assumed to be less susceptible to many antibiotics (Anwar et al, 1992; Brown et al, 

1995). Several studies have demonstrated that there is a heterogeneous distribution of 

physiological activities within biofilms, including several zones of metabolic quiescence 

(Xu et al, 2000; Kinniment and Wimpenny, 1992; Sternberg et al, 1999; Wentland et 

al, 1996, Xu et al, 1998; Huang et al, 1998). Tanaka et al. (1999) demonstrated that 

biofilm susceptibility to p-lactam antibiotics decreased inversely proportional to growth 

rate, whereas biofilm flouroquinoline resistance was independent of growth rate. 

A final theory to explain the recalcitrant resistant nature of biofilms to antimicrobial 

agents is that during biofilm growth, novel genetic factors are expressed which result in 

decreased susceptibility to antibacterial agents. Fundamental to this theory is the 

presumption that expression of these as yet undetermined factors is limited to the biofilm 

mode of growth. Data provided from the P. aeruginosa PAOl genome sequencing 
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project has revealed that there are at least 2256 genes, where function remains to be 

determined (Olson, 1999). As the vast majority of studies in gene expression have taken 

place in planktonic bacteria, any genes whose expression is limited to multi-cellular 

growth remains to be identified. 

The four models explaining biofilm antibiotic resistance presented herein are not 

mutually exclusive. Furthermore, it is likely that on some level, mechanisms of each 

model may be acting in concert to impart the biofilm phenotype of recalcitrant resistance 

to antibiotics. 

1.4.3 Biofilm Physiology 

The advent of new biotechnologies such as confocal scanning laser microscopy, micro-

electrodes, nuclear magnetic resonance imaging (NMRI), fluorescent probes and reporter 

gene technology have allowed for non-invasive methods of in situ biofilm analysis. Data 

obtained from these studies have drastically altered early biofilm models which predicted 

a uniform distribution of cells within a dense polymeric matrix. New technologies have 

revealed an immensely complicated biofilm architecture consisting of heterogeneous 

distribution of cells, extracellular polymers and fluid filled channels (Costerton et al, 

1994). Modern biofilm models accentuate the importance of spatial heterogeneity within 

biofilms. Thus, not only do biofilm cells differ physiologically from planktonic cells, but 

biofilm cells in one part of a biofilm will also be fundamentally different from cells at 

another location within the same biofilm. 

NMRI has revealed that convective flow occurs through water channels which permeate 

through the biofilm matrix, allowing transport of oxygen and nutrients to the depths of 

the biofilm (Lewandowski et al, 1993; Stoodley et al, 1994). Oxygen concentrations 

have been shown to vary greatly within a single biofilm, from anoxic near the base of the 

biofilm and in areas of high cell density, to fully aerated at the fluid interface and within 

the fluid filled channels (Lawrence et al., 1991). The presence of nutrient concentration 

gradients have also been well established in biofilms (Costerton et al., 1995). 

Accordingly, biological activity gradients have been demonstrated to exist within 
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biofilms and include gradients in growth rate (Wentland et al, 1996; Sternberg et al., 

1999), protein synthesis (Huang et al, 1998; Xu et al, 1998) and adenylate charge 

(Kinniment and Wimpenny, 1992). 

Thus, there is an intrinsic physiological spatial heterogeneity property inherent to the 

nature of biofilms. This is the basis for the microniche concept of biofilm physiology, 

where tremendous environmental heterogeneity exists between sister cells within the 

same biofilm. As environmental conditions experienced by a given cell will depend upon 

the relative location of the cell within the biofilm matrix, so to will the pattern of gene 

expression. 

1.4.4 The Genetics of Biofilms 

The fundamental phenotypic differences between biofilm and planktonic physiology 

were previously discussed. This divergence between biofilm and planktonic bacteria is 

believed to also exist at the level of gene expression. We postulate that changes in the 

type and level of genes expressed during conversion to and maintenance of biofilm 

growth is the discerning factor responsible for the features associated with biofilm 

physiology 

1.4.4.1 Biofilm Formation 

The physical act of biofilm formation has been divided into three categorized events; 

initial attachment, microcolony formation, and development into a fully matured biofilm 

(Costerton et al, 1999; Pratt and Kolter, 1999). 

Most research into the genetic and molecular steps involved in biofilm formation has 

focused on the initial stage; attachment. Research has focused on bacterial attachment as 

the first step in biofilm formation due to the simplicity of developing a screening assay to 

identify genetic mutants unable to colonize an inert surface. O'Toole and Kolter (1998) 

used a transposon mutagenesis genetic screen of Pseudomonas fluorescens to identify sad 

(surface attachment deficient) mutant strains unable to adhere to microtitre dishes, sad 

mutants had defects in genes coding for an intracellular Clp protease and genes required 
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for motility, but the bulk of mutations resulting in sad phenotype were in genes of 

unknown function. Pratt and Kolter (1998) further characterized the motility class of E. 

coli sad mutants and were able to determine that genes involved in flagellar synthesis and 

not chemotactic genes were required for initial bacterial adhesion. An analagous strategy 

was used by Loo et al. (2000) to identify attachment - deficient mutants of Streptococcus 

goronii, a dental plaque forming bacterium. Genes identified by this screen functioned in 

signal transduction, peptidoglycan biosynthesis, adhesion, and several genes with no 

known function. Lastly, extracytoplasmic proteins have been implicated in bacterial 

attachment (O'Toole and Kolter, 1998; Genevaux et al., 1999). 

Bacterial pili have been implicated in the second stage of biofilm formation, microcolony 

formation (Pratt and Kolter, 1998; O'Toole and Kolter, 1998; Watnick et al., 1999; 

O'Toole et al., 2000). Using phase contrast microscopy, O'Toole and Kolter (1998) 

demonstrated that P. aeruginosa PAH strains attenuated for the production of type IV 

pili could adhere to form a dense monolayer on an inert surface, however, could not 

further aggregate to form microcolonies. This has led to the suggestion that surface 

associated motility, known as twitching motility, may be required for cells to coalesce 

and form microcolonies. 

Owing to the high density of cells within a biofilm and diffusion barriers created therein, 

it has been proposed that quorum sensing systems may play a role in biofilm maturation 

and maintenance. McLean et al. (1997) were the first to show that HSL autoinducers are 

produced within biofilms. Subsequent studies revealed quorum sensing was responsible 

for the rapid recovery of starved biofilm populations (Batchelor et al., 1997). Davies et 

al. (1998) have demonstrated that P. aeruginosa strains PAO-JP1 (las quorum sensing 

mutant) and PAO-JP2 (las and rhl quorum sensing doube mutant) are incapable of 

biofilm maturation. Biofilms formed by these strains do not develop beyond the a 

monolayer of cells adherent to a surface. Furthermore, these microcolonies lack biofilm 

phenotypic traits such as permeating water transport channels, spatial heterogeneity, and 

resistance to bactericidal agents. The addition of exogenous PAI-1, but not PAI-2 to P. 

aeruginosa strains PAO-JP1 and PAO-JP2 complemented the biofilm formation defect 



21 

and allowed these strains to form biofilms identical in appearance and phenotypic traits to 

wild type strain PAOl. These studies indicate that the las quorum sensing system and 

not the rhl system is necessary for maturation of microcolonies into fully developed 

biofilms. 

One recent surprising finding is that nutritional cues may be involved in biofilm 

formation. O'Toole et al. (2000) have recently reported that the Crc (catabolite 

repression control protein) is part of a signal transduction pathway that effects biofilm 

development. P. aeruginosa PA 14 crc mutants were unable to form biofilms, apparently 

the result of impaired twitching motility. On this basis, Crc has been suggested to play a 

role in the transduction of nutritional cues which mediate the transition from planktonic 

to biofilm growth. Furthermore, the biofilm deficient phenotype of several P. fluoresceins 

sad mutants was abrogated when specific media constituents were altered (O'Toole and 

Kolter, 1998). This may suggest that multiple signalling pathways involved in biofilm 

formation operate in P. aeruginosa and that they depend on specific nutritional cues. 

1.4.4.2 Gene Expression in Biofilms 

To date, changes in gene expression studies of P. aeruginosa biofilms have focused on a 

single virulence factor, alginate. Hoyle et al. (1993) assessed the level of alginate 

produced in biofilm and planktonic bacteria by examining the expression of algD, which 

codes for GDP-mannose dehydrogenase, the first committed step in alginate biosynthesis. 

When P. aeruginosa transformed with a reporter plasmid containing an algD promoter-

lacZ fusion was grown as a biofilm they found increased P-galactosidase activity relative 

to planktonic cells. Subsequently, Davies et al. (1993) examined biofilm expression of 

algC, coding for phosphomannomutase, as an indicator of alginate production using a 

similar lacZ reporter system. However, AlgC also functions in LPS synthesis and 

therefore is not as indicative of alginate production as algD. In their initial study Davies 

et al. (1993) demonstrated that surface adherence and biofilm formation resulted in a 

twenty fold activation of the algC promoter over comparable planktonic cells. They also 

discovered that there was considerable variation in algC expression between individual 

component biofilm cells, perhaps lending support to the microniche concept associated 
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with biofilm physiology. In a subsequent study, Davies and Geesey (1995) demonstrated 

that cells disseminating from a biofilm have algC promoter activity which is intermediate 

between biofilm and planktonic cells. This provides evidence for the down-regulation of 

algC activity in bacteria shed from a biofilm as they revert to a planktonic level of 

alginate production. 

Pringent-Combaret et al. (1999) performed random insertion mutagenesis with a 

transposon carrying a promoterless lacZ to monitor changes in gene expression during E. 

coli K-12 growth as a biofilm. This study demonstrated that 38% of genes had altered 

expression during biofilm growth. Correspondingly, a 30% difference in the type and 

level of total cellular proteins produced by P. aeruginosa has been shown to exist in 

biofilm and planktonic bacteria by two dimensional gel electrophoresis (Costerton et al., 

1995). This demonstrates that fundamental differences exist in the physiology and 

genetics of biofilms and planktonically grown cells. Much work remains in the study of 

biofilm genetics. While several genes of known function have been shown to have 

altered regulation during biofilm growth, none is sufficient to account for the 

physiological differences displayed by biofilms. Furthermore, no genetic factor, 

structural, regulatory or otherwise, has been demonstrated to be expressed uniquely 

during biofilm growth. This study attempts to address these major issues of biofilm 

genetics. 

1.5 Project Objectives 

Biofilms clearly differ from planktonic bacteria in physiological properties, however, 

little is known about the underlying genetic and molecular basis for these changes. The 

first objective of this study was to identify factors involved in P. aeruginosa biofilm 

growth and development of biofilm phenotypic traits. Specifically the role of three 

virulence factors were examined; alginate, multi-drug efflux pumps and the GacA/GacS 

two component regulatory system. The role of alginate in biofilm formation was 

examined using various strains with altered levels of alginate production. The role of the 

GacA/GacS two component regulatory systems in biofilm growth and development was 

similarity examined using strains which lack the response regulator of this two 
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component system. Lastly, a role for the RND type multi-drug efflux pumps in P. 

aeruginosa biofilm antibiotic resistance was explored using strains which lack or hyper -

express each efflux operon. 

Our second objective was to characterize gene expression in P. aeruginosa biofilms. 

Determining the relative expression levels of known virulence factors of P. aeruginosa 

when grown as a biofilm will allow for a more pertinent in vitro model of bacterial gene 

expression, as biofilms predominate CF chronic pulmonary infections. 

Lastly, our third objective was to evaluate and utilize two separate screens; one 

molecular and the other genetic, to identify genes uniquely or hyper-expressed during 

biofilm growth. Genes active solely during biofilm growth may be required for biofilm 

formation and/or maintenance. As such, these genes may present potential targets for 

therapeutic drug development to prevent establishment of biofilm diseases such as CF 

chronic pulmonary infection/colonization. 
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Chapter 2: Methods and Materials 

2.1 Strains and Plasmids 

All strains and plasmids used in this study are listed in Table 1. All plasmids were 

maintained and genetic manipulations performed in E. coli JM109, unless otherwise 

stated. E. coli and P. aeruginosa strains were stored at -80°C in 15% glycerol. 

2.2 Growth Media 

Chemicals used to make media were purchased from BDH Inc., DIFCO, or FISHER 

Scientific. All antibiotics used were purchased from Sigma Chemical Co., unless 

otherwise stated. 

2.2.1 Liquid Media 

All strains used for DNA extraction and manipulation were grown in Luria-Bertani broth 

(LB), unless otherwise stated (Sambrook et ah, 1989). One litre of LB broth contains 10 

g tryptone peptone (DIFCO Laboratories), 5 g select yeast extract (Gibco BRL), and 5 g 

NaCl. E. coli strains containing plasmids were grown in the presence of selectable 

antibiotics at the following concentrations; 10 u.g/ml tetracycline, 100 ug/ml ampicillin, 

50 u.g/ml streptomycin, 15 ug/ml gentamicin, or 10 u.g/ml kanamycin. P. aeruginosa 

strains containing plasmids or chromosomally encoded antibiotic resistance cassettes 

were grown in media supplemented with the appropriate antibiotic at the following 

concentrations; 100 ug/ml tetracycline, 400 ug/ml carbenicillin, 500 ug/ml streptomycin, 

300 ug/ml gentamicin, or 100 ug/ml rifampicin. The Aasd auxotrophic mutant strain of 

P. aeruginosa, PA0184, was always grown in liquid media supplemented with 400 

ug/ml Diaminopimelic acid (DAP). 

P. aeruginosa biofilm and planktonic growth curves were carried out in Tryptic Soy 

Broth (TSB) (BDH) for up to 96 hours. In situations in which biofilm cultures were 

grown for more than one day, the biofilm peg lid was transferred to a new trough 

containing a fresh 25 ml aliquot of TSB every 24 hours. Biofilm growth curves 
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Strain Description Reference 

DH5a (p80 AlacZ AM 15 A(lacZYA-argF) U169 recAl Liss, 1987 

endA\ hsdRM (rK'mK
+) supEM thfd 

JM109 endAl recA\ gyrA96 thi, hsdRM (rK*mK
+) relA\ Yanisch-Perron et 

supE44 A(lac-proAB) [F\ traD36, proAB, al, 1985 

lacPZAM\5] 

HPS11 HPS1 Aasd, TetR, CmR Schweizer, 1994 

MOB 1 Aasd derivative of SM 10, KmR Schweizer, 1994 

SI7-1 pro thi recA hsdR Tpr Smr; chromosomally Simon efal., 1983 

integrated RP4-2-Tc::Mu-Km::Tn7; mobilizer of 

plasmids carrying the R68-derived Mob region 

MG4 A(argF-lac) UJ69 zah-735::Tn!0 recA56 Seed etal, 1995 

srl:: Tn A:: lasIp-lacZ 

SM10 thi recA thr leu tonA lacY supE RP4-2-Tc::Mu Simon et al, 1983 

: pir 

HB101 supEAA aralA, galK2 lacYl A(gpt-proA)62 Sambrook et al, 

rpsL20 (StiO xyl-5 mtl-l recAU A(mcrC-mrr) 1989 

hsdS(fm~) 
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Strain Description Reference 

PAOl prototrophic lab strain Holloway et al., 

1979 

PAO-JP2 PAOl A/os/::Tet, A/M::Tn501-2 Pearsons al., 1997 

PAOl 84 PAOl Aa«/::FRT-GmRPA01 derivative Hoang etal, 1997 

K767 PAOl derivative Poole, 1996 

K1119 K767 AmexAB-oprM Li etal., 1998 

OCR1 K766 (PAOl) AnalB, hyper- expressing Masuda and Ohya, 

AmexAB-oprM 1992 

767 AmexCD- K767 AmexCD-oprJ Poole, unpublished 

oprJ 

767 njxB K767 AnfxB, hyper-expressing mexCD-oprJ Poole, unpublished 

161 AmexB K767 AmexB Poole, unpublished 

767 AmexXY K767 AmexXY Poole, unpublished 

1240 PA02375 AnfxC, hyper-expressing mexEF-

oprN 

Poole, unpublished 

1241 PA02375 Poole, unpublished 

PA0669 met9011, amiE200, rpsL,pvd9 Hohandel et al., 

1986 

PA0669 ApchR PA0669 pchR:TetR 

UCB-PP PA 14 human isolate, able to elicit severe disease in 

plant and animal models 

Rahmee/a/., 1995 

PA14 toxA' PA 14 Afox4::GmR Rahmeetal., 1995 

?A14gacA' PA14 AgacA:GmR Rahme etal., 1995 

6106 mucoid CF clinical isolate Kirkham et al., 

unpublished 
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4384 hypertoxigenic CF clinical isolate - non- Ravio etai, 1994 

mucoid 

FRD1 Wild type, prototrophic CF isolate (Alg+) Ohman and 

Chakrabarty, 1980 

PA103 regA+ regB+ hypertoxigenic strain Liu, 1966 

PA103C PA103 toxA-lacZ reporter strain Vasil et al., 1989 
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Table 3: Plasmids 
Plasmid 

pBluescriptll SK 

pCR2.1 

pUC18/19 

pUCSF 

pUCP18/19 

pPZ4 

pCC27 

pRB1803 

pMJG1.7 

pTS400 

pECP61.5 

pKDT17 

pSDF13 

pSDF15 

pSGQ25 

pSK825r 

pGEM-Ippol 

Description 

cloning and sequencing vector; ApR 

T-tailed cloning vector; ApR, KmR 

cloning and sequencing vector; ApR 

cloning vector, stabilizing fragment for P. 

aeruginosa replication; ApR 

pUC18 or 19 containing the 1.8 kb stabilizing 

fragment (SF) for Pseudomonas replication; 

ApR 

promoter cloning vector derived from 

pNM481 with promoterless lacZ, ApR 

pCP19 with 23 kb fragment from pALG2 

containing argF, algG, algD 

plasmid containing lasB, ApR 

pSW200 with 1.7 kb SclI-EcoRl fragment 

from pMG3.9; contains lasR; ApR 

lasB-lacZ reporter fusion vector; ApR 

pJPP8 containing the rhlA '-lacZ fusion from 

pECV60, p'ac-rhlR; ApR 

pTS400 WiXhplac-lasR, ApR 

algD-lacZ reporter fusion vector; GmR 

algD-lacZ reporter fusion vector; GmR 

plasmid containing rpoN; ApR 

pBluescript II SK+ containing rhlR, ApR 

pGEM with integrated Ippol restriction site; 

AP
R 

Reference 

Gibco BRL 

InVitrogen 

Gibco BRL 

Frank and 

Iglewski, 1988 

Schweizer, 1991 

Ohta etal, 1991 

Chitnis and 

Ohman, 1990 

Schade/a/., 1987 

Gambello and 

Iglewski, 1991 

Brumlik and 

Storey, 1992 

Pesci et al, 1997 

Pearson et al, 

1997 

Hoyle etal., 1993 

Hoyte etal., 1993 

Ocher etal., 1994 

Promega 
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pUCP-Ippol 

palgD-pCR2.\ 

palgD-pVZ4 

palgDAower 

palgD-upper 

palgD-

reconstruct 

pampC 

palgD 

panr 

pmexA 

poprM 

pRSP47 

pRSP48 

pMexE-1 

pMexX-1 

pPS445 

pIVPRO 

pUCP18 with Ippol cut site engineered into 

MCS; ApR 

pCR2.1 with 530 bp PCR amplified algD 

promoter region; ApR; KmR 

pPZ4 with 530 bp EcoR\ algD promoter 

from pa/#£>-pCR2.1, palgD-lacZ, ApR 

pBluescript with 230 bp portion of algD 

promoter (post-LasR box); ApR 

pBluescript with 280 bp portion of algD 

promoter (pre-LasR box); ApR 

palgD-upper with PstVXhol 250 bp lower 

algD promoter from palgD-lower 

(reconstructed algD promoter less LasR box); 

ApR 

964 bp PCR product internal to ampC in 

pCR2.1;KmR;ApR 

939 bp PCR product internal to algD in 

pCR2.1,KmR;ApR 

797 bp PCR product internal to anr in 

pCR2.1; KmR;ApR 

605 bp PCR product internal to mexA in 

EcoRV site of pBluescript II SK; ApR 

639 bp PCR product internal to oprM in 

EcoRV site of pBluescript II SK; ApR 

plasmid containing nfxB, mexCD'; ApR 

plasmid containing mexR, mexAB'; Ap 

plasmid containing mexE; KmR 

plasmid containing mexX, KmR 

pUCP20T containing asd and or/A, Ap 

asd-lacZ promoter fusion suicide vector; ApR 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Poole, unpublished 

Poole, unpublished 

Poole, unpublished 

Poole, unpublished 

Hoangefa/., 1997 

Handfield et ai, 

1998 
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pIVET-GFP 

pUCPl^oa/ 

pUCP19-asJ 

pKen-g#?2 

pKen-gfp3 

pUCP-IVET2 

pUCP-IVET3 

pUCP-TEVI2 

pUCP-TEVI3 

pJMC31 

pUCGm 

asd-gfp promoter fusion suicide vector; Ap Handfield et al 

1998 

This study pUCP18 with 1.13 kb XbaVKpnl asd from 

pPS445, opposite orientation toplac; ApR 

pUCP19 with 1.13 kb XbaVKpnl asd from This study 

pPS445, same orientation &splac; ApR 

pKen-1 with gfpmut2; ApR 

pKen-1 with gfpmut3; ApR 

Cormack et al, 

1996 

Cormack et al, 

1996 

This study pUCP18-astf with 0.8 kb KpnVPstl gfp2 from 

pKen-gfp2, ApR 

pUCP 1 S-asd with 0.8 kb KpnVPstl gfp3 from This study 

pKen-gfP3, ApR 

pUCP 19-asd with 0.8 kb KpnVPstl gfp2 from This study 

pKen-gfp2, ApR 

pUCP19-a«/ with 0.8 kb KpnVPstl gfp3 from This study 

pKen-gfp3, ApR 

pSW200 with partial lasl, ApR 

pHP45Q 

pJQ200SK 

pMH181 

pBluescript-sarcB 

plasmid containing the Tn/696-derived Gm 

cassette flanked by the pUC19 MCS; ApR; 

GmR 

1.9 kb SmR/SpecR interposon cassette in 

plasmid pHP45; ApR; StrepR/SpecR 

suicide vector containing the sacB cassette; 

pBluescript II SK MCS; GmR 

plasmid containing the sacB cassette; ApR 

pBluescript II SK containing 2.8 Kb Pstl 

sacB gene from pMH181 in Pstl site; Ap 

Passador et al, 

1993 

Schweizer, 1993 

Prentki and Krisch, 

1984 

Quandt and Hynes, 

1993 

Hynes, 1989 

This study 
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pSLL-1 pBluescript II SK containing 2.8 Kb Pstl Lupul and Storey, 

sacB gene from pMH181 in Hindi site; ApR unpublished 

pfabB pCR2.1 containing 2.4 kb PCR amplified This study 

fabAB; KmR; ApR 

pfabB.Gm pfabB with 0.75 kb Sail deletion; 0.8 kb GmR This study 

cassette insertion into Sail site of fabB; KmR; 

ApR; GmR 

plemA pCR2.1 containing 3.4 kb PCR amplified This study 

gacS(lemA), KmR; ApR 

plemA ::Gm plemA with 0.8 kb GmR in Nrul site This study 

interrupting gacS, KmR; ApR; GmR 

pBS-lemA.Gm pBluescript II SK with 4.5 kb XballKpnl This study 

fragment from plemAv.Gm, KmR; ApR; GmR 

pK.O-lemA:.Gm pJQ200 with 2.0 kb Pstl lemAv.Gm from This study 

2.0 plemA :.Gm,GmR 

plemA..Q. plemA with 2.0 kb Q. in Nrul site interrupting This study 

gacS; KmR; ApR; StrepR/SpecR 

pBS-lemA.Q. pBluescript with 5.5 kb XballSpel fragment This study 

from plemA.Cl, ApR; StrepR/SpecR 

pKO-lemA-.n3.0 pJQ200 with 3.0 kb Pstl lemA.Q. from This study 

plemAy.Cl, GmR; StrepR/SpecR 

pSLL-lemA.Gm pSLL-1 with 2.0 kb Pstl lemA/.Gm from This study 

2.0 p/em^::Gm;ApR;GmR 

pSLL-lemA::Q pSLL-1 with 3.0 kb Pstl lemA::Qtiom This study 

3.0 plemA:: Q; ApR; StrepR/SpecR 

pCKZA-gacA pCR2.1 containing PCR amplified gacA; This study 

KmR; ApR 

pUCP-garc.4 pUCP18 containing PCR amplified gacA This study 

from pCR2.1-gac^; ApR 
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of P. aeruginosa transformed with plasmids were grown in TSB supplemented with 400 

|ig/ml carbenicillin. P. aeruginosa PA0669 wild type and pchK growth curves were 

performed in TSBDC. TSBDC was prepared by mixing 30 g of trypticase soy broth 

(BDH Inc.) with 5 g of chelex 100 resin, 100-200 mesh sodium form (Bio-Rad 

Laboratories) in 90 ml of ddw (Liu, 1973). The dialysate was poured into 400 mm-width 

Spectr/Por dialysis tubing with a molecular weight cut off of 6-8 kDa (Spectrum 

Laboratories). The tubing was dialyzed overnight in one litre of ddw at 4°C and then 

autoclaved. Prior to use, 20 ml of filter sterilized 50% glycerol, and 20 ml of 2.5 M MSG 

were added. All antibiotic susceptibility profiling was performed using cation - adjusted 

Mueller-Hinton Broth (CA-MHB) (DIFCO). E. coli reporter strains used for autoinducer 

detection assays off. aeruginosa PAH were grown in 1 X A media (One liter contains 

10.5 g K2HP04, 4.5 g KH2P04, 1.0 g (NH4)2S04, 0.5 g Na-citrate-2H20, 0.4% glucose, 

0.05% yeast extract and 1 mM MgS04) (Maniatis et al, 1982). 

2.2.2 Solid Media 

E. coli JM109 transformed with various plasmids were grown on LB plates (1.5% agar) 

supplemented with the appropriate concentration of antibiotic. In instances in which 

cloning occurred in the MCS of lacZ, strains were transformed and plated onto LB agar 

with the appropriate concentration of antibiotic supplemented with 16 ug/ml 5-Bromo-4-

chloro-3-indoyl-P-D-galactoside (X-Gal) and 50 uM isopropyl-l-thio-|3-D-

galactopyranoside (IPTG). 

P. aeruginosa growth curve inoculums were formed by overnight plating on Tryptic Soy 

Agar (TSA) (BDH). Spot plating of P. aeruginosa cultures was performed on TSA 

(supplemented with 400 ug/ml carbenicillin when necessary) in order to enumerate the 

bacteria. For purposes of isolation of P. aeruginosa, strains were grown either on 

Pseudomonas Isolation Agar (PIA) (DIFCO) or King B media (DIFCO). P. aeruginosa 

bi-parental matings were grown on VBMM (one litre contains 3 g Na3-citrate, 2 g citric 

acid, 10 g K2HPO4, 15.0 g agar, 3.5 g Na2NH4P04-4H20 (pH 7.0), supplemented with 1 

mM MgS04 and 0.1 mM CaCl2 after autoclaving) to prevent growth of the donor E. coli 

strain (Vogel and Bonner, 1955). Other rich solid media used for P. aeruginosa growth 
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included TY media (one litre contains 8 g tryptone, 5 g select yeast extract and 2.5 g 

NaCl) and Brain Heart Infusion Agar (BHIA) (DIFCO). For solid media autoinducer 

production assays, P. aeruginosa and E. coli reporter strains were streaked on to 

MacConkey agar (DIFCO) 

2.3 Biofilm Growth 

2.3.1 Biofilm and Planktonic Bacterial Growth Curves 

All manipulations of biofilm growth curves were performed in BioSafety laminar flow 

cabinets to reduce the possibility of contamination. The MBEC™ device (MBEC 

Biofilm Technologies Limited) was used to form biofilm and planktonic populations 

(Ceri et al., 1999). This device enables biofilm and planktonic populations to be formed 

from the same inoculum and for their continued growth under identical conditions. The 

device consists of a trough which houses the liquid growth media, where planktonic 

bacteria are grown as a batch culture. The device also has a lid with 96 identical pegs 

which extend into the trough filled with culture media. The pegs serve as a surface to 

which cells can adhere and for subsequent biofilm formation. The inoculum was formed 

from an overnight culture grown on solid media (TSA or TSA supplemented with 400 

ug/ml carbenicillin). The secondary culture used to inoculate the device consisted of 25 

ml of a 1 X 107 CFU/ml dilution in TSB (supplemented with the appropriate 

concentration of antibiotic when necessary). The MBEC™ device was then transferred to 

a Red Rocker set at speed 4.5 to generate the shear force necessary for biofilm formation. 

Biofilms of P. aeruginosa PA0669 and PA0669 pchK were formed in the same fashion, 

however, TSBDC was used as the liquid growth media. 

Biofilm samples were obtained by removing individual pegs from the lid of the device 

using sterile pliers. Biofilm pegs were added to sterile 0.9% saline for sample 

enumeration during biofilm growth curves. Alternatively, for RNA extraction pegs were 

added directly to RNA extraction buffer. Biofilm samples were then sonicated using an 

ultra-sonic cleaner (Aquasonic Model 250 HT; VWR Scientific) to disrupt the biofilm 

thereby releasing individual component cells. Planktonic populations were sampled by 

removing a defined volume of batch culture from the trough. To enumerate samples, 
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serial dilutions were performed in 0.9% saline and 20 u.1 of each dilution sample was spot 

plated onto TSA plates. 

2.3.2 Biofilm and Planktonic Antibiotic Susceptibility Testing 

The antibiotic susceptibility profiles of P. aeruginosa biofilm and planktonic populations 

were obtained following the methods of Ceri et al. (1999). The MBEC™ device (MBEC 

Biofilm Technologies Limited) was used to form 96 equivalent biofilms for biofilm 

antibiotic susceptibility profiling. Bacterial inoculums were formed from overnight 

cultures grown on solid media TSA plates. Secondary cultures used to inoculate the 

device consisted of 25 ml of a 1 X 107 CFU/ml culture in TSB. The device was incubated 

at 35°C with constant shear force to allow for biofilm development. Once biofilms had 

developed to reach a population size of approximately 106 cells/peg (5-8 hours post 

inoculation), the biofilm lid of the MBEC™ device was briefly rinsed in a trough with 40 

ml of 0.9% saline to eliminate residual planktonic bacteria. Two biofilm peg samples 

were then removed for serial dilution based enumeration to confirm the initial biofilm 

inoculum. The biofilm lid was then transferred to a 96 well microtitre antibiotic 

challenge plate. 

Antibiotic challenge plates were constructed such that 8 separate antibiotics were tested 

in each assay using 96 well microtitre plates (according to rows; A-H). Antibiotics were 

stored at - 80°C at an active concentration of 5120 ug/ml, based on purity and potency 

information provided by each manufacturer. The following antibiotics were used for 

antibiotic susceptibility profiling: amikacin (ICN Biomedicals Inc.), aztreonam (ICN 

Biomedicals Inc), ceftazidime (Eli Lili), ciprofloxacin (Bayer Leverskusen 

Pharmaceuticals), erythromycin (Sigma), gentamicin-sulfate (Sigma), imipenum 

(Winnipeg General Hospital Reference Powder), piperacillin (Sigma), polymixin B 

(Sigma), tetracycline (Sigma), and tobramycin (Sigma). Antibiotics used in the challenge 

plate were serial diluted in CA-MHB and ranged in concentration from 1024 ug/ml to 2 

ug/ml (columns 3-12). Both a growth control lane and a sterility control lane were also 

used to confirm growth and absence of contamination (columns 1 and 2, respectively). 

Biofilms were challenged for 16 - 20 hours at 35°C with constant shear force. The 94 
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identical biofilms formed on each peg serves as the biofilm inoculum where as cells 

released from the biofilm serve as the planktonic population. 

After antibiotic challenge, the biofilm lid was briefly rinsed in microtitre plates 

containing 225 ul of 0.9% saline and then transferred to a recovery mirotitre plate 

containing 200 ul CA-MHB. Biofilms are disrupted to release individual component 

cells into the recovery media by sonication in a ultra-sonic cleaner for 5 minutes. Biofilm 

size was directly measured following antibiotic challenge. Twenty u.1 of each recovery 

dilution was neat spot plated on to TS A plates. Furthermore, each sample of the 96 well 

microtitre plate was serial diluted in 0.9 % saline to a dilution factor of 10"6. 20 u.1 of 

each dilution was then spot plated onto TSA, in order to determine exact CFU remaining 

in the biofilm following antibiotic challenge. Recovery plates are incubated overnight at 

35°C to allow for growth of any cells remaining after antibiotic exposure. The turbidity 

of the antibiotic challenge plate was assessed at 590 nm using an ELISA plate reader 

(Molecular Devices microplate reader). Growth in the antibiotic challenge plate 

represents planktonic bacteria whose growth is not inhibited by the antibiotic. The 

Minimal Inhibitory Concentration (MIC) was determined by the lowest concentration of 

antibiotic which prevents planktonic growth. The Minimal Biofilm Erradication 

Concentration (MBEC) is defined as the lowest concentration of antibiotic which 

destroys the biofilm and thereby does not permit growth in the recovery plate. 

Alternatively, the MBEC value can be defined as the lowest concentration of antibiotic 

which results in 0 CFU/peg following antibiotic exposure as indicated by serial dilution. 

2.4 DNA Methodology 

2.4.1 Plasm id DNA Isolation 

2.4.1.1 Alkaline Lysis Method: Mini Prep 

1.5 ml of an overnight culture of cells was centrifuged in a Biofuge centrifuge (Baxter 

Canlab) at 13 000 rpm for 5 minutes to pellet the cells. Cells were re-suspended in 100 

ul of ice cold GTE buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl (pH 8.0) and 

4 mg/ml lysozyme (Sigma Chemical Co.)) and incubated for 5 minutes at room 

temperature. Next, 200 ul of a solution of 0.1 M NaOH and 0.1% SDS was added, and 
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the samples were mixed gently by inversion. Samples were then incubated on ice for 5 

minutes to allow for cell lysis. Next, 150 ul of a solution 3M with respect to potassium 

and 5 M with respect to acetate (pH 4.8) was added to precipitate the membrane and 

attached chromosomal DNA. The contents were mixed by inverting and incubated on ice 

for 5 minutes. The sample was then centrifuged at 10 000 rpm for 5 minutes at 4°C. The 

supernatant was collected and extracted once with an equal volume of 

phenol:chloroform:iso-amyl alcohol (25:24:1). The aqueous phase was collected and 2 

volumes of 100% ethanol was added to precipitate the nucleic acids. This was 

centrifuged for 10 minutes at 13 000 rpm to pellet the nucleic acids. The nucleic acid 

pellet was washed once in 1 ml of 70% ethanol to remove salts. The pellet was then 

dried and re-suspended in 50 ul double distilled water supplemented with lul of DNase 

free pancreatic RNase (10 mg/ml) (Sigma Chemical Co.). Plasmid DNA was stored at 

-20°C until required. 

