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Abstract 

Pseudomonas aeruginosa is an opportunistic pathogen prevalent in nosocomial 

infections and patients with cystic fibrosis. P. aeruginosa shows a high degree of 

antibiotic tolerance which in part can be attributed to the formation of biofilms. The 

increased antibiotic resistance seen in biofilms can be attributed to several factors 

including differential gene expression within biofilms that can lead to biofilm specific 

mechanisims of antibiotic resistance. 

The ndvB gene is important for biofilm specific antibiotic resistance in P. 

aeruginosa. It is important in signaling and regulation of gene expression in other 

pathogens. Microarray analysis comparing gene expression between wildtype and a ndvB 

deletion mutant was performed to identify genes that might be regulated by the gene 

product, believed to be cyclic glucans, that contribute to biofilm specific antibiotic 

resistance. The array analysis identified 24 genes that were differentially regulated by 

ndvB, including a response regulator, agmR, as well as most of the genes which it 

regulates. Quantitative real-time polymerase chain reactions using primers specific to 

agmR and its associated genes confirmed that they were expressed in a ndvB related 

manner. Minimal bactericidal concentration assays were performed and confirmed that 

these genes are important in resistance to tobramycin and ciprofloxacin. 
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Introduction 

Antibiotic resistance has become a major problem when dealing with 

various bacterial infections. The emergence of highly resistant and multidrug 

resistant bacteria is of great importance and concern for infected and hospitalized 

patients. Bacteria have several ways to become resistant to antibiotics including 

the expression of active transporters, usually efflux pumps, changing the target of 

the drug or inactivating the drug. In addition to these mechanisms, recent 

evidence has suggested that bacteria can grow in surface attached communities 

called biofilms. These diverse communities offer an additional mode of 

protection for the bacteria and offer intrinsic biofilm specific gene expression that 

can increase resistance to antibiotics. 

1.0.0: Biofilms 

1.0.1: Introduction to Biofilms 

Bacteria can grow in two general forms; either as free swimming 

planktonic bacteria or as surface-attached communities known as biofilms (19). 

Bacterial biofilms form in almost any environment containing a surface sufficient 

in nutrients and water. Biofilms generally consist of aggregates of bacteria that 

adhere to surfaces forming encased 'communities' comprised of a matrix of 

extracellular polymers that confers protection to the bacteria within the biofilm 

(5). 

Several stages are involved in the production of biofilms and Figure 1 

gives a brief overview of these stages. In general, a suitable surface (which can 

be biotic or abiotic) is preconditioned with nutrients or a carbon source that can be 

utilized by a bacterial species, generally by natural mechanisms such as 
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Figure 1: The process of formation of a biofilm community. 

Biofilm formation begins with the sampling of the substrate (surface) by 
planktonic bacteria. The bacteria undergo reversible attachment and a change in 
gene expression results in irreversible attachment. The accumulation of cells at 
the surface results in microcolony formation and quorum sensing leads to further 
gene expression changes. Production of an exopolymeric substance results in the 
formation of mature biofilms. Detachment through dispersal or natural means 
occurs. 
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sedimentation (5). Once the surface is conditioned, bacteria can sample the 

surface or be drawn to the surface nutrients via chemotaxis systems, and can 

interact and adhere to the surface, initially reversible through weak interactions 

such as van der Waals forces or hydrogen bonding (5). The flagellum of 

Pseudomonas aeruginosa plays an important role not only in bringing the bacteria 

to the surface, but also in forming interaction important in reversible attachment 

and early biofilm formation in this bacteria (8, 69)Eventually, the attachment 

becomes irreversible as an accumulation of weak interactions occurs and a change 

in gene expression begins. In the case of P. aeruginosa early events in biofilm 

formation that lead to irreversible attachment include the upregulation of type IV 

pili and production of glycocalyx, primarily composed of polysaccharides (34, 

41). Once irreversible attachment occurs, several bacteria can aggregate at the 

surface. This results in the formation of microcolonies. The bacteria continue to 

aggregate and macrocolonies form on a lawn of bacteria at the surface. 

The bacteria are firmly encased in the exopolymeric substance (EPS), also 

referred to as the biofilm matrix, which is composed of polysaccharides, proteins, 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) (5). The 

polysaccharide composition of the biofilm matrix varies amongst bacteria 

involved and comprises the largest portion of the matrix. In P. aeruginosa, three 

types of polysaccharides have been determined: Psl, Pel and alginate. Psl (for 

polysaccharide synthesis locus) is deemed important for biofilm adherence to 

surfaces (54). The pel (pellicle formation) genes encode for a glucose rich 

polysaccharide that is important in early and late biofilm development (5, 92). 
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Alginate has been shown to be important in biofilm structure and function and is 

the best characterized of the polysaccharides in biofilms (5, 40). The composition 

of polysaccharides in biofilms is determined by the environment and nutrient 

availability (92) and is a major component that leads to the transition from 

aggregates of microcolonies to the development of macrocolonies and mature 

biofilm communities. In conjunction with this, the composition of the EPS and in 

particular the polysaccharides lead to many of the intrinsic properties important to 

biofilms. Many of the properties associated with biofilm growth are due to the 

EPS that acts as a barrier against the environment while providing structure and 

the basic architecture of the microcolonies and macrocolonies. The mature 

biofilm consists of clusters of these macrocolonies and microcolonies on a 

surface. From here, single cells or portions of biofilm can be dispersed or 

sloughed off respectively to colonize other areas. 

The dynamics and structure of the biofilm is often determined by the 

physical properties surrounding the colonies such as flow rate, nutrient 

availability and regional oxygen or pH conditions (75). It is also important to 

note that these biofilms are not solid masses containing solely bacteria but rather 

10-20% of the mass is bacteria while the rest is exopolymeric matrix as well as 

nutrients and water, which comprises the majority of the biofilm (approximately 

70-80% of the mass) (5, 41). In order to provide nutrients throughout the biofilm, 

nutrient channels are located in between the macrocolonies in mature biofilms to 

allow the flow of nutrients and oxygen to different parts of the biofilm. 
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The composition of biofilms, whether single species or mixed species, is 

altogether a heterogeneous mix, both spatially and temporally. In other words, 

genes expressed by individual bacteria within the biofilm are different over time 

and depending on where they are located within the biofilm as the conditions 

faced by a bacterium in the center of the biofilm can be vastly different then the 

conditions faced by bacteria on the edge of the biofilm. The heterogeneity of 

biofilms leads to distinct microenvironments of growth that can have vastly 

different physiochemical properties, which in turn can result in distinct 

interactions and pockets of phenotypic and genotypic distinct populations (49). 

Such differences can have a major impact on the biofilm and can result in changes 

that are relevant to industry and medical community, which will be discussed 

later. 

1.0.2: Experimental growth of Biofilms 

Several methods for studying biofilms have been developed in order to 

view biofilms and elucidate the properties of these bacterial communities (5, 75). 

Although it is unnecessary to describe all of the methods herein, it is important to 

get a basic understanding of several systems and why they are used. The standard 

system for viewing bacterial biofilm formation is through flow cells (88). The 

advantage of flow cells is that they allow direct visualization through microscopy, 

provide a method of growing biofilms with shear force across them and provide a 

method that allows for biofilm growth under conditions that are easy to modify. 

Although this is a standard way of growing biofilms, flow cells do require a more 

6 



specialized setup and do not always provide enough biofilm biomass for some 

downstream applications. 

Biofilms can also be grown and analyzed by other methods that require 

less shear forces on the biofilm. One such method is the Kadouri drip-fed reactor. 

In this setup, fresh media is constantly pumped into the wells of a 6-well 

microtitre plate while waste media is removed (60). This allows for the biofilms 

to be grown over several days in order to accumulate a large amount of biomass. 

Biofilms grown in this manner can then be visualized by microscopy and provide 

sufficient cell mass to allow for downstream applications such as RNA extraction. 

Figure 2 shows a diagram of the Kadouri drip-fed reactor, which was used for 

most of the biofilm growth in subsequent experiments for this thesis. 

Another method for biofilm growth which is rapid and provides superior 

images for biofilm formation is the air-liquid interface assay. In this setup, a 

small amount of appropriate growth media is inoculated with bacteria in a six-

well plate and tilted to allow an air-liquid boundary to be formed midway up the 

plate. After enough time has passed for biofilm to be grown, the media can be 

removed and images can be taken of the biofilm (60). 

Biofilm formation can also be visualized via the microtitre plate biofilm 

assay (60). This assay uses a standard 96-well microtitre plate that has been 

inoculated with a dilution of a bacteria of interest. After a suitable amount of time 

(as determined by experimentation) the bacteria and media is removed from the 

plate and replaced with an equal volume of 0.1% crystal violet solution. This 

solution stains bacteria purple. If the bacteria formed a biofilm on the microtitre 
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plate, a purple ring will appear on the plate after the crystal violet solution is 

removed from the plate. This is a rapid method to identify if the bacteria can 

form biofilms under the conditions used in the experiment. 

The growth of biofilms in a reproducible manner for visualization and 

experimental setups is not a simple task due to the inherent heterogeneity of 

biofilms. A number of consistent experimental procedures are required in order 

to compare one experiment to the next. These, along with many other techniques, 

have been employed by researchers to identify the unique features of biofilms. 