2.4.1.2 Sequencing Mini-Prep: Alkaline Lysis/PEG Precipitation Procedure 

1.5 ml of an overnight culture of cells was centrifuged in a Biofuge at 13 000 rpm for 5 

minutes to pellet the cells. Cells were then re-suspended in 200 ul of ice cold GTE buffer 

(50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0). Next, 300 ul of a solution of 

0.2 M NaOH and 0.1% SDS was added and the sample was mixed gently by inversion 

until the solution cleared. Samples were then incubated on ice for 5 minutes to allow for 

lysis. Next, the solution was neutralized with the addition of 300 ul of a solution 3M 

with respect to potassium and 5 M with respect to acetate (pH 4.8) to precipitate the 

membrane and attached chromosomal DNA. The contents were mixed by inverting and 

incubated on ice for 5 minutes. Samples were centrifuged at 13 000 rpm for 10 minutes 

at room temperature to pellet the cellular debris. The supernatant was then collected and 

digested with 5 ug DNase free pancreatic RNase for 1 hour at 37 °C. After RNase 

treatment, the supernatant was extracted twice with 400 ul of chloroform:iso-amyl-

alcohol (24:1). Plasmid DNA was precipitated with the addition of an equal volume of 

100% isopropanol and immediately centrifuged at 13 000 rpm for 10 minutes. The DNA 

pellet was washed with the addition of 500 ul of 70% ethanol and re-centrifuged to 

remove excess salts. The resultant pellet was re-suspended in 32 ul of double distilled 
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water. Next, plasmid DNA was again precipitated with the addition of 8 ul of 4 M NaCl, 

and 40 ul of 13% PEGgooo (Sigma Chemical Co.). The samples were mixed thoroughly 

and incubated on ice for 30 minutes. The plasmid DNA was then pelleted by 

centrifugation at 10 000 rpm for 30 minutes at 4 °C. The supernatant was decanted and 

the pellet was washed with 1 ml of 70% ethanol. After the pellet had been completely 

dried it was re-suspended in 20 ul double distilled water. Plasmid DNA was stored at 

-20°C until sent for sequencing. 

2.4.2 Genomic DNA Isolation 

Overnight cultures of P. aeruginosa were grown in 5 ml of LB broth. The following day, 

the cells were pelleted by centrifugation at 5 000 rpm for 15 minutes in a Beckman 

centrifuge. The cell pellet was then re-suspended in 1.5 ml of proteinase K solution (500 

mM NaCl, 2% SDS and 300 ug/ml fungal proteinase K (Gibco BRL)). Each sample was 

incubated at 42°C for 30 minutes, or until the solution cleared. Next, 250 ul of 5M NaCl 

was added to each sample and mixed well. 250 uJ of CTAB solution (10% hexadecyl 

trimethyl ammonium bromide, 0.7 M NaCl) was then added to the genomic DNA 

preparation and mixed well. Samples were incubated at 65°C for 30 minutes to allow for 

all of the polysaccharides to be bound. The solution was then extracted four times with 

an equal volume of phenol:chloroform:iso-amyl alcohol (25:24:1). The solution was 

extracted a final time with an equal volume of chloroform:iso-amyl alcohol (24:1). To 

precipitate the nucleic acid, 0.05 volumes of 5 M NaCl and 2 volumes of 100% ethanol 

were added to each sample and then incubated on ice for 1 hour. The nucleic acids were 

pelleted by centrifugation at 13 000 rpm for 20 minutes. Each pellet was then washed 

once with 1 ml of 70% ethanol. After the pellet had been completely dried, it was 

dissolved in 20-50 ul of double distilled water and 10 ug RNase. Genomic DNA was 

stored at -20°C until required for use. 

2.4.3 Restriction Digestion 

Restriction enzymes were purchased from either Gibco BRL, Promega, or Pharmacia. 

Mini-prep plasmid DNA was digested for periods ranging from 1.5 hours to overnight. 
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For routine plasmid examinations, 13.5 ul of the plasmid preparation was digested with 1 

ul of restriction enzyme (1-20 units/u.1) in 1.5 ul of the appropriate 10 X reaction buffer 

for 1.5 hours at 37°C. When larger amounts of DNA were required (for linear DNA 

fragment isolation) 45 ul of the plasmid preparation was digested with 3.0 ul of 

restriction enzyme and 5 ul of the appropriate 10 X reaction buffer overnight at 37°C. 

Genomic DNA for Southern blot analysis required 45 u\l of chromosomal preparation be 

digested for 4 hours at 37 °C with 3 u,l of restriction enzyme in the appropriate 10 X 

reaction buffer, followed by the addition of a further 2 fj.1 of enzyme and incubation 

overnight at 37°C to ensure complete cutting. 

2.4.4 Agarose Gel Electrophoresis 

Agarose gel electrophoresis mobility was utilized to separate restriction digested DNA 

fragments according to size. The gels ranged from 50 to 200 ml of 0.8 - 1% agarose gels 

in IX TAE buffer (4.84 g Tris base, 1.14 ml glacial acetic acid and 0.675 g EDTA per 

litre). The gels were run in Mini or Maxi - Horizontal Agarose Submarine Units (Bio 

Rad) with IX TAE as the running buffer at voltages ranging from 30-90 V. Before the 

samples were run, they were mixed with 0.2 volumes of DNA tracking dye (0.25% 

bromophenol blue, 0.25% xylene cyanol FF and 30% glycerol in water). A 1 kb DNA 

plus ladder (Gibco BRL) was run on each gel to determine the size of the separated 

fragments. After electrophoretic separation, gels were stained in 400 ml 1 X TAE buffer 

supplemented with 60 ul ethidium bromide (10 mg/ml) for 20 minutes with gentle 

shaking. DNA bands were visualized using ultra-violet light by the Bio-Rad Gel Doc 

2000 (Bio Rad). 

2.4.5 Isolation of DNA from Agarose Gels 

Once DNA had been separated by agarose gel electrophoresis, the desired band of 

ethidium bromide stained-DNA was visualized by ultra-violet light and excised from the 

gel using a razor blade. Agarose cubes containing digested linear DNA were then placed 

in microfuge tubes for subsequent DNA isolation and stored at -20°C. 
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2.4.5.1 GeneClean 

The DNA fragments were purified from the agarose gel cubes using a GeneClean II kit, 

as per manufacturer's instructions (Bio 101, Inc.). To confirm that the DNA was 

successfully purified, 2-4 ul of each sample was run on a 0.8 % agarose gel and stained 

with ethidium bromide. 

2.4.5.2 Electroelution 

Electroelution was used to isolate large linear fragments of DNA in order to minimize the 

possibility of DNA shearing during isolation. Agarose cubes containing fragments of 

interest were placed into 40 mm width Spectr/Por dialysis tubing (with a molecular 

weight cut off 6-8 kDa; Spectrum Laboratories) with 1-3 ml of 1 X TAE buffer and 

sealed at both ends. Dialysis tubing was then transferred to a Horizontal Agarose 

Submarine Unit (Hoefer Scientific Instruments) filled with 1 X TAE buffer. The 

orientation of the agarose gel cubes within the dialysis tubing was such that the DNA was 

orientated closest to the cathode. DNA was electroeluted overnight at 1 V/cm (distance 

between the two electrodes) to elute DNA fragments from the agarose cubes into the 

buffer in the dialysis tubing. Following the electroelution, the polarity of the electrodes 

was reversed and voltage increased to 100 V for 30 seconds to free any DNA adherent to 

the dialysis tubing. The TAE buffer within the dialysis tubing containing the DNA 

fragments was then collected and DNA precipitated on ice for one hour, following the 

addition of 2.0 volumes of 100% ethanol. DNA fragments were then pelleted by 

centrifugation at 10 000 rpm for 30 minutes at 4°C. The pellet was briefly rinsed in 70% 

ethanol to remove excess salts. The pellet was then re-suspended in 10 - 40 ul of double 

distilled water and stored at - 20°C. 

2.4.6 DNA Ligation 

Linear DNA fragments isolated from agarose gels were ligated into recipient vectors 

using T4 DNA ligase (Gibco BRL). In a total volume of 20 ul, 2-4 ul of vector was 

added to 4-12 ul of insert, and 4 u.1 of 5 X T4 DNA ligase reaction buffer. The ligation 

reaction was carried out overnight at 16°C by the addition of 1 ul of T4 DNA ligase 

(Gibco BRL). Products were blunt ended and blunt end ligations were performed using 
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the TAKARA DNA Blunting kit ligation reaction as per manufacturer's instructions 

(Takara Biomedicals). 

For single enzyme digests, recipient plasmids were first dephosphorylated using calf 

intestine alkaline phosphatase (CIAP) (Gibco BRL) to reduce the possibility of the vector 

re-annealing. Single enzyme digested vector DNA was purified and re-suspended in a 

final volume of 50 ul. To this 10 ul of 10X CIAP buffer, 30 ul of ddw and 5 ul of 

1:1000 diluted CIAP were added (Gibco BRL). Vector DNA with 5' protruding ends 

following restriction digestion was incubated at 37°C for 30 minutes, followed by the 

addition of 5 ul more of 1:1000 CIAP and further digested for another 30 minutes at 

37°C. Vector DNA with 5' recessed ends following restriction digestion was incubated 

for 15 minutes at 37°C, followed by 15 minutes at 56°C. The vector was further digested 

at 37°C for 15 minutes and 15 minutes at 56°C, following the addition of 5 ul more of 

1:1000 diluted CIAP. The dephosphorylation reaction was terminated by heat treatment 

at 75°C for 15 minutes. The dephosphorylated recipient plasmid was then extracted once 

with an equal volume of phenol:chloroform:iso-amyl alcohol (25:24:1). 

Dephosphorylated vector DNA was precipitated overnight at -20°C following the 

addition of 2.2 volumes of 100% ethanol and 10% 2.5 M sodium acetate (pH 4.8). The 

dephosphorylated vector was pelleted by centrifugation at 10 000 rpm for 30 minutes at 

4°C. Vector DNA was washed once with 70% ethanol and then re-suspended in 30 ul of 

ddw and stored at -20°C. 

2.4.7 DNA Transformation 

Transformations of plasmid DNA into E. coli and P. aeruginosa were routinely 

performed. Purified plasmid DNA and ligation reactions were transformed into E. coli 

JM109 following a chemical transformation protocol. Electroporations or bi-parental 

conjugation matings were used to transform plasmid DNA into P. aeruginosa strains. 
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2.4.7.1 Chemical Transformation of Escherichia coli 

E. coli JM109 or SI7-1 cells were made competent for transformation by growing 

overnight in 2 ml of LB broth at 37°C. A secondary culture of 50 ml was inoculated to 

an optical density of 0.02 the following morning. The secondary culture was grown at 

37°C until the optical density of the culture reached 0.45-0.55. Next, the culture was 

incubated on ice for 2 hours. Cells were collected by centrifugation at 5 000 rpm for 10 

minutes in a Beckman J2-21 centrifuge. Cell pellets were gently re-suspended in 25 ml 

of ice-cold trituration buffer (100 mM CaCl2, 70 mM MgCl2 and 40 mM Na-Acetate, 

pH5.5). Cell suspensions were again centrifuged at 5 000 rpm for 10 minutes to pellet 

the cells. Cell pellets were re-suspended in 5 ml of ice cold trituration buffer. 

Subsequently, 1.15 ml of 80% glycerol was added drop-wise to a final concentration of 

15%o glycerol. The cells were then aliquoted in 200 ul volumes into 1.5 ml 

microcentrifuge tubes and snap frozen using dry ice Chemically treated competent E. 

coli JM109 and SI7-1 cells were stored at - 80°C until required. 

One 200 ul aliquot of competent cells was used for each DNA transformation. Cells 

were thawed on ice for 15 minutes prior to addition of the transforming plasmid or 

ligated DNA. Twenty \x\ of each ligation reaction or 2-4 ul of each purified plasmid was 

then added to transform competent cells. The mixture was then incubated on ice for 30 

minutes to allow the DNA to associate with the cells. The cells were heat shocked at 

42°C for 2 minutes and transferred back to ice thereby inducing the cells to take up the 

plasmid. Cells were then transferred into 1 ml of LB broth and grown for 1 - 1.5 hours at 

37°C to allow the cells to recover. The cells were then pelleted by centrifugation at 5 000 

rpm for 15 minutes and re-suspended in 400 ul LB. 200 ul of cell suspension was then 

plated on media supplemented with the appropriate antibiotic at the correct concentration 

to select for cells transformed with the plasmid. Plates were incubated overnight at 37°C. 

2.4.7.2 Electroporation of Pseudomonas aeruginosa 

Electroporations of P. aeruginosa were performed following the procedure of Smith and 

Iglewski (1989). A 3 ml overnight culture of P. aeruginosa was used to inoculate a 

secondary culture in 50 ml of LB broth to an optical density of 0.02. The cells were then 
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grown at 37°C to an OD540 of 0.3 - 0.5 at which time they were harvested. Cells were 

pelleted by centrifugation in a Beckman centrifuge at 5 000 rpm for 10 minutes and re-

suspended in 50 ml of ice cold 0.3 M sucrose. Cells were again pelleted by 

centrifugation in a Beckman J2-21 centrifuge at 5 000 rpm for 10 minutes and re-

suspended in 25 mis of ice cold 0.3 M sucrose. A final centrifugation step at 5 000 rpm 

for 10 minutes was performed to again pellet the cells. Cells were then re-suspended in 

250 u.1 of ice cold 0.3 M sucrose and incubated on ice for 30 minutes. During this time 

0.2 cm gap cuvettes (Bio Rad) were chilled on ice. 40 - 60 u.1 of each cell suspension, 

and 6 - 8 u.1 of the appropriate plasmid were transferred to the chilled cuvettes and 

incubated on ice for a further 5 minutes. Cells were pulsed at 8 kV/cm (1.6 kV for 0.2 

cm gap cuvettes) using the Bio Rad Gene Pulser II, with 200 Q resistance and 250 u,F 

capacitance. The cell suspension was then transferred to 3 ml of LB broth and grown for 

1.5 hours at 37°C. The recovered cells were then pelleted by centrifugation at 5 000 rpm 

for 15 minutes and re-suspend in 400 u.1 LB. 200 ul of each cell suspension was plated 

on LB plates containing the appropriate concentration of the selecting antibiotic and 

grown overnight at 37°C. 

2.4.7.3 Conjugation: Bi-Parental Mating 

The plasmid required for mobilization into P. aeruginosa was introduced into E. coli 

SI 7-1 transform-competent cells by conventional methods. Overnight cultures of the E. 

coli SI7-1 donor strain and the P. aeruginosa recipient strain were grown at 37°C in LB 

broth. Secondary cultures were inoculated and grown until the donor cell OD600 reached 

0.5 and the recipient cell OD600 reached 2.0. The two cultures were then mixed together 

and centrifuged in a Beckman centrifuge for 15 minutes at 5 000 rpm to pellet the cells. 

Cells were then re-suspended in 200 u.1 of LB broth and added to a sterile filter placed on 

the surface of a TY plate. The TY plate (containing the filter) was incubated overnight at 

37°C to allow for plasmid transfer by conjugation. After 12-18 hours, the filter was 

aseptically transferred from the plate into 3.0 ml of a 8.5% saline solution and re-

suspended by vortexing. The cell suspension was then plated onto VBMM agar plates 

supplemented with the appropriate concentration of the selectable antibiotic. Trans-
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conjugates were picked onto LB plates supplemented with the appropriate concentration 

of antibiotic before being mini-prepped to verify successful transformation. 

2.4.8 DNA Hybridizations 

2.4.8.1 Colony Hybridization 

To perform large scale screening of putative plasmid constructions, a modified version of 

the colony blotting procedure described by Schleicher and Schuell was used. 

2.4.8.1.1 Colony DNA Transfer to Membranes 

Colonies for screening were picked onto duplicate LB agar plates supplemented with the 

appropriate antibiotic, along with positive and negative controls and grown overnight at 

37°C. The reference plate was stored at 4°C until required. Colonies from the test place 

were transferred to a nylon membrane as follows. A Hybond N+ nylon transfer filter 

(Amersham Life Scientific) was placed on to the colonies and incubated for two minutes 

to allow colonies to adhere to the nylon membrane. The membrane was then removed 

and placed colony side up onto 6 ml of denaturing buffer (1.5 M NaCl and 0.5 M NaOH) 

for 7 minutes. The membrane was briefly blotted on Whatman paper to remove excess 

fluid. The membrane was then neutralized by being placed colony side up onto 6 ml of 

neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCl (pH 7.2) and 1 mM EDTA) and 

incubated for three minutes. This step was repeated. The membrane was then briefly 

rinsed in 2 X SSPE. To fix colony DNA to the membrane, the membrane was placed 

colony side up onto 6 ml of alkali fixation buffer (0.4 M NaOH) and incubated at room 

temperature for 45 - 60 minutes. Once DNA had been fixed to the membrane, it was 

briefly rinsed in 5 X SSPE and stored at -20°C until required for use. 

2.4.8.1.2 Probe Preparation 

DNA probes for colony hybridizations were radio-labelled by incorporation of (y P)-

dCTP (Easytides - NEN Dupont). Radio-labelling was performed using an 

oligolabelling kit as per manufacturer's instructions (Pharmacia). P-labelled DNA 

probes were purified using either a NENSORB 20 nucleic acid purification cartridge 

(NEN Dupont), or the Qiagen QIAquick nucleic acid purification spin column (Qiagen), 
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as per manufacturer's instructions. To ensure that the probe was sufficiently radioactive 

as to enable detection, 1 ul of each labelled probe was added to scintillation fluid and the 

counts per minute measured using a Beckman LS 6500 Multi-Purpose Scintillation 

Counter. 

2.4.8.1.3 Hybridization 

The membrane was pre-hybridized to block non-specific probe annealing in a solution of 

5X SSPE, 5X Denhardts (10 g Ficoll 400, 10 g polyvinylpyrrolidone, and 10 g bovine 

serum albumin per litre), 0.5% SDS and 200 ul of denatured salmon sperm DNA (10 

mg/ml) (Sigma) for 1-3 hours at 65 °C in a sealed hybridization bag. Following the pre-

hybridization period, the radio-labelled probe was added to the hybridization solution and 

the hybridization bag re-sealed. Hybridization was allowed to proceed for 12-18 hours at 

65 °C. 

2.4.8.1.4 Washing 

Excess un-hybridized probe was removed from colony hybridization filter using 

increasingly stringent washes. Membranes were first washed twice in 250 ml solution of 

2 X SSPE and 0.1% SDS for 10 minutes at room temperature. The membranes were then 

washed once in a 1 X SSPE and 0.1 % SDS solution for 15 minutes at 65 °C. A final 

wash at 65 °C was performed in a solution of 0.1 X SSPE and 0.1 % SDS for 10 minutes. 

Membranes were then wrapped in saran wrap and stored -20°C until required. 

2.4.8.1.5 Autoradiography 

To visualize potential clones positive for the constructed plasmid, the probed nylon filter 

was placed into an X-ray cassette with image intensifying screens. A Kodak Scientific 

Imaging film X-OMAT AR was then placed into the cassette and exposed to the 

membrane for periods of 30 minutes to 16 hours at room temperature. Films were then 

developed to allow visualization of hybridization bands as per manufacturer's 

instructions. 
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2.4.8.2 Southern Hybridization 

Southern Blotting was performed as described by Ausubel et al. (1991) with some 

modifications. 

2.4.8.2.1 Transfer of DNA to Nytran membrane 

Restriction enzyme digested DNA to be transferred to a Nytran membrane was first 

electrophoresed in an agarose gel in order to separate the fragments based on 

electrophoretic mobility. Before DNA could be transferred from the agarose gel to the 

Nytran membranes for Southern Blotting, the agarose gel was processed as follows. The 

agarose gel was first soaked in 0.25 M HC1 for 10 minutes to break down the purines. 

The gel was then rinsed twice in double distilled water for 5 minutes. The gel was then 

soaked in a solution of 1.0 M NaCl and 0.5 M NaOH for 15 minutes to denature duplex 

DNA to single strands. This wash was repeated. Two final washes of 15 minutes each 

were then performed in a solution of 0.5 M Tris (pH 7.4) and 1.5 M NaCl. The squash 

blot for DNA transfer was assembled by placing a long piece of Whatman paper soaked 

in 20 X SSC (175.3 g NaCl and 88.3 g Na-citrate, pH7.0 per litre) length wise on a glass 

plate positioned above a container filled with 20 X SSC. The ends of the Whatman 

paper extended into the 20X SSC and serves as a wick to transfer the buffer. The gel was 

then placed on to the bridge, with the wells oriented downward and the entire apparatus 

was sealed in saran wrap to lessen evaporation. A piece of Nytran membrane and three 

pieces of Whatman paper cut to the size of the gel were then placed atop of the agarose 

gel followed by a half-pack of paper towels. Finally, a one kilogram weight was placed 

on top of the entire assembled apparatus. The DNA was transferred to the Nytran 

membrane overnight as the transfer buffer was drawn through the apparatus by capillary 

attraction. 

After 12-18 hours of transfer, the blot was disassembled and the Nytran membrane 

briefly rinsed with 5X SSC for 5 minutes. DNA was cross-linked to the Nytran 

membrane by exposure to UV light for 5 minutes. The membrane was stored at -20°C 

until it was required. 
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2.4.8.2.2 Probe Preparation 

Probes to be used for Southern Blot analysis were prepared following the same procedure 

as described for Colony Hybridization. 

2.4.8.2.3 Hybridization 

The Nytran membrane was prehybridized for 1-4 hours at 42°C with shaking to block 

non-specific probe annealing. Prehybridization buffer was prepared in a total volume of 

20 ml by combining 6 ml of 20X SSC, 4 ml of 50X Denhardt's solution (10 g Ficoll 400, 

10 g polyvinylpyrrolidone, and 10 g bovine serum albumin per litre), 2 ml of 10% SDS, 

and 7.9 ml of ddw. 100 ul of 10 mg/ml DNA sodium salt from salmon testes (Sigma 

Chemical Co.) was boiled for 5 minutes and then added to prehybridization mixture 

heated to 42°C. The prehybridization mixture was poured into a hybridization bag 

(Gibco-BRL) with the membrane and heat sealed (Decosonic Inc.). 

The hybridization solution was prepared by combining 6 ml of 20X SSC, 2 ml of 10% 

SDS, 10 ml of 50% deionized formamide (Sigma Chemical Co.), and 2 ml of ddw. The 

radiolabeled probe and 100 ul of salmon testes DNA (lOmg/ml) were boiled for 5 

minutes and then added to the hybridization solution warmed to 42 °C. Following 

prehybridization incubation, the hybridization bag was opened and the prehybridization 

mixture was discarded and replaced with the 20 ml hybridization solution. The 

hybridization bag was again heat-sealed and incubated overnight at 42°C to allow for 

probe hybridization. 

2.4.8.2.4 Washing 

Following 12-18 hours of hybridization, the Nytran membrane was washed with 

increasingly stringent washes to remove excess unhybridized probe. The first two 

washes were performed in a solution consisting of 6 X SSC and 0.1 % SDS for 15 

minutes at room temperature The final two washes were performed using a solution of 1 

X SSC and 0.5% SDS for 15 minutes at 42°C. Membranes were wrapped in saran wrap 

and stored at -20°C until required for autoradiography. 
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2.4.8.2.5 Autoradiography 

Visualization was performed in the same manner using Kodak X-OMAT AR film as 

outlined in the Autoradiography section of the Colony Hybridization Procedure (section 

2.4.8.1.5). 

2.4.8.2.6 Membrane Stripping 

When membranes needed to be probed with multiple probes, the membranes were first 

stripped of existing hybridized probes. To remove radio-labelled probes from a Southern 

Blot Nytran membrane, the membrane was washed in a solution of 100 ml of 50% 

deinonized formamide, 64 ml of 20 X SSC, and 36 ml of ddw for 45 minutes to one hour 

at 65°C. The membrane was then rinsed in 2 X SSC and wrapped in saran wrap. 

Autoradiography was used to ensure that complete probe removal had occured. 

2.5 PCR Methodology 

All PCR reactions were prepared in a Biocontainment laminar flow hood to reduce the 

possibility of contaminant DNA introduction. All PCR reactions were performed using 

the Perkin Elmer Gene Amp 2400 PCR system. Three separate PCR protocols were 

employed for various amplification reactions. Ultma (Perkin-Elmer), Pfu (Promega) and 

Platinum Taq (Gibco BRL) polymerases were used when PCR products free of any 

mutational changes were required, as these enzymes posses 3'-»5' proof reading 

abilities. Taq polymerase (Gibco BRL), which lacks proof reading capabilities, was used 

when the incursion of limited mutations would not interfere with the required use of the 

PCR product. Table 4 lists the various combinations of primers and the PCR reactions 

conditions that were used to amplify target DNA sequences. All cloned PCR products 

were sequenced to confirm their identity and for the identification of potential mutations. 

2.5.1 Hot Start PCR (HS) 

The hot start PCR procedure using Ultma polymerase (Perkin-Elmer) was used to clone 

out the various portions of the algD promoter. Briefly, a lower reaction mixture was 

prepared containing 1.25 ul of 10 X Ultma reaction buffer, 4 \x\ of 25 mM MgCb, 2 ul of 

forward primer (10 pmol/u.1), 2 ul of reverse primer (10 pmol/ul) and 4 ul of 10 mM 
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PCR 

product 

Forward 

Primer 

Reverse 

Primer 

PCR reaction 

conditions 

Product 

size (bp) 

Cloning 

Vector 

Resultant 

Vector 

entire 

algD 

promoter 

GGA CGC 

CCC GCA 

AGA CTG 

ATC TCC 

C 

GGATGT 

TTT CTC 

TGC GAG 

GGA A 

5 min @ 94°C, 

30X (30 sec 

@94°C, 30 sec 

@55.5, 30 sec 

@72°C), 7 min 

@ 72°C HS 

530 pCR2.1 palgD-

pCR2.1 

algD 

promter 

prior to 

LasR 

box 

GGA CGC 

CCC GCA 

AGA CTG 

ATC TCC 

C 

CCG CCT 

TGA ATT 

GGGG 

5 min @ 94°C, 

30X (30 sec 

@94°C, 30 sec 

@55.5°C, 30 

sec @72°C), 7 

min @ 72°C 

HS 

280 pBlue-

script 

SK (t-

tailed) 

palgD-

upper 

algD 

promter 

after the 

LasR 

box 

GCC ATT 

ACC AGC 

CTC CCG 

CCA TTA 

C 

GGA TGT 

TTT CTC 

TGC GAG 

GGA A 

5 min @ 94°C, 

32X (30 sec 

@94°C, 30 sec 

@55.5, 30 sec 

@72°C), 7 min 

@ 72°C HS 

230 pBlue-

script 

SK (t-

tailed) 

palgD-

lower 

ampC 

internal 

gene 

probe 

GCC GTA 

GCC ATC 

AGC CTG 

AAA 

GGA 

GCT 

CGGCAT 

TGG GAT 

AGT TGC 

GGTT 

5 min @ 94°C, 

32X (30 sec 

@94°C, 45 sec 

@63.5, 1.5 min 

@72°C), 10 

min@72°C WB 

964 pCR2.1 pampC 
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anr 

internal 

gene 

probe 

GGT AGT 

CGC AGT 

TGT TTG 

ACGCAA 

CGT TCT 

GCTGGA 

AGCGGG 

TGA AGA 

5 min @ 94°C, 

32X (30 sec 

@94°C, 45 sec 

@63.5, 1.5 min 

@72°C), 10 

min@72°C WB 

797 pCR2.1 panr 

algD 

internal 

gene 

probe 

GCG AAT 

CAG CAT 

CTT TGG 

TTT 

CGGGTG 

TCG TGG 

CTG GTG 

ATG AGA 

T 

5 min @ 94°C, 

32X (30 sec 

@94°C, 45 sec 

@59.5, 1.5 min 

@72°C), 10 

min@72°C WB 

939 pCR2.1 palgD 

mexA 

internal 

gene 

probe 

GCA GTA 

CGC CGA 

CGC CAA 

TGC CGC 

CTA 

CCA GCC 

ACT TGT 

CGC CGA 

TCACC 

5 min @ 94°C, 

32X (30 sec 

@94°C, 45 sec 

@65.7, 1.5 min 

@72°C), 10 

min@72°C WB 

605 pBlue-

script 

SK (t-

tailed) 

pmexA 

oprM 

internal 

gene 

probe 

CCC GAG 

CAT CAG 

CCT GAC 

CGC CAA 

CCC GCA 

CTG CTG 

ACC CGC 

AAC CGC 

TAA 

5 min @ 94°C, 

32X (30 sec 

@94°C, 40 sec 

@63, 1.25 min 

@72°C), 10 

min@72°C WB 

639 pBlue-

script 

SK (t-

tailed) 

poprM 
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fabAB + 

flanking 

DNA 

GCC GCT 

GCG ACG 

CCG ATA 

CAATA 

GCGGGT 

GAACAG 

CCA AGC 

CAGTA 

5 min @ 94°C, 

30X (30 sec 

@94°C, 45 sec 

@60.5, 3 min 

@72°C), 15 

min@72°C WB 

2624 pCR2.1 pfabB 

lemA 

(gacS) + 

flanking 

DNA 

CGC CAA 

CCC CTC 

TTC CCC 

GTCTC 

CGGCGA 

CAG CGT 

GCG GCG 

AATAG 

5 min @ 94°C, 

30X (30 sec 

@94°C, 45 sec 

@63.5, 3.75 

min @72°C), 

15 min @ 72°C 

WB 

3422 pCR2.1 plemA 

gacA + 

flanking 

DNA 

GGC CGC 

CTT GGT 

CAG TGG 

GAATC 

GGGCCC 

CTT GCA 

GCG CTT 

GATCT 

5 min @ 94°C, 

30X (30 sec 

@94°C, 45 sec 

@63.0, 3 min 

@72°C), 15 

min @ 72°C 

PFU 

1654 pCR2.1 

pUCP18 

(EcoRV 

site) 

pCR2.1-

gacA 

pUCP-

gacA 
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dNTPs. A bead of wax was added and the reaction vessel sealed and heated to 95°C for 5 

minutes to melt the wax. Once the wax had hardened the upper mixture was added. The 

upper mixture consisted of 21 ul of ddw, 5 ul of 10 X Ultma reaction buffer, 0.5 ul of 

Ultma polymerase (Perkin-Elmer) and 4 ul of plasmid pCC27 template DNA (10ng/ul). 

The top reaction mixture and the bottom reaction mixture do not mix until the 

temperature is elevated, thereby preventing the possibility of initial false amplification. 

2.5.2 Ammonium Sulfate Based PCR (WB) 

The ammonium sulfate based PCR procedure using Taq polymerase (Gibco BRL) was 

used to clone out lemA,fabAB and several gene products for use as Northern blot probes: 

algD, ampC, am, mexA, and oprM. Whereas traditional PCR procedures use KC1 based 

PCR buffers which require Mg2+ concentration optimization for successful amplification, 

we utilized an ammonium sulfate-based buffer (WB buffer) which enables optimal PCR 

amplification with very few condition modifications. Briefly, 29 ul of ddw was mixed 

with 1 ul of forward primer (1 Opmol/ul), 1 ul of reverse primer (10 pmol/ul), 1 ul of 

dNTPs (10 mM), 2.5 ul of DMSO, 10 ul of 5 X WB reaction buffer (335 mM Tris-HCl 

(pH 8.8), 80 mM ammonium sulfate, 20 mM MgCb, 50 mM P-mercaptoethanol, 5 mg/ml 

BSA), 5 ul of P. aeruginosa PAOl genomic DNA (10 ng/ul), and 0.5 ul of Taq 

polymerase (Gibco BRL). 

2.5.3 Magnesium Chloride Based PCR (PFU) 

To clone gacA and gacS for complementation analysis it was imperative that no 

mutations were introduced during the amplification process. PFU polymerase has the 

highest fidelity of all thermostable DNA polymerases, however, requires varying 

conditions dependent on target DNA. PCR amplification conditions for PFU polymerase 

were as follows; 1 ul of forward primer (10pmol/ul), 1 ul of reverse primer (10 pmol/ul), 

1 ul of dNTPs (10 mM), 1.5-2.5 ul of DMSO, 1.0-2.0 of MgCl2 (50 mM), 5 ul of 10 X 

PFU reaction buffer (regular or enhanced), 5 uj of P. aeruginosa PAOl template DNA 

(10 ng/ul), 1.0 ul of PFU polymerase (Pharmacia), and 33.5 ul of ddw. gacA was PCR 

amplified using either regular or enhanced PFU reaction buffer, whereas lemA{gacS) 
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could only be amplified when the 10 X PFU enhanced buffer was used. Despite repeated 

attempts at cloning into either pCR2.1 or blunt end digested pUCP18, or pBluescript II 

SK, PFU amplified gacS could not be cloned. 

2.5.4 Cloning of PCR Products 

For further genetic manipulation, PCR products were ligated into general cloning vectors. 

Taq DNA polymerase has a high tendency to add a single "A" residue at the 3' end of 

PCR amplified fragments. As such, vectors containing a single 3' "T" overhang were 

utilized for cloning purposes. PCR products were ligated into either pCR2.1™, a 

commercially prepared T-tail cloning vector (InVitrogen) as per manufacturer's 

instructions, or into a prepared pBluescript II SK T-tailed cloning vector following 

standard ligation procedures. PFU polymerase has a decreased tendency to add the 3' 

"A" tail to PCR products, and as such PFU PCR amplified DNA sequences can be ligated 

into either T-tail cloning vectors or general blunt ended cloning vectors. 

2.5.4.1 Preparation of T-tailed Cloning Vector 

T-tails were added to general cloning plasmids following the procedure of Lohka (1998). 

Ten ul of the general cloning vector pBluescript II SK was blunt end digested with 

EcoRV as previously described. Digested vector DNA was extracted once with an equal 

volume of phenol:chloroform:iso-amyl alcohol (25:24:1), and once with an equal volume 

of chloroform:iso-amyl alcohol (24:1). Blunt-end digested vector DNA was then 

precipitated overnight at -20°C following the addition of 2.2 volumes of 100 % ethanol 

and 10 % 2.5 M sodium acetate, pH 4.8. Vector DNA was pelleted by centrifugation at 

10 000 rpm for 30 minutes at 4°C. DNA pellets were washed once with 70 % ethanol 

and then re-suspended in 20 ul ddw. 