1.0.3: Intrinsic Biofilm features and Antibiotic Resistance 

The physiochemical properties of biofilms allow them to persist in a 

variety of different environmental conditions and survive different types of stress 

(17). Furthermore, many of the intrinsic properties of biofilms are a result of the 

physiochemical relationships provided by the densely packed bacteria as well as 

the phenotypic heterogeneity of genetic expression of cells within the biofilm 

(75). For instance, much of the persistence of biofilms on industrial and medical 

related devices is a result of a microbial reservoir of cells that make it hard to 

remove the biofilm (75). Mature biofilms cannot be washed away or easily 

removed from surfaces and, in addition, portions of the biofilm can detach and 

colonize surfaces far away from the initial attachment site (5). 

One of the hallmarks of biofilm is protection against antibiotics and 

immune cells of the host. Bacterial biofilms can be 10 to 1000 times more 

resistant to antibiotics than their planktonic counterparts (56). Antibiotic 

resistance is not due to mutation in bacteria grown in biofilms, since upon 
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dispersal from biofilm, the bacteria return to planktonic levels of resistance (7, 33, 

56, 70). Although there may be a role for general planktonic mechanisms, such as 

antibiotic inactivation, exclusion of the antibiotic or modification of targets of the 

antibiotic (70) in biofilm resistance, increased resistance is not be attributed to 

these mechanisms alone (33, 70). 

The switch to a biofilm mode of growth renders many of the bacteria more 

resistant to antibiotics and so the formation of 'biofilm' antibiotic resistance is at 

least in part an intrinsic result of growing in a biofilm (6). One good example of 

this is the effect that the biofilm matrix has on increasing resistance to antibiotics. 

Although the matrix of the biofilm is mostly water and does not provide a barrier 

to diffusion, molecules within the matrix can prevent antibiotics from reaching 

their site of action (23). Many of the polysaccharides and proteins have negative 

charges which can interact with positively charged antibiotics, such as 

aminoglycosides, thus making penetration through the biofilm matrix slower (64). 

The expression of genes in biofilms, but not in planktonic bacteria, can 

lead to increased resistance in biofilm-associated bacteria. One such example is 

the production of cyclic glucans in P. aeruginosa via ndvB that act as antibiotic 

traps in the periplasm of biofilm grown cells but are not present in planktonic 

counterparts (57). The expression of efflux systems preferentially expressed in 

biofilms has also recently been observed (102). The expression of these type of 

genes produce a biofilm specific phenotype of antibiotic resistance within the 
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Figure 2: Experimental biofilm growth 

The Kadouri drip-fed method of growing biofilm. The flask on the left is the 
fresh 1XM63 media reservoir. P. aeruginosa biofilms grow in the 6-well plate 
next to the media reservoir. The pump removes media from the 6-well plate 
where biofilms grow, and replenishes it with fresh media. The removed media is 
discarded in the flask on the right which is the waste container. 
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bacterial population that is not induced by mutation but rather through 

differential gene expression within the biofilm. Thus, the expression of biofilm 

specific gene that can lead to an increased resistance is an exciting prospect of 

study. 

In addition to biofilm specific resistance due to altered gene expression in 

biofilms, resistance to antibiotics is also greatly affected by the physiological 

environment encountered by the bacteria in a biofilm. Reduced oxygen rate or 

nutritional availability results in slow growth of bacteria in some parts of the 

biofilm. In general, bacteria in biofilms grow at slower rates than bacteria 

growing in planktonic conditions (29). Antibiotics are typically taken up by and 

affect fast-growing bacteria, while slow-growing bacteria are protected (15, 29). 

The persistence of cells in a bacterial population after a stress is 

introduced has obvious implications in antibiotic resistance. A role for the 

general stress response has also been implicated in the formation of biofilms; the 

P. aeruginosa mutant rpoS (a regulator of stress response) produces biofilms that 

have less of a thickness compared to the wildtype form (32). RpoS is a vital 

control for bacteria against different stress conditions, and the fact that it is 

important in biofilm formation warrants further study. 

Bacterial cells growing in biofilms exhibit differential gene expression 

that leads to the formation of persister cells within the population, leading to 

multi-drug tolerance in the biofilm population (49). How tolerance is achieved 

through persister populations in a biofilm is not fully understood, but it has been 

hypothesized that a population of cells in the biofilm show reduced gene 
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expression such that the targets of many antibiotics are not expressed and thus 

protection is granted to this subset population (49). Additionally, a subset of cells 

within the biofilm undergo 'no growth', and thus the major mode of action of 

antibiotics does not affect these cells: the bacteria gain tolerance at the expense of 

cellular proliferation (49) 

These mechanisms, as well as several others not discussed here, lead to the 

observed increase in antibiotic resistance seen in bacterial biofilms. The 

culmination of intrinsic properties of biofilms makes them difficult to eradicate in 

any setting, both industrial and medical. The following section deals with the 

prevalence of biofilms in disease. 

1.1.0: Pseudomonas aeruginosa 

P. aeruginosa is a gram negative, motile unipolar flagellated bacterium 

that is a member of the Pseudomonadaceae family (21, 42). P. aeruginosa is 

ubiquitous in nature, commonly found in soil and water systems and can live in a 

diverse range of environments. It has the ability to infect a wide range of species 

including plants, insects and vertebrates (74, 87). P. aeruginosa can grow on a 

variety of carbon sources, utilizing different carbon metabolism pathways 

depending on the level of oxygen in the environment; although Pseudomonads are 

typically thought to be aerobic bacteria, P. aeruginosa can grow in low oxygen 

conditions or under complete oxygen depletion by utilizing nitrate as a terminal 

oxygen acceptor (31, 44). 

The genetic versatility of these bacteria makes it an important bacterium in 

industry as well as in medical infections (3, 5, 59, 75, 85, 101). The versatility 
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exhibited by P. aeruginosa is arises from the large number of genes that can be 

expressed by the bacteria in different conditions. The complete genome sequence 

was released in August of 2000 where it was described as 6.3 million basepair 

circular genome that houses approximately 5,570 open reading frames making it 

significantly more complex than other bacterial genomes sequenced to date (90). 

Having the complete genome available makes P. aeruginosa an ideal system to 

study. It has also been well studied for its ability to form biofilms and produce 

complex bacterial communities. 

P. aeruginosa is of particular interest in medical settings because of its 

ability to act as an opportunistic pathogen in humans causing urinary tract 

infections, ear infections, ventilator associate pneumonia and infections in 

patients with cystic fibrosis (CF) (22, 63, 94). 

1.1.1: PA14 

P. aeruginosa PAH, a clinical variant of the common PA01 strain, is also 

well characterized and used for studying important virulence factors in P. 

aeruginosa. PAH was isolated from a burn patient and has since been used to 

study P. aeruginosa that resembles more closely a pathogenic strain (18). PAH 

has approximately 300 more genes than PA01 with most contributing to increased 

virulence, and is well studied for its ability to infect a wide range of hosts (18). In 

order to understand the ability for this bacteria to act as a human pathogen and 

cause persistent infection, it is important to understand the basic modes of growth 

for P. aeruginosa. 
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1.1.2: Clinical relevance of Pseudomonas aeruginosa in disease: 

P. aeruginosa has been deemed an important pathogen in nosocomial 

infections including burn wounds, surgical implant devices, ventilator associated 

pneumonias and urinary tract infections via catheter contamination. Conservative 

estimates link P. aeruginosa to 10% of all hospital acquired infections and even a 

greater problem in intensive care units (2, 30). The presence of P. aeruginosa 

infection can led to extended hospitalization periods, increase associated cost and 

mortality amongst patients (30). In addition to these infections, P. aeruginosa is a 

major problem for people suffering form the genetic disease cystic fibrosis. 

1.1.3: Cystic fibrosis and Pseudomonas aeruginosa 

Cystic fibrosis (CF) is the most common genetic disorder among young 

Canadians and primarily affects the lungs and breathing of patients (1). CF 

results from a mutation in the CF transmembrane conductance regulator (CFTR), 

causing defective functioning and consequently reduced mucociliary clearance 

(MCC) in epithelial tissues (38, 91). The CFTR protein creates a chloride ion 

channel in the outer membrane of epithelial cells. A defective CFTR allows for 

the accumulation of chloride ions in lung epithelial cells. This reduced solute 

transport leads to a buildup of abnormal airway surface liquid that tends to be 

high in salt and low in water/oxygen content resulting in a thick mucosal layer in 

the lungs (38, 91). Since MCC is one of the most important innate mechanisms 

for clearing bacteria from the lung and preventing infection, its reduced function 

in CF patients makes them susceptible to various opportunistic infections (46). P. 
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aeruginosa infection in CF patients leads to further reduction of lung function and 

results in increased mortality in these patients (47). 

The conditions present in the CF lung, mainly a thick mucus high in salt 

content but low in water content resulting in anaerobic like conditions, are 

suitable for P. aeruginosa growth but preclude many other pathogens (68). In 

addition, chronic infections often occur increasing the presence of inflammatory 

cells in the lung which further exacerbates the situation for patients (47). The 

presence of chronic P. aeruginosa and induced inflammation leads to the 

decreased pulmonary function in CF patients. 