The addition of the "T" tail to the blunt ended pBluescript II SK was performed as 

follows; 20 u.1 of blunt-ended pBluescript II SK vector DNA was added to 4 jo.1 of 100 

mM dTTP (Pharmacia), 6 ul of 10 X PCR reaction buffer (Gibco BRL), 2 ul of MgCl2, 

(50 mM), 24 u.1 of ddw and 8 units of Taq polymerase (Gibco BRL). The reaction mix 

was incubated for 2.5 hours at 72°C. The reaction was then extracted once with an equal 
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volume of phenol:chloroform:iso-amyl alcohol (25:24:1), and precipitated overnight at 

-20°C following the addition of 2.2 volumes of 100% ethanol and 10% 2.5 M sodium 

acetate, pH 4.8. DNA was pelleted by centrifugation at 10 000 rpm for 30 minutes at 

4°C. The DNA pellets were washed once with 70% ethanol and then re-suspended in 

20 ul ddw. Vector DNA was then run on an agarose gel and gene cleaned as previously 

described to remove all free nucleotides from the T-tailed vector preparation. 

2.5.5 Whole Colony PCR 

Whole colony based PCR as proposed by Boyd (unpublished) was adapted to screen for 

potential P. aeruginosa AlemA(gacS) mutants. After electroporation with either 

plemA:.Gm, plemA/.Q, pKO-lemA..Gm2.0, pKO-lemA::Q.3.0, pSLL-/e/w/i::Gm2.0, 

pSLL-lemA::Q3.0, potential insert-containing colonies were identified based on antibiotic 

resistance. Where appropriate colonies were plated onto LB agar plates supplemented 

with 5% sucrose and the appropriate antibiotic, and grown overnight at 37°C to select 

against single cross-over integration of the entire plasmid. These colonies were picked 

and inoculated into a 1.5 ml microcentrifuge tube containing 25 ul of sterile ddw. Each 

sample was boiled for 10 minutes to disrupt cell membranes and release chromosomal 

DNA. Cellular debris was eliminated by centrifugation at 13 000 rpm in a Biofuge 

microcentrifuge for 4 minutes. 18 ul of template containing supernatant was collected 

from each tube and transferred to a fresh tube. This genomic DNA was then used as the 

template in PCR amplification reactions. Briefly, 5 ul of each template was added to 12 

ul of ddw, 0.5 M-1 of forward primer (CGC CAA CCC CTC TTC CCC GTC TC) 

(lOpmol/ul), 0.5 ul of reverse primer (CGG CGA CAG CGT GCG GCG AAT AG) (10 

pmol/ul), 0.5 ul of dNTPs (10 mM), 1.25 ul of DMSO, 5 ul of 5 X WB reaction buffer, 

and 0.25 ul of Taq polymerase (Gibco BRL). PCR amplification was performed as 

follows; an initial denaturation step at 94 °C for 5 minutes, followed by 32 cycles of 94°C 

for 45 seconds, 63.5°C for 45 seconds and 72°C for 4.5 minutes. Finally, a 15 minute 

final elongation step at 72°C was performed. PCR amplifications of plemAv.Gm and 

plemAy.Q. plasmid template DNA were always performed as positive controls. PCR 
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amplification of PAOl, PA14 wild type, PA14 gacA', 4384 and PA103 genomic DNA 

were always performed as negative controls. 

2.6 Sequencing 

Plasmid DNA to be sequenced was prepared as per the alkaline lysis PEG precipitation 

procedure, as described in section 2.4.1.2. Template, or pre-mixed primer and template 

samples were sent to the University Core DNA Services, University of Calgary, for 

automated sequencing. The automated sequencing reactions were performed using the 

"big dye terminal cycle sequencing ready reaction kit" using standard automated 

sequencing reactions in an ABI Prism™ DNA sequencer. Sequences known or suspected 

to have G-T repeats were processed using the special "dGTP" sequencing kit. 

2.7 RNA Isolation and Characterization Methods 

2.7.1 Extraction of Total Cellular RNA 

All reagents were prepared in glassware that had been baked at 250°C to destroy any 

RNase. All solutions were prepared using 0.01% DEP-treated water. Before reagents 

were autoclaved they were again treated with 0.01% DEP. 

RNA was extracted from both planktonic and biofilm bacterial cultures at specific time 

intervals using the hot phenol extraction method (Frank and Iglewski, 1988; Frank et al, 

1989). Biofilm and planktonic bacteria were grown in the MBEC™ device as 

previously described. At specified time intervals, biofilm and planktonic samples were 

taken. Sampling the planktonic population involved centrifuging 2-20 ml of culture in 

corex baked centrifuge tubes, and re-suspending the resultant pellet in 4 ml of extraction 

buffer (10 mM sodium acetate (pH 4.8), 0.15 M sucrose, 0.1 mg/ml heparin and 0.01% 

DEP). Biofilm RNA was extracted from 1 0 - 4 0 pegs which were broken off the 

MBEC™ device and added directly to 4 ml of extraction buffer. At this point each 

sample (biofilm or planktonic) is treated essentially the same in the RNA extraction 

procedure. To lyse the cells, 135 ul of 20% SDS (Gibco BRL) was added to each sample 

and vortexed vigorously. Next, an equal volume of phenol (Gibco BRL - equilibrated 

with 10 mM sodium acetate, pH 4.8) warmed to 65°C was added and vortexed 
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vigorously. Phenol extractions were incubated for 5 minutes at 65°C with intermittent 

vortexing, and then transfered to ice for a further 5 minutes. Samples were then 

centrifuged using a Beckman J2-21 Centrifuge (Beckman Instruments Incorporated) at 

8,000 rpm for 10 minutes. The aqueous phase was collected and extracted with hot 

phenol two additional times. Two final extractions of the aqueous phase were performed 

using an equal volume of 24:1 chloroform and iso-amyl alcohol at room temperature. 

Nucleic acids were precipitated overnight at -20°C with the addition of 10% 2.5 M 

sodium acetate (pH 4.8) and 2.2 volumes of 100% ethanol. 

The following day, the nucleic acids and remaining contaminating proteins were 

centrifuged at 8 000 rpm for 35 minutes. The resultant pellets were re-suspended in 400 

ul of Proteinase K digestion buffer (0.1 M Tris (pH 7.4), 50 mM NaCl, 10 mM EDTA, 

0.2% SDS and 200 ul fungal proteinase K (Gibco BRL)). After a 1 hour digestion at 

37°C to remove any contaminating proteins, the samples were transferred to 1.5 ml 

microfuge tubes. Two additional hot phenol extractions and one chloroform extraction 

were performed to further purify the nucleic acid. Nucleic acid was again precipitated 

overnight at -20°C with the addition of 0.1 volumes of 2.5 M sodium acetate (pH 4.8) 

and 2.2 volumes of 100% ethanol. 

After overnight precipitation, nucleic acids were pelleted by centrifugation at 13 000 rpm 

in a Beckman microcentrifuge for 30 minutes at 4 °C. Two different DNA digestion 

protocols were employed during this study. Pellets were re-suspended in 400 u,l 

Worthington DNase digestion buffer (10 mM magnesium acetate, 10 mM Tris (pH 7.6) 

and 5 mM DTT), and treated with 80 units of RNasin (Promega) and 4 ul of a 10 mg/ml 

stock of RNase free DNasel (Worthington Biochemicals) for 30 minutes at 37°C. 

Alternatively, pellets were re-suspended in 270 ul of ddw and 30 pil 10 X Ambion 

DNasel reaction buffer and digested for 1 hour with 20 units of DNasel (1 unit/ul) 

(Ambion). After digestion each sample was extracted once with an equal volume of 

phenol:chloroform:iso-amyl alcohol (25:24:1) and once with an equal volume of 

chlorofornviso-amyl alcohol (24:1). RNA was precipitated overnight at - 20°C with the 

addition of 2.2 volumes of 100% ethanol and 0.1 volumes of 2.5 M sodium acetate, pH 
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4.8. On day 4, RNA was pelleted by centrifugation at 13 000 rpm in the Beckman 

microcentrifuge at 4°C for 35 minutes. RNA pellets were re-suspended in 20 - 80 ul of 

DEPC treated water and stored at -80°C. 

2.7.2 Determination of RNA Concentration 

In order for equal amounts of RNA to be blotted onto membranes, the RNA in each 

purified sample was quantified. The RNA concentration of each sample was determined 

by UV absorbance at 260 nm according to the following formula; 

40 X A26o X Dilution Factor = ug/ml RNA 

2.7.3 RNA Sample Purity Determination 

RT-PCR methods were used to assess the purity of RNA prior to Northern blot analysis 

and subtractive hybridization. In order to determine if RNA samples had residual DNA 

contamination a RT-PCR procedure was performed on each RNA sample. RT-PCR was 

performed using internal primers to a commonly expressed gene product coding for a 

ribosomal sub unit, rpsL. 

2.7.3.1 Reverse Transcription 

Duplicate samples of each RNA sample were prepared. One of these samples functioned 

as the test sample and the other as the negative control. 5 u.1 of each RNA sample 

(diluted to 200 ng/u.1), was added to 5 ul of rpsL reverse primer (GCT GTG CTC TTG 

CAG GTT GTG) (10 pmol/ul) and 1 ul DMSO, and incubated at 70°C to denature RNA 

secondary structure. Samples were then transferred to ice where 1 ul of RNasin 

(Promega), 4 ul of 5 X First Strand Synthesis Buffer (Gibco BRL), 1 ul of 0.1 M DTT 

and 1 |il of mixed dNTPs (10 mM) were added. Samples were incubated at 48°C for 2 

minutes to allow for primers to anneal and for temperature equalibriation. To the test 

sample, 1 u.1 of Superscript I or II reverse transcriptase (200 u/ul) was added and the 

sample incubated at 48°C for 1 hour to allow for primer extension. To the negative 
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control sample 1 ul of ddw was added and incubated under the same conditions. The 

reaction was terminated by heat denaturation at 70 °C for 15 minutes. 

2.7.3.2 PCR Amplification 

Each RT reaction product was used as a template for each subsequent PCR amplification 

reaction. To 5 ul of each RT reaction product (+RT, -RT), 1 ul of 10 mM dNTPs, 1 ul of 

rpsL reverse primer (10 pmol/ul), 1 ul of rpsL forward primer (GCA ACT ATC AAC 

CAG CTG GTG) (10 pmoVul), 2.5 ul of DMSO, 10 ul of 5 X WB buffer (335 mM Tris-

Cl (pH 8.8), 80 mM MgCl2, 50 mM P-mercaptoethanol and 5 mg/ml BSA), 29 of ul ddw, 

and 0.5 ul of Taq DNA polymerase (Gibco BRL) was added. PCR amplification was 

performed under the following reaction conditions; 90 seconds at 95°C, followed by 35 

cycles of 95°C for 45 seconds, 60°C for 45 seconds, 72°C for 45 seconds, and a final 10 

minute elongation step at 72°C. The presence of a 238 bp amplification product in the 

sample treated with RT, and absence in the sample treated with ddw indicates that the 

RNA sample was free of contaminating DNA. Only at this point were samples used for 

further analysis. The presence of an amplification product in samples not treated with RT 

indicated that there was DNA contamination in that sample. Samples were then 

subjected to a second digestion with DNasel to remove contaminating DNA, and re

assessed for sample purity by RT-PCR. The complete absence of an amplification 

product in either sample indicated, that while there is no DNA contamination, there is 

also no RNA. These samples were not utilized, and subsequently disposed of. 

2.7.4 RNA Blotting 

2.7.4.1 Northern Blotting 

2.7.4.1.1 RNA Agarose Gels 

RNA was run on agarose gels as described by Frank and Iglewski (1988) and Storey et 

al. (1991). 7.5 ul (10-15 ug) of each diluted RNA sample was added to 4.5 ul of 

deionized glyoxal, 15 ul of DMSO and 3 ul of 100 mM sodium phosphate buffer (pH 

7.0), prior to loading. Samples for loading were first heated to 60°C for ten minutes to 

relax RNA secondary structure. A 10 kb RNA ladder (Promega) was run on each gel to 



58 

assess the size of separated fragments. To the ladder sample, 6 ul RNA tracking dye 

(50% DMSO, 10 mM sodium phosphate (pH 7.0), 0.4% bromophenol blue, 0.4% orange 

G and 0.4% xylene cyanol) was added to monitor the rate of migration. Samples were 

then loaded on a 1% agarose 10 mM sodium phosphate gel and electrophoresed in a Maxi 

Horizontal Agarose Submarine Unit (Hoefer Scientific Instruments) at 100 Volts for 4 

hours in a 10 mM sodium phosphate buffer (pH 7) with constant buffer circulation. After 

the gel was run, the band representing the RNA ladder was excised, stained with ethidium 

bromide and visualized using the Bio-Rad Gel Doc 2000 Imaging System (Bio Rad). 

This serves to confirm a successful electrophoresis, and can be later utilized to determine 

transcript size. 

2.7.4.1.2 RNA Transfer and Immobilization 

The bulk of the gel containing the RNA samples of interest were transferred to Nytran 

membranes (Schleicher and Schuell) by capillary blotting. RNA transfer was mediated 

using 10 X SSPE (1.8 M NaCl, 100 mM NaH2PO4-H20 (pH 7.4) and 10 mM EDTA) as 

the transfer buffer in a Schleicher and Schuell Turbo Blotter Rapid Downward Transfer 

System for 4 hours, as per manufacturer's directions. RNA was fixed to the Nytran 

membrane by baking for 1 hour at 80°C. 

2.7.4.2 Slot Blotting 

Slot blotting involves RNA samples being added directly to the transfer media, and the 

subsequent transfer to Nytran membranes for probing with previously characterized 

probes. Slot blotting was perfomed as per manufacturer's instructions (Schleicher and 

Schuell). 10 - 15 ug of RNA was transferred to the Nytran membrane using a 100 ul 

solution of 6 X SSC and 11.1% formaldehyde as per manufacturer's instructions. RNA 

was fixed to the membrane by baking for 1 hour at 80°C. 

2.7.5 Isolation of DNA probes 

Probes used to detect messenger RNA were isolated from plasmids and are listed in Table 

5. All plasmids were isolated via the alkaline lysis mini-prep protocol, digested with the 
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appropriate combination of restriction enzymes, and separated on agarose gels prior to 

gene cleaning to purify the intended DNA probe. 

2.7.5.1 Random 32P Labelling of DNA Probes 

DNA fragments were radio-labelled by random incorporation of (y32P)-dCTP (Easytides -

NEN Dupont). Labelling was performed using an oligolabelling kit as per 

manufacturer's instructions (Pharmacia). Random primers were annealed to DNA probes 

and then primer extension using the Klenow enzyme in the presence of dATP, dTTP, 

dGTP and (y32P)-dCTP resulted in the generation of radio-labelled DNA gene probes. 

2.7.5.2 Purification of 32P- Labelled DNA Probes 
32P-labelled DNA probes were purified before they were used. Purification was 

accomplished using one of two manufacturer prepared kits; a NENSORB 20 nucleic acid 

purification cartridge (NEN Dupont), or the Qiagen QIAquick nucleic acid purification 

spin column (Qiagen), as per manufacturer's instructions. To ensure that the probe was 

sufficiently radioactive for Northern blot analysis, 1 ul of each labelled probe was added 

to scintillation fluid and the counts per minute measured using a Beckman LS 6500 

Multi-Purpose Scintillation Counter. 

2.7.6 Hybridization of Northern Blots 

Northern blots were pre-hybridized for 1 -4 hours to prevent non-specific probe annealing 

to the Nytran membrane (Schleicher and Schuell). Pre-hybridization was performed in a 

shaking water bath at 42°C in a solution of 10 ml of deionized formamide (Sigma 

Chemical Co.), 2 ml of 50X Denhardt's solution (1% Ficoll, 1% polyvinylpyvodilone, 

1% BSA), 0.5 ml 20% SDS, 5 ml 20X SSPE (3.6 M NaCl, 200 mM NaH2PO4-H20 (pH 

7.4), and 20 mM EDTA), and 300 ul of 10 mg/ml denatured salmon testes DNA. The 

pre-hybridization solution was then poured off and the hybridization solution added along 

with the radio-labelled probe. The hybridization solution consisted of 10 ml of 50% 

deionized formamide, 2 ml of 50X Denhardt's solution, 3 ml of 20% SDS, 5 ml of 20X 

SSPE and 100 ul of denatured salmon testes DNA. The 32P - labelled DNA probes were 
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Table 5: Probes Used in Northern and Slot Blot Transcript Accumulation Analysis 

Gene Probe Vector Probe Size (bp) 

algD - J pCC27 - EcoRl digested 600 

algD - 2 palgD - HindlWXbal digested 950 

ampC pampC - EcoRl digested 1 000 

am panr - HindllllXbal 820 

lasB pRB1803- Stul digested 800 

lasl pJMC31 -Sail digested 700 

lasR pMJGl.7--P.rtI digested 440 

mexA - J pRSP48 - Pstl digested 600 

mexA - 2 pmexA - HiudllllPstl digested 630 

mexCD pRSP47 - KpnVSstl digested 2 000 

oprM poprM - HindllllPstl digested 660 

rpoN pSGQ25 - Sad digested 1 700 

pMJGl.7--P.rtI
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boiled for 5 minutes and then added to the hybridization solution. Blots were incubated 

overnight in a shaking water bath at 42°C to allow for the probe to hybridize. 

2.7.7 Washes 

After 14-20 hours of hybridization, the Nytran membrane was then removed from the 

hybridization bag and washed to remove excess unhybridized probe. Duplicate washes 

of 15 minutes each at room temperature in a 250 ml solution of 6X SSPE and 2% SDS, 

were performed. These washes were then followed by duplicate 15 minute washes in a 

250 ml solution of IX SSPE and 2% SDS at 42°C. A final stringent wash at 65 °C was 

performed for 30 minutes in a 500 ml solution of 1 X SSPE and 1% SDS. 

2.7.8 Autoradiography 

Blots were exposed to XAR-5 Kodak Scientific Imaging Film (Kodak) in X-ray cassettes 

at -80°C for periods ranging from 24 hours to one week. Films were then developed as 

per manufacturer's instructions. Blots were also exposed to IP Imaging plates (Fuji) at 

room temperature in X-ray cassettes for periods of 24-72 hours. The image captured on 

the IP plate was scanned by a Fuji Imaging Plate Scanner 7500. 

2.7.9 Probe Removal 

In situations in which a membrane required multiple gene probings, probes were removed 

according to instructions of the manufacturer (Schleicher and Schuell). Membranes were 

washed for 30 minutes in a solution of 125 ml of 50% formamide, 75 ml of 20X SSPE 

and 50 ml of ddw at 65°C in a shaking water bath. Blots were then rinsed in 2X SSPE 

before being stored in saran wrap at -80°C. To confirm that the probe had been 

successfully removed, blots were submitted to autoradiography using the XAR-5 Kodak 

Scientific Imaging Film or the IP plate. 

2.8 Assays 

2.8.1 Twitching Motility Assays 

To assess for alterations in the twitching motility of P. aeruginosa PAH gacA' strains 

compared to wild type PAH or the control knock-out strain PAH toxA', zones of 
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twitching were measured and compared. On very thin LB or TSA plates (< 2mm thick), 

each of the three PAH derivative strains were inoculated using a stab loop. Bacterial 

proliferation between the agar and the surface of the plate was measured as the zone of 

twitching. Twitching zones were measured for each derivative after 24 and 48 hours. 

To facilitate visualization of twitching zones, cells were stained with Coomassie Brilliant 

Blue G-250. After defined incubation period (24 or 48 hours), the agar was removed 

carefully as to not disrupt the cells on the surface of the petri plate. Eight ml of 

Coomassie Brilliant Blue G-250 was then added and incubated for 2 minutes to stain the 

cells in the adherent zone of twitching. The surface of the petri dish was then rinsed 

twice with methanol to decolourize and remove excess stain. Blue stained zones 

representing the zones of twitching were then measured. 

2.8.2 Assays for Autoinducer Production 

To determine if there was a difference in autoinducer production between P. aeruginosa 

PA14 wild type, PA14 toxA' and PA14 gacA', bioassays using E. coli reporter strains 

were used. Two separate reporter strains were used; E .coli MG4 (pKDT17) (detects 

PAI-1; lasB '-lacZ) and E. coli DH5a (pECP61.5) (detects PAI-2; rhlA '-lacZ). 

2.8.2.1 Solid Media Assay 

Plate assays were performed to determine relative levels of PAI-1 and PAI-2 produced by 

P. aeruginosa PA14 wild type, toxA\ and gacA'. Inoculums were taken from overnight 

cultures of each strain of P. aeruginosa grown on LB agar, and E. coli reporter strains 

grown on LB agar plus 100 |ig/ml of ampicillin. An individual P. aeruginosa strain and 

an individual E. coli reporter strain were plated in parallel approximately 1.0 cm apart on 

MacConkey's agar and grown for 24 hours at 37°C. The E. coli reporter strain was 

streaked in an "L" shape in order for semi-quantitative analysis. The relative amount of 

autoinducer produced could be inferred based on the zone of diffusion. PAI-1 that 

diffuses into the E. coli MG4 (pKDT17) reporter cells can interact with LasR to initiate 

transcription of the lasB '-lacZ translational fusion. PAI-2 that diffuses into the E. coli 

DH5a (pECP61.5) reporter cells can interact with RhlR to initiate transcription from the 

rhlA '-lacZ fusion. The (3-galactosidase that is produced acts to cleave the dye in the 
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MacConkey's media producing a purple colour. Semi-quantitative analysis of 

autoinducer production is possible because the area of dye hydrolysis is proportional to 

the amount of autoinducer produced. 

2.8.2.2 Liquid Media Assay 

To accurately quantify the levels of autoinducer being produced in each strain examined, 

the liquid culture assay of Pearson et al. (1995) was employed. P. aeruginosa strains 

were grown overnight in LB broth and E. coli strains were grown overnight in A medium 

supplemented with 100 ug/ml of ampicillin. After 24 hours of growth, 1 ml of each 

culture was centrifuged at 13 000 rpm for 5 minutes to pellet cells. To ensure that all 

cells were removed, 500 p.1 of the supernatant was centrifuged for a further 5 minutes. 

Following, 100 ul of culture supernatant was added to 0.9 ml of A medium. 

2.8.2.2.1 PAI-1 detection 

To detect PAI-1, the A medium supplemented with P. aeruginosa supernatant, was 

inoculated with PAI-1 reporter E. coli MG4 (pKDT17) to an A540 of 0.1 and grown for 

5-6 hours at which point the A600 was measured as an indication of growth, p-

galactosidase procedures were then carried out as described by Miller (1972). Briefly, 

0.1 ml of culture was added to 0.9 ml Z Buffer (8.55 g Na2HP04, 5.5 g NaH2P04.H20, 

0.75 g KC1 and 0.24 g MgS04.7H20 in one litre ddw), and cells were lysed with the 

addition of 20 ul of chloroform and 40 ul of 0.1% SDS. At time=0, 200 ul ONPG (4 

mg/ml in 1 X A Buffer) was added and the reaction was allowed to proceed. At time=X, 

once a pale yellow colour had developed, the reaction was halted by the addition of 500 

ul of 1 M Na2CC»3. The optical densities at 420 nm and 550 nm were determined and the 

(3-galactosidase activity measured in Miller units as per the following calculation. 

Miller Units of Activity = 1000 X A*™ - (1-75 x AJJO) 

T (min) xO.l ml X A^o 
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2.8.2.2.2 PAI-2 Detection 

To measure PAI-2 levels, the medium was then inoculated with PAI-2 reporter E. coli 

DH5a (pECP61.5) to an A54o of 0.08 and grown at 37°C to an OD of 0.3. 1 mM IPTG 

was then added and the cells grown for an additional hour to further induce activity. (}-

galactosidase activity was measured as previously described. 

2.9 Preparation of Specimens for Scanning Electron Microscopy (SEM) 

Biofilm samples were fixed to MBEC™ device pegs for SEM as per the following 

protocol. 8 samples, representing pegs found in a single column of the MBEC™ device, 

of each strain were fixed during each procedure. Fixation of samples was performed 

using 96 well microtitre plates. 200 ul of each solution was added to each well in a 

column of the microtitre plate. The biofilm samples were fixed to the peg by incubation 

in a 5% glutaraldehyde/cacodylic buffer (dissolve 2 ml of 70% glutaraldehyde (Sigma 

Chemical Co.) in 26 ml of 0.1 M cacodylic acid, pH 7.2) for 2 hours at room temperature. 

After fixation, samples were washed for 10 minutes in 0.1 M Cacodylic acid. This wash 

was repeated a total of five separate times. The samples were then washed in double 

distilled water to remove the cacodylic acid from the samples. As before, 5 separate 10 

minute washes were performed. The samples were then progressively dehydrated using 

increasing concentrations of ethanol prior to being sent for SEM. Samples were 

incubated for 20 minutes at each of the following concentrations of ethanol 20%, 30%, 

50%, and 70%. Samples were then air dried. Individual component pegs were then 

removed using sterile pliers and mounted to SEM pins. Samples were then taken to the 

UC SEM facilities for heavy metal coating and eventual microscopy. 

2.10 Subtractive Hybridization 

Subtractive hybridization based library construction is a molecular approach amenable to 

the identification of genes specifically induced under defined growth conditions. We 

have developed a novel subtractive hybridization procedure in order to identify genes 

preferentially expressed during biofilm growth. In essence the subtractive hybridization 

procedure involves hybridizing total cellular RNA from biofilm grown cells (the induced 

population is also referred to as the tester population) with excess RNA from 
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planktonically grown batch cultures (the uninduced population of cells, termed the driver 

population) with the express purpose of eliminating common transcripts, thereby 

increasing the relative concentration of sequences uniquely expressed by the tester 

population. Figure 1 is a diagrammatical representation of the subtractive hybridization 

procedure discussed herein. 

2.10.1 Population Formation and RNA Isolation 

Biofilm and planktonic populations used for the subtractive hybridization procedure were 

grown using the Calgary Biofilm Device (CBD) (MBEC™ Biofilm Technologies 

Limited). Pseudomonas aeruginosa PAOl was chosen as the model organism for a 

number of reasons; its genome has been sequenced and is publicly available, strain PAO1 

is the best characterized of all P. aeruginosa strains in terms of virulence factor 

expression and metabolic properties, and lastly strain PAOl has been demonstrated in 

these studies to form biofilms faster and more resistant to antibiotics than any other P. 

aeruginosa strain tested. Total cellular RNA for subtractive hybridization analysis was 

extracted from biofilm and planktonic populations of P. aeruginosa PAOl using 

conventional techniques previously discussed and separately stored at -80°C in DEPC 

treated water (Frank and Storey, 1989; Storey et ai, 1997) 
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Figure 1: Subtractive Hybridization Procedure Carried out to Identify Genes 

Whose Expression is Limited to or Significantly Elevated During Biofilm Growth. 

RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations grown in 

the MBEC™ device over a variety of time points was ligated to population specific 

DNA/RNA linkers using T4 RNA ligase. RT-PCR performed using population specific 

primers generated full length cDNA to genes expressed during each mode of growth. 

Subtractive hybridization was then used to select against common transcripts and enrich 

cDNA specific to biofilm growth. The subtractive hybridization procedure used is 

dependent upon differential PCR amplification of biofilm and planktonic cDNA resulting 

in population specific biochemical properties. This enables enzymatic selection against 

cDNA to transcripts expressed during both modes of growth, and allows for selection of 

transcripts unique to or hyper-expressed during biofilm growth. 
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2.10.2 Ligation of Population Specific Linkers to RNA 

We have avoided traditional RT-PCR techniques which use random primers to convert 

RNA to cDNA. RT-PCR performed using random primers to amplify short segments of 

cDNA inevitably results in the loss of significant amounts of nucleic acid sequences and 

may therefore result in false negatives. Alternatively, we have devised a scheme in 

which we utilize T4 RNA ligase to ligate population specific single stranded DNA or 

DNA/RNA oligonucleotides to the 3' and 5' ends respectively of total cellular RNA 

(Moseman et ai, 1980; Tyulkina and Mankin, 1984; Tessier et at., 1986). As such, 

subsequent RT-PCR will generate cDNA to full-length RNA transcripts. Furthermore, 

we have incorporated a rare restriction site into the tester population linkers. Ippol is a 

restriction endonuclease which cuts only twice within the entire genome of Sacromyces 

cervisae. Use of this enzyme to cut out the randomly ligated inserts from the t-tail 

cloning vector will allow the eventual transfer of the insert in its entirety into the pUCP-

Ippol over expression vector for further characterization studies in P. aeruginosa. 

The ligation reaction was performed as follows; 5 ug total cellular RNA (tester or driver) 

was added to 10 ul of 10 X T4 RNA ligase buffer (50mM Tris-HCl, lOmM DTT, 30 

ug/ml BSA, 10 mM MgCl2 and ImM ATP), 1 ul of 4% Bentonite, 1 ul of Hexamine 

C0CI3 (ImM), 10 ul of DMSO, lul of RNasin (40 units/ul - Promega) and 62.5 ul of 

40% PEG. Next, 3 ug of the 5' linker (Tester = GTG TTG TGT GTT TGG TGG GTG 

TTG GCT CTC TTA AGG TAG CGC GUC; Driver = GGT GTG TGG TTT GTG GTT 

GGT TTG GCU G) and 3 ug of the 3' linker (Tester = GCC TCT CTT AAG GTA GCC 

CAA CAC CCA CCA AAC ACA CAA CAC; Driver = CAG CCA AAC CAA CCA 

CAA ACC ACA CAC C) was added to the reaction. The total reaction volume was 

brought to 100 ul with ddw. To initiate the reaction, 30 units of T4 RNA ligase 

(Boehringer Mannheim) was added to each sample. Each ligation reaction was then 

incubated for 10-14 hours at 17°C. After the ligation reaction was complete, excess un-

ligated linkers were removed from the DNA ligated-RNA molecules using Sephacryl 400 

microspin columns (Pharmacia Biotech) as per manufacturer's instructions. Nucleic acid 

collected was then precipitated overnight at -20°C following the addition of 10% 2.5 M 
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sodium acetate (pH 5.5) and 2.2 volumes of 100% ethanol. To pellet the RNA, each 

sample was centrifiiged for 30 minutes at 4°C at 10 000 rpm. Isolated RNA pellets were 

briefly washed with 70% ethanol to remove excess salts. Each pellet was then re-

suspended in 10 ul of DEPC treated ddw. 

2.10.3 Generation of cDNA 

Due to the inherent instability of RNA molecules, RNA was converted to cDNA for the 

subtractive hybridization procedure using reverse transcriptase. 5 JJ.1 (2.5 |ig) of linker 

ligated RNA was added to 5 ul universal PCR primer (10 pmol/ul) (Tester = GTG TTG 

TGT GTT TGG TGG GTG TTG G; Driver = GGT GTG TGG TTT GTG GTT GGT 

TTG GCU G) and 1 ul DMSO. The mixture was incubated at 70°C for 10 minutes to 

allow for relaxation of the secondary structure of RNA molecules. After the reaction had 

cooled to room temperature, 1 ul of RNasin (Promega), 1 ul of dNTPs (10 mM), 4 ul of 

First Strand Synthesis buffer (Gibco/BRL), and 2 ul of 0.1 M DTT were added to the 

reaction mixture. The reaction mixture was again incubated at 48°C for two minutes to 

allow for temperature equilibration and for primer annealing. To catalyze the conversion 

to cDNA 1 ul of Superscript I or Superscript II reverse transcriptase (Gibco/BRL) was 

added to each reaction and incubated for 1 hour. The reverse transcriptase was then 

denatured by heat treatment at 70°C for 15 minutes. 

2.10.3.1 PCR Amplification 

Each population of cDNA was independently PCR amplified using population specific 

primers in order to increase the abundance of low copy transcripts and therefore reduce 

the likelihood of false negatives. Whereas traditional PCR procedures use KC1 based 

PCR buffers which require Mg2+ concentration optimization for successful amplification 

we utilized an ammonium sulfate-based buffer (WB buffer) which enables optimal PCR 

amplification with very few condition modifications. 
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2.10.3.1.1 Tester cDNA PCR Amplification 

Tester cDNA was amplified using standard PCR conditions. Using 5 ul of product from 

the reverse transcription reaction as template, we added 10 ul of 5X WB buffer (335 mM 

Tris-HCl (pH 8.8), 80 mM ammonium sulfate, 20 mM MgCb, 50 mM P-mercaptoethanol 

and 5 mg/ml BSA), 2 ul of universal tester population specific primer (10 pmol/ul) (GTG 

TTG TGT GTT TGG TGG GTG TTG G), 1 ul of dNTPs (2.5 mM dATP, 2.5 mM dCTP, 

2.5 mM dGTP, 2.5 mM dTTP), 2.5 ul of DMSO, 29 p.1 of DEPC treated ddw, and 0.5 ul 

of Taq polymerase (Gibco/BRL). PCR amplification of tester specific cDNA was 

performed as follows; an initial five-minute denaturation step at 94°C, followed by 30 

cycles of 94°C for 30 seconds, 55.5°C for 45 seconds, and 72°C for 4 minutes. Finally, a 

15-minute elongation step at 72°C was performed. The cDNA reaction product was 

precipitated overnight at -20°C following the addition of 2.2 volumes of 100% ethanol 

and 10% of the total volume of 2.5 M sodium acetate, pH 4.8. To pellet tester cDNA, 

each sample was centrifuged at 10 000 rpm for 30 minutes at 4°C. Each pellet was 

washed once with 70% ethanol and then re-suspended in ddw. It was then necessary to 

measure tester cDNA concentration by ultra-violet absorbance at 260 nm in order to 

determine the appropriate volume of reaction product to utilize in subsequent steps of the 

subtractive hybridization procedure. 

2.10.3.1.2 Incorporation of Thionucleotides into Tester cDNA 

In order to biochemically differentiate tester and driver cDNA we incorporated different 

chemical characteristics into each population of cDNA. To create tester cDNA which is 

exonuclease digestion resistant, we developed a scheme in which thiodiester bonds are 

formed in tester cDNA by the incorporation of thionucleotides at the 3' terminus. 

Resistance to exonuclease digestion can then be used to distinguish between tester and 

driver cDNA (Zeng et al., 1994). Thionucleotides were incorporated into tester cDNA as 

follows; 5 ug of tester cDNA was treated with 50 units of Klenow (Boehringer 

Mannheim) in 10 ill of 10 X Klenow Buffer in a total volume of 100 ill at 37°C for 45 

minutes. This reaction creates recessed 3' ends and is dependent on the 3' —> 5' 

exonuclease activity of Klenow. After recessed 3' termini had been created, 10 ul of 
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dNTP-a-S (1.6 mM) (Amersham) was added to each reaction and incubated for a further 

30 minutes at 37°C. The Klenow fragment incorporates thionucleotides into the 3' 

recessed termini of tester cDNA using 5' -> 3' polymerase activity. To terminate the 

reaction and purify resulting thionucleotide incorporated tester cDNA, each reaction was 

extracted once with an equal volume of phenol:chloroform:iso-amyl alcohol (25:24:1), 

and once with an equal volume of chloroform:iso-amyl alcohol (24:1). Thionucleotide 

incorporated tester cDNA was precipitated overnight at -20°C following the addition of 

10% of the volume of 2.5 M sodium acetate (pH4.8), and 2.2 volumes of 100% ethanol. 

To pellet tester cDNA each sample was centrifuged at 10 000 rpm for 30 minutes at 4°C. 

Each pellet was washed once with 70% ethanol to remove excess salts. Each pellet was 

then re-suspended in hybridization buffer (40mM Tris-HCl (pH8.8) and 4 mM EDTA) 

and quantified by UV absorbance at 260 nm. 

2.10.3.2 Driver cDNA PCR Amplification 

Driver cDNA was PCR amplified under conditions which allowed for further 

differentiation from tester cDNA. Uracil nucleotides were incorporated into driver 

cDNA in place of thymine, thereby creating a population of cDNA susceptible to Uracil-

DNA glycosylase digestion (Sugai et al., 1998). 5 \i\ of product from the reverse 

transcription reaction was used as template for this reaction. 10 u.1 of 5X WB buffer, 2 |il 

of driver population specific universal primer (GGT GTG TGG TTT GTG GTT GGT 

TTG GCU G (10 pmol/ul)), 1 ul of dNTPs (2.5 mM dATP 2.5 mM dCTP 2.5 mM dGTP 

2.5 mM dUTP), 2.5 ul of DMSO, 29 ul of DEPC treated ddw and 0.5 ul of Taq 

polymerase was added to the template. Driver cDNA PCR amplification was performed 

as follows; an initial five-minute denaturation step at 94°C, followed by 30 cycles of 

94°C for 30 seconds, 55.5°C for 45 seconds for primer annealing and 72°C for 4 minutes 

to allow for primer extension. Finally, a 15-minute incubation at 72°C was performed to 

ensure complete strand elongation. Amplified driver cDNA was then precipitated 

overnight at -20°C following the addition of 2.2 volumes of 100% ethanol and 10% of 

the volume of 2.5 M sodium acetate, pH 4.8. To pellet the cDNA each sample was 

centrifuged at 10 000 rpm for 30 minutes at 4°C. Each pellet was re-suspend in pre-
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hybridization buffer (40mM Tris-HCl (pH8.8) and 4 mM EDTA). It was then necessary 

to measure driver cDNA concentration by UV absorbance for the next step in the 

subtractive hybridization protocol. 

2.10.4 Strand Separation and Re-association 

Duplex cDNA from each population was mixed and then heated to dissociate double 

stranded cDNA. A phenol emulsion re-association technique (PERT) that optimizes 

strand re-association was used (Kohne et al., 1977). This step ensures that single 

stranded cDNA found in both populations (representing genes expressed during both 

modes of growth) can re-anneal with either tester or driver single stranded cDNA 

creating tester-driver heterohybrid, driver-driver homohybrid or tester-tester homohybrid 

double stranded cDNA. Briefly, 0.5 ug of thionucleotide incorporated tester cDNA was 

mixed with 5.0 ug of driver cDNA in 126 ul of pre-hybridization buffer. Duplex cDNA 

was denatured by heating at 95°C for 5 minutes. Immediately following heating, 334 ul 

of 3 M NaSCN, and 40 ul of phenol were added to the mixture. Thus, a final 

concentration of 2 M NaSCN and 8% phenol, in a final volume of 500 ul was obtained 

which is optimal for PERT. Continuous agitation is required to allow for optimal strand 

re-association. To accomplish this we used a Fisher Vortex Genie 2 Turbo Mixer 

operating at Vi maximum speed for 24 hours. The resulting mixture was then extracted 

once with an equal volume of chloroform.iso-amyl alcohol (24:1). The aqueous phase 

was collected and duplex cDNA was precipitated overnight at -20°C by the addition of 

2.2 volumes of 100% ethanol and 10% 2.5 M sodium acetate (pH 4.8). The cDNA was 

pelleted by centrifugation at 10 000 rpm for 30 minutes at 4 °C. The resultant cDNA 

pellets were re-suspend in ddw. 

After the strand separation and re-association step, three separate populations of cDNA 

should be present; tester-driver heterohybrids, driver-driver homohybrids and tester-tester 

homohybrids. Tester-driver heterohybrids represent duplex cDNA where one strand is 

derived from the tester population and one strand from the driver population. Therefore, 

tester-driver heterohybrids are cDNA to genes commonly expressed in both biofilm and 

planktonic cells. Homohybrid populations of cDNA are duplex cDNA molecules where 
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both strands have originated from the same population. Driver-driver homohybrids will 

be the most abundant of the three populations as a result of excess driver cDNA used in 

the hybridization. cDNA from the driver-driver homohybrid population will contain both 

genes uniquely expressed in planktonic cells as well as genes expressed during both 

modes of growth which re-annealed simply because of excess driver cDNA used during 

the re-association. Tester-tester homohybrid cDNA represents cDNA in which both 

strands have been derived from the less abundant tester population. After three rounds of 

subtraction the tester-tester homohybrid population will contain cDNA representing 

bacterial transcripts preferentially expressed during growth as a biofilm. 

2.10.5 Uracil DNA Glycosylase and Nuclease SI digestion 

Treatment with uracil DNA glycosylase (UNG) will remove uracil residues from driver 

cDNA and will not affect tester cDNA. The 5.5 u.g of tester-driver heterohybrid, driver-

driver homohybrid, and tester-tester homohybrid cDNA were re-suspended in 20 ul of 

UNG reaction buffer (60 mM Tris-HCl (pH 8.8), 1 mM EDTA, 1 mM DTT and 0.1 

mg/ml BSA). Next 8 units of Uracil-DNA glycosylase (Boehringer Mannheim) was 

added and incubated for 30 minutes at 37°C to remove uracil residues from driver cDNA. 

A subsequent digestion with Nuclease S1 removed all resultant single strands of tester 

cDNA formed after UNG digestion. 20 u.1 of 10 X Nuclease SI reaction buffer (330 mM 

sodium acetate (pH 4.5), 500 mM NaCl and 0.3 mM ZnCb), was added and the reaction 

volume brought up to 200 u.1 with ddw. Next, 60 units of Nuclease SI was added to the 

reaction mix and digestion was allowed to proceed for 30 minutes at 37°C. To terminate 

the reaction, the mixture was extracted once with an equal volume of 

phenol:chloroform:iso-amyl alcohol (25:24:1), and once with an equal volume of 

chloroform:iso-amyl alcohol (24:1). The samples were precipitated overnight at -20°C 

by the addition of 2.2 volumes of 100% ethanol and 0.1 volumes of 2.5 M sodium acetate 

(pH 4.8). The samples were centrifuged at 13 000 rpm for 30 minutes at 4°C to pellet the 

cDNA. The Uracil-DNA glycosylase/Nuclease SI digested cDNA was re-suspended in 

10 ul of pre-hybridization buffer. The only molecules remaining should be tester-tester 

homohybrid duplex cDNA. 



74 

2.10.6 Subsequent Rounds of Subtraction 

After only one round of subtracting tester cDNA from driver cDNA (using a 10 fold 

excess of driver cDNA) it is still possible that complementary tester cDNA strands will 

anneal despite the same strands presence in the driver population. This could result in a 

high proportion of false positives. As such, two additional rounds of subtractive 

hybridization were performed by adding new driver cDNA to previously subtracted tester 

cDNA. With each round of subtraction the likelihood of identifying false positives 

decreases. 

5 u.g of the original uracil nucleotide-incorporated driver cDNA was added to the already 

subtracted tester cDNA in a total volume of 24.4 u.1 in pre-hybridization buffer. As 

before, the mixture was heated to 95°C to dissociate duplex cDNA. Next, 68 u.1 of 3 M 

NaSCN and 8 uJ of phenol was added and the phenol emulsion re-association technique 

was performed as previously described to promote new duplex formation. As before, 

resultant tester-tester homohybrid, driver-driver homohybrid and tester-driver 

heterohybrid cDNA populations were digested with Uracil-DNA glycosylase and 

Nuclease SI. A total of three rounds of subtraction were performed, each time adding 5 

fj.g of the original uracil incorporated driver cDNA to the subtracted tester cDNA. With 

each round of subtraction the proportion of tester-tester homohybrid and tester-driver 

heterohybrid cDNA molecules decreases while the proportion of driver-driver 

homohybrids increases. This occurs because cDNA to genes expressed during both 

biofilm and planktonic modes of growth are progressively eliminated. After three rounds 

of subtraction have been completed, the remaining cDNA was precipitated with the 

addition of 2.2 volumes of 100% ethanol and 0.1 volumes of 2.5 M sodium acetate (pH 

4.8) overnight at -20°C. The precipitate was centrifuged at 13 000 rpm for 30 minutes at 

4°C to pellet the remaining cDNA. The three round subtracted tester cDNA pellet was 

re-suspended in 10 u.1 ddw and stored at -20°C. 

2.10.7 Exonuclease Digestion 

To eliminate contaminating driver cDNA molecules, two exonuclease digestions were 

performed. The 3' termini of the tester cDNA molecules were protected from 
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exonuclease activity by thiodiester bonds whereas driver cDNA molecules remained 

susceptible. In a total volume of 200 ul of Exonuclease III reaction buffer (66 mM Tris-

HC1 (pH 7.6), 0.66 mM MgCl2 and 1 mM 3-mercaptoethanol) the subtracted tester cDNA 

was digested with 300 units of Exonuclease III (Boehringer Mannheim) at 37°C for 10 

minutes. Exonuclease III rapidly degrades all cDNA molecules by cleaving 

phosphodiester bonds through a 3' -> 5' exonuclease activity. After 10 minutes, 3 ul of 

0.5 mM EDTA and 20 u.1 of 0.5 M potassium phosphate buffer (pH 7.6) were added to 

inhibit the activity of Exonuclease III. Next, 20 units of Exonuclease VII (Amersham 

Life Science) was added and the mixture was incubated for 30 minutes at 37°C to allow 

for digestion. Exonuclease VII specifically degrades residual single stranded cDNA 

molecules released after Exonuclease III digestion. To terminate the reaction and isolate 

resultant tester-tester homohybrid cDNA, the mixture was extracted once with an equal 

volume of phenolxhloroformiso-amyl alcohol (25:24:1) and once with an equal volume 

of chloroform:iso-amyl alcohol (24:1). The samples were precipitated overnight at -

20°C following the addition of 2.2 volumes of 100% ethanol and 0.1 volumes of 2.5 M 

sodium acetate (pH 4.8). The samples were centrifuged at 13 000 rpm for 30 minutes at 

4°C to pellet tester-tester homohybrid cDNA. The resultant pellets were re-suspended in 

5-20 ul of ddw and stored at -20°C. 

2.10.8 Cloning Subtracted Tester cDNA 

Once the subtractive hybridization procedure has been completed, the only remaining 

cDNA molecules are tester-tester homohybrids. After several rounds of subtractive 

hybridization the amount of duplex tester cDNA will be greatly diminished. These few 

remaining tester-tester cDNA homohybrid molecules represent genes either uniquely or 

hyper-expressed during growth as a biofilm. To increase the copy number and therefore, 

the likelihood of cloning these fragments, one final round of PCR amplification was 

performed. Five u.1 of subtracted cDNA was added to 10 ul of 5X WB buffer, 2 u.1 of 

tester population specific primer (10 pmol/ul) (GTG TTG TGT GTT TGG TGG GTG 

TTG G), 1 ul of dNTPs (2.5 mM dATP, 2.5 mM dCTP, 2.5 mM dGTP, 2.5 mM dTTP), 

2.5 ul of DMSO, 29 ul of DEPC treated ddw and 0.5 ul of Taq polymerase (Gibco BRL). 
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PCR amplification was performed as follows; a five minute denaturation step at 94°C, 

followed by 30 cycles of 94°C for 30 seconds, 55.5°C for 45 seconds, and 72°C for 4 

minutes. Finally a 15-minute elongation step was performed at 72°C to ensure complete 

strand elongation. 

Next, 5-10 ul of the PCR reaction product was run on an agarose gel to determine if 

amplification had occurred. When amplification was successful, cloning of the products 

was necessary for further characterization. Ligating the subtracted tester-cDNA into a 

general cloning vector allows for sequencing as the first step in characterization. As Taq 

polymerase adds a 3' A tail to all PCR products, cloning of PCR products is most 

efficient when using T-tailed cloning vector kits. To this end, 3 \x\ of the PCR amplified 

subtracted tester cDNA was added to 1 ul of 10 X DNA ligase buffer, 5 ul of ddw, 1 ul 

of pCR2.1 t-tailed cloning vector (InVitrogen), and 1 u,l of DNA ligase (InVitrogen). 

The ligation was incubated overnight at 16°C and transformed into E. coli JM109 

competent cells. Transformants were identified based on blue white selection following 

growth on LB agar supplemented with 100 ug/ml of ampicillin, 16 |J.g/ml X-Gal and 50 

uM IPTG. Plasmids identified with potential inserts were isolated and sent to the 

University of Calgary Core DNA Sequencing Services for automated sequencing. 
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Chapter 3: Results: 

The Role of Specific Virulence Factors in Biofilm Formation and Phenotype 

Bacterial biofilms are a common cause of persistent infections in a number of medical 

conditions, including cystic fibrosis. Biofilms are microcolonies of adherent bacteria 

entrenched within a complex and highly heterogeneous extracellular matrix. 

Physiological features associated with biofilm growth have been well characterized and 

include a marked increase in resistance to antibacterial agents and host immune response. 

However, the molecular mechanisms involved in biofilm formation and maintenance are 

only beginning to be investigated. In order to identify factors involved in biofilm 

formation or contributing to biofilm phenotypic traits such as recalcitrant resistance to 

antibiotics, we examined how several previously characterized virulence factors affected 

biofilm formation and antibiotic resistance. Biofilm formation rates, and final biofilm 

sizes of P. aeruginosa strains with varied level of alginate production were compared in 

order to assess the impact of alginate production on biofilm formation and phenotype. 

The contribution of RND-type antibiotic efflux pumps to biofilm antimicrobial resistance 

was examined using strains lacking or over-expressing several of the well characterized 

efflux pump operons. Lastly, a role for the GacA/GacS global activator two component 

regulatory system involved in P. aeruginosa virulence was examined for biofilm 

formation and maintenance. 

3.1 The Role of Alginate in Biofilm Formation and Antibiotic Resistance 

3.1.1 Biofilm Formation by P. aeruginosa Strains With Varying Levels of 

Alginate Production 

Alginate has long been proposed to be the major component of the extracellular 

polymeric matrix which encompasses individual component biofilm cells (Boyd and 

Chakrabarty, 1995). However, little experimental evidence supports this theory. In order 

to assess the validity of this theory we examined how varying levels of alginate 

production affected the rate of biofilm formation and final biofilm size (CFU/peg). We 

compared the biofilm formation ability of several isogenic and non-isogenic P. 

aeruginosa strains which produce varied amounts of alginate. Initial growth curves 
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assessed biofilm formation ability of four non-isogenic strains of P. aeruginosa. P. 

aeruginosa PAOl, the prototypical laboratory strain, produces the lowest levels of 

alginate and is least mucoid of the strains tested. P. aeruginosa FRD1, a mucoid 

laboratory strain, produces significantly higher levels of alginate. Alternatively, P. 

aeruginosa strains 6106 and 4384 are both isolates obtained from sputum samples of 

chronically infected CF patients. P. aeruginosa 6106 is a very high alginate producer, 

forming the most mucoid colonies, whereas P. aeruginosa 4384 is a non-mucoid strain 

and produces the second lowest levels of alginate. 

These four strains were independently grown in the MBEC M device for a 24 hour 

period, with sampling taking place throughout the growth curve. The rate of biofilm 

growth of each strain is shown in Figure 2. The non-mucoid laboratory strain, PAOl, 

formed biofilms faster than all other strains examined. Biofilms were formed second 

fastest by the non-mucoid CF clinical isolate, 4384. Strains 6106 and FRD1, which 

produce much higher levels of alginate, produce biofilms considerably slower. The 

results suggest a correlation of decreased biofilm formation ability with higher levels of 

alginate production. 

P. aeruginosa strains PAOl, FRD1, 6106 and 4384 likely differ in a multitude of factors 

other than alginate production. As such, in order to establish a more credible correlation 

regarding the effects of alginate production on biofilm formation ability, we wished to 

perform these studies on strains which produce varying levels of alginate, but have 

identical isogenic backgrounds. P. aeruginosa strain 6106 is a high alginate producing 

mucoid strain. Previous studies have established that by transforming this strain with 

plasmids which alter the level of LasR within the cell, there is a change in transcription of 

algD, and a corresponding change in the production of alginate (Kirkham and Storey, 

unpublished data). It has been demonstrated that when P. aeruginosa 6106 is 

transformed with the plasmid pMJG1.7, a multi-copy vector over-expressing the LasR 

transcriptional activator, alginate production increases several fold. However, when 

strain 6106 is transformed with the plasmid pTS400, a multi-copy vector containing a 

LasR binding site, alginate production decreases correspondingly. The plasmid pUCSF 
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Figure 2: Biofllm formation growth curves of non-isogenic P. aeruginosa strains 

PAOl, FRD1, 6106 and 4384. 

MBEC™ devices were independently inoculated with a 25 ml secondary culture 

consisting of 107 cells/ml in TSB. P. aeruginosa PAOl, FRD1, 4384 and 6106 biofilms 

were grown for 24 hours at 35°C with constant shear force. Samples were taken every 

hour for the first 8 hours of growth with a final sampling at 24 hours. Biofilm samples 

were taken by dislodging a single peg from the device and sonicating to disrupt the 

individual biofilm component cells. All samples were serial diluted in 0.9% saline and 

spot plated onto TSA plates for CFU determination. Each sampling was performed in 

duplicate and the averaged value is plotted. 
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is a control plasmid which does not effect the level of alginate production. Each of the 

these three plasmids were electroporated into P. aeruginosa strain 6106 generating P. 

aeruginosa 6106 (pTS400), 6106 (pUCSF) and 6106 (pMJG1.7). 

Each transformed 6106 strain was grown in the MBEC™ device with TSB + 400 ug/ml 

carbenicillin as growth media, for 24 hours, with sampling taking place throughout the 

growth curve (Figure 3). The same trends were observed with isogenic P. aeruginosa 

strains as with non-isogenic strains. The lowest alginate producing strain 6106 (pTS400) 

formed biofilms the fastest, and the highest alginate producer 6106 (pMJG1.7) formed 

biofilms at the slowest rate. Results from these studies confirm previous findings and 

indicate that over-production of alginate may in fact be detrimental to biofilm 

development and maturation. 

3.1.2 The Effects of Varying Levels of Alginate Production on Biofilm 

Antibiotic Susceptibility 

In order to establish if varying levels of alginate production had a similar effect on the 

antibiotic resistance of biofilms, antibiotic susceptibility profiling was performed on each 

of the four non-isogenic P. aeruginosa strains; PAOl, FRD1, 6106 and 4384. MBEC 

devices were independently inoculated with 25 ml TSB + 400 (ag/ml carbenicillin 

secondary culture consisting of 107 cells/ml. Each strain was grown in the MBEC 

device for a predetermined time to attain a final biofilm population size of approximately 

106 cells/peg. Biofilms were then transferred to antibiotic challenge plates and incubated 

overnight at 35°C. Antibiotic challenge plates were made up of amikacin, aztreonam, 

ciprofloxacin, ceftazidime, gentamicin-sulfate, imipenem, piperacillin and tobramycin at 

concentrations ranging from 2 ug/ml to 1024 ug/ml in CA-MHB. The following day, 

biofilm lids were transferred to a recovery plate, sonicated to release individual 

component cells and incubated overnight to allow for growth of surviving bacteria. The 

optical density of each well in the antibiotic challenge plate was read as a measure of 

planktonic bacteria antibiotic susceptibility. Growth in the recovery plates was assessed 

by turbidity. MBEC values are reported as the lowest concentration of antibiotic at 

which there was no growth in the recovery plate. 
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Figure 3: Biofilm formation growth curves of isogenic P. aeruginosa 6106 

transformed with pMJG1.7, pUCSF and pTS400. 

Biofilms of/5, aeruginosa 6106 (pMJG1.7), 6106 (pUCSF) and 6106 (pTS400) were 

grown independently in MBEC devices. MBEC devices were independently 

inoculated with 25 ml TSB + 400 ng/ml carbenicillin secondary cultures of each strain 

consisting of 107 cells/ml. Biofilms were grown for 24 hours at 35°C with constant shear 

force. Biofilm samples were quantified by removing individual pegs, and sonicated to 

release individual biofilm component cells. Samples were serial diluted in 0.9% saline 

and spot plated onto TSA plates for sample enumeration. Each time point sampling was 

performed in duplicate and the results shown are the average of the two counts. The 

plasmids transformed into P. aeruginosa 6106 act to vary the level of LasR in each 

population, and as such induce a corresponding change in the production of alginate. 

Plasmid pMJG1.7 has the complete lasR gene and increases production of alginate. 

Plasmid pTS400 acts to decrease the amount of LasR in a cell and thereby decreases 

alginate production. Plasmid pUCSF is a control plasmid and does not alter alginate 

production. 
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The antibiotic susceptibility profiles of biofilm and planktonic populations of P. 

aeruginosa strains PAOl, FRD1, 6106, and 4384 are shown in Table 6A-D. It is 

apparent that in all cases MBEC values are considerably greater than MIC values 

demonstrating the recalcitrant resistant nature of biofilms. However, a general trend that 

was observed was the more mucoid the strain, the lower its resistance to antibiotic 

therapy during biofilm growth. As biofilm inoculum was equal for each strain, this may 

be a consequence of mucoid strains of P. aeruginosa producing poorer biofilms, 

confirming our earlier observations (Figures 2 and 3). 

3.2 The Role of RND-Type Antibiotic Efflux Pumps in Biofilm Antibiotic 

Resistance 

P. aeruginosa possess an impressive array of antibiotic efflux systems which contribute 

to both its high level of innate antibiotic resistance and acquired resistance during 

prolonged antibiotic therapy. The three most characterized efflux pumps are MexAB-

OprM, MexCD-OprJ and MexEF-OprN. These pumps contribute to the efflux of the 

following classes of antibiotics; tetracycline, chloramphenicol, quinolones, novobiocin, 

macrolides, trimethoprim, ^-lactams and P-lactamase inhibitors (Li et ah, 1995; Li et al, 

1998; Poole et al., 1996; Kohler et al, 1997). To characterize the role these pumps play 

in the recalcitrant resistance of P. aeruginosa biofilms to antibiotics, we used a variety of 

antibiotics to challenge biofilms of various isogenic strains in which the individual efflux 

operons were disrupted or hyper-expressed. The role of the MexAB-OprM efflux operon 

was examined using P. aeruginosa strain K767 (wild type), K1119 (K767 AmexAB-

oprM), 766 (AnalB, mexAB-oprM") (Table 7). The role of the MexCD-OprJ efflux 

operon was examined using P. aeruginosa strains K767, K767 AmexCD-oprJ, and K767 

AnfxB (mexCD-oprf) (Table 8). Lastly, the role of the MexEF-OprN efflux operon was 

examined using P. aeruginosa strains 1241 (parental), and 1240 (AnJxC, mexEF-oprrf) 

(Table 9). 
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Table 6 A: Antibiotic susceptibility profile of P. aeruginosa 6106. 

Antibiotic Concentration (u.g/ml) 

Antibiotic MIC MBEC 

Amikacin 8 128 

Aztreonam 4 512 

Ciprofloxacin 8 128 

Ceftazidime 2 256 

Gentamicin 4 128 

Imipenem 2 >1024 

Piperacillin 2 > 1024 

Tobramycin 2 64 

* P. aeruginosa 6106 is a mucoid clinical isolate which produces the highest levels of 

alginate of all strains examined. Biofilms were grown for 7 hours in TSB to reach a 

population size ofl06CFU/peg. 

** MIC is defined as the minimum concentration of antibiotic required to prevent 

planktonic growth. 

*** MBEC is defined as the minimum concentration of antibiotic required to eliminate 

biofilm bacteria and thereby prevent any growth in the recovery plate. 
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Table 6 B: Antibiotic susceptibility profile of P. aeruginosa FRDl. 

Antibiotic Concentration (u.g/ml) 

Antibiotic MIC MBEC 

Amikacin 8 512 

Aztreonam 128 256 

Ciprofloxacin 2 8 

Ceftazidime 16 512 

Gentamicin 4 256 

Imipenem 4 > 1024 

Piperacillin >1024 > 1024 

Tobramycin 4 32 

* P. aeruginosa FRDl is a mucoid laboratory strain which produces the second highest 

levels of alginate of all strains examined. Biofilms were grown for 7 hours in TSB to 

reach a population size ofl06CFU/peg. 

** MIC is defined as the minimum concentration of antibiotic required to prevent 

planktonic growth. 

*** MBEC is defined as the minimum concentration of antibiotic required to eliminate 

biofilm bacteria and thereby prevent any growth in the recovery plate. 
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Table 6 C: Antibiotic susceptibility profile of P. aeruginosa 4384. 

Antibiotic Concentration (ug/ml) 

Antibiotic MIC MBEC 

Amikacin 4 1024 

Aztreonam 512 1024 

Ciprofloxacin 2 64 

Ceftazidime 8 > 1024 

Gentamicin 2 1024 

Imipenem 2 > 1024 

Piperacillin > 1024 > 1024 

Tobramycin 2 128 

* P. aeruginosa 4384 is a non-mucoid clinical isolate which produces the second least 

amount of alginate of all strains examined. Biofilms were grown for 6 hours in TSB to 

reach a population size of 106 CFU/peg. 

** MIC is defined as the minimum concentration of antibiotic required to prevent 

planktonic growth. 

*** MBEC is defined as the minimum concentration of antibiotic required to eliminate 

biofilm bacteria and thereby prevent any growth in the recovery plate. 
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Table 6 D: Antibiotic susceptibility profile of P. aeruginosa PAOl. 

Antibiotic Concentration (ug/ml) 

Antibiotic MIC MBEC 

Amikacin 4 1024 

Aztreonam 1024 > 1024 

Ciprofloxacin 8 128 

Ceftazidime 32 > 1024 

Gentamicin 4 1024 

Imipenem 8 > 1024 

Piperacillin > 1024 > 1024 

Tobramycin 2 128 

* P. aeruginosa PAOl is a non-mucoid laboratory strain which produces the lowest 

levels of alginate of all strains examined. Biofilms were grown for 6 hours in TSB to 

reach a population size ofl06CFU/peg, 

** MIC is defined as the minimum concentration of antibiotic required to prevent 

planktonic growth. 

*** MBEC is defined as the minimum concentration of antibiotic required to eliminate 

biofilm bacteria and thereby prevent any growth in the recovery plate. 



89 

Table 7: Contribution of the MexAB-OprM efflux operon to antimicrobial 

susceptibility of P. aeruginosa biofilms. 

Antibiotic WT K767 K1119 (AmexAB-

oprM) 

K766 OCR1 (AnalB; 

hyper-mexAB-oprM) 

Aztreonam 1024 512 > 1024 

Chloramphenicol 1024 1024 > 1024 

Ciprofloxacin 16 <2 8 

Erythromycin 1024 1024 > 1024 

Gentamicin 16 4 32 

Piperacillin 1024 1024 > 1024 

Tetracycline 512 128 > 1024 

Tobramycin 64 16 512 

* The following strains were used to assess the contribution of the MexAB-OprM efflux 

operon to the high levels of biofilm antibiotic resistance. 

P. aeruginosa strain K767 is the wild type strain and expresses wild-type levels of 

the mexAB-oprM operon. Neither the mexCD-oprJ nor the mexEF-oprN operons 

are normally expressed in this strain. 

P. aeruginosa strain K1119 is a K767 derivative in which the mexAB-oprM 

operon is disrupted, such that it is no longer expressed. 

P. aeruginosa strain K766 OCR1, also a K767 derivative, hyper-expresses the 

mexAB-oprM operon. 

- r - w 

** Biofilms were formed following 6 hours of growth in the MBEC device with TSB 

as the growth media. Biofilm size reached approximately 106 CFU/peg for each strain 

tested. 

*** All biofilm susceptibility values are recorded as MBEC. MBEC vales are reported in 

ug/ml. 
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Table 8: Contribution of the MexCD-OprJ efflux operon to antimicrobial 

susceptibility of P. aeruginosa biofilms. 

Antibiotic WT K767 K767 AmexCD-

oprJ 

K767 AnfxB ( hyper-

mexCD-oprJ) 

Aztreonam 1024 1024 1024 

Chloramphenicol 1024 1024 1024 

Ciprofloxacin 16 16 16 

Erythromycin 1024 1024 1024 

Gentamicin 16 64 64 

Piperacillin 1024 1024 1024 

Tetracycline 512 512 512 

Tobramycin 64 32 32 

* Three strains were used to assess the contribution of the MexCD-OprJ efflux operon to 

biofilm antibiotic resistance. 

P. aeruginosa strain K767 is the wild type strain and expresses wild-type levels of 

the mexAB-oprM operon. Neither the mexCD-oprJ nor the mexEF-oprN operons 

are normally expressed in this strain. 

P. aeruginosa strain K767 AmexCD-oprJ has a disruption in the mexCD-oprJ 

operon which is normally non-functional, however, this ensures that expression 

cannot be induced under any conditions. 

P. aeruginosa strain K767 AnJxB, also a K767 derivative, hyper-expresses the 

mexCD-oprJ operon. 

** Biofilms were formed following 6 hours of growth in the MBEC™ device with TSB 

as growth media. Biofilm size reached approximately 106 CFU/peg for each strain tested. 

*** All biofilm susceptibility values are recorded as MBEC. MBEC vales are reported in 

Hg/ml. 
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Table 9: Contribution of the MexEF-OprN efflux operon to antimicrobial 

susceptibility of P. aeruginosa biofilms 

Antibiotic Strain 1241 Strain 1240 

Aztreonam > 1024 1024 

Chloramphenicol > 1024 > 1024 

Ciprofloxacin 2 64 

Erythromycin > 1024 >1024 

Gentamicin 8 4 

Piperacillin > 1024 > 1024 

Tetracycline > 1024 1024 

Tobramycin 128 64 

* Two P. aeruginosa strains were used to assess the contribution of the MexEF-OprN 

efflux operon to the high level of biofilm antibiotic resistance. 

Wild-type PA02375 (strain 1241) is a parental strain which expresses the mexEF-

oprN operon. 

Strain 1240, a 1241 derivative which hyper-expresses the mexEF-oprN operon 

because of a mutation in nJxC. 

** Biofilms of each strain were independently formed following 6 hours of growth in 

TSB in the MBEC™ device. Biofilm size reached approximately 106 CFU/peg for both 

strains. 

*** All biofilm susceptibility values are recorded as MBEC. MBEC vales are reported in 

ug/ml. 
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For all three studies, biofilms were grown for 6 hours to attain a final biofilm size of 

approximately 10 CFU/peg. Biofilms of each mutant and wild-type strain were then 

briefly rinsed in 0.9% saline before transfer to antibiotic challenge plates. Biofilms of 

both strains were challenged with each of the following antibiotics; aztreonam, 

chloramphenicol, ciprofloxacin, erythromycin, gentamicin-sulfate, piperacillin, 

tetracycline, and tobramycin overnight at 35°C in concentrations ranging from 2 - 1024 

ug/ml. After antibiotic challenge, biofilm plates were transferred to 96 well microtitre 

plates containing 200 u.1 CA-MHB and sonicated. Individual component biofilm cells 

were released and allowed to grow overnight at 35°C. Growth in the recovery plates was 

assessed by turbidity. MBEC values are reported as the lowest concentration of antibiotic 

at which there was no growth in the recovery plate. 

Several trends are obvious from this data and implicate minor roles of RND-type 

antibiotic efflux pumps in biofilm antibiotic resistance. Table 7 demonstrates the 

contribution of the normally expressed mexAB-oprM efflux operon to biofilm antibiotic 

resistance. MexAB-OprM appears to mediate efflux of aztreonam, ciprofloxacin, 

gentamicin, tetracycline and tobramycin from biofilms. However, even when the mexAB-

oprM operon is disrupted, high levels of resistance remain. Table 8, demonstrates the 

contribution of the mexCD-oprJ efflux operon to biofilm phenotypic antibiotic resistance. 

From this data it appears that MexCD-OprJ does not directly contribute to the efflux of 

antibiotics from biofilms. Lastly, Table 9 displays the role played by the mexEF-oprN 

efflux system to biofilm antibiotic resistance. Data from these studies indicated that 

MexEF-OprJ may play a minor role in biofilm ciprofloxacin resistance, but does not 

significantly effect the efflux of other antibiotics tested. From these studies it is apparent 

that altering levels of expression of the three well characterized antibiotic efflux pumps 

does not sufficiently effect the antibiotic susceptibility profile of P. aeruginosa biofilms 

to solely account for the extremely high level of biofilm antibiotic resistance. 
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3.3 The Role of the GacA/GacS Two Component Regulatory System in Biofilm 

Formation. 

3.3.1 Biofilm Formation Ability of P. aeruginosa PAH gacA' strain 

The GacA/GacS two component global activator system is an important global regulator 

of virulence in P. aeruginosa (Reimann et al, 1997). This regulon has extremely broad 

regulatory effects, and has been shown to effect production of PAI-2, pyocyanin, cyanide 

and lipase. Because a broad range of activities are under the control of the gacA/gacS 

regulon, we explored a potential role for this regulatory element in biofilm formation. 

Initial studies compared the biofilm formation ability of a gacA' derivative of P. 

aeruginosa PAH relative to two control strains. P. aeruginosa PAH wild type is the 

parental strain of PAH gacA', and as such was an obvious control (Rahme et al., 1995). 

P. aeruginosa PAH toxA' was constructed using the same GmR cassette to disrupt the 

toxA gene as for the gacA' mutant. Because ETA does not play a role in biofilm 

formation, this strain was chosen as an additional control strain. 

P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' were each grown in the 

MBEC™ device with TSB as the growth media, at 35°C for 24 hours. Over the course of 

this growth period samples were taken every other hour up to 12 hours and then once at 

16 hours, and finally after 24 hours of growth. Comparison of biofilm formation rates of 

each PAH derived strain revealed that PAH gacA' forms biofilms at a rate 10 fold 

slower than either of the control strains; PAH wild type or PAH toxA' (Figure 4) 

However, no significant difference in the planktonic growth rate of PAH gacA' was 

observed when compared to the two control strains. These results suggest that gacA 

expression is required for optimal biofilm formation. 

3.3.2 Construction of a Multi-Copy Vector Expressing gacA 

To ensure that the observed trends were correct, complementation analysis of the PAH 

strains using a constructed gacA expression vector was performed. The gacA gene plus 

flanking genomic DNA was PCR amplified from the P. aeruginosa PAOl genome and 

cloned into pCR2.1™. gacA was then further sub-cloned into pUCP19 to permit stable 

replication in Pseudomonas, generating the vector pUCP-gacA (Figure 5). This plasmid 
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Figure 4: Growth curve analysis of biofilm formation ability of P. aeruginosa PA14 

gacA\ relative to wild type PAH, and a control toxA derivative. 