Current treatment consisting of aminoglycosides antibiotics, such as 

tobramycin, and fluoroquinolones, such as ciprofloxacin, serves to combat the 

infection. These drugs are also used as a prophylaxis in an attempt to prevent 

initial infection (25). However, even with current antibiotic regimens, P. 

aeruginosa infections are notoriously difficult to treat once established in these 

patients. Several studies indicate that P. aeruginosa actually forms biofilm in 

lung epithelial resulting in the reduced ability to clear or treat infections (12, 68, 

86, 95). 

1.1.4: Mode of Antibiotic Action 

The current method of treatment for patients with CF is the administration 

of a single, or combination of, bactericidal drugs (25). Common sites of action 

for bactericidal drugs are the inhibition of DNA replication/repair, inhibition of 

protein synthesis, and inhibiting cell wall turnover (96). Tobramycin, an 

aminoglycoside, belongs to the aminocyclitol group of 30S ribosome inhibitors 
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which induce protein mistranslation (20). Gentamicin is another aminoglycoside 

that generally shows a reduced ability to kill P. aeruginosa biofilms when studied 

(57, 67). Ciprofloxacin is a fluoroquinolone which binds to DNA gyrase and 

inhibits DNA replication and repair (27). 

1.2.0: Biofilms in Disease 

Biofilms offer a mode of growth for bacteria that allow them to survive 

and indeed thrive in a host (24, 39). Recent figures released from the Center for 

Disease Control (CDC) in the United States attribute biofilms to 65% of all 

bacterial infections (39, 89). Because of the properties of biofilms in general, and 

due to the genetic diversity of cells within a biofilm, treatment of biofilm 

infections has become a major obstacle in hospitals. In general, biofilms have 

been associated with a slew of human disease including otitis media (78), 

periodontal disease (58) and as previously described, in patients with CF. In 

addition to this, biofilms can be found attached to medical devices such as urinary 

catheters, contact lens cases and prosthetic heart valves (23). 

Because of the difficulty in treating bacterial biofilms, quite often these 

infections become chronic and recurring, or in the case of medical devices, 

require the removal of devices leading to further stress on the patients (23, 56). 

The properties of biofilms provide several advantages that lead to increased 

infection and difficulty in treatment. The ability to detach and colonize a larger 

area increases the amount of area that can be infected by these biofilms (23). The 

biofilm also provides protection against host immune cells and their associated 

reactive oxygen species while providing a niche for bacteria in the host (23). 
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Furthermore, the increased resistance to antibiotics and ability to have subset 

populations that can persist and survive treatment make these biofilms difficult to 

treat and clear (6). Therefore it is very important to study mechanisms that allow 

biofilms to resist the action of antibiotics. 

1.2.1: Search for biofilm specific mechanisms of antibiotic resistance 

In order to identify genes that could be important to biofilm cells in 

resisting antibiotics, Mah et al. screened a library of approximately 10,000 

mutants in P. aeruginosa to identify genes that were important to biofilm-specific 

antibiotic resistance. In this screen, biofilms formed by the mutants were exposed 

to tobramycin to see which mutants would have an increased sensitivity to the 

drug (57). Mutants of interest would then have an increased sensitivity to 

antibiotics when grown in biofilms compared to the parental strain PA14, but 

show no difference when grown planktonically. Additionally, these mutants 

showed no hindrance in biofilm growth or architecture (57). 

This study identified seven genes that were found to fit within these 

parameters. One of the genes that was identified was ndvB. Wildtype bacterial 

cells showed a 50X increase in tobramycin resistance between planktonic and 

biofilm states of growth, while the ndvB mutant only showed a 6.25X fold 

increase in resistance (57). It was clear that this mutant was more susceptible to 

antibiotics, but this increased susceptibility was not due to any structural defects 

with in the biofilm. Thus, this study presented a biofilm-specific phenotype due 

to a specific gene that was preferentially expressed in biofilms, leading to a 

biofilm-specific mechanism of antibiotic resistance. 
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1.3.0: NdvB and cyclic glucans 

Plant pathogens of the family Rhizobiaceae have been shown to produce a 

variety of cyclic glucans that can be found in the periplasmic space, 

extracellularly, as well as attached to the surface of the cell (14). While the 

majority of studies focus on Rhizobium meliloti and Agrobacterium tumefaciens 

production of P-(l—>2)-D-glucans, Bradyrhizobium japonicum produces 0-

(1—>3),(1—*6)-glucans (10). P. aeruginosa has the gene PA1163 which has been 

identified as 58% similar in sequence homology to the ndvB gene in B. japonicum 

(57). The ndvB gene encodes a glucosyl transferase that is responsible for the 

cyclization of glucose into branched cyclic glucans typically found in the 

periplasm and extracellular space of B. japonicum (14). 

Cyclic glucans play a role in hyperosmotic regulation and adaptation in 

these bacteria. In P. aeruginosa, a model of antibiotic trapping was proposed 

(57), where cyclic glucans isolated from the periplasm were able to sequester 

tobramycin away from its site of action in the cytoplasm thus increasing 

resistance to the antibiotic (57). It was also shown that ndvB is preferentially 

expressed in biofilms, which makes for an exciting prospect such that a specific 

gene expressed in a biofilm can be responsible for the increased antibiotic 

resistance phenotype (57). The increased resistance present in biofilms was not 

completely abolished with mutation in this gene however, and so a multifactorial 

mechanism might be at play in the overall resistance to antibiotics. 

Several studies have implicated the cyclic glucans of B. japonicum as 

being important signaling molecules that can affect the gene expression of its 

soybean host (10, 11, 61). In order to identify genes that might be under the 
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control of cyclic glucans in P. aeruginosa I carried out microarrays to compare 

wildtype PA14 with a ndvB knock-out strain of PA14 to identify genes 

differentially expressed under these conditions. These experiments, and the 

results obtained from theme, will be discussed in chapters 2 and 3. 

1.4.0: Searching for targets using Affymetrix Genechip microarrav 

Genes differentially expressed from one condition to another can be 

identified using a genome-wide approach such as microarray analysis comparing 

the different conditions. This method uses mRNA expression of genes under 

different conditions to produce a signal which can be scanned and analyzed for a 

relative fold expression. Affymetrix has a Genechip available for P. aeruginosa 

PA01 that is suitable for the present study. The PA01 Genechip includes 5,549 

protein coding sequences as well as 179 protein coding regions prevalent in P. 

aeruginosa strains other then PA01(65). The Genechip is a 3 -in vitro transcribed 

(IVT) chip that relies on first strand cDNA synthesis from the RNA samples, 

creating cDNA with a T7 promoter. This is followed by second strand cDNA 

synthesis which is then labelled through IVT with biotin tagged uridines to 

produce array RNA (aRNA). This aRNA is then hybridized to the Genechip, 

which then undergoes scanning. 

The Affymetrix Genechip technology uses a perfect match (PM)/mismatch 

(MM) signal score to generate a list of genes present, absent or marginal in each 

of the conditions. Each coding sequences in P. aeruginosa is broken down into 

13 probe sets of 25 basepair oligomers, representing the PM sequences for the 

chip. Each MM sequence is identical to the PM sequence with a single nucleotide 
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change in the middle of the probe set sequence. This accounts for non-specific 

hybridizations to the sequence. A gene is deemed present in a given condition if 

the signal for the PM minus the signal from the MM is greater then a threshold 

signal determined from internal controls on the chip. After the chips are scanned 

the data undergo statistical analysis to determine a list of differentially expressed 

genes (26). 

1.4.1 Statistical analysis 

The statistical analysis procedures of any microarray experiment are of 

great importance when identifying genes that are differentially regulated. The 

scanning of the microarray produces an unprocessed chip, and ensuring that the 

data from these unprocessed chips is of good quality is important before 

proceeding with analysis. Microarray analysis of variance (MAANOVA) of the 

various biological replicates/arrays is one way to tell if the data are of good 

quality (13, 37, 73). Good quality data will show little variance between like 

conditions. In addition to the statistical analysis of the preprocessed data, 

visualizing the chip for anomalies of plots of the intensities can be done to ensure 

that the chips are of good quality (37). 

Once the preprocessed data are checked for quality, one must choose the 

proper method for normalizing the data in order to generate a list of significantly 

differentially expressed genes. Many different methods are available to do this 

including Microarray suite 5.0 (MAS 5.0) algorithms or Robust Multi-chip 

Averaging (RMA,) the drawbacks, limitations and advantages of which are 

discussed in many publications (13, 43, 53) and quiet beyond the scope of this 
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introduction. Most methods rely on quantile normalization, making all of the 

probe level data have a distribution of one. From here genes are either 

upregulated or downregulated. Fitting several methods to your dataset and taking 

the overlap of the identified genes provides a greater confidence that the genes 

identified from the procedure are the actual genes that are differentially regulated 

between the conditions. Any method used for normalization requires that your 

chip data be of comparable quality in order to ensure high degrees of confidence. 

Once the data have been normalized, statistical test can be applied to the 

data. Typical analysis, such as t-test or ANOVA, must be adjusted to ensure that 

genes defined as statistically significant actually are. A moderated t-test is suitable 

for establishing a p-value of statistically significant genes at a cut off of greater 

than 2 fold change within the array. The t-test can be paired or unpaired with 

equal or unequal variance. Although most arrays have equal variance and normal 

distributions after normalization, intensities at low values can have high variance 

and spots with high expression can be overlooked. The p-value must be modified 

however in order to generate a true list of statistically significant genes, because a 

large population of genes is being studied under a small sample size (generally 3 

replicates for each condition). Holms step-wise correction is often a good choice, 

allowing for a p-value that is provides a high interval of confidence for the 

statistical analysis used in microarray studies, as well as Bayesian statistics (13, 

26, 53). 
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1.5.0: Rationale for current study 

The nature of this study revolves around the fact that certain genes that are 

expressed preferentially by bacteria in biofilms can lead to the increased 

resistance that is seen in bacterial biofilm communities. This novel idea was first 

demonstrated by Mah et al. when they showed the ndvB is more highly expressed 

in biofilms and a deletion of this gene reduces the biofilm specific resistance (57). 

The current study was undertaken in order to understand how cyclic glucans could 

affect the gene expression in P. aeruginosa biofilms and to determine if the genes 

regulated by these glucans could play a role in the multifactorial mechanism of 

biofilm resistance to antibiotics. 

I have proposed that the expression of ndvB in biofilms and the presence 

of cyclic glucans produced by the NdvB protein lead to differential gene 

expression within the biofilms that can in turn lead to increased resistance to 

antibiotics. Since it has been observed that the cyclic glucans are important in 

signaling in other organisms and since ndvB has been shown to be crucial in the 

production of these molecules, I carried out an affymetrix PA01 microarray 

analysis of a PA14 ndvB knockout strain and compared the expression to the 

PAH wildtype. This design allowed for 5500 P. aeruginosa genes present on the 

affymetrix array to be scanned for differential expression between the different 

conditions. PA 14 was chosen as an experimental model because the knockout 

strain was available (57) and the previous studies done in the lab revolved around 

this more clinically relevant strain. Although this would result in a less complete 

list of genes due to the fact that some genes present in the PAH genome would 

not be on the array and some genes that are actually present might be deemed 
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marginal do to minor sequence variation between PAH and PA01,1 deemed this 

a necessary and ultimately minor limitation. I expected to generate a list of genes 

that would be differentially expressed between the two conditions and confirm 

that they were differentially expressed through the use of quantitative real time 

polymerase chain reaction (q-PCR) and determine the phenotype of antibiotic 

sensitivity. 
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Hypothesis and Objectives 
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Hypothesis 

The production of ndvB derived cyclic glucans will alter the gene 

expression in Pseudomonas aeruginosa biofilms and the genes that are regulated 

will have an impact on biofilm specific antibiotic resistance. NdvB is an 

important protein in the production of cyclic glucans and abolishing it through a 

gene deletion has been shown to reduce the amount of glucans in P. aeruginosa 

(57). Using a ndvB gene deletion strain of P. aeruginosa and comparing it to 

gene expression in a wildtype strain of P. aeruginosa one can identify if any 

genes are differentially expressed between the two conditions using microarrays. 

By studying mutants of the genes identified in the microarray analysis and using 

antibiotic sensitivity assays, it can be shown that cyclic glucans play an important 

role in expression of genes important for biofilm specific antibiotic resistance. 

Objectives 

1) Confirm ndvB gene deletion via polymerase chain reactions (PCR), 

antibiotic sensitivity of mutant via minimal bactericidal concentration 

(MBC) assay and preferential gene expression of ndvB in biofilms by 

quantitative real time polymerase chain reactions (q-PCR). 

2) Create a protocol for growing biofilms, harvesting and purifying RNA for 

microarray analysis. 

3) Perform microarray of wildtype and ndvB knockout biofilms. Analyze 

data to generate a list of differentially expressed genes 

4) Perform MBCs on mutants of genes from the above list to determine the 

antibiotic phenotype, perform q-PCR to confirm gene expression in 

biofilms vs. planktonic state. 
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Materials and Methods 

2.1.0: Primers: 

Primers were required for a number of applications including polymerase 

chain reactions (PCR) and quantitative real-time polymerase chain reactions (q-

PCR). Table 1 has a complete list of primers. All primers were ordered from 

Invitrogen (Carlsbad, CA.) and were 50 mM desalted primers. The construction 

of the primers was done using Primer 3, a freely available program accessible on 

the internet (76). PCR primers bind to sequences found in the 500 basepairs 

upstream (L) and 500 basepairs downstream (R) of the gene of interest in the 

PAH genome and were chosen based on similar melting temperatures of the pair, 

GC content and minimal interactions. q-PCR primers were chosen within the gene 

of interest and selected using the same criteria as well as creating a product of 

between 100-150 basepairs, which is optimal for q-PCR. 

2.2.0: Bacterial Strains: 

The P.aeruginosa strain used during this study was PA14 (74), herein referred to 

as the wildtype (Wt) strain. The PAH ndvB in-frame deletion was constructed by 

T.F. Mah (57), herein referred to as the ndvB knockout (KO) strain. Both of these 

strains were used for Affymetrix microarray, quantitative polymerase chain 

reaction (q-PCR) experiments and minimum bactericidal concentration (MBC) 

assays. 

2.3.0: Confirming ndvB Knockout strain 

2.3.1: Chromosomal DNA extraction 
Chromosomal DNA was extracted using phenol-chloroform extraction. 

Bacteria were grown up overnight in 5 mL of rich media [Luria Bertani (LB) 
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broth] from Difco (Sparks, MD.) at 37 °C. One mL of suspended bacteria was 

collected in a 1.5 mL centrifuge tube (Diamed, Mississauga, ON.) and spun down 

at 12,000 x g for 1 minute at room temperature. The supernatant was removed 

and the pellet collected and resuspended in a 0.5 ml solution of 150 mM NaCl, 

50mM Tris-HCl, lOmM EDTA . Cells were lysed with 1% weight/volume SDS 

and contaminated RNA was degraded with the addition of 50 (xg/ml RNAseA 

(Invitrogen). The sample was incubated for 10 minutes at 65°C. 550 uL of 

phenol (Sigma, St. Louis MO.) was added and the sample was centrifuged at 

12000xg for 10 minutes at room temperature. The aqueous phase was collected in 

a fresh microcentrufuge tube. Phenol was added to half the volume of the 

collected fraction and the same volume of chloroform (Fisher Scientific, 

Pittsburgh, PA.) was added and the mixture was spun down at 12000xg for 10 

minutes at room temperature. The aqueous phase was collected in a fresh 

centrifuge tube and an equal volume of chloroform was added to the tube. The 

sample was spun down at 12000xg for 10 minutes at room temperature and the 

aqueous phase was collected in a fresh centrifuge tube. Twice the volume of cold 

96% volume/volume ethanol (EtOH) was added and the sample was spun down at 

lOOOxg for 5 minutes. The supernatant was removed and the pellet was washed 

with 250 ul of 70% EtOH and allowed to dry for 10 minutes. The pellet was then 

resuspended in 60 ul of water. Five ul of sample was run on 1% weight/volume 

agarose gel (0.4 grams of agarose in 40(0.1 of TE buffer) to check for 

contamination and the concentration of the DNA was determined via 

spectrophotometry (Bio-Rad, Hercules, CA.). 
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2.3.2: Polymerase chain reaction (PCR) of ndvB Knockout 

To confirm the KO of ndvB, the chromosomal DNA extracted from the 

wildtype and ndvB knockout strains was then used in a PCR. The PCR solution 

contained 35 ul of water, 10 uL of 10X PCR buffer (Invitrogen), 5 uL of MgCl2 

(Invitrogen), 2 uL of dNTP mix (Invitrogen), 2 uL of DNA, 2 uL of primer ndvB-

L at lmg/mL and 2uL of primer ndvB-R at lmg/mL (Table 1), 1.5 uL of Taq 

DNA Polymerase (Invitogen) and 5.5 uL of DMSO for a final volume of 65 uL. 

The PCR reaction cycles were as follows: one cycle 95°C for 5 minutes followed 

by 35 cycles of 95 °C for 30 seconds, 56 °C for 50 seconds, 72 °C for 150 seconds 

followed by one cycle of 72 °C for 10 minutes. The PCR products were then run 

on a 1% weight/volume agarose gel to visualize the bands produced. 

2.3.3: Confirming expression of ndvB in biofilms 
The expression of ndvB in biofilm versus planktonic P.aeruginosa cells 

was confirmed via q-PCR analysis of wildtype and ndvB knockouct cDNA. 

2.4.0: Quantitative real time polymerase chain reactions (q-PCR) 

2.4.1: Total RNA extraction 

2.4.1.1: Planktonic Culture 

Stationary phase cultures of strains of interest were prepared by overnight 

growth in LB media at 37°C. The PureLink Micro-to-Midi total RNA purification 

system (Invitrogen) was used according to the manufacturer's instructions. Cells 

were lysed with a 10ml syringe and 20 gauge needle. On column DNase digest 

was performed (with one unit of DNAase from Sigma). RNA was resuspended in 

50 uL of RNAse free water (Invitrogen). RNA purity and quality were checked 

by running 5 ul of product on a 1% weight/volume agarose gel and the 
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concentration was determined by a spectrophotometer (Bio-Rad) reading. If 

deemed necessary a second in tube DNAse step was performed to remove any 

residual DNA contamination. Extracted RNA was stored at -80°C. Total RNA 

from planktonic culture was used for q-PCR. 