Growth curves were performed on P. aeruginosa PA14 wild type, PA14 toxA' and PA14 

gacA' to investigate a potential role for the GacA/GacS two component regulatory system 

in biofilm formation. P. aeruginosa PA14 wild type, PA14 toxA' and PA14 gacA" were 

independently inoculated into an MBEC™ device and grown for 24 hours. Bacterial 

inoculums consisted of a secondary culture of 2.5 x 108 cells in 25 ml of TSB. Samples 

were performed every other hour for the first 12 hours of growth, followed by a sampling 

at 16 hours and a final sampling at 24 hours. Biofilm (Biofilm) samples were taken by 

removing an individual peg using sterile pliers. Pegs were sonicated to release individual 

component cells and serial diluted in 0.9% saline. Planktonic sampling (Plank) was 

performed by removing 20 |il of culture from the growth vessel and serial diluting in 

0.9% saline. CFU counts were determined following spot plating on TSA plates. 

Duplicate samples were performed at each time point, and the average of the two are 

shown. (gacA-, and gacA2- are two independent clones of P. aeruginosa PAH gacA'). 
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Figure 5: Construction of pVCP-gacA; multi-copy vector expressing gacA. 

Pfu was used to PCR amplify and clone the 772 bp gacA gene, plus the 430 bp upstream 

and 452 bp downstream regions from the PAOl genome. The 1654 bp PCR product was 

ligated into the pCR2.1™ cloning vector, creating pCR2A-gacA. Sequence analysis 

confirmed no alterations in the sequence of gacA relative to the PAOl genome had 

occurred during PCR amplification. pCR2.\-gacA was digested with EcoRl to yield a 

1667 bp fragment containing gacA. pUCP19 was similarly digested with £coRI to 

linearize the 4.5 kb plasmid. The two fragments were isolated by gene clean and ligated 

together using T4 DNA ligase. The resultant plasmid was called pUCP-gacA and is 

capable of replication in Psendomonas. This plasmid was electroporated into P. 

aeruginosa PA14 wild type, PA14 toxA' and PA14 gacA' for growth curve analysis. 
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was transformed into each of PA14 wild type, PA14 gacA' and PA14 toxA' by 

electroporation. 

3.3.3 The Effect of Multi-Copy gacA on Biofilm Formation of P. aeruginosa 

PAH wild-type, toxA' and gacA' 

Growth curves over a 48 hour period were performed on each transformed strain to 

determine if gacA provided in trans would complement the biofilm formation defect of 

PA14 gacA'. Furthermore, the effects of over-expressing gacA on the biofilm formation 

ability of PA14 wild type and PA14 toxA' could be determined from these growth curves. 

Each strain was grown in TSB + 400 ug/ml carbenicllin, inoculated in the MBEC™ 

device at 35°C with constant shear force. Biofilm and planktonic samples were taken, 

serial diluted and spot plated for sample enumeration at each time point. It is readily 

apparent that p\JC?-gacA complemented the biofilm formation defect of PA14 gacA' 

(Figures 6 and 8). However over-expression of gacA did not significantly alter the 

biofilm formation ability of PA14 wild type or PAH toxA'. 

To eliminate the possibility of the vector or antibiotic effects altering the biofilm 

formation ability of PAH strains, a control vector, pUCSF, was electroporated into each 

of P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' strains. Biofilm growth 

curves were performed on each strain transformed with the control vector in 25 ml of 

TSB + 400 ug/ml carbenicillin using the MBEC™ device. Biofilm and planktonic 

samples were taken at pre-determined time points, serial diluted and plated on TSA to 

determine CFU (Figure 7). From these growth curves it is apparent that neither 

transformation with the plasmid pUCSF, nor the presence of carbenicillin for plasmid 

maintenance effected the biofilm formation defect of PAH gacA' (Figures 7 and 8) As 

such, we concluded that the complementation of the PAH gacA' biofilm formation defect 

by pUCP-gacA is solely due to the presence of the gacA gene. 
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Figure 6: Growth curve analysis of biofilm formation ability of P. aeruginosa PAH 

gacA', PAH wild type and PAH toxA transformed with pUC¥-gacA. 

Growth curves were performed on P. aeruginosa PA14 wild type (pUCP-gacA), PAH 

toxA' (pUC?-gacA) and PAH gacA' (pUC?-gacA). Analysis of PAH gacA' (pUCP-

gacA) biofilm formation will determine whether the biofilm formation defect of PAH 

gacA' is abrogated when gacA is provided in trans on the multi-copy vector pUCP19. 

Growth curves of P. aeruginosa PAH wild type and PAH toxA' transformed with 

pUCP-gacA were performed to investigate the effects of over-expressing gacA on the 

relative biofilm formation ability of each organism. Biofilm and planktonic populations 

were grown in the MBEC device in TSB supplemented with 400 u.g/ml carbenicillin 

for a 48 hour period. Bacterial inoculums consisted of a secondary culture of 2.5 x 108 

cells in 25 ml of TSB. Samples were taken every other hour for the first 12 hours of 

growth, followed by a sampling at 16 hours and a final sampling at 24 hours. Biofilm 

samples (biofilm) were taken by removing an individual peg using sterile pliers. Pegs 

were sonicated to release individual component cells and serial diluted in 0.9% saline. 

Planktonic sampling (plank) was performed by removing 20 u.1 of culture from the 

growth vessel and serial diluting in 0.9% saline. CFU counts were determined following 

spot plating on TSA plates. Duplicate samples were performed at each time point, and 

the average of the two are shown. 
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Figure 7: Growth curve analysis of biofilm formation ability of P. aeruginosa PA14 

wild type, toxA and gacA', transformed with the multi-copy control vector pUCSF. 

Growth curves were performed on P. aeruginosa PAH wild type, PAH toxA' and PAH 

gacA' transformed with the multi-copy control vector pUCSF. Growth curves will 

determine whether the vector used to provide gacA in trans has an effect on biofilm 

formation ability. Biofilm and planktonic populations were grown in the MBEC™ 

device in TSB supplemented with 400 ug/ml carbenicillin for a 24 hour period. Bacterial 

inoculums consisted of a secondary culture of 2.5 x 108 cells in 25 ml of TSB. Samples 

were performed every other hour for the first 12 hours of growth, followed by a sampling 

at 16 hours and a final sampling at 24 hours. Biofilm samples (Biofilm) were taken by 

removing an individual peg using sterile pliers. Pegs were sonicated to release individual 

component cells and serial diluted in 0.9% saline. Planktonic sampling (Plank) was 

performed by removing 20 JJ.1 of culture from the growth vessel and serial diluting in 

0.9% saline. CFU counts were determined following spot plating on TSA plates. 

Duplicate samples were performed at each time point, and the average of the two are 

shown. 
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Figure 8: Comparison of the biofilm formation ability of P. aeruginosa PA14 wild 

type, PAH toxA' and PA14 gacA', grown in the MBEC™ device as unaltered strains 

or strains transformed with the multi-copy vectors pUCY-gacA or pUCSF. 

This represents the combined data from Figures 4, 6, and 7, which enables the 

comparison of relative biofilm formation ability of strains PAH, PAH toxA' and PAH 

gacA', and of these strains transformed with pUCP-gacA or the control vector pUCSF. 

Biofilms were grown in the MBEC™ device with TSB as the liquid growth media for 24 

hours. Strains transformed with the plasmids pUCSF or pUCP-gacA were grown in TSB 

supplemented with 400 ng/ml carbenicillin for plasmid maintenance. Bacterial 

inoculums consisted of a secondary culture of 2.5 x 108 cells in 25 ml of TSB. Samples 

were performed every other hour for the first 12 hours of growth, followed by a sampling 

at 16 hours and a final sampling at 24 hours. Biofilm samples were taken by removing an 

individual peg using sterile pliers. Pegs were sonicated to release individual component 

cells and serial diluted in 0.9% saline. CFU counts per peg were determined by spot 

plating on TSA plates. Duplicate samples were performed at each time point, and the 

average of the two are shown. Final biofilm size at 4, 10 and 24 hours are compared 

between the 10 strains. 
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3.3.3 Microscopic Analysis of Biofilms Formed by P. aeruginosa PAH gacA' 

compared to PAH wild type and PAH toxA 

We wished to determine if the decrease in biofilm formation ability of PA14 gacA' was 

the result of morphological changes in the biofilms it formed. P. aeruginosa PA14 wild 

type, PA14 toxA' and PAH gacA' were grown in the MBEC™ device for 48 hours to 

allow for mature biofilm development. Biofilms were fixed, dehydrated, mounted on 

SEM pins, and coated with heavy metal. Biofilms of each strain were visualized by 

scanning electron microscopy (SEM) to identify changes in biofilm architecture (Figure 

9). Clear differences were observed in biofilms formed by P. aeruginosa PA14 gacA' 

relative to the two control strains. SEM analysis of biofilms formed by PAH gacA' 

revealed a diffuse distribution of adherent cells. SEM of biofilms formed by PAH wild 

type and PAH toxA' showed dense mats of adherent bacteria organized into biofilms. It 

is clear that PAH gacA' cells which had attached failed to aggregate and develop into 

mature biofilms. 

3.3.4 Effect of AgacA on Factors Known to be Involved in Biofilm Formation 

We wished to gain insight into the nature of the biofilm formation defect of P. 

aeruginosa PAH gacA'. The gacA/gacS regulon has been implicated to control a number 

of functions in various Pseudomonads including protease production, exotoxin 

production and secretion, autoinducer production, and swarming. It is highly unlikely 

that proteases or exotoxins play a role in biofilm formation, and as such the effect of 

gacA disruption on the expression of these virulence factors was not investigated. 

However, there is evidence that N-3-oxododecanoyl-L-HSL (PAI-1) is required for 

biofilm maturation (Davies et al., 1998). Furthermore, there is evidence that twitching 

motility is required for P. aeruginosa microcolony aggregation (Pratt and Kolter, 1998; 

O'Toole and Kolter, 1998; O'Toole et al, 2000). Therefore, we performed experiments 

to determine whether the biofilm formation defect of PAH gacA' was an upstream effect 

mediated through either of these biofilm formation mechanisms. 
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Figure 9: Scanning Electron Micrographs of biofilms formed by P. aeruginosa 

PAH wild type, PAH toxA' and PAH gacA'. 

P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' biofilms were grown for 48 

hours in the MBEC™ device in TSB. After 48 hours of growth, biofilm samples were 

fixed to the pegs using glutaraldehyde and cacodylic acid. Each biofilm sample was then 

progressively dehydrated with increasing concentrations of ethanol. Samples were 

mounted, coated with palladium and examined under a high power scanning electron 

microscope. A). Low magnification view of biofilms formed by each strain. The scale 

is indicated by a bar equal to 50 um. (B). High magnification view of biofilms formed by 

each strain. The scale is indicated by a bar equal to 5 um. 
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3.3.4.1 Effect of AgacA on P. aeruginosa quorum sensing systems 

To determine if the biofilm formation defect observed in PA14 gacA' was the result of 

decreased expression of the las quorum sensing system due to disruption of a positive 

regulator, we performed the following assays. We transformed the multi-copy vector 

pMJG1.7 into each of the PA14 derived strains. pMJG1.7 contains the las transcriptional 

regulator, lasR and a Pseudomonas origin of replication. Over-expression of lasR due to 

multiple copies should partially complement the disruption of a positive regulator. 

Biofilm and planktonic growth curves of PA14 wild type (pMJG1.7), PA14 toxA' 

(pMJG1.7) and PA14 gacA' (pMJG1.7) are displayed in Figure 10. The presence of 

multiple copies of lasR, due to the multi-copy vector pMJG1.7, did not complement the 

biofilm formation defect of PA14 gacA' as P. aeruginosa PA14 gacA' (pMJG1.7) 

produced biofilms at the same decreased rate. To further confirm the las quorum sensing 

system was not responsible for the biofilm formation defect observed in PAH gacA', we 

also performed bioassays to quantitate the level of autoinducer produced by each strain. 

The reporter strain E. coli MG4 (pKDT17) was used to quantitate the amount of N-3-

oxododecanoyl-L-HSL in the supernatants of PAH wild type, PAH toxA' and PAH 

gacA' (Figure 11). This demonstrates that the level of PAI-1 autoinducer produced by 

PAH gacA' is only slightly diminished relative to PAH wild type or PAH toxA'. 

Furthermore, PAH gacA' produced levels of PAI-1 which exceeded production by the 

positive control strain PAOl. The reporter strain E. coli DH5a (pECP61.5) was used to 

monitor the production of N-butyryl-L-homoserine lactone (PAI-2) in PAH strains 

(Figure 12). The production of PAI-2 is only slightly decreased in PAH gacA' relative to 

the two control strains. These experiments indicate that the PAH gacA' biofilm 

formation defect is likely not mediated through either quorum sensing system. 

3.3.4.2 Effect of AgacA on Twitching Motility of P. aeruginosa 

Twitching motility assays were performed to determine if type IV pili-mediated twitching 

motility was decreased in P. aeruginosa PAH gacA' as a result of the disruption of gacA. 

Each strain, PAH wild type, PAH toxA' and PAH gacA' was stab inoculated onto thin 

agar rich media plates, and the zones of twitching monitored for 48 hours (Figure 13). 

Zones of twitching were the same for each strain tested, indicating there is no defect in 
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Figure 10: Growth curve analysis of biofilm formation ability of P. aeruginosa 

PA14 wild type, PA14 toxA and PA14 gacA' transformed with pMJG1.7. 

Growth curves were performed on P. aeruginosa PA14 wild type (pMJG1.7), PA14 toxA' 

(pMJG1.7) and PA14 gacA' (pMJG1.7). The plasmid pMJG1.7 is a multi-copy vector 

derived from pUCSF containing the complete lasR gene, and serves to over-express 

LasR. Growth curves of these strain will determine whether the AgacA defect in biofilm 

formation is merely an upstream effect acting on the las quorum sensing system or if it 

regulates an independent pathway involved in biofilm formation. Biofilm and planktonic 

populations were grown in the MBEC™ device in TSB supplemented with 400 p.g/ml 

carbenicillin for a 24 hour period. Bacterial inoculums consisted of a secondary culture 

of 2.5 x 108 cells in 25 ml of TSB. Samples were performed every other hour for the first 

12 hours of growth, followed by a sampling at 16 hours and a final sampling at 24 hours. 

Biofilm samples (Biofilm) were taken by removing an individual peg using sterile pliers. 

Pegs were sonicated to release individual component cells and serial diluted in 0.9% 

saline. Planktonic sampling (Plank) was performed by removing 20 (il of culture from 

the growth vessel and serial diluting in 0.9% saline. CFU counts were determined 

following spot plating on TSA plates. Duplicate samples were performed at each time 

point, and the average of the two are shown. 
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Figure 11: N-3-oxododecanoyl-L-homoserine lactone (PAI-1) production by P. 

aeruginosa PAH wild type, PA14 toxA and PA14 gacA 

Supernatants from cultures of P. aeruginosa PAH wild type, PAH toxA' and PAH 

gacA' grown to an approximate optical density (540 nm) of 3.0 were assessed for PAI-1 

production using a liquid bioassay procedure. Supernatant from P. aeruginosa strain 

PAOl grown to an OD540 of 2.0 was used as a positive control strain. Supernatant from 

P. aeruginosa PAO-JP2 (/as7\ rhlT) grown to an OD540 of 2.1 was used as a negative 

control. 100 ul of cell - free supernatant of each strain was added to a culture of E. coli 

MG4 (pKDT17) in 1XA medium at an A540 0.1. The reporter strain was grown for 5-6 

hours at 37°C at which point the A600 was measured as an indication of growth. (3-

galactosidase procedures were then carried out as described by Miller (1972) to 

determine the amount of autoinducer present in each supernatant sample. Two 

supernatant samples were taken of each strain. 3-galactosidase assays were performed in 

duplicate on each supernatant sample. Thus, the results shown are the average of four 

assays. 
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Figure 12: N-butyryl-L-homoserine lactone (PAI-2) production by P. aeruginosa 

PAH wild type, PAH toxA and PAH gacA'. 

Supernatants from cultures of P. aeruginosa PAH wild type, PAH toxA' and PAH 

gacA' grown to an approximate optical density (540 nm) of 3.0 were assessed for PAI-2 

production using a liquid bioassay procedure. Supernatant from P. aeruginosa strain 

PAOl grown to an OD540 of 2.0 was used as a positive control strain. Supernatant from 

P. aeruginosa PAO-JP2 grown to an OD54oof 2.1 was used as a negative control. 100 ul 

of cell-free supernatant of each strain was added to a culture of E. coli DH5a (pECP61.5) 

at an A540 0.08. The reporter strain was grown at 37°C to an OD540 of 0.30. One mM of 

IPTG was then added to further induce activity of the reporter strain. Strains were grown 

for another hour at 37°C before A<5oo values were read. (3-galactosidase activities were 

measured by the method of Miller (1972) to determine the levels of PAI-2 in each strains 

supernatant. Two supernatant samples were taken of each strain. P-galactosidase assays 

were performed in duplicate on each supernatant sample. Thus, the results shown are the 

average of four assays. 
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Figure 13: Twitching motility ability of P. aeruginosa PA14 wild type, PAH toxA' 

and PAH gacA'. 

P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' strains were stab inoculated 

onto thin LB, or TSA plates (<2mm thick) and incubated at 37°C. Bacterial proliferation 

between the agar and the plastic surface of the plate was measured as the zone of 

twitching. Twitching zones of each strain were measured after 24 and 48 hours Zones 

of twitching were visualized and measured following staining with Coomassie Brilliant 

Blue G-250. Each assay was performed in triplicate and the averaged results are shown. 
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type IV pili-mediated twitching motility in P. aeruginosa P A H gacA'. As such the 

biofilm formation defect of strain PAH gacA' is likely not to be mediated through 

twitching. 

3.3.5 Effect of AgacA on Biofilm Antibiotic Susceptibility of P. aeruginosa PAH 

Strains 

To examine if the biofilm formation defect observed in PAH gacA' transcended into an 

altered antimicrobial resistance profile, MBEC™ antimicrobial susceptibility testing was 

performed. Cultures of P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' 

were grown for 5 hours in TSB at 35°C with constant shear force in the MBEC™ device 

to form biofilms. Bacterial inoculums consisted of 2.5 x 108 CFU in 25 ml of TSB. The 

96 equivalent biofilms that were formed were then rinsed briefly in 40 ml of saline to 

remove planktonic bacteria. Biofilms were then transferred to the antibiotic challenge 

plate containing antibiotics ranging in concentration from 2 |ig/ml - 1024 ng/ml in CA-

MHB. After an 18 hour challenge, the biofilm lid of the MBEC™ device was transferred 

to a 96 well recovery plate where each well contained 200 u,l of CA-MHB and sonicated 

to release component cells. Microtitre dishes were incubated overnight at 35°C to allow 

for growth of viable cells released from the antibiotic treated biofilms. MIC and MBEC 

values were determined based on absorbance readings of the antibiotic challenge plate 

and the recovery plate respectively. 

A moderate decrease in biofilm antibiotic resistance to azythromycin, chloramphenicol, 

erythromyin, piperacillin and tetracycline was observed for PAH gacA' relative to PAH 

wild type and the PAH toxA' control (Table 10). In order to determine the number of 

viable biofilm cells remaining after antibiotic challenge, a subsequent MBEC assay was 

performed. Biofilms of P. aeruginosa PAH toxA' and PAH gacA' were grown in TSB 

for 5 hours before transfer to antibiotic challenge plate. After antibiotic challenge, 

biofilms were transferred to a recovery plate containing 200 u.1 CA-MHB. Biofilms were 

then disrupted by sonication to release individual component cells. Biofilm cells released 

into the recovery plate following sonication were then serial diluted, and spot plated to 

determine remaining viable CFU/peg (Table 11). The number of viable biofilm cells 
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Table 10: Antibiotic susceptibility profile of P. aeruginosa PAH Wild Type, PA14 

toxA and PAH gacAI". 

Antibiotic PAH WT PAH toxA' PAH gacA Antibiotic 

MIC MBEC MIC MBEC MIC MBEC 

Azythromycin 64 >1024 64 >1024 64 512 

Chloramphenicol 64 >1024 64 > 1024 32 1024 

Ciprofloxacin <2 2 <2 2 <2 <2 

Erythromycin 128 > 1024 128 >1024 64 512 

Gentamicin <2 8 256 1024 256 512 

Piperacillin 16 >1024 64 >1024 16 256 

Tetracycline 16 512 16 512 16 256 

Tobramycin <2 16 <2 16 <2 16 

* Cultures of P. aeruginosa PAH wild type, PAH toxA' and PAH gacA' were grown for 

5 hours in TSB at 35°C with constant shear force in the MBEC™ device to form 

biofilms. 

** The antibiotic challenge plate was read at A540, and MIC values reported represent the 

lowest concentration of antibiotic which prevented the growth of planktonic bacteria. 

*** MBEC values reported represent the lowest concentration of antibiotic which 

prevented growth in the biofilm recovery plate. 

**** All values are reported as ug/ml. 
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Table 11: Viable cell counts remaining in biofilms of P. aeruginosa P A H toxA and P A H gacA following antibiotic challenge. 

Antibiotic Stale Growth 

Control 

1024 

ugtal 

512fjg/m 

1 

256ugml 128ugfail 64jj^ml 32ug/ml 16ugml 8ug/ml 4jag/ml 2|jgfail 

P&faKxnpxv 0 
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2.4xl07 

20x10s 

500 

20 

800 

600 

20x10* 
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1.8x10* 

1800 

13x10? 

2 M 0 4 

6.0x10* 

5.0x10* 

5.0x10? 

1.0x10? 

12x10? 

13x10* 

20x10? 

20x10? 

1.4x10* 

3.0x10s 

Chbrampberiool 0 

0 

6.0x10* 

1.0x10s 

1100 

90 

1.0x10? 

100 

1.6x10? 

100 

24x10? 
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29x10? 

12x10* 

4.0x10? 

12x10s 

13x10* 

1.6x10s 

9.0x10? 

15x10s 

24x10* 

6.0x10s 

1.0x10* 

20x10s 

Grjofoaii 0 

0 

6.0x10* 

3.0x10s 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

90 

0 

9000 

10 

Efyhomyai 0 

0 

4.0x10* 

8.0x10? 
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900 

12x10* 
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20x10* 

4.0X103 

12x10? 

20x10? 

3.0x10? 

20x10s 

1.4x10* 

5.0x10s 

1.8x10* 
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7.0x10? 

4.0x10* 

8.0x10? 
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1.8x10? 

1.8x10s 

Geriarrich 0 

0 

12xl07 

20x10s 
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20x10? 

l.lxlO4 

20x10* 

LOxlO4 

13x10* 
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12x10* 

9.0X104 
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0 

0 

0 

0 

0 

0 
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0 

0 

0 
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0 

30 

0 

1.5x10s 

900 
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0 
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0 
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* The number of P. aeruginosa P A H toxA' cells remaining in each biofilms following antibiotic challenge are reported in black. 

** The number of P. aeruginosa P A H gacA' cells remaining in each biofilms after antibiotic exposure are reported in red. 

*** All values are reported as CFU/peg. 
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remaining after antibiotic exposure was significantly decreased in PAH gacA' relative to 

PAH toxA' for all antibiotics tested; azythromycin, chloramphenicol, ciprofloxacin, 

erythromycin, gentamicin-sulfate, polymixin B, tetracycline and tobramycin. 

3.3.6 Construction of gacS Knock-Out Vectors 

In order to determine if disruption of the GacS histidine sensor kinase resulted in a 

similar disruption of biofilm formation ability, the gacS gene was cloned from the PAOl 

genome by PCR amplification, and ligated into pCR2.1 to generate plemA. gacS was 

then disrupted by the insertion of both an Q Strep/Spec cassette, and a GmR cassette into 

the Nrul site within the middle of the gacS open reading frame generating plemA.Q. and 

plemA.Gm , respectively. Portions of the gacS open reading frame interrupted with an 

antibiotic resistance cassette were then transferred to the suicide vectors pJQ200 and 

pSLL-1 (Figure 14). These suicide vectors contain sacB genes, which allows for 

selection against single cross-over plasmid integration by plating on 5% sucrose. 

Attempts to construct a gacS knock out strain of P. aeruginosa have proven unsuccessful 

thus far. Six separate plasmids, plemAr.Gm, plemAv.O., pKO-/em/l::Gm2.0, pKO-

lemA.:Q3.0, pSLL-/em^::Gm2.0, pSLL-/em/l::n3.0, have each been electroporated into 

five strains of P. aeruginosa, PAOl, 4384, PAH, PA103 and PAH gacA\ numerous 

times. Many potential clones which grow on media supplemented with 5% sucrose and 

the appropriate antibiotic have been identified and screened by either whole colony PCR 

or Southern Blot analysis. All potential P. aeruginosa gacS knock-outs have been 

determined to lack the antibiotic resistance cassette interrupting the gacS gene and are 

therefore considered to be false positives. 

3.3.7 Summary of the GacA/GacS Two Component Regulatory Sytem Involvement 

in Biofilm Formation. 

These studies establish the GacA/GacS two component regulatory system as a required 

element in P. aeruginosa biofilm formation, independent of the las quorum sensing 

system and twitching motility. Identification of the regulatory cascade through which 
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gacA acts to effect biofilm formation potential is essential to understanding the molecular 

and genetic basis of biofilm development and maturation. 
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Figure 14: Construction of gacS (lemA) knock-out vectors. 

The first step in engineering a AgacS strain of P. aeruginosa is designing vectors to 

knock-out gacS. (A). A 3.4 kb region from the PAOl genome including the entire gacS 

(lemA) open reading frame was PCR amplified using Taq DNA polymerase. The 

fragment was cloned into the pCR2.1™ cloning vector, to generate plemA. Sequence 

analysis confirmed successful cloning of gacS. plemA was blunt end digested with Nrul 

which cuts only once in the entire plasmid at a location in the middle of the gacS open 

reading frame. (B) The 2.0 kb Smal digested Q cassette from pHP45fi was blunt end 

ligated into plemA to generate plemA.:Q.. Digestion with Pstl resulted in a 3.0 kb 

fragment containing the Q fragment flanked by 500 bp of gacS coding sequence on either 

side. This fragment was collected by GeneClean and ligated into Pstl digested pJQ200 

SK and pSLL-1 to generate pKO-lemA::Cl-3.0, and pSLL-lemA::Cl-3.0 respectively. (C). 

The 0.8kb Smal digested Q cassette from pUCGm was blunt end ligated into plemA to 

generate plemA:.Gm. Digestion with Pstl resulted in a 2.0 kb fragment containing the 

GmR cassette flanked by 500 bp of gacS coding sequence on either side. This fragment 

was collected by gene clean and ligated into Pstl digested pJQ200 SK and pSLL-1 to 

generate pKO-/ew^::Gm-2.0, and pSLL-/e/w^::Gm-2.0 respectively. These plasmids 

have sacB cassettes which confer sucrose sensitivity and allow for selection against 

single cross-overs. 
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Chapter 4: Results: 

Characterizing Gene Expression in Biofilms 

4.1 Expression Levels of Known Virulence Factors in P. aeruginosa Biofilms 

In order to develop effective therapeutic strategies to treat CF patients chronically 

infected with P. aeruginosa, an understanding of the pathogenesis of this microorganism 

is imperative. P. aeruginosa possess a plethora of virulence factors which enable 

colonization and persistence within the CF lung and contribute to impaired pulmonary 

function. The regulation and expression of many of these virulence factors has been well 

characterized from in vitro studies of planktonically grown bacteria in hopes of gaining a 

better understanding of P. aeruginosa pathogenicity. However, because P. aeruginosa 

chronically infecting the CF lung exists as a biofilm, the merit of studying virulence 

factor expression in a planktonic model is uncertain. This portion of our study attempts 

to address whether studying virulence factor production by biofilms of P. aeruginosa 

may offer a more pertinent in vitro model of gene expression. Our specific goal was to 

characterize the level of expression of a few key virulence factors produced by P. 

aeruginosa during biofilm growth relative to planktonically grown cells. 

4.1.1 Transcript Accumulation of Virulence Gene Products 

Northern blot analysis was performed as described by Storey et al. (1997). Equal 

amounts of RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations 

was fixed to Nytran membranes, and summarily probed with radio-labelled gene probes 

to assess the relative production levels of the following virulence factors; alginate, las 

quorum sensing regulators, elastase, RND-type multi-drug efflux pumps, and (3-

lactamase. The blots were exposed to Kodak XAR-5 Imaging Film and the intensities of 

the bands of hybridization measured by laser scanning densomitery. All values are 

relative and as such, values can only be compared within an individual blot and not 

between blots. 
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4.1.1.1 Alginate (algD) 

Alginate has long been assumed to be a major contributor to biofilm formation (Costerton 

et al., 1987). Furthermore, current theory proposes that the matrix which provides 

biofilm structure is primarily composed of alginate (Boyd and Chakarbarty, 1995). As 

such, monitoring levels of alginate production in biofilms is critical to understanding 

biofilm physiology. To examine alginate production in biofilms, we have chosen to 

investigate the transcript accumulation of algD. algD encodes the enzyme GDP-

mannose dehydrogenase. This enzyme catalyses the first step in the alginate biosynthetic 

pathway in which the products are used exclusively in the production of alginate. As 

such, the expression of algD can be used as a general indicator of alginate biosynthesis 

(Hoyle et al., 1993). Transcript accumulation studies show algD transcription is two

fold greater in biofilms than in comparable planktonic cells over all time points examined 

(Figure 15). Furthermore, transcription of algD increases as biofilms mature relative to 

younger biofilms up to 18 hours of growth. However, at 24 hours, when the biofilm has 

fully matured, transcription of algD begins to decrease and approaches the initial levels 

observed in the planktonic population. 

4.1.1.2 Quorum Sensing Regulators (lasR, lasl) 

Quorum sensing has been demonstrated to occur within biofilm populations (McLean et 

al., 1998; Stickler et al, 1998). Furthermore, Davies et al. (1998) demonstrated that the 

las quorum sensing system is absolutely required for biofilm maturation and development 

of biofilm phenotypic traits. As such, there existed the possibility of altered regulation of 

quorum sensing in biofilms. To examine this possibility, we investigated transcript 

accumulation of lasl (the gene coding for the PAI-1 autoinducer synthase) and lasR (the 

gene coding for the las transcriptional regulator) within biofilm and planktonic 

populations. Transcript accumulation was examined by hybridizing radio-labelled gene 

probes to RNA extracted from each population at a variety of time points fixed to Nytran 

membranes. lasR transcription is diminished approximately 2-fold during the first 4 

hours of biofilm growth relative to planktonically grown cells (Figure 16). However, as 

the biofilm matures transcription of lasR increases and at 18 hours, biofilms produce 

higher levels oflasR transcripts than comparable planktonic populations. Interestingly, 
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Figure 15: Transcript accumulation of algD in biofilm and planktonic populations 

off. aeruginosa PAOl 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device. Biofilm and planktonic populations 

were sampled at 4, 8, 18 and 24 hours of growth. Additional biofilm samples were taken 

following 48, 72 and 96 hours of growth in order to assess transcription in mature 

biofilms. Biofilms were transferred to a new MBEC growth vessel containing fresh 

media every 24 hours to prevent cell numbers from declining due to cell death. 15 u.g of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Slot Blot Apparatus. RNA was fixed to Nytran membranes, by baking at 80°C 

for 1 hour. The slot blot containing biofilm and planktonic RNA was hybridized to a 32P-

labelled algD DNA probe. The *2P-algD probe was generated using a 950 bp fragment 

template from HindllVXbal digested palgD. Excess unhybridized probe was removed 

with increasingly stringent washes. The hybridized membrane was exposed to XAR-5 

Kodak Scientific Imaging film for 24 and 48 hour periods. Laser scanning densitometery 

was performed to determine the relative intensity of each band of hybridization. Relative 

intensities of 32P-algD hybridization corresponds to the levels of algD transcription 

during each mode of growth. 
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Figure 16: Transcript accumulation of lasR in biofilm and planktonic populations 

of P. aeruginosa PAOl. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device. Biofilm and planktonic populations 

were sampled at 2, 4, 8, 18 and 24 hours of growth. Additional biofilm samples were 

taken following 48, 72 and 96 hours of growth in order to assess transcription in mature 

biofilms. Biofilms were transferred to a new MBEC growth vessel containing fresh 

media every 24 hours to prevent cell numbers from declining due to cell death. 10 u.g of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Slot Blot Apparatus. RNA was fixed to the Nytran membranes by baking at 

80°C for 1 hour. The slot blot containing biofilm and planktonic RNA was hybridized to 

a 32P-labelled lasR DNA probe. The Z2V-lasR probe was made using a 440 bp fragment 

template from Pstl digested pMJG1.7. Unhybridized probe was removed with 

increasingly stringent washes. The hybridized membrane was exposed to XAR-5 Kodak 

Scientific Imaging film for 24 and 48 hour periods. Laser scanning densitometery was 

performed to determine the relative intensity of each band of hybridization. Relative 

intensities of 32V-lasR hybridization corresponds to the levels of lasR transcription during 

each mode of growth. 
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transcription from lasR decreases in the mature biofilms. Transcription of lasl follows a 

similar pattern to lasR. lasl transcription is similarly reduced in maturing biofilms 

relative to planktonic bacteria at all time points examined up to 18 hours (Figure 17). 

After 24 hours of biofilm growth, lasl transcription is slightly increased relative to 

planktonic bacteria. 

4.1.1.3 Elastase Structural Gene (lasB) 

Elastase is a zinc-metalloprotease which has been shown to degrade a number of host 

cellular proteins and tissue components including elastin (Schad et al., 1987; Peters and 

Galloway, 1990). Elastase was the first virulence gene product whose production was 

shown to be transcriptionally regulated by cell density dependent signalling mechanisms 

(Gambello and Iglewski, 1991). As such, transcription of lasB (the gene encoding the 

elastase structural protein) was examined in biofilm and planktonic cells (Figure 18). 

Transcription of lasB is decreased in 4 hour biofilms relative to planktonically grown 

bacteria. However, by 8 hours, transcription of lasB in biofilms increases to levels 

exceeding those observed in planktonic bacteria. Transcription of lasB remained 

moderately elevated in biofilms relative to planktonic bacteria at all other time points 

examined. 