2.4.1.2: Biofilm Culture 

Biofilm cells were prepared in a 6-well plates (Falcon, Franklin Lakes, 

NJ.) using the Kadouri drip-fed system as described below (Section 2.5.1). The 

spent media were removed from the wells and 1ml of fresh 1XM63 was added. 

The bottom of the well was vigorously scraped with a plastic pipette tip to detach 

the cells from each well. The cells were transferred into a 1.5 ml microfuge tubes 

and spun down at 12,000xg. The supernatant was removed from centrifuge tube 

and the well was scraped again with 1 mL of M63 and added to the same tube. 

Cells were spun down at 12,000xg and collected. The total RNA was extracted 

using the same method that was used for the planktonic cell total RNA. Biofilm 

total RNA was used for q-PCR and Affymetrix microarray. 

2.4.2: q-PCR 

Reverse transcription and first-strand cDNA synthesis were performed on 

2 ug of total RNA using the iScript reverse transcriptase first-strand cDNA 

synthesis system (Bio-Rad). RNA was primed with random primers to produce 

full-length cDNA transcripts. Reactions were incubated at 42°C for 45 minutes 

followed by a termination step at 72°C for 10 minutes. Quantification by q-PCR 

was carried out using SYBR-green detection of PCR products in real time using 

the MyiQ single-color detection system (Bio-Rad). In each experiment the 
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reference standard, rpoD, was amplified using the primers rpoD-Q-L and rpoD-

Q-R. Each q-PCR reaction (20 uL) contained 2 uL of cDNA, 10 uL of 2' SYBR-

green Master Mix (Applied Biosystems, Foster City, CA), including Amplitaq 

polymerase (Perkin-Elmer, Waltham, MA), and primers (Invitrogen) at a final 

concentration of 20 pM. All reactions were performed using the following thermal 

cycler conditions: 95°C for 5 minutes followed by 45 cycles of a three-step 

reaction consisting of denaturation at 95°C for 30 seconds, annealing at 56°C for 

30 seconds, and extension and data collection at 72°C for 30 seconds. Q-PCR 

primers for the genes of interest can be found in table 1. Statistical analysis was 

performed with Bio-Rad gene expression analysis software via the Livak method 

(51). All experiments were run in triplicate with two biological samples. 

2.5.0: Biofilm Growth 

2.5.1: Kadouri Drip-fed reactor 

Biofilms were grown in 6 well plates (Falcon) using the Kadouri Drip-fed 

reactor method (60). Figure 3 shows the set up of this system. One well of the 

plate acts as a chamber in which biofilms can be grown on the bottom and sides of 

the chamber. One 20 gauge needle was inserted into a polypropylene fitting made 

in the top of the 6 well plate for in flow of media into the chamber. Media were 

removed via a different 20 gauge needle and pumped into a waste container. The 

media were pumped into 4 wells via 4 channels on an 8 channel Watson Marlow 

pump (Wilmington, MA.). Four separate wells were used for each experiment. 

Between each experiment, the system was sterilized with 600 mL of 0.05% 

weight/volume sodium hypochlorite solution followed by 1L of sterile water to 

remove any excess sodium hypochlorite.The sterilization was carried out at an 
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approximate rate of 150 mL/hour. New sterile 6 well plates and needles were 

used for each experiment and the tops with polypropylene fittings were sterilized 

with ethanol each time. 

2.5.2: Inoculating the plates and running the reactor 

Three mL of minimal media (lxM63) containing 3 g of KH2PO4, 7 g 

KH2HPO4 and 2 g (NH4)2S04 in 1L water supplemented with arginine (0.4% 

weight/volume) and MgS04 (ImM) was added to each well and 50 ul of 

overnight culture of bacteria was diluted into the media. Bacteria were allowed to 

attach to the surface of the wells for 4 hours at 37 °C. After this, the media were 

removed and 1 mL of fresh lxM63 was added to each well. The plates were then 

attached to the reactor and sterilized lxM63 was pumped in and out of the 

chambers at a constant rate of 35 mL/hour. Biofilms were grown for 48 hours, 

after which plates were removed from the reactor, washed 2x with lmL of lx 

M63 and then visualized under the microscope to check for confluence of 

biofilms on the plate. After this biofilms could be used for desired downstream 

applications. 

2.5.3: Inserting green fluorescence protein (GFP) plasmid for visualization 

Biofilms grown under the Kadouri drip-fed reactor were visualized under 

the Leica 6000 microscope after 0 (wash only) 8, 16,24 and 48 hours in order to 

determine the length of time needed to grow biofilms to produce sufficient 

biomass for downstream applications. The plasmid pSMC21 which contains the 

GFP gene was transformed into PA 14 via electroporation. PAH wildtype cells 

were grown to early log phase (A54o= 0.3 to 0.5) in 5 mL of LB. 1.5 mL of these 

32 



cells were spun down in 1.5 mL centrifuge tube at 12,000xg for 3 minutes at 4°C 

and resuspended in 1.5 mL of 300 raM sucrose. These cells were then centrifuged 

as before and resuspended 750 uL of 300 raM sucrose. This step was repeated 

once more and cells were resuspended in a volume of 15 uL and chilled on ice for 

30 minutes. 2 uL of plasmid DNA was then added to the cells and the total 

preparation was electroporated with a Bio-Rad Micropulser using preprogrammed 

E. coli setting 1. Cells were then added to 500 uL of LB and incubated for 1 hour 

at 37 °C. This solution was then plated on LB agar plates with kanamycin at 20 

ug/mL. Individual colonies were selected and grown overnight in LB at 37 °C, 

checked for GFP insert using Leica 6000 microscope fluorescence and made into 

glycerol stocks as previously described. 

2.5.4: Air-liquid interface assays (ALI): 

Air-liquid interface (ALI) images were captured to observe any 

differences in the architecture of the various biofilms. An overnight culture of 

bacteria was grown in 5 mL rich medium (LB) overnight at 37°C and diluted 

1/100 in 3 mL of lxM63 media. A 6 well microtitre plate (Falcon) was placed in 

the 37°C incubator on an angle of approximately 30° and the well was filled with 

1.5 mL of the diluted culture. This forms a line of liquid about half-way up the 

plate. After 24 hours of growth, the media was removed and the well was washed 

three times with water. One mL of water was left in the well to prevent drying 

and the biofilm air-liquid interface was visualized under the microscope (Leica 

CMI 6000B) and images were taken with the microscope and related software 

(Leica advanced fluorescence) 
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2.5.5: Crystal violet assays: 

Crystal violet assays were conducted to determine if biofilm formation of the 

strains of interest occurred after a 24 hour incubation at 37°C. 1 in 100 dilutions 

of stationary phase cultures were prepared for the strains of interest in lxM63. 

Wells of a 96-well microtiter plate (Falcon) were inoculated with 100 ul of the 

diluted cultures. The plate was incubated at 37°C for 24 hours followed by the 

removal of media and rinsing of the wells with water. 132 ul of 0.1% weight by 

volume crystal violet dye was then added to each inoculated well, and the plate 

was incubated for 20 minutes at room temperature. The dye was rinsed out twice 

with water and the plate was allowed to air dry. The presence or absence of a 

purple ring was observed in the wells. If a ring was present, then biofilms had 

formed in the initial 24 hour incubation. Six wells were inoculated with WT 

PAH, known to form biofilms in this assay, and six wells were inoculated with 

fresh M63 media without bacteria and viewd as controls for this experiment. 

2.6.0: Microarrav analysis 

2.6.1: Preparing the RNA by concentration, precipitation and washing 

RNA extracted from biofilms and used for microarray analysis was 

concentrated using ethanol precipitation. 150 uL of 96% volume/volume ethanol 

was added to 50 uL of RNA solution and 27.3 ul of 1 M sodium acetate was 

added to a final concentration of 0.12 M. The solution was mixed by inversion 

and stored at -20°C overnight. The solution was then centrifuged at 12,000xg for 

15 minutes at 4°C and supernatant was removed. One hundred uL of 70% 

volume/volume ethanol was added to the pellet and left at room temperature for 5 

minutes. The ethanol was removed and the pellet was left to air dry in centrifuge 
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tube for 10 minutes. 25 ul of RNAse free water (Invitrogen) was used to dissolve 

the pellet, 5 ul was used to determine purity on 1% weight/volume agarose gel 

and 1 ul was used for concentration determination on a Bio-Rad 

spectrophotometer. 

DNA, RNA or cDNA (ssDNA) used for down stream applications had its 

concentration determined via Bio-Rad Smartec Plus spectrophometer. One ul of 

sample was added to 99 ul of distilled water. The spectrophotometer was blanked 

with water and samples were read for concentration and A260/A280 ratio. Pre­

programmed settings were used for determining concentration For dsDNA, an 

absorbance of 1 at 260 nm was equivalent to 50 ug/mL, for RNA an absorbance 

of 1 at 260 nm was equivalent to 40 ug/mL, and for ssDNA an absorbance of 1 at 

260 nm was equivalent to 37 ug/mL. 

2.6.2: Bio-Rad gel electrophoresis for RNA purity 

RNA for microarray analysis was analyzed for concentration and purity by 

Bio-Rad gel electrophoresis system at the StemCore laboratories located at the 

OHRI at the Ottawa General Hospital Campus. RNA was extracted from 48 hour 

biofilms grown via Kadouri drip-fed method as previously described, 

concentrated by ethanol precipitation and resuspended in RNAse free water to a 

concentration of 2 ug/ul, as determined by spectrophometer. 1.2 ul of this 

solution was added to 28.8 uL of RNAse free water to create a solution of 50 

ng/uL of RNA. Ten uL of this solution was sent in a 1.5 mL centrifuge tube for 

analysis via Bio-Rad gel electrophoresis system. 
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2.6.3: Affymetrix microarray 

The Affymetrix (Santa Clara, CA.) microarray was run by StemCore 

laboratories at the OHRI Ottawa General Hospital Campus. Ten ul of 2(j.g/jj.l total 

RNA was used for each sample. The conditions studied were wildtype biofilms 

vs. ndvB knockout biofilms. Biofilms were grown for 48 hours via Kadouri drip-

fed reactors in parallel. Two wells from 2 separate plates were used to grow 2 

biofilms of wildtype and 2 biofilms of ndvB knockout each time. After 48 hours, 

total RNA was extracted from biofilm cultures as previously described and the 

two wildtype wells were combined to form a single wildtype sample and the two 

biofilms from the ndvB knockout were combined to make a single sample. After 

the RNA was collected, it was concentrated by ethanol precipitation and stored at 

-80°C until it was ready to be sent to StemCore labratories for processing. In total 

6 wildtype biofilms were harvested and combined into 3 biological replicates for 

microarray analysis (named WT1, WT2 and WT3) and 6 ndvB knockout biofilms 

were collected into 3 biological replicate samples (named KOI, K02 and K03 for 

'knockout sample') and sent for analysis. StemCore ran the samples on standard 

P. aeruginosa PA01 Affymetrix Genechips purchased from Affymetrix, using a 

standard scale protocol. A detailed protocol for the hybridization, washing and 

staining of the array can be found online (65) 

2.6.4: Analysis of microarray data 

Analysis of microarray data was performed using R statistical language 

and environment, V 2.6.2 (9) and statistical packages from Bioconductor, 

including 'simplyaffy' and 'affy packages'. The R code was adapted from 

previous published work (37). "Code chunks" used for the analysis can be found 

36 



in the appendix of this thesis. The approach for this analysis was to normalize the 

data using robust multichip average (RMA) and Microarray Suite 5.0 (MAS 5.0) 

and to generate a list of significantly expressed genes from these two methods 

using standard t tests with a cutoff value of p<0.000001 for a fold change of 

greater than 2. Genes that met both these criteria were included in the final list of 

genes to study. In addition, genes belonging to operons of the genes that were 

found on these lists were also added for study. RMA analysis coupled with 

Bayesian distribution was used to create a volcano plot and confirm the genes 

selected from the above method. A heatmap were created from the list of genes 

through R code. 

2.7.0; Confirming the microarray data 

2.7.1: Transposon insertion library 

The roles of the genes of interest identified in the microarray experiments 

in relation to antibiotic resistance was studied using minimal bactericidal 

concentration (MBC). Assays were run using transposon insertion mutants in 7 

genes identified from the microarray. Theses genes were pqqB, pqqC, pqqE, 

pqqF, exaA, exaC and exaE. These genes were chosen because they were 

identified in the array and we had transposon mutants available in the lab. The 

transposon insertion library was given to us by George O'Toole from the 

Dartmouth Medical School via the Ausubel Lab at Harvard University and is 

described in Liberati et al. (50). In brief, the library consists of non-redundant 

Tn7 mariner (MAR2xT7) transposon insertions into genes of the PAH genome. 

Each gene that was successfully disrupted with this transposon was clonally 

isolated, grown up in culture and sequenced. Because of this, the location of each 

37 



transposon within the gene is known and included in the set. The mariner 

transposon carries a gentamicin resistant cassette for colony selection and two T7 

promoters, having a total length of 994 basepairs. The strains obtained were 

stored in 96-well microtitre plates at -80°C in 25% volume/volume glycerol. 

Strains of interest were picked from the plates, grown overnight in 5 mL of LB at 

37 °C and then diluted 1/1000 and streaked out on LB agar plates. These plates 

were incubated overnight at 37 °C to allow colonies to grow. Single colonies 

were picked, and subsequently grown up overnight in 5 ml of LB. Seven hundred 

ul of the overnight culture was added to a 2 mL cryogenic vials (Sarstedt, 

Numbrecht, Germany) tube and an equal volume of 50% volume/volume glycerol 

was added to make a stock of the strain of interest for use at a later time. 

2.7.2: Confirming the transposon insertion by PCR 

A pair of primers (Invitrogen) specific for each of the genes studied was 

used to amplify the DNA of transposon insertion strains (prepared as described 

previously in section 2.3.1). Table 1 shows a list of primer pairs used for the PCR 

of the mutant genes. For example exaE-F-L (exaE-¥u\\ length-Left) and exaE-F-

R (exaE-Fu\\ length-Right) were used to PCR the exaE gene. The full length 

primers were chosen from the 500 base pair upstream and down stream region so 

as to ensure that the whole of the gene was amplified. The primers were also used 

to amplify the DNA in the P. aeruginosa wildtype strain. Amplification was 

performed by PCR in a volume of 60 ul with Taq polymerase (Invitrogen) and the 

following incubations: 4 minutes at 95°C, followed by 30 cycles (with 1 cycle 

consisting of 30 seconds at 95°C, 2 minutes and 30 seconds at 53.5°C, and 1 
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minutes and 30 seconds at 72°C), and a final step of 7 minutes at 72°C. The PCR 

products were analyzed by 1% weight/volume agarose gel electrophoresis to 

determine the length of the gene in the wildtype strain versus the transposon 

insertion mutant strains. Table 2 shows PCR running conditions for all 

experiments done for this thesis. 

2.7.3: Growth curves 

To ensure that the rate of growth of each of the mutant strains used in the 

study was similar and that the mutants were able to grow as well as wildtype in 

planktonic cultures, growth curves were conducted. Overnight strains of bacteria 

were diluted into 60 mL of fresh LB broth and the OD600 was taken at t=0 and 

recorded. Bacteria were grown at 37° C with shaking and 3 ml aliquots were 

removed every 30 minutes, the OD was recorded and the culture was returned to 

the flask. The OD600 was measured until an OD was reached that was consistent 

for at least three time points (indicating stationary phase). Plots of OD vs time 

were generated. This experiment was repeated three times and the average OD at 

each time point was plotted, 

2.7.4: Minimum Bactericidal Concentration Planktonic/Biofilm (MBC P/B) 

To determine if a gene is important in biofilm specific antibiotic 

resistance, Minimal Bactericidal Concentration (MBC) assays of cells grown in 

planktonic (P) and biofilm (B) conditions were performed as previously described 

(57). These assays allow for a direct comparison between planktonic and biofilm 

antibiotic resistance in bacterial cells. For the MBC-B protocol, bacteria were 

diluted 1/50 in tX M63, 100 uL was inoculated into the wells of a 96 well 
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microtitre plate and allowed to form a biofilm for 24 hours at 37°C. Spent IX 

M63 media was replaced with 90 uL of fresh media and serial dilutions of 10 uL 

of the antibiotic of interest were added. Bacteria were incubated for 24 hours at 

37°C. Following this growth period, media containing the antibiotic was replaced 

with 100 uL of fresh media and the bacteria that survived antibiotic treatment 

were incubated for 24 hours at 37°C. Live bacteria were transferred onto an LB 

agar plate via a multi-prong device (Dan-Kar Corp, Woburn, MA) and grown 

overnight at 37°C in order to determine the concentration of drug that had killed 

the biofilm grown cells completely. For the MBC-P assay, bacteria were diluted 

1/50 in IX M63, 90 uL was inoculated into the wells of a 96 well microtitre plate 

and serial dilutions of 10 uL of the antibiotic of interest were added to the wells. 

The bacteria were incubated for 24 hours in the presence of antibiotic and then 

transferred to an LB agar plate to determine the concentration of antibiotic that 

killed the planktonic bacteria. 

2.7.5: Confirming expression q-PCR 

Microarray gene expression data was confirmed by q-PCR for the genes of 

interest on the list. Q-PCR was done as described previously and the list of 

primers can be found in Table 1. A graph of the relative fold change via q-PCR 

vs Microarray gene fold change was plotted for the 7 genes. 
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Table 1: List of primers used for this study. 