4.1.1.4 RND-Type Antibiotic Efflux Pumps (mexAB-oprM, mexCD-

oprJ) 

P. aeruginosa possess an impressive array of RND-type multi-drug efflux pumps which 

contribute to the active expulsion of a wide range of antibiotics from the cell (Poole et al., 

1996; Westbrock-Wadman et al., 1999). These efflux pumps are largely responsible for 

the high level of antibiotic resistance innate to P. aeruginosa. Several authors have 

proposed that an increase in the expression of these efflux pumps during biofilm growth 

may contribute to biofilm antibiotic resistance (Alison and Gilbert, 1995; Suci et al., 

1994). To examine if biofilms produce higher levels of these efflux pumps than 

planktonic bacteria, we investigated transcript accumulation of 2 efflux operons, mexAB-

oprM and mexCD-oprJ. Transcript accumulation of the mexAB-oprM operon was 
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Figure 17: Transcript accumulation of lasl in biofilm and planktonic populations of 

P. aeruginosa PAOl. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device. Biofilm and planktonic populations 

were sampled at 2, 4, 8, 18 and 24 hours of growth. Additional biofilm samples were 

taken following 48, 72 and 96 hours of growth in order to assess transcription in mature 

biofilms. Biofilms were transferred to a new MBEC growth vessel containing fresh 

media every 24 hours to prevent cell numbers from declining due to cell death. 10 ug of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Slot Blot Apparatus. RNA was fixed to Nytran membranes, by baking at 80°C 

for 1 hour. The slot blot containing biofilm and planktonic RNA was hybridized to a 32P-

labelled lasl DNA probe. The 32V-lasI probe was made using a 700 bp fragment 

template from Sail digested pJMC31. Unhybridized probe was removed with 

increasingly stringent washes. The hybridized membrane was exposed to XAR-5 Kodak 

Scientific Imaging film for 24 and 48 hour periods. Laser scanning densitometery was 

performed to determine the relative intensity of each band of hybridization. Relative 

intensities of 32P-/os/ hybridization corresponds to the levels of lasl transcription during 

each mode of growth. 
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Figure 18: Transcript accumulation of lasli in biofilm and planktonic populations 

of P. aeruginosa PAOl. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device. Biofilm and planktonic populations 

were sampled at 4, 8, 18 and 24 hours of growth. Additional biofilm samples were taken 

following 48, 72 and 96 hours of growth in order to assess transcription in mature 

biofilms. Biofilms were transferred to a new MBEC growth vessel containing fresh 

media every 24 hours to prevent cell numbers from declining due to cell death. 15 ng of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Slot Blot Apparatus. RNA was heat fixed to the Nytran membrane, by baking at 

80°C for 1 hour. The slot blot containing biofilm and planktonic RNA was hybridized to 

a P-labelled lasB DNA probe. The nP-lasB probe was made using a 800 bp fragment 

template from Stul digested pRB1803. Unhybridized probe was removed with 

increasingly stringent washes. The hybridized membrane was exposed to XAR-5 Kodak 

Scientific Imaging film for 24 and 48 hour periods. Laser scanning densitometery was 

performed to determine the relative intensity of each band of hybridization. Relative 

intensities of 32P-/as5 hybridization corresponds to the levels of lasB transcription during 

each mode of growth. 
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monitored using a gene probe to oprM (Figure 19). Transcription of mexAB-oprM in 

biofilms is almost identical to planktonic bacteria over all time points examined. 

Furthermore, transcripts levels remain relatively constant at all time points examined 

which may suggest that this gene is constitutively expressed at a basal level in P. 

aeruginosa PAOl. Transcript accumulation of the mexCD-oprJ operon was monitored 

using a gene probe to mexCD. However, transcripts to mexCD-oprJ could not be 

detected in either biofilm or planktonic bacterial populations of .P. aeruginosa PAOl at 

any time point examined (data not shown). 

4.1.1.5 (3-lactamase (antpC) 

P. aeruginosa possess a chromosomal, inducible (3-lactamase which is also thought to 

contribute to this bacteria's high level of innate antibiotic resistance (Lindberg et al., 

1985; Lodge et al., 1990). It has been suggested that hyper-expression of the pMactamase 

structural gene, ampC, in biofilm cells at the surface interface may act to deactivate 

invading P-lacatam antibiotics and thereby protect cells within the interior of the biofilm 

(Suci et al., 1994; Giwercman et al., 1991). We examined the transcription of ampC in 

uninduced biofilm and planktonic populations to determine if this hypothesis has any 

merit. Transcripts to ampC were not detectable in either biofilm or planktonic RNA 

populations (data not shown) 

4.2 Evaluation of Modified IVET for Identification of Genes Uniquely Expressed 

During Biofilm Growth 

We investigated the possibility of modifying existing genetic techniques developed for 

the identification of virulence genes induced in vivo {in vivo expression technology or 

IVET), in our search to identify promoters active preferentially during biofilm growth. 

IVET involves the construction of a promoter fusion library in which randomly cloned 

promoters direct the expression of a gene which complements a defect in an auxotrophic 

mutant host strain (Mahan et al., 1993; Mahan et al., 1995; Heithoff et al., 1997). Hoang 

et al. (1997) adapted the IVET system for use in P. aeruginosa with the construction of 

strain PAOl 84. PAOl 84 is an Aasd mutant of PAOl which does not produce aspartate-
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Figure 19: Transcript Accumulation of oprM'm Biofilm and Planktonic Populations 

of P. aeruginosa PAOl. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device. Biofilm and planktonic populations 

were sampled at 4, 8, 18 and 24 hours of growth. Additional biofilm samples were taken 

following 48, 72 and 96 hours of growth in order to assess transcription in mature 

biofilms. 15 u.g of RNA from each time point was transferred to a Nytran membrane 

using a Schleicher and Schuell Slot Blot Apparatus. RNA was fixed to the Nytran 

membrane, by baking at 80°C for 1 hour. The slot blot containing biofilm and planktonic 

RNA was hybridized to a P-labelled lasR DNA probe. The probe was made using a 

660 bp fragment template from HindllVPstl digested poprM. Unhybridized probe was 

removed with increasingly stringent washes. The hybridized membrane was exposed to 

XAR-5 Kodak Scientific Imaging film for 24 and 48 hour periods. Laser scanning 

densitometery was performed to determine the relative intensity of each band of 

hybridization. Relative intensities of 32P-oprM hybridization corresponds to the levels of 

mexAB-oprM transcription during each mode of growth. 
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P-semialdehyde dehydrogenase, an enzyme required for the synthesis of diaminopimelic 

acid (DAP). The first step in assessing the applicability of this screen for identification of 

biofilm induced promoters was the construction of promoter fusion vectors in which 

randomly cloned promoters can initiate transcription of asd. 

4.2.1 Construction of a Promoter Fusion Vector 

A promoter fusion vector was constructed based on pUCP18, a plasmid capable of 

replication in Pseudomonas. The asd gene fused to a gfp reporter gene was cloned into 

the multiple cloning site of pUCP18 while maintaining the majority of the restriction sites 

(Figure 20A). These genes were engineered into the resultant pUCP-IVET vectors such 

that they will be transcribed in the opposite orientation as lacZ and are therefore free of 

influence of the p ac. An active promoter cloned into the multiple cloning site of either 

pUCP-IVET2 or pUCP-IVET3 will direct the transcription of asd-gfp. 

4.2.2 Construction of an Inducible Control Vector 

In order to assess the biofilm formation ability of P. aeruginosa PA0184 it was 

necessary to construct a positive control vector which expresses asd-gfp under the control 

of an induicible promoter for complementation analysis. This vector was constructed 

using pUCP19 (Figure 20B). Transcriptional control of asd-gfp in pUCP-TEVI is 

mediated by ptac. This promoter can be induced by the addition of IPTG. However, the 

plac promoter is leaky and is active at low levels in the absence of the inducer. We 

observed that when either the pUCP-TEVI2 or pUCP-TEVI3 were electroporated into P. 

aeruginosa PA0184, these were sufficient to complement the auxotrophy of this strain 

without the addition of exogenous IPTG. 

4.2.3 Biofilm Formation Ability of P. aeruginosa PA0184 

To assess the value of using a modified IVET assay to identify promoters preferentially 

activated during biofilm growth, growth curves were performed to compare the biofilm 

formation ability of P. aeruginosa PA0184 to PAOl, and complemented PA0184 

transformed with either pUCP-TEVI2 or pUCP-TEVI3. If biofilms were inadequately 

formed in the absence of asd or if asd provided in trans failed to complement the growth 
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Figure 20: Construction of a multi-copy promoter fusion vector for screening 

promoters active during biofilm growth. 

The modified IVET procedure proposed herein utilizes the plasmids pUCP-IVET2 and 

pUCP-IVET3 to monitor the expression of a random pool of promoters. The vector 

pUCP-TEVI was designed to serve as a vector control. A). The first step in the 

construction of pUCP-IVET was cloning the 1.13 kb XbaUKpnl asd gene from pPS445 

into the corresponding sites of pUCP18, generating the 5.63 kb vector pUCP18-a»/. This 

construction inserts the promoterless asd gene in the opposite orientation of theplac. The 

second step in the construction of pUCP-IVET vectors involved separately cloning the 

two mutant gfp genes from pKen-gfp2 and pKen-gfp3. The 0.8 kb KpnUPstl gfp2 and 

gfp3 reporters were ligated into the KpnVEcoRI sites of pUCPlS-asdusing an EcoRl-Pstl 

linker (5'-AATTTGCA-3') generating the 6.43 kb pUCP-IVET2 and pUCP-IVET 3, 

respectively. As such, asd-gfp will be transcribed as a single unit. The bulk of the 

multiple cloning site is conserved in pUCP-IVET vectors (Hindlll, Sphl, Pstl, Hindi, 

Accl, Sail and Xbal) and can be used for random promoter ligations. (B). Construction 

of the pUCP-TEVI vectors was performed exactly the same as for pUCP-IVET2/3, 

however, the initial vector used was pUCP19. This results in the asd-gfp genes in pUCP-

TEVI2 and pUCP-TEVD being under the control of theplac promoter. This plasmid can 

serve as a control vector, as asd-gfp are under control of the inducible phc promoter. 
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defect in strain PA0184, then this model would not be relevant. Therefore, growth 

curves of each of the 4 strains were performed in the MBEC™ device. Stain PAOl, 

PA0184 (pUCP-TEVI2) and PA0184 (pUCP-TEVO) were grown in 25 ml of TSB for a 

24 hour period, with sampling throughout the growth curve. Strain PAOl84 was grown 

similarly, however, the TSB growth media was supplemented with 400 |ig/ml DAP to 

allow for growth in the absence of a functional asd gene. Biofilm samples were 

performed by dislodging a single peg from the device and sonicating to release the 

individual biofilm component cells. Planktonic samples were taken to measure the 

planktonic growth rate by removing 20 u.1 aliquots from the growth vessel. All samples 

were serial diluted in 0.9% saline and plated on TSA plates for CFU determination. Each 

sampling was performed in duplicate and the results were averaged. The rate of biofilm 

growth and planktonic proliferation of each strain can be seen in Figure 21. Strain 

PAOl84 (pUCP-TEVI2) and PAOl84 (pUCP-TEVD) form biofilms at a similar rate to 

PAOl, indicating the plac controlled asd-gfp is sufficient to complement the asd defect 

inherent to strain PAOl84. These strains also have similar planktonic growth rates. 

Strain PAOl84 grown in media supplemented with 400 ug/ml DAP forms biofilms at a 

reduced rate, and a smaller final biofilm cell mass than the control strain PAOl. 

However, strain PAOl84 also grows slower than PAOl in planktonic culture, indicating 

that this is a growth defect and not a biofilm formation defect. 

This study has developed the molecular tools required for the identification of biofilm 

active promoters. However, actual promoter screening was not performed as we chose to 

focus our efforts on molecular methods of characterizing the biofilm phenotype. Data 

from these initial studies supports the adaptation of IVET technology as a genetic screen 

to identify promoters preferentially expressed during biofilm growth. Further 

development of this procedure is warranted by the work presented herein. 
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Figure 21: Evaluation of biofilm formation ability of P. aeruginosa PA0184, 

PA0184 (pUCP-TEVI2) and PA0184 (pUCP-TEVI-3) compared to wild-type 

PAOl. 

In order to assess the viability of adapting an IVET - type screen for identifying 

promoters preferentially expressed during biofilm growth, the biofilm formation ability 

of the Aasd auxotrophic mutant, PAOl 84, was examined compared to three controls. P. 

aeruginosa strains PAOl, PAOl84 (pUCP-TEVI2) and PAOl84 (pUCP-TEVI3) were 

grown in the MBEC™ device using TSB as the growth media. P. aeruginosa PAOl84 

was similarly grown in the MBEC™ device in TSB supplemented with 400 ug/ml DAP. 

Inoculums were formed from an overnight culture on TSA and consisted of 2.5 x 108 

cells. Each strain was grown for 24 hours at 35°C with constant shear force necessary for 

biofilm development Biofilm populations (B) were sampled by removing pegs from the 

lid, sonicated to disrupt the biofilm, serial diluted in 0.9% saline and spot plated onto 

TSA plates. Sampling of planktonic populations (P) was achieved by removing 20 ul of 

culture from the growth vessel, serial dilution in 0.9% saline and spot plating on TSA. 

Samples were taken every other hour for the first 12 hours of growth, as well as a final 

point after 24 hours of growth. Duplicate samples of each time point were performed, 

and the results shown are an average. 
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4.3 Subtractive Hybridization Based Identification of Genes Preferentially 

Expressed During Biofilm Growth. 

Subtractive hybridization library construction is one of many molecular approaches that 

can be used to identify genes specifically induced under defined growth conditions. In its 

simplest form subtractive hybridization involves hybridizing nucleic acid from an 

induced population of cells (termed the tester population) with excess nucleic acid from 

an uninduced population (termed the driver population) with the goal of eliminating 

transcripts common to both populations and thereby increasing the concentration of 

sequences unique to the tester population. 

We have developed a novel subtractive hybridization procedure by incorporating 

previously proven techniques with steps of our own design for the identification of genes 

preferentially expressed during biofilm growth. To identify genes uniquely or hyper-

expressed during biofilm growth, several separate subtractive hybridizations were 

performed. RNA was extracted at a variety of time points from biofilm and planktonic 

populations of P. aeruginosa PAO1 grown in 25 ml of TSB in the MBEC™ device. 

Biofilm RNA (tester RNA) was collected by removing 15-45 biofilm pegs from the 

MBEC™ lid and adding them directly to 4 ml of RNA extraction buffer. Planktonic 

RNA (driver RNA) was collected by removing 5-20 ml of culture from the MBEC™ 

growth vessel, followed by a brief centrifugation at 5 000 rpm for 10 minutes to pellet the 

cells. Cells were re-suspended in 4 ml of RNA extraction buffer. RNA was extracted, 

and purified from each sample following the hot phenol extraction method of Frank and 

Iglewski (1988) and Frank et al. (1989). Purified bacterial RNA was ligated to 

population - specific linkers using T4 RNA ligase. Reverse transcription was used to 

generate single stranded cDNA. cDNA populations were biochemically differentiated 

based on differential PCR to generate tester cDNA resistant to exonuclease digestion and 

driver cDNA susceptible to Uracil DNA glycosylase digestion. 
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Several separate rounds of subtractive hybridization were performed using tester and 

driver cDNA expressed at different time points in order to examine gene expression 

during the various stages of biofilm formation. Subtractive hybridizations were 

performed using cDNA derived from a single time point, as well as pooled cDNA from a 

multitude of time points. Once each tester population had been subtracted three 

consecutive times, it was PCR amplified and ligated into T-tailed cloning vectors, and 

transformed into JM109 competent cells. Colonies transformed with plasmids containing 

biofilm unique gene inserts were identified through a combination of PCR and restriction 

enzyme digestion. 

Subtractive hybridization was repeatedly performed on five distinct pools of cDNA. The 

4 and 8 hour subtractive hybridizations involved subtracting 4 hour and 8 hour biofilm 

(tester) cDNA, respectively from corresponding planktonic (driver) cDNA. The 8/18 

hour and 18/24 hour subtractive hybridizations involved mixing equivalent amounts of 

cDNA from each time point and subtracting from the corresponding combined planktonic 

cDNA populations. The Late subtractive hybridization involved combining equivalent 

amounts of 24, 48 and 96 hour biofilm (tester) cDNA and subtracting this from 24 hour 

stationary phase planktonic (driver) cDNA. A control subtractive hybridization was 

performed in which cDNA corresponding to RNA extracted at an A540 of 2.0 from strain 

PAO1 (wild type) was subtracted from an equivalent cDNA population from strain PAO-

JP2 (lasr, rhir). 

4.3.1 Genes Identified By Subtractive Hybridization 

All plasmid clones identified through the subtractive hybridization as potentially 

harbouring biofilm unique genes were purified using the alkaline lysis sequencing 

protocol and sent for sequence analysis at the UCDNA sequencing lab. Sequence data 

was analysed by similarity searches using the BLASTN program available though NCBI 

of total GenBank and specifically the P. aeruginosa unfinished genome project 

(www.ncbi.nlm.nih/blast). Sequences of each plasmid clone were then compared to data 

at the Pseudomonas Genome Database to identify the position of the gene within the 

http://www.ncbi.nlm.nih/blast
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genome, gene number, as well as homology data (Pseudomonas.bit.uq.edu.au). All genes 

thus far identified by subtractive hybridization are listed in Table 12. Each has been 

organized into one of five groups based on similarity of function; genes involved in 

anaerobic respiration, biosynthesis genes, genes involved in nutrient procurement, genes 

involved in outer membrane permeability, and genes of unknown function. These genes 

can be further sub-divided based on the phase of biofilm growth at which they were 

identified as being expressed. 

Pseudomonas.bit.uq.edu.au
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Table 12: Genes Identifled by the Subtractive Hybridization Procedure 

Isolate GeneID# Role Time Point 

L1-10B 10638 Gene of unknown function Late 

18-3-9D 23srRNA 18 Hour 

L3-13D 2006 16srRNA Late 

1 -3-9 2006 16srRNA 4 Hour 

1 - 3-20 1569 16srRNA 4 Hour 

L3-14D ssr 6srRNA Late 

L3-21A 6191 Dihydropteroate synthase Late 

LI-2D * 1084 P-keto acyl ACP reductase Late 

L3-20B 1137 Phenylalanine Hydroxylase Late 

6-1-8/8 1081 Hypothetical 

phosphotransacetylase 

4 Hour 

L3-4C 6729 Arginine deaminase Late 

L3-10D 1742 70% homology to 

glutaminase-asparaginase 

Late 

L3-5B * 2033 Pyochelin synthetase Late 

L3-17B 1541 Outer membrane protein H Late 

L3-23A 1541 Outer membrane protein H Late 

18-3-32C 1541 Outer membrane protein H 18 Hour 

L1-22B * 10292 Gene of unknown function 

- homology to M 

tuberculosis 

Late 

L3-6C 4367 Gene of Unknown function 

homology to M. 

tuberculosis 

Late 

L3-3C 5726 unknown - homology to 

Pre-protein translocase 

Late 

L3-9A 4475 Gene of unknown function Late 
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L2-3C 5951 Gene of unknown function Late 

L2-23C 5951 Gene of unknown function Late 

L3-12C 5951 Gene of unknown function Late 

L3-3A 5951 Gene of unknown function Late 

L3-11A 5951 Gene of unknown function Late 

L3-14B 5951 Gene of unknown function Late 

L3-15D 5951 Gene of unknown function Late 

L3-16A 5951 Gene of unknown function Late 

L3-18B 5951 Gene of unknown function Late 

L3-8D 5951 Gene of unknown function Late 

* These clones have been confirmed by Northern Blot analysis of P. aeruginosa PAOl 

biofilm and planktonic RNA as genes preferentially expressed during biofilm growth. 

** All genes are listed in the table grouped according to functional similarity into six 

potential groups including; false positives, genes involved in anaerobic respiration, 

biosynthesis genes, genes involved in outer membrane permeability, genes involved in 

nutrient procurement and genes of unknown function. 
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4.3.2 Confirmation of Biofilm Unique or Hyper-Expressed Gene Status 

Four genes identified by subtractive hybridization were further examined by Northern 

blot analysis. RNA extracted from P. aeruginosa PAOl biofilm and planktonic 

populations was probed using radio-labelled gene probes from each clone to determine if 

the identified gene was indeed preferentially expressed during biofilm growth. These 

included the genes from clones LI-2D (fabB), L1-10B (gene 10638 of unknown 

function), L1-22B (gene of unknown function) and L3-5B (gene 2038). 

4.3.2.1 Northern Blot Analysis of fabB Transcript Accumulation in 

Biofilm and Planktonic Populations 

RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations at a 

variety of time points was probed with a 32P-labelled gene probe from LI-2D to 

determine the transcript accumulation of fabB during biofilm and planktonic growth. 

Data obtained from laser scanning densitometery of these blots revealed that transcription 

of this gene is enhanced 20-fold in mature biofilms relative to planktonic bacteria (Figure 

22). However, expression of this gene was only at basal levels in both maturing biofilm 

and planktonic populations. These studies suggest that fabB is indeed expressed at 

elevated levels in mature biofilm populations and may be important in biofilm 

maintenance. 

4.3.2.2 Northern Blot Analysis of Gene 10638 Transcript 

Accumulation in Biofilm and Planktonic Populations 

RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations at a 

variety of time points was probed with 32P-labelled gene probe from L1-22B to determine 

the transcript accumulation of gene 10638. Examination of these blots revealed that 

transcription of this gene is equal in biofilm and planktonic populations at all time points 

examined (data not shown). As such, this gene represents a false positive which was not 

eliminated by our subtractive hybridization procedure. Gene 10638 is a gene of unknown 

function with no identifiable homologs in other organisms. The reason for identifying 

cDNA to this transcript is unknown, but may indicate it is expressed at a high level. 
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Figure 22: Northern Blot analysis of clone L1-2D. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa P A O l grown in the M B E C device at a variety of time points. 10 |j.g of 

RNA from each time point was transferred to a Nytran membrane following gel 

electrophoresis using a Schleicher and Schuell Turbo Blotter. RNA was fixed to the 

Nytran membrane by baking at 80°C for 1 hour. Lane 1: RNA extracted from a 96 hour 

biofilm. Lane 2: RNA extracted from a 72 hour biofilm. Lane 3: RNA extracted from 

a 48 hour biofilm. Lane 4: RNA extracted from a 24 hour planktonic culture. Lane 5: 

RNA extracted from a 24 hour biofilm. Lane 6: RNA extracted from a 18 hour 

planktonic culture. Lane 7: RNA extracted from a 18 hour biofilm. The Northern blot 

was probed with a 32P-labelled DNA probe from LI-2D. Unhybridized probe was 

removed with increasingly stringent washes. The hybridized membrane was exposed to 

XAR-5 Kodak Scientific Imaging film for 24 and 48 hour periods. Laser scanning 

densitometery was performed to determine the relative intensity of each band of 

hybridization. 
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4.3.2.3 Northern Blot Analysis of Gene 10292 transcript accumulation 

in biofilm and planktonic populations 

RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations at a 

variety of time points was probed with 32P-labelled gene probe from L1-22B to determine 

the transcript accumulation of gene 10292. Examination of these blots reveal that 

transcription of this gene is limited to mature biofilms (Figure 23). Expression of this 

gene was not detected at all in the planktonic population. Based on this we have 

putatively classified this gene as a being a gene uniquely expressed during biofilm 

growth. 

4.3.2.4 Northern Blot Analysis of Gene 2038 Transcript 

Accumulation in Biofilm and Planktonic Populations. 

RNA extracted from P. aeruginosa PAOl biofilm and planktonic populations at a 

variety of time points was probed with a 32P-labelled gene probe from L3-5B to examine 

transcript accumulation of gene 2038 during biofilm and planktonic growth. 

Examination of these blots reveal that transcription of this gene is greatly enhanced 

during growth as a mature biofilm compared to younger biofilms or planktonic bacteria 

(Figure 24). Gene 2038 corresponds to a gene involved in pyochelin biosynthesis. This 

suggested that some cells within mature biofilm populations may experience nutrient 

deprivation and as such, increase production of the transition metal chelating siderophore, 

pyochelin. To investigate a potential role for pyochelin in biofilm formation, we 

examined the biofilm and planktonic growth of apchR strain of/*, aeruginosa. PchR is 

a transcriptional regulator of the operons involved in pyochelin biosynthesis and when 

disrupted none of these genes are transcribed, and accordingly no pyochelin is produced. 
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Figure 23: Northern Blot analysis of clone L1-22B. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device at a variety of time points. 10 ug of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Turbo Blotter following gel electrophoresis. RNA was fixed to Nytran 

membranes by baking at 80°C for 1 hour. Lane 1: RNA extracted from a 18 hour 

biofilm. Lane 2: RNA extracted from a 18 hour planktonic culture. Lane 3: RNA 

extracted from a 24 hour biofilm. Lane 4: RNA extracted from a 24 hour planktonic 

culture. Lane 5: RNA extracted from a 48 hour biofilm. Lane 6: RNA extracted from a 

72 hour biofilm. Lane 7: RNA extracted from a 96 hour biofilm. The Northern blot was 

probed with a 32P-labelled DNA probe from L1-22B. Unhybridized probe was removed 

with increasingly stringent washes. The hybridized membrane was exposed to XAR-5 

Kodak Scientific Imaging film for 24 and 48 hour periods. Laser scanning densitometery 

was performed to determine the relative intensity of each band of hybridization. The 

orange arrows indicate 23S and 16S rRNA. The yellow arrow indicates the transcript to 

gene 10292. 



156 

2 3 4 5 6 7 
4 

/ 

•?• 

latritiiiTii 



157 

Figure 24: Northern Blot analysis of clone L3-5B. 

RNA was extracted and purified from biofilm and planktonic populations of P. 

aeruginosa PAOl grown in the MBEC™ device at a variety of time points. 10 ug of 

RNA from each time point was transferred to a Nytran membrane using a Schleicher and 

Schuell Turbo Blotter following gel electrophoresis. RNA was fixed to the Nytran 

membrane by baking at 80°C for 1 hour. Lane 1: RNA extracted from a 18 hour biofilm. 

Lane 2: RNA extracted from a 18 hour planktonic culture. Lane 3: RNA extracted 

from a 24 hour biofilm. Lane 4: RNA extracted from a 24 hour planktonic culture. Lane 

5: RNA extracted from a 48 hour biofilm. Lane 6: RNA extracted from a 72 hour 

biofilm. Lane 7: RNA extracted from a 96 hour biofilm. The Northern blot was probed 

with a 32P-labelled DNA probe from L3-5B. Unhybridized probe was removed with 

increasingly stringent washes. The hybridized membrane was exposed to XAR-5 Kodak 

Scientific Imaging film for 24 and 48 hour periods. Laser scanning densometery was 

performed to determine the relative intensity of each band of hybridization. The yellow 

arrows indicate 23S and 16S rRNA. The red arrow indicates the transcript to gene 2038. 



158 



159 

4.3.2.4.1 Biofilm Formation by P. aeruginosa Strains Defective 

in Pyochelin Production 

Growth curves of P. aeruginosa PA0669 wild type and PA0669 pchR' were performed 

to monitor biofilm and planktonic proliferation. P. aeruginosa PA0669 pchR' is a 

derivative of PA0669 in which the gene pchR, the transcriptional regulator of the 

pyochelin biosynthesis regulon, has been disrupted with a tetracycline resistance cassette. 

As such, this strain does not produce any proteins involved in pyochelin biosynthesis nor 

receptors required for uptake of ferripyochelin. P. aeruginosa PA0669 and PA0669 

pchR' were grown in 25 ml of TSBDC in the MBEC™ device for a 24 hour time period. 

Two cultures of each strain were independently grown, one in high iron conditions (10 

Hg/ml) and one in low iron conditions. Biofilm and planktonic samples were enumerated 

following serial dilution in 0.9% saline and spot plating onto TSA agar plates (Figure 25). 

P. aeruginosa strain PA0669 pchR' forms biofilms at a reduced rate in both high and low 

iron conditions relative to the parental strain PA0669. Both strains PA0669 and 

PA0669 pchR' form biofilms at a significantly greater rate in high iron conditions than in 

low iron conditions. However, all trends observed during biofilm growth are also 

apparent in the developing planktonic population. As such, the decreased biofilm 

formation potential in the absence of pchR' is likely a consequence of the decreased 

growth rate. This implies that while they are expressed at high levels in mature biofilms, 

pyochelin synthetase genes are not absolutely required for biofilm development and 

maintenance. 

4.3.3 Construction of the pVCP-Ippol Cloning Vector 

A plasmid was constructed from pUCP18 in order to facilitate cloning of genes hyper-

expressed during biofilm growth for further characterization studies. This plasmid 

contains a recognition site for Ippol within the MCS while maintaining blue white 

selection of clones containing inserts (Figure 26). Ippol is an extremely specific 

restriction endonuclease which cuts only twice within the entire genome of Sacromyces 

cervisae. Furthermore, this enzyme does not cut at all within the entire genome of P. 

aeruginosa PAOl. Ippol restriction sites are incorporated into the linkers used for initial 
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Figure 25: Comparison of biofilm and planktonic growth rates of P. aeruginosa 

PA0669 wild type and PA0669 pchR in high and low iron conditions. 

To examine the influence of pyochelin on the growth of P. aeruginosa biofilms, the 

growth rate of biofilm and planktonic populations of P. aeruinginosa strains PA0669 

(WT) and PA0669 pchR (pchR-) were compared. Duplicate growth curves of each 

strain were performed, one in high iron (10|j.g/ml) and one in low iron. Initial inoculums 

were formed from an overnight culture grown on TSA and consisted of 2.5 x 10 cells in 

25 ml TSBDC. Populations were grown in the MBEC™ device for a 24 hour period. 

Biofilm samples (B) were taken by removing an individual peg with sterile pliers, 

sonicating to disrupt the biofilm and release individual component cells. Each sample 

was then serial diluted in 0.9% saline and spot plated onto TSA for sample enumeration. 

Planktonic samples (P) were taken by removing 20 ul of culture from the growth vessel, 

serial diluted in 0.9% saline and spot plated onto TSA for CFU determination. Duplicate 

samples of each population were taken and the averages are shown. 
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Figure 26: Construction of pUCP-Ippol 

The plasmid pUCP-Ippol was constructed in order to easily transfer full length cDNA to 

genes expressed preferentially during biofilm growth from T-tailed cloning vectors into a 

plasmid capable of replication in Pseudomonas. The plasmid pUCP-7/jpoI is derived 

from pUCP18 in which a portion of the multiple cloning site has been removed and 

replaced with a site recognized and cleaved by the Ippol restriction endonuclease, as not 

to alter the reading frame and therefore maintain blue/white selection. pUCP18 was 

digested with Pstl and Smal to linearize the plasmid. The plasmid was then blunted with 

a Takara DNA blunting kit to remove the 3' overhang generated by Pstl. This results in 

the removal of a 25 bp region of the multiple cloning site of pUCP18. A Ippol restriction 

site was engineered into pUCP18 by annealing 5'- GCC TCT CTT AAG GTA GCG C -

3' with 5'- GCG CTA CCT TAA GAG AGG C-3' and ligating the resulting double 

stranded DNA into the blunted residual MCS. This results in a net loss of 6 bp, however, 

does not alter the reading frame of the lacZ. Transformed clones in which the Ippol 

restriction site had successfully inserted into pUCP18 maintained the lacZ reading frame 

and therefore produced P-galactosidase forming blue colonies on LB Amp 100 X-gal 

IPTG plates. Transformed colonies in which the Ippol restriction site had not inserted 

had altered the lacZ reading frame and therefore did not produce P-galactosidase and 

remained white on LB Amp 100 X-gal IPTG plates. The correct construction of this 

plasmid was verified by blue/white selection, inability to be digested with BamHl, and 

ability to be digested with Ippol to generate the linear 4.5 kb plasmid. All restriction 

digestions were similarly performed on pUCP18 as a control vector. (A). Comparison of 

the sequence of the MCS of p\JC?-Ippol to pUCP18. (B). Comparison of available cut 

sites in the MCS of pUCP-Ippol to pUCP18. 
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cDNA conversion of tester RNA, thus all potential biofilm unique genes are flanked by 

Ippol restriction sites. Use of this enzyme to cut out the randomly ligated inserts from the 

t-tail cloning vectors will facilitate the eventual transfer of genes uniquely or hyper-

expressed during biofilm growth in their entirety into to a multi-copy vector capable of 

replication in Pseudomonas with limited genetic manipulations. The pUCV-Ippol 

expression vector can then be used to over-express these genes and examine their 

influence on biofilm formation. This will be one of the first steps in characterizing the 

role of each gene identified by subtractive hybridization to be preferentially expressed 

during biofilm growth. The pUCP-Ippol vector was not used in these studies as cDNA 

identified by the subtractive hybridization corresponded to transcripts which had 

undergone limited degredation. Thus while useful in sequence analysis, the biofilm 

specific cDNA library isolated would not be effective for over-expression studies. 
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Chapter 5: Discussion 

Within the chronically infected lungs of cystic fibrosis patients, Pseudomonas aeruginosa 

persists as a multi-cellular organism, in which individual bacteria exist within a complex 

and highly heterogeneous extracellular matrix. Biofilm populations of P. aeruginosa 

have drastically elevated resistance to both host immune response and antimicrobial 

agents, which enable bacterial persistence despite aggressive antibacterial therapies. This 

study examines the role of known virulence factors in the development of biofilms and 

the elevated antibiotic resistance properties associated with growth as a biofilm. 

Furthermore, the genetic differences which exist within P. aeruginosa grown as a biofilm 

and as individual planktonic bacteria are explored through diverse molecular and genetic 

techniques. 

5.1 The Role of Alginate Production in Biofilm Formation and Antibiotic 

Resistance 

Alginate is a mucoid extracellular polysaccharide which is characteristically over

produced by strains of P. aeruginosa isolated from the CF respiratory tract. The 

emergence and predominance of these mucoid P. aeruginosa strains in the lungs of CF 

patients has profound implications for the developing pulmonary disease. As such, 

understanding alginate production and its role in the pathogenesis of CF lung infections 

has become a major area of research. A large body of evidence exists which indicates 

P. aeruginosa increases production of alginate following bacterial adhesion (Boyd and 

Charkrabarty, 1995). Furthermore, several studies have determined that biofilm 

populations produce significantly greater levels of alginate than similar planktonic 

populations (Hoyle et al., 1993; Davies and Geesey, 1993). 

In order to examine the role of alginate production in biofilm formation, we assessed how 

increased levels of alginate biosynthesis effected biofilm development. To this end, we 

used several strains which produce altered levels of alginate. We initially compared the 

biofilm formation ability of four different strains of P. aeruginosa, two clinical isolates 
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and two laboratory strains. Biofilm formation rates were observed to increase inversely 

proportional to the relative level of mucoidy of each strain (Figure 2). Thus, it appeared 

that P. aeruginosa strains which produce higher levels of alginate formed biofilms at a 

decreased rate. However, because these strains were not isogenic and differed in a 

multitude of factors other than alginate production, further evidence was required. 

Subsequent experiments were performed using strain P. aeruginosa 6106 transformed 

with several plasmids known to alter alginate production levels. Varying the levels of 

LasR in strain 6106 has been shown to have a dramatic effect on alginate production 

(Storey et al., unpublished). Thus, over-expression of alginate can be achieved by 

increasing available LasR within the cell by transformation with the lasR containing 

multi-copy vector pMJG1.7. Our experiments revealed that P. aeruginosa 6106 

(pMJG1.7), which produces the highest levels of alginate, formed biofilms at a rate 8 fold 

lower than strain P. aeruginosa 6106 (pTS400), a low alginate producer (Figure 3). This 

evidence supports the previous findings in which increased levels of alginate production 

translate into a decrease in biofilm formation ability. 