List of all the primers used in this thesis for PCR and q-PCR reactions as well as 
transposon insertion confirmation. All primers were ordered from Invitrogen and 
were 50 mM desalted. 
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Primer Name DNA Sequence Application 

ndvB-L 5'-CAACCACCTCTGAAACCGAATCGCGGATTG-3' PCR 

ndvB-R 5'-GACCAGCTTCCAGGTTTCCAACCTGAAC-3' PCR 

pqqB-F-L 5'-CTACCAAATCAGGGGGAAAA CT-3' PCR 

pqqB-F-R 5'-TCCTCGAGGATACGCTGGAT-3' PCR 

exaA-F-L 5'-AG GTTGGCTTTTTCCAGGTT-3' PCR 

exaA-F-R 5'-GGCCTGAACATCTTCTTCACC-3' PCR 

pqqB-Q-L 5'-GACGAGATGCT GGTCTGC-3' q-PCR 

pqqB-Q-R 5'-ATTGGTGTTGTTGATGTGGA-3' q-PCR 

exaA-Q-L 5'-CAAGGCGTTGTTCT TGTTCA-3' q-PCR 

exaA-Q-R 5'-AGGTTGGCTTTTTCCAGGTT-3' q-PCR 

ndvB-Q-R 5'-GATCTTGCCGACCTTGA AGAC-3' q-PCR 

ndvB-Q-L 5'-GGCCTGAACATCTTCTTCACC-3' q-PCR 

rpoD-Q-L 5'-CATCCGCATGATCAACGACA-3' q-PCR 

rpoD-Q-R 5'-GATCGATATAGCCGCTGCTGAGG-3' q-PCR 

agmR-Q-L 5'-AGGTAGACGTTGCCGTTGAG-3' q-PCR 

agmR-Q-R 5'-CATTCCCGTGGTTATCGTCT-3' q-PCR 

pqqC-Q-R 5'-CGATAGTGCTCCAGGGTGAT-3' q-PCR 

pqqC-Q-L 5'-GTCGACGCCTACGTCAACTT-3' q-PCR 

pqqD-Q-L 5'-ACTGCAGCTCGATCCAGAAT-3' q-PCR 

pqqD-Q-R 5'-GACTGCCATCTGCTGCTCTA-3' q-PCR 

pqqE-Q-L 5'-GGCACAACATCGACAACATC-3' q-PCR 



pqqE-Q-R 5'-GTAGTAGTCGGGGGTGCACGA-3' q-PCR 

pqqF-Q-L 5'-GCTGCACCAACTGTCTCCATA-3' q-PCR 

pqqF-Q-R 5'-GGCGTTGCTGTTGTTCTGT-3' q-PCR 

exaC-Q-L 5'-ACGACCACACAGGAGAGCTT-3' q-PCR 

exaC-Q-R 5'-TTGGTAGGGACTGCCTGTTC-3' q-PCR 

exaE-Q-L 5'-GGTCAAGGGCCAGTACTTCA-3' q-PCR 

exaE-Q-R 5'-GCGATCTTCAGCAGGATGTT-3' q-PCR 

pqqC-F-L 5'- CGCAAGCTCAAGGTACACAA-3' PCR 

pqqC-F-R 5'-CGACAGGTCGACAACTACCA-3' PCR 

pqqD-F-L 5'-ATCACCCTGGAGCACTATCG-3' PCR 

pqqD-F-R 5'- GGACAGCGATAGGTCAGCTC-3' PCR 

pqqE-F-L 5'- ATGAGCATGGCCTACGAACT-3' PCR 

pqqE-F-R 5'- AGTCGCCGTAGTCGACCATT-3' PCR 

pqqF-¥-L 5'- CCAGGACAACCTGTTCCACT-3' PCR 

pqqF-F-R 5'- TCGTCCTTGTCGTACAGCAG-3' PCR 

exaE-V-L 5'-ATCTCTACCGCCTGTTGCAG-3' PCR 

exaE-F-R 5'-CCAACCTGCAGGAAGTCAAG-3' PCR 

exaC-F-L 5'-AAATTCCTTCGCTGGTCATC-3' PCR 

exaC-F-R 5'-AAGAACAGCACACGCAACTG-3' PCR 



Table 2: PCR running conditions. 

List of the PCR runs for each gene and the conditions used for the runs. 
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PCR reaction Cycle Information 

ndvB Wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
ndvB knockout for 30 seconds, 56 °C for 50 seconds, 72 °C for 150 seconds 

followed by one cycle of 72 °C for 10 minutes. 
pqqB wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
pqqBtn for 30 seconds, 56 °C for 50 seconds, 72 °C for 130 seconds 

followed by one cycle of 72 °C for 10 minutes. 
pqqC wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
pqqCtn for 30 seconds, 54 °C for 50 seconds, 72 °C for 180 seconds 

followed by one cycle of 72 °C for 10 minutes. 
pqqE wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
pqqEtn for 30 seconds, 56 °C for 50 seconds, 72 °C for 130 seconds 

followed by one cycle of 72 °C for 10 minutes. 
pqqF wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
pqqFtn for 30 seconds, 54 °C for 50 seconds, 72 °C for 200 seconds 

followed by one cycle of 72 °C for 10 minutes. 
exaA wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
exaAtn for 30 seconds, 54 °C for 50 seconds, 72 °C for 210 seconds 

followed by one cycle of 72 °C for 10 minutes. 
exaC wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
exaCXn for 30 seconds, 56 °C for 50 seconds, 72 °C for 210 seconds 

followed by one cycle of 72 °C for 10 minutes. 
exaE wildtype and One cycle 95°C for 5 minutes followed by 35 cycles of 95 °C 
exaEta. for 30 seconds, 56 °C for 50 seconds, 72 °C for 210 seconds 

followed by one cycle of 72 °C for 10 minutes. 



Results 
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Results 

In order to fulfill the objectives of this thesis, experiments were performed 

to confirm the expression of ndvB in a biofilm specific manner as well as confirm 

the ndvB gene deletion so that this strain could be used in further studies. Once 

this was accomplished, microarray analysis was performed using RNA from 3 

wildtype biological samples and 3 ndvB knockout samples at StemCore 

laboratories located at the Ottawa Health Research Institute (OHRI) at the Ottawa 

General Hospital. A list of differentially expressed genes between the two 

conditions was generated and 8 of the genes from the microarray were chosen for 

further study. Validation of the array data using quantitative real-time polymerase 

chain reaction (q-PCR) and antibiotic resistance profile assays (Minimum 

bactericidal concentration (MBC) planktonic (P) and biofilm (B) assays) was 

done. 

3.1.0: Preparing for the microarray 

3.1.1: Confirming the knockout ndvB strain 

Prior to conducting RNA extraction for microarray analysis it was 

important to confirm the knockout of the ndvB that was previously created (57). 

The knockout was prepared by three step ligation and approximately 1000 

basepairs of the ndvB gene was removed which eliminated the production of the 

ndvB gene product. Because there was a 1000 basepair deletion, this knockout 

could be confirmed using polymerase chain reaction of the knockout ndvB (KO) 

strain and comparing it to the wildtype (Wt) strain PCR product on a 1% 

weight/volume agarose gel (Fig. 3A). The size of the bands was determined by 
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generating an equation for the line of best fit for a standard log molecular weight 

vs. migration distance. A standard lkb+ ladder was used and the known basepairs 

were multiplied by 660 to obtain the molecular weight in Daltons. The log of this 

number was plotted against the migration distance of the band from an arbitrary 

line as shown in Figure 3B. Once a line was generated and an equation 

determined, the migration distance of the bands of interested was inserted into the 

equation and the number of base pairs was determined. A sample calculation can 

be found in appendix A. The expected size of the Wt ndvB was 3689 basepairs 

(bp) and the band was around 3560 bp, while the KO was supposed to have a 

product of around 2679 bp and the band was visualized at about 2430 bp. 

3.1.2: Confirming gene expression of ndvB 

ndvB was previously described as being expressed preferentially in 

biofilm grown cells (57). In order to confirm this, and determine the gene 

expression level in the KO strain, I ran a quantitative real time polymerase chain 

reaction (q-PCR) of the Wt and KO strains grown in biofilms and planktonic 

culture. RNA was extracted from biofilms grown for 48 hours in a Kadouri drip-

fed reactor. RNA was extracted from 3 mL planktonic culture grown overnight in 

5 mL of LB. Both the Wt and ndvB KO strains were used for analysis. Figure 4 

shows the results of this assay and it is clear that there is a significant increase in 

expression of ndvB between biofilm and planktonic conditions. This was 

confirmed statistically by a two-tailed student T-test. In addition to this, the KO 

strain showed no expression of the ndvB in either the planktonic or biofilm states. 
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These data confirm that the ndvB knockout strain does not express ndvB. This 

confirms data already previously published (57). 

3.1.3: Growing the biofilms and extraction of RNA for microarray analysis 

In order to produce sufficient amounts of RNA to be used for microarray 

analysis I had to choose a method for growing and extracting RNA that would 

give a high yield of pure RNA. I chose to grow biofilms in the Kadouri drip-fed 

reactor as described because it is a small scale reactor for biofilm growth and 

allows extended periods for growth due to the addition of fresh media and 

removal of waste products. Figure 5 depicts the growth of biofilms over time in 

this reactor. Forty-eight hour biofilms were chosen because they gave the most 

amount of biofilm biomass over a reasonable amount of time, and allowed for 

efficient extraction of RNA at high yield and purity. 

Efficient extraction of RNA from biofilms was important in order to 

proceed with downstream microarray analysis. Table 3 shows the concentration 

and purity of the RNA extracted from biofilms and used for microarray analysis. 

A higher concentration of RNA was needed than originally obtained from the 

extraction, although the amount of RNA was sufficient. For this reason, I chose 

to keep the conditions of biofilm growth and extraction the same, and concentrate 

the RNA via ethanol precipitation. This allowed me to achieve the concentration 

required for microarray analysis as defined by the protocol used by StemCore 

technicians. Table 3 shows the final concentration of RNA used for the 

microarray analysis. 
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The purity of the RNA samples was also checked via Bio-Rad experion 

electrophoresis system at StemCore laboratories. Figure 6 shows the 1% 

weight/volume agarose gel of the samples used and Figure 7 shows the results of 

the Bio-Rad experion experiment. The 23S (larger subunit, around 3900 bp) and 

the 16S (smaller around 1500 bp) ribosomal subunits can be seen on the gel in 

Figure 6 and are represented as the major peaks in the graphs of Figure 7. The 

expected ratio is about 2 to 1 for 23 S to 16S subunits and all of the RNA samples 

had a ratio between 1.8 and 2.0 as determined by the Bio-Rad experion system. 