To further investigate the role of alginate production in biofilms, we wished to assess 

relative levels of alginate produced by biofilms relative to planktonic bacteria. Several 

reporter gene studies have previously shown that there is an increase in activity of 

promoters for genes involved in the biosynthesis of alginate during initial bacterial 

growth as a biofilm (Hoyle et al., 1993; Davies et al, 1993; Davies and Geesey, 1995). 

We examined relative levels of alginate production by transcript accumulation analysis. 

We investigated the transcription of algD in both biofilm and planktonic populations of 

P. aeruginosa PAOl. algD encodes the enzyme GDP-mannose dehydrogenase, which 

catalyses the first committed step in alginate biosynthesis devoted solely to the 

production of alginate. As such, the expression of algD can be used as a general 

indicator of alginate production (Hoyle et al., 1993). We found that transcription of 
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algD was approximately two fold greater in biofilm populations relative to planktonic 

bacteria at all time points examined (Figure 15). The highest levels of algD transcription 

occurred during biofilm maturation, as transcript levels decreased in mature biofilms 

approaching levels observed in planktonic populations. 

Thus, two seemingly contradictory findings came about from these studies. While we 

observed that alginate production is enhanced in maturing biofilm populations, strains 

which produce an over abundance of alginate formed biofilms at a decreased rate. These 

findings challenge the proposed role of alginate in biofilm formation and development. 

Current dogma dictates that P. aeruginosa alginate production unequivocally enhances 

bacterial attachment and subsequent biofilm formation (Ramphal and Pier, 1985; Boyd 

and Chakrabarty, 1995). Our research, combined with data from other laboratories, may 

challenge this dogma. Previous findings have established the nature of both the surface 

and the alginate produced are critical factors as to whether or not P. aeruginosa alginate 

production has a positive effect on adhesion (Doig et al., 1987; Nivens et al., 1994). 

Furthermore, several reports in other bacterial species provide evidence which indicates 

alginate production may not enhance and may even hinder bacterial attachment (Alison 

and Sutherland, 1987; Rosenbergs al., 1983; Wrangstadh e? a/., 1990). 

It is unlikely that the observed decrease in biofilm growth rate is a result of lowered 

energy reserves, due to the tremendous energy expenditure associated with alginate 

biosynthesis, as there is no appreciable difference in the rate of growth between 

planktonic populations of mucoid and non-mucoid strains. Thus, it appears that over

production of the exopolysaccharide presumed to be the major component of the P. 

aeruginosa biofilm matrix is detrimental to rapid biofilm formation. Data presented 

herein, warrants a re-evaluation of the proposed role of alginate in P. aeruginosa 

biofilms. 



168 

Alginate is proposed to be the major component of the biofilm matrix and is thought to 

act through a molecular sieving effect to enhance biofilm antibiotic resistance. If 

alginate is the major component of the biofilm matrix, which in turn limits the diffusion 

of antibiotics into the biofilm, then one would expect mucoid P. aeruginosa strains to 

form biofilms with greater antibiotic resistance than non-mucoid strains. However, 

antimicrobial susceptibility profiles of strains with altered levels of alginate production 

grown as biofilms shows a great degree of disparity. The minimal biofilm eradication 

concentration of mucoid strains of P. aeruginosa are significantly lower than non-mucoid 

strains (Table 6). This is most evident with the antibiotics amikacin, aztreonam, 

ceftazidine, gentamicin and tobramycin. This trend is the opposite one would expect 

given the current hypothesis of the role of alginate in P. aeruginosa biofilms. These data 

further muddle current dogma regarding the role of alginate in biofilm formation and 

biofilm antibiotic resistance. 

Several aspects of these studies must be improved upon before a conclusive link between 

the observed decrease in biofilm formation and antibiotic resistance, and increased 

alginate production can be confirmed. First, our method of increasing alginate 

production through over-expression of LasR is suspect because this may cause 

pleitrophic effects in the cells. However, P. aeruginosa non-mucoid strains do not show 

the same large increase in alginate production following increased LasR production as 

strain 6106 (Storey et ai, unpublished data), and when non-mucoid strains are 

transformed with the same LasR over-expression vectors, there is no observable 

difference in the resultant biofilm formation ability (Figures 7, 8 and 10). This evidence 

indicates that the decrease in biofilm formation in strain 6106 transformed with pMJG1.7 

is directly the result of increased alginate production. These studies can be improved 

upon through the use of isogenic strains of P. aeruginosa in which alginate production 
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levels have been altered due to chromosomal mutations in both positive and negative 

regulators, resulting in enhanced, diminished, or abrogated alginate production. 

Based on the data provided in these studies, we propose a more complex role of alginate 

in biofilm physiology. While alginate production is elevated in biofilms and may 

enhance initial bacterial attachment, we propose that over-production of alginate may 

serve as an escape mechanism for bacteria leaving the biofilm. Whereas alginate lyase 

functions in biofilm erosion and acts to release individual cells from a mature biofilm 

(Boyd and Chakrabarty, 1995), excess production of alginate may enhance biofilm 

sloughing. In this model excess alginate production impairs proper development of the 

biofilm matrix. Thus, large microcolonies of cells loosely associated with the biofilm are 

easily dislodged by shear force. Alginate production is known to be enhanced during 

starvation (Gacesa, 1998), and may serve as a means to escape an environment in which 

nutrients have been diminished to seed new, nutrient rich areas for biofilm development. 

Therefore, strains characteristically over-producing alginate are pre-disposed to biofilm 

sloughing, and impaired in developing a connected biofilm matrix which may serve to 

decrease antimicrobial resistance. 

5.2 The Role of the RND-Type Multi-Drug Efflux Pumps and P-lactamase in P. 

aeruginosa Biofilm Antibiotic Resistance 

Many theories have been proposed to explain the two to three order of magnitude 

increase in antibiotic resistance observed in biofilms relative to the same bacteria grown 

in batch culture. One such model which has garnered many proponents involves the up-

regulation of endogenous antibiotic efflux pumps and antibiotic degrading enzymes 

normally expressed at basal levels during planktonic growth (Allison and Gilbert, 1995; 

Succi et al, 1994). In this model, the hyper-expression of these efflux pumps and 

antibiotic modifying enzymes by biofilm cells is sufficient to protect a sub-population of 
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cells deep within the interior of the biofilm from experiencing lethal doses of the 

antibiotic. We used two approaches to explore the merit of this theory. We examined the 

contribution of RND-type multi-drug efflux pumps in P. aeruginosa biofilm antibiotic 

resistance using strains which lack or hyper express each efflux operon. Presumably, if 

an operon is required to mediate antibiotic resistance then disruption of this operon will 

decrease biofilm antibiotic resistance. Conversely, over-expression of this operon should 

enhance biofilm antibiotic resistance. We also directly assessed transcript levels of two 

of the three well characterized efflux operons and the P-lactamase in order to determine 

directly if there is altered expression levels during biofilm growth. 

For most of these studies, we utilized P. aeruginosa strain PAOl, and strains genetically 

derived from PAOl. The MexAB-OprM efflux system is the only major operon 

functional in strain PAOl under normal laboratory conditions and, as such, is the major 

contributor to the innate level of antibiotic resistance seen in this strain (Poole et al., 

1996; Kohler et al., 1997). MexAB-OprM is responsible for the active transport and 

efflux of tetracycline, chloramphenicol, quinolones, novobiocin, macrolides, 

trimethoprim, P-lactams and P-lactamase inhibitors from planktonically grown cells (Li 

et al., 1995; Li et al., 1998; Poole et al., 1996; Kohler et al., 1997). The functionally 

homologous efflux operons mexCD-oprJ and mexEF-oprN are inactive in this strain 

when grown planktonically and are only expressed in bnfxB and AnfxC mutant 

derivatives, respectively (Poole et al., 1996). 

The mexAB-oprM operon was demonstrated to play a minor role in the resistance of 

biofilms to aztreonam, gentamicin, tetracycline and tobramycin (Table 7). This is 

apparent as P. aeruginosa Kl 119 (AmexAB-oprM) has decreased MBEC values for each 

of these antibiotics relative to wild type K767. Furthermore, P. aeruginosa K766 

OCR 1 (hyper-express mexAB-oprM) biofilms have increased resistance to each of these 

antibiotics. However, it is important to note that these values merely mimick those 

observed in planktonic bacteria. It is readily apparent that P. aeruginosa Kl 119 biofilms 

still display extremely high levels of antibiotic resistance relative to planktonic bacteria 

despite the absence of the only known active efflux operon in this strain. This study 
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draws conclusions similar to the findings of Brooun et al. (2000). They demonstrated the 

MexAB-OprM efflux system was responsible for a mild increase in biofilm resistance to 

ofloxacin, but did not influence biofilm resistance to ciprofloxacin. Furthermore, 

transcript accumulation analysis of populations of P. aeruginosa P AO 1 grown as either a 

biofilm or planktonic batch culture, demonstrated that there is no significant difference in 

the transcription of the mexAB-oprM operon (Figure 19). This data parallels the work of 

Maria-Litran et al. (2000) who demonstrated that there was no difference in the 

expression of the mar (multiple antibiotic resistance) efflux operon in E. coli grown as a 

biofilm or planktonically. 

Previous studies have established that the mexCD-oprJ operon is not expressed in 

planktonically grown P. aeruginosa PAOl (Poole et al, 1996; Kohler et al., 1997). To 

investigate if expression of this operon is induced following conversion to the biofilm 

mode of growth, we compared the biofilm antibiotic resistance profile of P. aeruginosa 

K767 versus K767 AmexCD-oprJ. There was no difference observed in MBEC values 

for either of these strains (Table 8). Furthermore, transcript accumulation failed to detect 

transcripts to this operon during biofilm growth, confirming that this operon is not 

preferentially expressed during biofilm growth. Finally, examination of the biofilm 

resistance of K767 AnfxB in which mexCD-oprJ is hyper-expressed reveals no increase in 

resistance to antibacterial agents. This confirms that the mexCD-oprJ efflux operon is not 

induced during biofilm growth, and furthermore, when active does not further contribute 

to biofilm antibiotic insusceptibility. 

The mexEF-oprN operon is also not expressed during planktonic growth of P. aeruginosa 

strain PAOl (Poole et al, 1996; Kohler et al, 1997). Biofilms of P. aeruginosa strain 

1240 (hyper-expresses mexEF-oprN) showed little difference in antibiotic resistance to 

the parental strain 1241 for most antibiotics tested, with one exception (Table 9). 

Ciprofloxacin resistance was shown to be much greater in biofilms formed by strain 

1240. This suggests that the MexEF-OprN efflux system can further increase biofilm 

ciprofloxacin resistance, however, does not contribute to innate biofilm antibiotic 

resistance. 
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P. aeruginosa also possess a chromosomally encoded class I P-lactamase which 

contributes to the high level of resistance to P-lactam antibiotics (Lindberg et al., 1985; 

Lodge et al., 1990; Giwercman et ai, 1991). Production of P-lactamase by planktonic P. 

aeruginosa is known to be induced by the addition of exogenous P-lactam antibiotics. 

We examined expression of the class I P-lactamase in P. aeruginosa PAOl in the 

absence of P-lactam antibiotic mediated induction to determine if it was consitutively 

expressed during biofilm growth and therefore, in part responsible for the extremely high 

level of biofilm P-lactam resistance. Transcript accumulation analysis of P. aeruginosa 

PAOl biofilm and planktonic populations demonstrated that neither population 

transcribed detectable levels of the P-lactamase structural gene. Thus, over-expression of 

P-lactamase is not an innate property associated with P. aeruginosa growth as a biofilm. 

Our data provides evidence which does not support the hypothesis that endogenous 

antibiotic efflux pumps and antibiotic degrading enzymes are hyper-expressed in biofilms 

and thereby result in increased biofilm antibiotic resistance. In fact these data seem to 

refute this theory. Our data demonstrate that the efflux pumps do not substantially 

contribute to biofilm antibiotic resistance. Furthermore expression of the primary efflux 

operon, mexAB-oprM, is not significantly altered during biofilm growth. Finally 

expression of neither the P-lactamase, nor alternate efflux pumps is induced during 

biofilm growth and are thus not associated with biofilm antibiotic resistance. As such, 

biofilm recalcitrant antibiotic resistance must be mediated through another mechanism. 

The identification of six previously unidentified loci with homology to the RND family 

of efflux pumps by sequence analysis of data from the P. aeruginosa PAOl sequencing 

project offers an alternative possibility (Westbrock-Wadman et al., 1999). It is 

interesting to note that these efflux pumps had not been previously identified despite 

exhaustive searches. This may be related to the fact that all studies screening for efflux 

pumps contributing to antibiotic resistance of P. aeruginosa have been limited to 

planktonically grown cells. Using a deletion mutant of all three characterized efflux 
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pumps, P. aeruginosa strain PAM1626, Lomovskaya et al., (1999) were unable to 

identify planktonic spontaneous efflux mutants resistant to flouroquinolones. This 

implies that either these pumps are non-functional, or perhaps that their expression 

cannot be induced during planktonic growth. Expression of one or more of these putative 

efflux pumps may be induced upon initial attachment or at some other step in biofilm 

formation and thus be responsible for biofilm antibiotic resistance. Furthermore, these 

biofilm specific efflux pumps would not be identified by screens involving planktonic 

organisms. 

5.3 Role of the GacA/GacS Two Component Regulatory System in Biofilm 

Formation, Maintenance and Antibiotic Resistance 

The genetic analysis of biofilm formation remains in its infancy. Attempts to elucidate 

the regulatory pathways involved in biofilm formation and development have, for the 

most part, been limited to the initial phase of biofilm formation, attachment. Attempts to 

identify factors involved in other stages of biofilm development have been hampered due 

to the difficulty of developing a comprehensive genetic screen. The only regulatory 

system thus far shown to be involved in biofilm development has been the las quorum 

sensing system (Davies et al., 1998). Experiments implicating the las quorum sensing 

system involvement in biofilm development were performed based on a proposed 

functional role, with no evidence to support initial studies. We too have used this random 

"hit and miss" approach to examine a potential role for the GacA/GacS two component 

regulatory system in biofilm formation and development. 

The GacA/GacS two component global regulatory system functions in many Gram-

negative bacteria to regulate a plethora of diverse functions. In P. aeruginosa, this global 

activator system has been shown to be required for bacterial pathogenesis in three 

independent models of infection. Studies of the GacA/GacS regulon of P. aeruginosa 

have thus far been limited to virulence factor production. GacA/GacS has been shown to 

positively regulate the production of PAI-2, pyocyanin, cyanide and lipase. However, 

studies in other microorganisms have implicated much broader ranging effects, including 

regulation of toxins (Barta et al., 1992; Rich et al., 1994), proteases (Liao et al., 1994; 
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Grewal et al., 1995), type III secretion (Hirano et al., 1999), alginate (Liao et al, 1996; 

Castaneda et al, 2000) secondary metabolites (Whistler et al., 1998), siderophores (Liao 

et al., 1996; Zhang and Normack, 1996), swarming (Kinscherf and Willis, 1999) and 

invasion (Johnston et al., 1996). Despite the diversity of functions regulated by 

GacA/GacS, the unifying theme that can be observed is that most products are 

extracellular and tend to modify the surrounding environment. Due to the broad 

regulatory effects of the GacA/GacS regulon, we decided to explore a role for this 

regulatory element in biofilm formation and development. 

Biofilm development by P. aeruginosa PA14 gacA' was decreased ten-fold in terms of 

rate of biofilm formation and final biofilm mass relative to the two control strains, PA14 

wild type and PAH toxA' (Figure 4). This decrease in biofilm formation ability is not the 

result of a general decrease in growth rate of the PAH gacA' strain, as planktonic 

populations displayed the same growth patterns as both control strains. When gacA was 

provided in trans on a pUCP-derived multi-copy vector (pUCP-gacA) to strain PAH 

gacA', the defect in biofilm development was abrogated (Figure 6). When transformed 

with the control vector alone, strain PAH gacA' maintained the ten-fold reduction in 

biofilm formation (Figures 7 and 8). However, when gacA was over-expressed in strains 

PAH wild type and PAH toxA', no effect on biofilm formation was observed. These 

data suggest that gacA expression is required for optimal biofilm formation, however, 

over-expression of gacA is insufficient to increase biofilm formation ability. 

Scanning electron microscopy was used to obtain a visual assessment of the 

morphological changes in biofilm development arising from a disruption of the 

GacA/GacS two component regulatory system. SEM analysis of 48 hour biofilms 

formed by P. aeruginosa PAH gacA' revealed an undeveloped biofilm architecture 

(Figure 9). Individual cells and small groups of cells were adherent to the surface, 

however, failed to aggregate to form microcolonies and develop into mature biofilms. 

This starkly contrasts the dense microbial biofilms formed by PAH wild type and PAH 

toxA'. This morphological evidence implied that the gacA' defect in biofilm formation 

effected biofilm maturation. 
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As the gacA/gacS regulon in other Pseudomonads has been shown to effect swarming, 

and autoinducer production, and both of these functions have been shown to be involved 

in P. aeruginosa biofilm formation, we wished to assess whether the gacA defect was 

mediated through either of these previously identified mechanisms. To examine the role 

of the GacA/GacS two component regulatory system in regulation the of the las quorum 

sensing system we examined autoinducer production by the P. aeruginosa PA14 strains, 

as well as examined the effects of over-expressing LasR on the biofilm formation defect 

of P. aeruginosa PA14 gacA'. Bioassays using E. coli reporter strains to quantify the 

level of PAI-1 production by P. aeruginosa PA14 gacA' revealed only a slight decrease 

in PAI-I levels relative to either PA14 control strain (Figure 11). Furthermore, PAI-1 

production levels in PA14 gacA' exceeded those from PAOl, the most accomplished 

biofilm forming strain examined in these studies. If gacA positively regulates lasR 

expression, and the biofilm formation defect observed in PAH gacA' is due to a LasR 

deficit, then over-expression of lasR on a multiple copy vector should at least partially 

complement the biofilm formation ability of this strain. The over-expression of lasR in 

P. aeruginosa PAH gacA' with the multi-copy vector pMJGl.7 did not complement the 

biofilm formation defect (Figure 10). From this information it appears that the biofilm 

formation defect caused by disruption of the GacA/GacS two component regulatory 

system is independent of the las quorum sensing system. 

Davies et al. (1998) demonstrated that the addition of exogenous PAI-1 was sufficient to 

abrogate the biofilm formation defect of P. aeruginosa strain PAO-JP2 (lasr, rhir), 

thereby absolving the rhl quorum sensing system of a role in biofilm formation. 

Nonetheless, we examined production of PAI-2 in P. aeruginosa PAH gacA' using a 

similar bioassay. PAI-2 production is moderately decreased in PAH gacA' (Figure 12). 

This data is in general agreement with earlier reports by Reimmann et al. (1997). 

Twitching motility is a type of solid surface translocation implicated in microcolony 

aggregation and subsequent biofilm formation (Semmler et al, 1999; Pratt and Kolter, 

1998; Kolter and O'Toole 1988, O'Toole et al, 2000). Twitching motility is mediated 
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through the extension and contraction of type IV pili (Bradley, 1980; Semmler et al., 

1999). Twitching motility assays were performed to examine microcolony aggregation in 

P. aeruginosa PAH gacA". These assays revealed identical zones of twitching for PAH 

gacA' and the two PAH control strains (Figure 13). From this information we 

determined the biofilm formation defect due to the disruption of the gacA/gacS regulon is 

not mediated through twitching motility. 

Biofilm antibiotic susceptibility profiling of P. aeruginosa PAH gacA' was performed to 

examine if the biofilm formation defect translated into a decrease in antimicrobial 

resistance. A two to four-fold decrease in minimal biofilm eradication concentration was 

observed to the antibiotics azithromycin, chloramphenicol, erythromyin, piperacillin and 

tetracycline in PAH gacA' relative to PAH wild type and the PAH toxA' control (Table 

10). This increase in antibiotic sensitivity was not as profound during planktonic growth 

as evident by similar minimal inhibitory concentrations. Examination of cell viability 

following antibiotic exposure proved even more interesting. P. aeruginosa PAH gacA' 

biofilms survived antibiotic challenge with far fewer viable cells than comparable P. 

aeruginosa PAH toxA' biofilms exposed to the same concentration of antibiotic (Table 

11). The number of viable biofilm cells remaining after antibiotic exposure was 

significantly decreased in PAH gacA' relative to PAH toxA' for all antibiotics tested; 

azythromycin, chloramphenicol, ciprofloxacin, erythromycin, gentamicin-sulfate, 

polymixin B, tetracycline and tobramycin. This trend was most pronounced with the 

antibiotics chloramphenicol and tobramycin. With these antibiotics there is a three to 

four-fold log reduction in biofilm survival following exposure to these antibiotics in P. 

aeruginosa PAH gacA' relative to PAH toxA'. It is important to explain one seemingly 

contrasting trend regarding antibiotic challenge with gentamicin. P. aeruginosa strains 

PAH toxA' and PAH gacA' were engineered using a GmR cassette to disrupt target genes 

of interest, thus explaining the large difference in gentamicin resistance observed for 

these two strains relative to wild type PAH. 

The antibiotic resistance profile of P. aeruginosa PAH gacA' was somewhat surprising. 

Despite a 10-fold decrease in biofilm formation and final cell mass, and failure to mature 
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in to a dense bacterial biofilm, this organism still demonstrated relatively high level of 

antibiotic resistance. SEM analysis revealed that little biofilm architecture was 

developed by this mutant strain, and extracellular matrix production was greatly 

diminished. These data imply that the biofilm matrix, though it may serve as a 

diffusional barrier to antibiotics, it is does not account for the bulk of antibiotic resistance 

observed in biofilms. 

All attempts thus far at constructing a gacS knock out strain in P. aeruginosa have proven 

unsuccessful. Six separate plasmids, plemA:: Gm, plemA.Q, pKO-lemA:Gn\2.0, pKO-

IemA:.Q3.0, pSLL-/ew/l::Gm2.0, pSLL-lemA:Q3.0, have each been electroporated into 

five different strains of P. aeruginosa, PAOl, 4384, PA14, PA103 and PAH gacA", 

several times (Figure 14). Multiple potential clones have been screened by either whole 

colony PCR or Southern Blot analysis and determined to be false positives. This inability 

to disrupt gacS in P. aeruginosa is perplexing. Given the variety of combinations and 

number of trials each mutation attempt has been repeated, one would reasonably expect a 

knock-out would have been constructed. Because three loci with significant homology to 

gacS exist it is possible, however unlikely, that we preferentially disrupt an alternate loci. 

Because gacS disruptions in other Pseudomonads have been generated by transposon 

mutagenesis, it is unlikely that gacS mutations in P. aeruginosa are lethal (Barta et al., 

1992; Rich et al., 1994; Whistler et al., 1998). Furthermore, disruption of the cognate 

response regulator gacA does not result in any functional impairment other than 

diminished virulence factor production (Reimmann et al., 1997) and biofilm formation. 

However, because gacS codes for a protein which has both a histidine kinase domain and 

a response regulator domain, and is not physically linked to gacA on the chromosome, the 

role of gacS may in fact be more complicated than originally thought (Barta et al., 1992) 

Furthermore we have been unable to clone gacS by PCR amplification without the 

introduction of mutations despite exhaustive screening. This implies over-expression of 

gacS is lethal to the bacteria. It is not uncommon for over-expression of histidine kinases 

to result in lethality to the host cell due to cross talk. 
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From these data we can conclude that the GacA/GacS two component regulatory system 

plays a critical role in biofilm formation. Furthermore, the GacA/GacS two componenet 

regulatory system regulates an alternate pathway required for optimal biofilm formation 

independent of both the las quorum sensing system and twitching motility. At present 

data is not available regarding the pathway through which the GacA/GacS two 

component regulatory system acts to mediate biofilm formation. Given that the 

gacA/gacS regulon almost universally regulates extracellular products which tend to 

modify the surrounding environment, it is tempting to speculate that this regulatory 

system may be involved in production of factors critical to the biofilm matrix and 

required for development of mature biofilm architecture. Identification of the regulatory 

cascade through which gacA acts to effect biofilm formation potential is essential to 

understanding the molecular and genetic basis of biofilm development and maturation. 

To facilitate identification of the components of the gacA/gacS regulon, recognition of 

the initial environmental signal to which GacS responds to and initiates the gacA/gacS 

regulon is required. 

5.4 Expression Levels of Characterized Virulence Factors in P. aeruginosa Biofilms 

An understanding of the molecular mechanisms involved in P. aeruginosa pathogenesis 

during the chronic broncho-pulmonary infection of cystic fibrosis patients is essential for 

the optimization of therapeutic strategies. To this end, researchers have elucidated many 

of the virulence factors involved in P. aeruginosa pathogenesis, the regulatory elements 

involved in their production, and environmental triggers which initiate expression of 

these factors. However, these experiments have been performed using batch cultures of 

planktonic cells grown under optimal nutrient conditions. Within the chronically infected 

cystic fibrosis lung, P. aeruginosa populations exist in a multi-cellular life style known as 

a biofilm (Lam et ai, 1981; Kobayashi, 1995). Furthermore, the cystic fibrosis lung is a 

harsh environment in which organisms are exposed to a number of stresses including 

nutrient deprivation, aggressive antibiotic therapies, and the host immune response. 

Obviously the in vitro conditions used to study the genetics of P. aeruginosa do not 

closely mimic those which the organism experiences in vivo. As a first step in 
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overcoming this disparity, we examined gene regulation in P. aeruginosa populations 

grown as biofilms. We feel this offers a more pertinent model of P. aeruginosa in vitro 

gene regulation. 

We examined the production of a number of important virulence factors by monitoring 

transcription levels during biofilm and planktonic growth. This has provided a greater 

appreciation of the biofilm mode of growth, and the differences and similarities observed 

with planktonic populations. We examined transcript accumulation of algD, a key 

enzyme involved in the biosynthesis of alginate, in biofilm and planktonic populations. 

Alginate over-production resulting in a mucoid phenotype is characteristic of P. 

aeruginosa strains isolated from CF airways. algD transcription is approximately two

fold greater during biofilm growth than in planktonic cells harvested at the same time 

point (Figure 15). Furthermore, algD transcription can be observed to increase in 

maturing biofilms and then drops off again in mature populations. These data are in 

general agreement with previous studies which used promoter-reporter gene fusions as a 

general indicator of alginate production in biofilms (Hoyle et al., 1993; Davies et al, 

1993; Davies and Geesey, 1995). 

Davies et al. (1998) demonstrated that for biofilms to mature beyond a loosely connected 

monolayer of cells, the las quorum sensing system must be operative. However, no 

evidence has been presented regarding the actual regulation of the las quorum sensing 

system during biofilm development. To this end, we have monitored the production of 

three virulence gene products involved in the las quorum sensing system. We monitored 

transcript accumulation levels of lasl and lasR, genes encoding the PAI-1 autoinducer 

synthase and the cognate trascriptional regulator of the las quorum sensing system. 

Transcript accumulation of both lasR and lasl follows a similar pattern; while decreased 

in the developing biofilm relative to planktonic bacteria, transcription increases in mature 

biofilms to levels greater than those observed in the comparable planktonic population 

(Figures 16 and 17). However, the relative difference in transcription of either lasR or 

lasl in biofilm and planktonic populations at any give time point is relatively minor. 
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Furthermore, transcription of a target gene regulated by the las quorum sensing system, 

lasB follows these same patterns (Figure 18). 

The following model is proposed to explain these results. Biofilm cells have long been 

known to have a longer doubling time than planktonic cells (Costerton et al., 1987; 

Kinniment and Wimpenny, 1992; Huang et al., 1998). At early time points, because 

they grow slower, biofilm cells will accumulate lower levels of autoinducers and thereby 

not initiate transcription of target genes to the same degree as planktonic cells. However, 

as biofilms mature, their extracellular polymeric matrix becomes increasingly developed 

and may serve as a diffusional barrier to autoinducer molecules. As such, mature biofilm 

component cells will be induced to a greater degree than similarly aged planktonic 

bacteria, despite a lower number of total cells present. The observation that transcription 

decreases in mature biofilms may be explained by repression of activity by RsaL, a 

negative regulator of the las quorum sensing system (de Kievit et al., 1999). 

Thus, we can conclude regulation of the las quorum sensing system is not significantly 

different in biofilms or planktonic populations. As such, in order for the las quorum 

sensing system to be involved in biofilm maturation it must act on a pathway in which it 

is not the sole regulator. A convergent regulatory pathway must also act in concert with 

the las quorum sensing system. If the las quorum sensing system were the lone regulator 

of these genes, then planktonic cultures producing maximum PAI-1 levels during 

stationary phase would develop biofilm phenotypic traits. The nature of this alternate 

regulatory pathway remains to be elucidated. Progress in understanding biofilm 

development will likely be expedited by identifying the factors under the control of these 

two convergent regulatory pathways. 

Transcription of three virulence factors involved in the antibiotic avoidance of P. 

aeruginosa was also examined in both biofilm and planktonic populations. ampC is the 

structural gene for the class I p-lactamase induced in planktonic populations by the 

presence of P-lactam antibiotics. Transcripts to ampC are not detectable in either biofilm 

or planktonic populations which have not been induced. Studies have shown the mexCD-
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oprJ operon is not expressed during P. aeruginosa PAOl planktonic growth (Poole et al., 

1996). Similarly transcription of this operon does not occur in biofilm populations, 

eliminating a potential role in the recalcitrant antibiotic resistant nature of biofilms. 

Finally transcript accumulation analysis of mexAB-oprM show that in all likelihood this 

operon is expressed at approximately the same level throughout batch culture growth, and 

furthermore, that transcription in biofilm populations is not markedly altered relative to 

planktonic bacteria (Figure 19). 

Comparing the levels of known virulence factor production in biofilms and planktonic 

populations has shown that of the seven examined, only alginate (as indicated by algD) 

has significantly altered expression levels during biofilm growth. These studies do not 

support the hypothesis that virulence factor gene expression is significantly different in 

biofilms and planktonic populations. However, it should be noted that these studies only 

focused on three types of virulence factors; the las quorum sensing system, alginate, and 

antibiotic avoidance mechanisms. Obviously too few systems were studied to make 

broad sweeping statements regarding the general nature of biofilm gene expression. 

Furthermore, other researchers using a much more robust assay system have 

demonstrated large scale changes occurring in gene expression following conversion to 

biofilm growth. 

Pringent-Combaret et al. (1999) were able to demonstrate that 38% of all E. coli K-12 

genes examined have altered expression levels during biofilm growth by analyzing [}-

galactosidase production in biofilms of clones mutagenized with a transposon carrying a 

promoterless lacZ. Furthermore, Costerton et al. (1995) demonstrated a 30% difference 

in the type and level of total cellular proteins produced by P. aeruginosa grown as a 

biofilm versus planktonically by two dimensional gel electrophoresis. Given this 

information, further characterization of virulence factor production by P. aeruginosa 

biofilms is necessitated. Potential characterization targets include, global regulators, 

stress response regulators, pili, flagella, siderophore receptors, and anti-oxidants. 

Common sense dictates an in vitro model of gene expression such as biofilm growth 
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which is a closer approximation to the mode of growth adopted by the bacteria in vivo, 

will provide more relevant information regarding the pathogenesis of P. aeruginosa. 

5.5 Evaluation of the Modified IVET Type Screen for the Identification of 

Promoters Active During Biofilm Growth 

We investigated the possibility of adapting procedures developed for the identification of 

genes induced in vivo (in vivo expression technology (IVET)) for the identification of 

promoters active in biofilm populations. The principle behind IVET technology is this; a 

random promoter fusion library from genomic DNA is constructed and transformed into 

an auxotrophic mutant strain (Mahan et al., 1993; Mahan et al, 1995; Heithoff et ai, 

1997). The randomly cloned promoters will direct the expression of a gene which 

complements the genetic defect in the auxotrophic host strain. This random pool of 

engineered bacteria are then used to infect a host. Promoters which are active during 

infection will initiate expression of the gene to complement the auxotrophic mutant host 

strain. As such, only clones with promoters that are active during infection can direct the 

production of the complementing gene and grow. A screen to identify promoters 

similarly active in vitro is also performed to eliminate constitutively expressed genes. 

Genes preferentially expressed in vivo can thus be identified. 

IVET has recently been adapted for use in P. aeruginosa with the identification of the asd 

gene. This gene encodes aspartate-(3-semialdehyde dehydrogenase, an enzyme required 

for the synthesis of diaminopimelic acid (DAP). DAP is an essential precursor for the 

production of the amino acids lysine, methionine and threonine (Hoang et al, 1997). As 

such, Aasd mutant strains of P. aeruginosa are auxotrophic for lysine, methionine and 

threonine. Furthermore, DAP itself is an essential component of Gram negative bacterial 

cell walls. In asd deficient strains of P. aeruginosa DAP is not produced, therefore cell 

walls are not cross-linked and cells undergo lysis in non-isotonic environments. 

We have constructed a multi-copy vector for random promoter - based directed 

transcriptional activation of asd (Figure 20). The plasmids pUCP-IVET2 and pUCP-
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IVET3 contain the promoterless asd gene in front of a pUC - derived multiple cloning 

site. Random chromosomal DNA ligated into these vectors will direct the synthesis of 

asd. We have similarly constructed positive control vectors in which production of asd is 

under the control of an inducible promoter. The pUCP-TEVI vectors were constructed 

such that the asd gene is under the transcriptional control ofplac. A further advantage of 

using the pUCP-IVET and pUCP-TEVI vectors has been the engineering of the gfp gene, 

encoding the Green Fluorescent Protein from the bioluminescent jellyfish Aequorea 

victoria, into these vectors such that it is transcribed as a single unit with asd. As such, 

expression of gfp is under transcriptional control of the promoter fusion library. All 

plasmid constructs will be transformed into an asd derivative of P. aeruginosa PAOl, 

termed PAOl84, and screened for promoter activity. 

To examine the feasibility of using such a genetic screening approach to identify 

promoters active during biofilm growth, we first had to characterize biofilms formed by 

each of the strains. Both biofilm and planktonic growth of P. aeruginosa PAOl84 in 

TSB supplemented with 400 u.g/ml DAP was reduced relative to P. aeruginosa PAOl in 

TSB (Figure 21). However, biofilms of strain PAOl84 were still formed at a sufficient 

rate to warrant further investigation. Furthermore, asd provided in trans under 

transcriptional control of p'ac on pUCP-TEVI vectors was sufficient to abrogate this 

growth defect. Biofilms formed by P. aeruginosa PAOl84 (pUCP-TEVI2) or PAOl84 

(pUCP-TEVI3) were almost equivalent to wild-type PAOl. 

5.5.1 Proposed Adaptation of IVET to Identify Promoters Active During 

Biofilm Growth 

The following is a proposed protocol for the adaptation of IVET techniques to identify 

promoters preferentially active during biofilm growth using tools developed in this study. 

Chromosomal digested fragments from 1-4 kb in size from the P. aeruginosa PAOl 

genome will be collected by electro-elution and randomly ligated into pUCP-IVET2 or 

pUCP-IVET3 (Figure 27). This random pool of ligations will then be transformed into P. 

aeruginosa strain PAOl84. Colonies transformed with the vector will be selected based 

on growth on TSA supplemented with 400 ug/ml DAP and 400 (ig/ml carbenicillin. 
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Each colony will then be transferred to an individual well in a 96 well microtitre plate 

and a lid from a MBEC™ device inserted. Bacteria will be grown in 200 ul of TSB 

supplemented with 400 u.g/ml DAP for 6 hours to allow for sufficient biofilm formation. 

Thus, initial biofilms are formed regardless of promoter activity during biofilm growth. 

At this point the MBEC lid containing 96 identical biofilms except for the fragment of 

chromosomal DNA inserted into the pUCP-IVET vectors, will be transferred to a new 96 

well microtitre plate with 200 u.1 of TSB not supplemented with DAP, where they will be 

grown for a pre-detemined time period. Promoters that are active in a biofilm will initiate 

production of asd, and therefore DAP, and be able to grow without the addition of 

exogenous DAP. Transformants with an inactive promoter will not transcribe asd, not 

produce DAP, be unable to cross link cell walls, and therefore lyse in the non-isotonic 

environment. 

Once clones, containing promoters active during biofilm growth, have been identified by 

directed synthesis of DAP, they must then be screened to eliminate clones in which the 

promoters are also active during planktonic growth. Clones positive for biofilm active 

promoters will be grown as planktonic cells in a 96 well microtitre plate containing 200 

u.1 TSB per well for a pre-determined time period. Clones with promoters active during 

both biofilm and planktonic modes of growth will grow, whereas clones with promoters 

active solely during biofilm growth will not. Thus, the genetic approach suggested for 

the identification of genes preferentially expressed during biofilm growth requires an 

initial positive screen, and a subsequent negative selection screen. To assess the relative 

activity of each identified promoter, as well as identify conditions which induce its 

activity, we can monitor the expression of GFP. GFP absorbs energy at 395 nm and 

emits green light at 509 nm. The fluorescence of each strain can be measured using a 

simple light emission assay in a fluorescence spectophotometer. To further characterize 

promoters (and the genes they control) preferentially active during biofilm growth, the 

PAOl chromosomal fragment ligated into the pUCP-IVET expression vector will then be 

excised and ligated into a cloning vector for subsequent sequence analysis. Northern blot 

analysis of the genes controlled by each promoter can be used to confirm that the 

promoter is preferentially active during biofilm growth. 
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Figure 27: Proposed Modified IVET Screen for Identification of Promoters 

Preferentially Active During Growth as a Biofilm. 

Random promoter fusions will be created by digesting P. aeruginosa PAOl genomic 

DNA with Hindlll, Sphl, Pstl, Hindi, Acd, Sail or Xbal and ligating 1-4 kb fragments 

into the MCS of pUCP-IVET vectors to initiate transcriptional control of asd-gfp. This 

random pool of ligations will then be transformed into P. aeruginosa PAOl84 and 

selected based on growth on TSA supplemented with 400 fig/ml DAP and 400 u.g/ml 

carbenicillin. Each clone will then be grown as a biofilm using the MBEC™ device in 

TSB supplemented with 400 u,g/ml DAP in a single well of a 96 well microtitre plate. 

An initial positive selection screen demands biofilms be formed in the presence of DAP, 

and transferred to media lacking DAP. Only clones with promoters active in biofilms 

will actively transcribe asd and therefore continue to grow and avoid cell lysis. A 

subsequent negative selection screen is performed to eliminate clones with promoters 

active during both modes of growth. Clones positive for biofilm active promoters will be 

grown planktonically in TSB without supplemented DAP. Promoters active during both 

modes of growth will grow, whereas biofilm - specific promoter - containing clones will 

not grow. Sequence analysis of biofilm - specific promoters is the first step in 

characterization of the gene which the identified promoter regulates. Because of the 

transcriptional fusion, GFP can be monitored as a relative indicator of individual 

promoter activity. 
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5.5.2 Advantages Offered by a Modified IVET Screen for the Identification 

of Biofilm Unique Genes 

The proposed modified IVET procedure for the identification of genes preferentially 

expressed during biofilm growth offers many advantages over traditional genetic 

approaches used to screen genes involved in biofilm formation and even the traditional 

IVET procedure itself. Traditional genetic approaches to screen for genes involved in 

biofilm formation have focused on the initial phase of biofilm formation, attachment. 

Screening for impaired attachment of transposon mutants has indicated a role for a 

number of genes involved in cellular attachment. However, genes involved, though not 

required, for attachment are not identified by these screens. Because the modified IVET 

procedure looks at gene expression and not impairment of function, it should be sufficient 

to identify genes which fall into this category. Identification of genes involved in biofilm 

maturation have been hampered because of the apparent inability to develop a simple 

screen for impairment of biofilm maturation. The modified IVET procedure proposed 

herein can be easily modified to identify genes involved in biofilm attachment, 

maturation or maintenance simply by altering time points at which expression is assessed. 

This system offers several advantages over IVET based genetic screens which use suicide 

vectors such as the pIVET-GFP screen proposed by Handfield et al. (1998). Because 

pUCP - based vectors used in the present study are multi-copy plasmids, the activity of 

each promoter will be amplified whereby greater amounts of DAP and GFP will be 

produced than with a single chromosomally encoded copy of the vector. As such, even a 

regulatory gene, typically expressed at low levels, can potentially be identified. Because 

the proposed system utilizes multi-copy vectors and does not depend upon single cross

over integration into the chromosome, a much larger number of mutants can be screened 

with far less work. Furthermore, each strain will be identical with the exception of the 

DNA fragment ligated into the pUCP-IVET vector. Therefore, all strains will have 

identical growth rates and abilities to form biofilms, provided DAP is added exogenously. 
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5.6 Subtractive Hybridization Based Identification of Genes Uniquely or Hyper-

Expressed During Biofilm Growth 

Subtractive hybridization is one of many molecular approaches which can be used to 

identify nucleic acid sequences unique to a specific population of cells. Subtractive 

hybridization involves subtracting nucleic acid from a population of interest (termed the 

tester population) with excess nucleic acid from a negative population (termed the driver 

population). Common transcripts are eliminated concurrently increasing the 

concentration of sequences unique to the tester population. Subtractive hybridization has 

been used to identify virulence factors and pathogenicity islands in Mycobacterium bovis 

(Mahairas et al, 1996), Escherichia coli (Espinosa and Kolter, 1998), and Helicobacter 

pylori (Akopyants et al, 1998) by identifying DNA sequences present in pathogenic 

strains which are absent in closely related avirulent strains. 

Subtractive hybridization has been adapted to identify genes induced under specific 

growth conditions. To identify genes induced under defined growth conditions RNA is 

extracted from the same strain grown under different conditions and directly subtracted 

from each other using biotinylation procedures (Arnau and Sorensen, 1997). 

Alternatively, RNA can be reversed transcribed into cDNA and subtracted using more 

complex protocols. Originally developed and applied to eukaryotic systems, subtractive 

hybridization has lagged behind in studying prokaryotic gene expression because of the 

inherent difficulties associated with bacterial RNA. Bacterial RNA - based subtractive 

hybridization is complicated due to the extremely labile nature of prokaryotic RNA, the 

inability to separate mRNA from total cellular RNA because of the absence of a poly A 

tail, and the ensuing difficulties in cDNA generation. However, RNA - based subtractive 

hybridization has been used in several bacterial models of gene regulation to identify 

genes induced under defined growth conditions including; Haemophilus influenzae (Utt 

and Quinn, 1994), Mycobacterium avium (Plum and Clark-Curtiss, 1994), Listeria 

monocytogenes (Utt et al, 1995), Neisseria meningitidis (Strathdee and Johnson, 1995), 

Lactococcus lactis (Arnau and Sorensen, 1997), Helicobacter pylori (McGowan et al, 

1998), and Pseudomonas aeruginosa (Westbrock-Wadman et al, 1999). 
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The subtractive hybridization protocol which we have developed and reported herein is 

markedly different from traditional subtractive hybridization protocols. Whereas 

traditional subtractive hybridization procedures often require a large amount of starting 

material, are inefficient for the identification of low abundance transcripts, and result in a 

high proportion of false positives, our procedure overcomes these shortcomings. We 

have incorporated several previously identified steps shown to increase the efficacy of 

subtractive hybridization, used PCR to amplify low abundance transcripts and an initial 

T4 RNA ligation step of our own design was developed which enables the identification 

of cDNA corresponding to full length transcripts uniquely expressed during biofilm 

growth. 

We have constructed a subtractive hybridization library of genes whose expression is 

induced during biofilm growth. Subtractive hybridization was performed by hybridizing 

cDNA derived from biofilms (tester population) with excess cDNA from similar 

planktonically grown cells (driver populations). Common transcripts were eliminated 

concurrently enriching sequences unique to the tester population. These sequences 

represent genes uniquely expressed during biofilm growth. Five distinct subtractive 

hybridization procedures were performed repeatedly, each using specific populations of 

RNA; 4 hour, 8 hour, 18/24 hour, Late and Control. The 4 and 8 hour subtractive 

hybridizations involved subtracting 4 hour and 8 hour biofilm (tester) cDNA, respectively 

from corresponding planktonic cDNA. The 8/18 hour and 18/24 hour subtractive 

hybridizations involved subtracting combined tester cDNA samples from the 

corresponding combined driver cDNA populations. The Late subtractive hybridization 

involved subtracting cDNA from mature biofilms from stationary phase driver cDNA. A 

control subtractive hybridization was performed to examine the efficacy of the developed 

protocol. cDNA from P. aeruginosa strain PAOl which expresses both quorum sensing 

systems was subtracted from cDNA from strain PAO-JP2 in which the quorum sensing 

systems have been disrupted, in order to identify genes induced by quorum sensing. 

Variable results were obtained with each subtractive hybridization. 
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5.6.1 Genes Identified By Subtractive Hybridization 

All genes identified by subtractive hybridization as potentially being biofilm unique 

genes were cloned and sent for sequence analysis at the UCDNA sequencing lab. 

Sequence data was analysed by similarity searches using the BLASTN program available 

though NCBI of total GenBank and specifically the P. aeruginosa unfinished genome 

project (www.ncbi.nlm.nih.gov/blast). Sequences of each plasmid clone were then 

compared to data from the Pseudomonas Genome Database to identify the position of 

each gene within the genome, gene number, as well as homology data and proposed role 

(Pseudomonas.bit.uq.edu.au). 

Each gene identified by subtractive hybridization was organized into one of five groups 

based on similarity of function; genes involved in anaerobic respiration, biosynthesis 

genes, genes involved in nutrient procurement, genes involved in outer membrane 

permeability, and genes of unknown function (Table 12). These genes can be further 

sub-divided based on the phase of biofilm growth at which they are expressed. 

5.6.1.1 Genes Preferentially Expressed During Biofilm Growth 

Involved in Anaerobic Respiration, 

Several genes identified to be uniquely expressed during biofilm growth are involved in 

anaerobic metabolism. Sequence analysis of the gene identified from clone L3-4C has 

identified this gene as encoding the arginine deaminase arcA (aprD). P. aeruginosa uses 

the arginine deaminase pathway to generate ATP in anaerobic, nitrate free conditions 

(Luthi et al, 1990). The three enzymes involved in the pathway ArcA, ArcB, and ArcC 

are organized in an operon and induced co-ordinately by oxygen limitation (Mercenier et 

al., 1980; Vander Wauven et ai, 1984). The sequence contained in clone 6-1-8/8 was 

identified as gene 1084. Gene 1084 has 53% sequence homology to the pta gene, 

encoding phosphotransacetylase, of E. coli. In anaerobically growing E. coli, acetyl -

CoA cannot be oxidized through the TCA cycle (LeVine et al., 1980; Kakuda et al., 

1994). Instead, Pta is used to generate energy through substrate level phosphorylation of 

acetyl CoA to generate acetate and ATP (Wanner et al, 1992; Kakuda et al, 1994). 

http://www.ncbi.nlm.nih.gov/blast
Pseudomonas.bit.uq.edu.au
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Sequence analysis of clone L3-10D shows that this gene represents gene 1742. Gene 

1742 has 70% sequence identity to the ansB gene P. fluoresceins which encodes a classll 

glutaminase-asparaginase. This enzyme is secreted into the periplasm where it catalyzes 

the hydrolysis of of asparagine and/or glutamine (Huser et al, 1999). Homolgous 

proteins in E. coli and S. enterica are predominately synthesized during anaerobiosis 

following induction by FNR and a54 (Jennings and Beacham, 1993). This system is 

believed to function in anaerobic fumarate respiration. 

The identification of genes involved in anaerobic respiration is in accord with the current 

model of biofilm physiology. Much data has been established demonstrating the 

existence of oxygen gradients within microbial biofilms (de Beer et al, 1994; Xu et al, 

1998). As cells respire within the biofilm, an oxygen gradient is established whereby 

oxygen concentration is severely depleted for cells located at the base of the biofilm and 

in areas of highest cell density. Several models propose that cells in these areas are 

metabolically quiescent as indicated by decreased ATP production (Xu et al., 1998). Our 

data supports a different hypothesis. In this alternate model, cells at the base of the 

biofilm respire anaerobically to produce low levels of ATP and grow at a diminished rate. 

Decreased growth rates have been shown to decrease bacterial antibiotic susceptibility 

(Ashby et al, 1994; Brown et al, 1988; Evans et al, 1990; Evans et al, 1991). These 

data indicate biofilm antibiotic insuscepibility may be mediated in part due to decreased 

growth rate as a result of altered bacterial metabolism. 

5.6.1.2 Genes Preferentially Expressed During Biofilm Growth 

Involved in Outer Membrane Permeability 

The gene oprH was independently identified as a gene hyper-expressed in biofilms three 

separate times. Clones L3-17B and L3-23A represent independent isolates from the Late 

subtractive hybridization as these are inserted in opposite orientations in the MCS of 

pCR2.1. Furthermore, clone 18-3-32C was isolated from the 18/24 hour subtractive 

hyrbridization, and therefore is completely independent. OprH is a small basic protein 

with structural homology to the porin family. When grown in limiting Mg2+ conditions, 

OprH becomes the most abundant protein in the outer membrane, where it interacts with 
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the LPS providing membrane stability and mediates resistance to EDTA, polymixin B 

and gentamicin (Young et al., 1992). Interestingly P. aeruginosa oprH has been shown 

to be regulated by the PhoP-PhoQ two component regulatory system, homologous to that 

of Salmonella typhimurium (Macfarlane et al., 1999). PhoQ, the sensor kinase, is a Mg2+ 

sensor which responds to low Mg2+ conditions by autophosphorylating, transferring the 

phosphate to PhoP, and initiating activation of the phoP/phoQ regulon. Ernst et al. 

(1999) have demonstrated that the PhoP/PhoQ regulon also mediates the modification of 

LPS, resulting in the addition of aminoarabinose and palmitate to lipid A. This modified 

lipid A is characteristic of minimally passaged cystic fibrosis isolates and is associated 

with increased immunogenicity and resistance to host defensins. Furthermore, LPS has 

been shown to be involved in bacterial attachment and biofilm development (Genevaux et 

al., 1999a; Genevaux et al, 1999b). This circumstantial evidence implies that the 

PhoP/PhoQ two component regulatory system may play an important role in P. 

aeruginosa biofilm formation and pathogenicity in the CF lung. 

5.6.1.3 Biosynthesis Genes Preferentially Expressed During Biofilm 

Growth 

Three genes involved in biosynthetic pathways were identified through the subtractive 

hybridization screens. Isolate LI-2D encodes fabB, a p-ketoacyl ACP-carrier protein 

synthetase. FabB is involved in unsaturated fatty acid biosynthesis in P. aeruginosa and 

provides fatty acid intermediates for a number of cellular constituents including 

phospholipids, rhamnolipid and lipid A (Hoang and Schweizer, 1997). Furthermore, it is 

interesting to note the role of FabB in the biosynthesis of PAI-1 (Hoang and Schweizer, 

1999; Kutchma et al., 1999). FabB catalyses the synthesis of 3-ketoacyl ACP which is 

used in conjunction with S-adenosylmethionine by LasI to produce PAI-1. The 

involvement of PAI-1 in biofilm formation and hyper-expression of genes involved in the 

biosynthesis of this molecule in mature biofilms is interesting. Furthermore, altered 

membrane phospholipid and LPS content may be mediated by elevated expression of 

fatty acid biosynthesis genes and may act to decrease membrane permeability, and 

contribute to biofilm antibiotic resistance. Northern blot analysis has confirmed a twenty 

- fold increase in fabB expression in mature biofilms (Figure 22). 
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Isolate L3-20B codes for a phenylalanine hydroxylase, phhA. PhhA catalyses the 

irreversible conversion of phenylalanine to tyrosine (Zhao et al., 1994). The role of this 

system in P. aeruginosa is unclear. The current hypothesis predicts this system to be a 

"back-up" for tyrosine biosynthesis (Song and Jensen, 1996). The role this gene could 

play in biofilm formation is not easily envisioned given the current information. 

Clone L3-21A contains the coding sequence offolP. FolP is a dihydropteroate synthase 

which catalyses the reaction between dihydropteridine pyrophophate and />-ami-

nobenzoate in the biosynthesis pathway of tetrahydrofolate (Fermer and Swedberg, 1997; 

Vedantam et al., 1998). Tetrahydrofolate is a cofactor in the biosynthesis of purines, 

pyrimidines, and amino acids. The up-regulation of this gene in biofilms may indicate 

certain biosynthetic pathways are more active in biofilms relative to planktonic bacteria. 

In addition, elevated expression levels of folP due to gene amplification has been 

reported to result in increased sulfonamide resistance in E. coli (Nichols and Guay, 1989; 

Vedantam et al., 1998). Elevated expression of folP in Pseudomonas biofilms may in 

part account for the observed increase in resistance to co-trimoxazole and other 

sulfonamides (Vorachit et al., 1993) 

5.6.1.4 Genes Involved in Procurement of Nutrients Preferentially 

Expressed During Biofilm Growth 

Data analysis of the biofilm unique gene from clone L3-5B demonstrates this sequence 

corresponds to gene 2038. Northern blot analysis has confirmed elevated expression 

levels of this gene in mature biofilms (Figure 24). Gene 2038 encodes a proposed 480 aa 

protein that is 63% identical to FixNd of Rhizobium leguminosarum in a 455 amino acid 

over-lap. Based on this homology, it has been proposed that this gene functions as a 

previously unidentified pyochelin synthetase. Pyochelin production is induced in P. 

aeruginosa under iron limiting conditions. This may indicate that some cells within the 

biofilm are starved for transition metals. Furthermore, biofilm growth has been 

demonstrated to be limited by iron availability (Buhler et al., 1998). Lastly, P. 

aeruginosa has been shown to have increased adhesion abilities during iron limiting 
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conditions (Scharfman et al., 1996). These data seem to suggest a potential role for 

pyochelin and iron in P. aeruginosa biofilm formation. 

The role of pyochelin in biofilm development was examined using a strain in which 

pchR, the gene coding for the positive regulator of the pyochelin biosynthesis operons 

was disrupted. As such, strain PA0669 pchR does not produce any of the proteins 

involved in the biosynthesis or up-take of ferripyochelin (Heinrichs and Poole, 1993; 

Heinnchs and Poole, 1996). From these data, pyochelin can be observed to play only a 

small role in biofilm formation, as the biofilms formed by PAO660 pchR~ are decreased 

only slightly more than the observed planktonic growth defect relative to wild type 

strains (Figure 25). This data also supports the role of iron in biofilm formation as both 

strains grown in low iron conditions formed biofilms at a decreased rate. This implies 

that while expressed at high levels in mature biofilms, pyochelin synthetase genes are not 

absolutely required for biofilm development and maintenance. It is more likely that this 

hyper-expression represents a subpopulation of cells which experience extreme iron 

starvation in a mature biofilm 

5.6.1.5 Genes of Unknown Function Preferentially Expressed During 

Biofilm Growth 

The most commonly identified gene identified by subtractive hybridization corresponded 

to gene 5951 on the P. aeruginosa PAOl genome. Interestingly, the repeated 

identification of this gene is not due to clonal expansion of a single isolate, but rather 

multiple independent isolates. However, as repeated PCR amplifications have been 

performed in the subtractive hybridization procedure, the identification of multiple 

independent clones to this gene does not necessarily transcend into extremely elevated 

expression in biofilms, nor does it correlate to its potential importance. Gene 5951 

encodes a predicted 187 amino acid peptide which has 35% identity to a hypothetical 

protein in Deinococcus radiodurans over 92 amino acids. The low homology of these 

two proteins may indicate there is no functional similarity. However, Deinococcus spp. 

have been demonstrated to have the potential to form biofilms in printing paper machines 

(Vaisanen et al, 1998). Sequence analysis of clone L3-9A shows this gene represents 
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gene 4475. Gene 4475 has 90% homology over only an 80 bp region to an 

uncharacterized open reading frame from Methylobacterium extorquens. This limited 

region of homology may indicate that there is no functional similarity. 

Methylobacterium spp. also have been demonstrated to develop biofilms in the industrial 

setting (Vaisanen et al., 1998). 

Clone L3-3C contains gene 5726 coding for a predicted polypeptide of 922 amino acids, 

which has 63% identity over 918 amino acids with secA of Vibrio alginolyticus. SecA is 

involved in the secretion of products into the periplasmic space (Ito, 1996). The SecA 

protein of E. coli is a large peripheral membrane protein that acts in conjunction with 

SecE and SecY as a pre-protein translocase (Oliver, 1993). SecA hydrolyses ATP to 

initiate the transfer of polypeptides through the inner membrane. Transfer is completed 

due to the charge gradient created by the proton motive force which forces the 

polypeptide through the membrane. The identification of a secA homolog in P. 

aeruginosa and its hyper-expression during biofilm growth is interesting as it implies 

elevated protein secretion may occur in biofilms. It is possible that P. aeruginosa grown 

as a biofilm secretes proteins which act to modify the biofilm matrix through a SecA 

dependent pathway. 

Clone L3-6C corresponds to gene 4367 on the Pseudomonas aeruginosa PAOl genome. 

Gene 4367 encodes a putative protein of 263 amino acids. Sequence analysis of this gene 

shows 23% homology over a limited region to cysD of Mycobacterium tuberculosis. 

Again, the low homology likely indicates no commonality of function. Sequence 

analysis of clone L1-22B shows that this represents putative gene 10292. Putative gene 

10292 has 25% homology to a gene of unknown function in M. tuberculosis. Northern 

blot analysis has indicated expression of gene 10292 is limited to mature biofilm 

populations (Figure 23). It is interesting to find two genes expressed during growth as a 

biofilm, having their closest homolog in M. tuberculosis. While M. tuberculosis and P. 

aeruginosa share little in common, both act as pulmonary pathogens. It is interesting to 

speculate that the expression of common genes by P. aeruginosa and M. tuberculosis 

may result in a propensity for infecting and colonizing pulmonary tissues. 
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5.6.2 Genes Falsely Identified by Subtractive Hybridization 

While the reported subtractive hybridization procedure is designed to have extreme 

prejudice against false positives, 6 confirmed false positives managed to slip through the 

subtraction. The bulk of the false positives represent ribosomal RNA and include 23 S 

rRNA, 16S rRNA, and 6S rRNA. Due to the abundance at which rRNA exists within a 

cell, it is not surprising to have identified ribosomal RNA in our screen as false positives. 

Identification of one putative gene of unknown function, 10638, identified in clone Ll-

10B to be a false positive was surprising. Northern blot analysis revealed that this gene 

product was expressed in equal abundance during both biofilm and planktonic growth at 

all time points examined. How this transcript slipped through the subtractive 

hyrbidization screen is unknown, but may indicate it is expressed at high levels during 

both modes of growth. 

5.6.3 Current Model of Genes Preferentially Expressed During P. aeruginosa 

Growth as a Biofilm 

The genes identified by subtractive hybridization as having drastically elevated 

expression during biofilm growth provide some insight into the genetics and physiology 

of biofilms. The identification of biosynthesis genes may indicate altered regulation of 

metabolic pathways occurring within some cells of the biofilm. In particular, altered 

fatty acid biosynthesis may result in altered membrane permeability and altered 

production of homoserine lactone signalling molecules. Enhanced expression of folP 

may contribute to the high level of resistance observed in biofilms to sulfonamides. The 

identification of genes involved in anaerobic respiration active during biofilm growth, 

strongly supports the existence of oxygen gradients within biofilms. Furthermore, altered 

metabolism and decreased growth rate of cells respiring anaerobically within the biofilm 

may contribute to biofilm antibiotic resistance. 

The identification of oprH hyper-expression in biofilms may, in part, explain biofilm 

antibiotic impermeability resistance to agents such as cationic antimicrobial peptides, 

defensins and macrolides. As oprH expression is induced under magnesium - limiting 
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conditions by the PhoP/PhoQ operon this establishes that gradients in transition metal 

availability also exist within biofilms. This is further confirmed by the hyper-expression 

of a pyochelin biosynthesis gene in mature biofilms. Altered protein secretion by 

biofilms has also been implicated by the identification of a gene hyper-expressed in 

biofilms with homology to SecA. Lastly, the identification of a large number of genes of 

unknown function to be hyper-expressed during biofilm growth provides even further 

evidence to the unique nature of this form of multi-cellular growth. 

5.6.4 Advantages and Disadvantages of Subtractive Hybridization as a Tool 

to Identify Genes Preferentially Expressed During Biofilm Growth 

A molecular approach such as the subtractive hybridization proposed and utilized herein 

offers many advantages over traditional genetic approaches used to identify genes 

involved in biofilm formation. Little information has been developed regarding the genes 

involved in biofilm development, maturation and maintenance due to the inability to 

develop suitable genetic screens. As such, the bulk of genes identified thus far as playing 

a role in biofilm formation are involved in bacterial attachment. Our subtractive 

hybridization procedure can be modified to identify genes uniquely expressed during any 

stage of biofilm development by using RNA extracted from biofilms at specific stages of 

maturation. Furthermore, this technique has the potential of identifying all genes 

preferentially expressed during biofilm growth in a single assay. Lastly, genes involved 

in, though not required for, biofilm formation can be identified through this screen. 

Existing techniques fail to identify this class of genes. 

It is, however, important to note the deficiency of the current subtractive hybridization 

screen. This screen views biofilms as a single homogenous entity. Previous studies have 

established that this is clearly not the case (Kinniment and Wimpenny, 1992; Lawrence et 

al., 1991; Costerton et al, 1995; Wentland et al, 1996; Sternberg et al, 1999; Huang et 

al, 1998; Xu et al, 1998). Biofilms are a highly heterogeneous population of cells in 

which individual cells within different parts of the biofilm will sense different 

environmental conditions. As such, there may be no consistent pattern of gene regulation 

within all cells. Our current screen is unable to distinguish whether a gene identified as 
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being hyper or uniquely expressed during biofilm growth is expressed in all cells, or a 

specific sub-population of cells within the biofilm. For an in depth analysis of spatial 

variation in gene expression of specific target genes identified through the subtractive 

hybridization, these will have to be followed using confocoal laser scanning microscopy 

in combination with fluorescently labelled probes. 

Furthermore, it is evident that our subtractive hybridization procedure still requires some 

optimization. No genes were identified from either the 8 hour or the control subtractive 

hybridization. While it is possible, however unlikely, that there are no alterations in gene 

expression in biofilms and planktonic bacteria after 8 hours of growth, clear differences 

in gene expression should have been detected from the control subtraction. The control 

subtraction should at least identify the lasl and rhll genes as these loci are disrupted in 

the driver strain, and therefore not transcribed. Furthermore, a wide range of quorum 

sensing controlled target genes including lasB, lasA, toxA, rhlAB etc. should have altered 

regulation and thus be identified by subtractive hybridization. In order to optimize the 

subtractive hybridization procedure, the following modifications are proposed Fewer 

rounds of subtraction using larger initial amounts of RNA will serve to decrease the 

number of precipitation steps thereby resulting in a decreased loss of subtracting material, 

and therefore a decrease in the number of false negatives. 

One of the goals of our subtractive hybridization procedure was the isolation of full 

length transcripts to each gene identified. This was idealized to decrease subsequent 

steps involved in gene characterization. Unfortunately, no transcripts were detected fully 

intact, indicating limited RNA degradation had occurred. By increasing the amount of 

RNA - protecting enzymes, and decreasing the initial incubation period of the initial T4 

RNA ligase step we should accordingly reduce transcript degradation. Once optimized 

the subtractive hybridization procedure proposed and developed herein will be an 

excellent molecular tool for identifying genes expressed under defined conditions. 
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5.7 Conclusions 

P. aeruginosa forms adherent microcolonies of cells embedded within a complex, highly 

heterogeneous extracellular matrix called a biofilm. Biofilm physiology has been well 

characterized through physiological studies. However, the genes involved in biofilm 

formation, maintenance and antibiotic resistance remain elusive. In these studies, we 

provide direct evidence for the involvement of characterized and uncharacterized genes 

in biofilm formation and development. 

The recognition that mucoid strains of P. aeruginosa form biofilms at a slower rate than 

comparable non-mucoid strains, despite increased levels of alginate during biofilm 

growth has led to the hypothesis that alginate over-production may serve as a bacterial 

escape mechanism for dissemination from the biofilm. The GacA/GacS two component 

regulatory system was demonstrated to be required for optimal biofilm formation, as 

biofilms formed by AgacA strains were decreased by a factor of ten in both rate of 

biofilm development and final size. The gacA/gacS regulon was further shown to 

mediate biofilm formation and matrix development through a pathway independent of 

factors previously identified to function in biofilm formation. These data indicate the 

GacA/GacS two component global regulatory system may be an important regulator of 

genes involved in biofilm formation and maturation. 

Gene expression in P. aeruginosa biofilms was shown to be substantially different from 

that in planktonic populations. Northern blot analysis revealed that while transcription of 

las quorum sensing system components and RND-type multi-drug efflux pumps is 

relatively similar in both populations, alginate production, as indicated by algD 

expression, was elevated in biofilms. 

The use of the newly developed subtractive hybridization procedure proposed in this 

study was effective in identifying factors uniquely or hyper-expressed during biofilm 

growth. Genes involved in anaerobic metabolism, biosynthesis, outer membrane 

permeability, nutrient procurement and genes of unknown function were all identified to 

have elevated expression during biofilm growth. Tools were similarly developed for a 
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genetic screening approach for the identification of promoters active exclusively during 

biofilm growth. All initial studies support the use of P. aeruginosa PA0184 and the 

pUCP-IVET vectors for a modified IVET procedure. 

Lastly, data from these studies supports and refutes several of the proposed mechanisms 

involved in biofilm antibiotic resistance. We have demonstrated that endogenous 

antibiotic avoidance mechanisms including RND-type multi-drug efflux pumps and a 

class I (3-lactamase do not have altered regulation during biofilm growth. Furthermore, 

the mexAB-oprM operon was demonstrated to have only minor effects on biofilm 

antibiotic resistance. The biofilm matrix was similarly shown to only contribute 

minimally to antibiotic resistance. Altered metabolism in biofilm cells resulting in 

decreased growth rate was observed, and is proposed to contribute to biofilm antibiotic 

resistance. From these data, it appears that biofilm antibiotic resistance is mediated 

through a combination of several factors which independently contribute very little, 

however, when functioning together culminate in the high level of antibiotic resistance 

observed in biofilms. 

S.8 Future Studies 

The data from these studies supports the initiation of several subsequent studies regarding 

the nature of gene involvement in biofilm formation and antibiotic resistance. Further 

analysis of the nature of the involvement of the GacA/GacS two component regulatory 

system in biofilm formation is warranted from these studies. Identifying genes within the 

gacA/gacS regulon leading to biofilm formation and maturation are necessary for a 

further understanding of biofilm maturation and development of phenotypic 

characteristics. A more detailed analysis of the effects of alginate production on biofilm 

development using genetically engineered strains with altered alginate production is 

required to understand the exact nature of the role of alginate in biofilm formation and 

dissociation. 

The continued use of subtractive hybridization to identify factors involved in biofilm 

formation, development and maintenance is further recommended. The procedure 
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requires optimization in order to improve its efficiency in identifying genes unique to 

biofilm growth, and improved quality of the cDNA identified. Clearly, not all genes 

which have elevated expression during biofilm growth were identified in this study. Had 

this been the case, each gene would have been identified multiple times, which was not 

the case. Furthermore, the subtractive hybridization procedure proposed can be adapted 

to almost any application to identify genes involved in specific regulons, or induced 

under defined growth conditions. Two examples of its use would be to; 1). identify P. 

aeruginosa genes uniquely expressed within the lungs of cystic fibrosis patients; (2). to 

identify target genes controlled by the two homoserine lactone mediated quorum sensing 

systems of P. aeruginosa, as briefly attempted in this study. 

Characterizing the role of individual genes identified by the subtractive hybridization 

protocol as having enhanced expression during biofilm growth is required. For example, 

understanding the role of oprH, fabB, and the genes of unknown function thus far 

identified, may lead to a more complete understanding of the nature of biofilm antibiotic 

resistance. Investigation of a role of the PhoP/PhoQ operon in P. aeruginosa biofilm 

development is warranted following the identification of oprH hyper-expression in 

biofilm populations, and the involvement of LPS in biofilm formation. 

The application of the modified IVET procedure proposed in this study to identify genes 

uniquely induced during biofilm growth remains. Current studies have established only 

the suitability of this system. It remains to be seen how effective this system will be at 

identifying promoters specifically active during biofilm growth. 

Much work also remains in order to characterize virulence gene expression in populations 

of P. aeruginosa grown as a biofilm. These studies have examined transcript 

accumulation of each virulence gene in both biofilm and planktonic populations. Due to 

the heterogeneity displayed by individual cells within a biofilm, it is necessary to 

examine which areas of the biofilm actively express each virulence gene product. To this 

end, fluorescent probe technology in conjunction with confocal laser scanning 

microscopy is recommended. 
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Lastly, because of the confirmed involvement of the GacA/GacS two component 

regulatory system, and the apparent involvement of the PhoP/PhoQ two component 

regulatory system in biofilm formation, steps should be taken to examine how chemically 

induced disruption of 2 component systems effect biofilm formation and maintenance. A 

number of compounds have been shown to prevent two component regulatory systems 

from functioning (Barrett and Hooch, 1999). If these compounds could be obtained, 

MBEC assays could easily be performed to examine the antimicrobial effects of these 

compounds alone or in combination with antibiotics against biofilms. 
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