The concentration was also accurately determined by the Bio-Rad experion 

system and purity and concentration of the samples was deemed to be sufficient 

for microarray analysis and therefore these samples were used to conduct the 

experiments. 

3.2.0: Microarray analysis of samples 

The majority of this project focused on the differential expression of genes 

between wildtype (Wt) and knockout ndvB (KO) conditions. Because ndvB is 

preferentially expressed in biofilms and is important in biofilm specific 

mechanisms, I believe it is responsibe for regulating genes that are important for 

biofilm specific resistance to antibiotics. In order to test this hypothesis, 

microarray analysis of the two conditions, deemed Wt and KO conditions, was 

performed. 

3.2.1: Confirming the array quality 
All of the array analysis was done using R statistical coding environment 

and Bioconductor packages freely available, using code modified from published 
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projects (37). The code for the operations performed can be found in appendix B. 

In order to ensure that the data were of sufficient quality, different quality control 

steps were used to check the probe level data and the chip quality. Table 5 shows 

the general parameters of the array chips as given by StemCore laboratories. The 

number of genes present was comparable to other studies that showed a range of 

89% to 70% genes present depending on conditions used (52, 97). Affymetrix 

suggests that chips are comparable if the noise of each chip is within 2 standard 

deviations of one another and the scale factors are within 4 fold of each other (13, 

37, 73). The data in Table 4 from StemCore suggests that these chips were 

comparable to each other. As a result, it is reasonable to proceed with a more 

comprehensive analysis of the chip data. 

The raw chip data can be visualized as probe points to identify chips that 

might give problematic results for analysis, if the chip looks radically more light 

or dark when compared to ships of the same sample (i.e. WT1 vs. WT2) then the 

data would not be suitable for comparison. Figure 8 gives a representation of the 

perfect match (PM) and mismatch (MM) intensities of the preprocessed (before 

normalization or standardization) Affymetrix Genechip from the experiment. 

Figure 8A shows a representative array of the Wt condition and 8B shows a 

representative array of the KO condition. The other chips can be seen in appendix 

C. Along with the raw probe data of the Genechips Figure 8 shows histograms 

and density plots of the array. Chips of similar conditions (i.e. Wt chips 

compared to KO chips) should have a similar distribution of intensities if they are 

of similar quality and are suitable for comparison. 
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Figure 3: Confirming the ndvB knockout with PCR. 

A) The ndvB gene deletion was confirmed using full length PCR of the wildtype 
and comparing it to the full length PCR product from the mutant using ndvB 
specific primers. The expected size of the ndvB wildtype PCR product was 3689 
and the expected PCR product for the knockout ndvB is 2279. The first lane held 
the lkb+ ladder, the second lane held the no template control (NTC), the third 
lane held the wildtype (Wt) ndvB PCR product and the fourth lane held the 
knockout ndvB product. 
B) Determination of the PCR product size of ndvB wildtype and ndvB knockout 
via migration distance. The size of the PCR product was determined by 
generating a line of best fit for the log of the molecular weight of the standard 
lkb+ plus vs. migration distance of the bands and using the equation of the line. 
The band size of the wildtype was approximately 3560 and the knockout product 
was approximately 2439 basepairs 
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Figure 4: q-PCR of ndvB gene expression 
The gene expression of ndvB in biofilm and planktonic states was confirmed 
using q-PCR. RNA was extracted from planktonic cultures in stationary phase or 
48 hour biofilms. cDNA was synthesized using random primers from Bio-Rad 
script cDNA synthisaze kit and q-PCR was performed with Bio-Rad SYBR-green 
supermix. RNA was extracted from wildtype and knockout ndvB strains to 
confirm elimination of ndvB RNA expression in the knockout. Statistical 
significance between means was confirmed using the student t-test. 
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Figure 5: Biofilm growth in Kadouri drip-fed reactor. 

Biofilm growth via the Kadouri drip-fed reactor was monitored visually by the 
Leica 6000B microscope. The reactor was inoculated with a GFP strain of PA14 
Pseudomonas aeruginosa and visualized at the time points (0, 4, 16,24 and 48 
hours) under phase and fluorescence settings under the microscope at 200X 
magnification. 
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Figure 6: Agarose gel of RNA for microarray analysis. 

RNA of wildtype and knockout ndvB strains of P. aeruginosa was extracted from 
48 hour biofilms via the Invitrogen Micro to Midi RNA extraction kit and run on 
a 1% agrose gel. The RNA was designated WT1, WT2 and WT3 for wildtype 
grown RNA biological replicate 1, 2 or 3 and KOI, K02 and K03 for knockout 
ndvB biofilm RNA biological replicate 1, 2 or 3. 
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Table 3: Concentration, purity of RNA. 

The concentration of each of the RNA samples used for microarray analysis and 
purity based on A260/A280 ratio. The concentration and purity of each sample 
was taken before and after ethanol precipitation 
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Before Concentration After Concentration 

WT1 
WT2 
WT3 
KOI 
K02 
K03 

Concentration 
(ng/mL) 

177.0 
180.2 
191.0 
161.0 
188.0 
178.6 

A260/A280 

1.56 
1.73 
1.48 
1.56 
1.65 
1.87 

HgRNA 

17.8 
18.2 
19.6 
16.4 
19.0 
18.0 

Concentrati 
on (ug/mL) 

988 
907 
918 
807 
986 
933 

A260/A280 

1.94 
2.01 
2.21 
1.98 
2.13 
2.11 

HgRNA 

15.4 
13.6 
14.2 
12.1 
15.3 
14.0 



Figure 7: Bio-Rad gel electrophoresis for RNA purity and concentration. 

The purity of the RNA was confirmed using Bio-Rad gel electrophoresis system. 
The system uses a small amount of RNA and guides it through a series of 
channels in a microfluidic chip by applying various voltages. From this an 
expression pattern is generated with pure RNA generating a 23 S (at 3000 
basepairs and 16S (at 1500 basepairs) ribosomal RNA peak in a 2 to 1 ratio. 
A) Representative gel of Wildtype RNA samples. The inset in the first diagram of 
A shows 1% agarose gel of WT RNA and KOI RNA . Lane 1 shows the ladder, 
Lane 2 shows empty, Lane 3 is WT1 RNA, Lane 4 is KOI RNA 
B) ndvB knockout representative gel. 
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Figure 8: Microarray slide images and histograms. 

Image plots of perfect match (PM) and mismatch (MM) probe intensities (log 
base 2) for two arrays along with density plots of probe-level data, chip data for 
WT2,WT3, K02 and K03 chips can be found in Appendix C. Good quality chips 
show similar intensity patterns among the conditions studied. A darker or lighter 
chip may indicate problems. The histogram shows the number of probes at a 
given log2 intensity value. The density plot shows the percentage of probes that 
are at a given log2 intensity for the chips. 
A) Example of wildtype (WT1) 
B) Example of ndvB knockout (KOI). 
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The preprocessed chip data were shown to be suitable for comparison and 

of good quality. The MA plots in Figure 9 show a plot of the difference in log 

expression (M) against the average log intensities (A) of the condition chip (eg. 

WT1) vs a median synthetic chip created by pairwise comparisons of all data 

points before processing for each of the chips. Poor quality chips will result in 

widely different patterns and vastly different Lowess lines. Because this was 

unprocessed data, the spread of the Lowess line will be slightly more dramatic 

then with normalized data, and the cluster cloud in the graph is less centered on 

zero. Both Figure 8, in conjunction with the chip data found in the appendix, and 

Figure 9 indicate that the preprocessed chip data are comparable and allowed for 

confident generation of genes differentially expressed between the two conditions 

studied. 

It is important to confirm the accuracy of the normalized data. Figure 10, 

showing the relative log expression (RLE) boxplots and Figure 11, showing the 

normalized unsealed standard error (NUSE) boxplots are indicators of the quality 

of the normalization procedure. These figures were generated from the Robust 

Multichip Average (RMA) normalization procedure, which uses quantile 

normalization of the probe level data, which makes the distribution of all probe 

intensities amongst the arrays equal. A high quality normalization procedure will 

produce RLE plots that are centered around 0 and show minimal spread of the box 

plots amongst the arrays (13, 37). Figure 10 shows that the RMA procedure does 

produce a good RLE for the arrays. Similarly, NUSE box plots should be 
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centered around 1 with minimal spread amongst the box plots (13, 37). Figure 11 

shows a NUSE for the RMA normalization of the arrays and there does not seem 

to be any vastly different boxplots amongst the arrays, suggesting that the 

normalization procedure produces accurate correction for the arrays. This 

provides reassurance that the genes identified to be differentially expressed under 

these conditions are actually differentially regulated. Taken together, the arrays 

run using the WT and KO samples I prepared were used to generate a list of genes 

that were used for further study. 

3.2.3: Microarray Results 

The microarray analysis revealed 24 genes that had a fold change over 2 

and a p-value of less then 0.000001. A list of these genes can be found in Table 5. 

ndvB itself had a p-value slightly higher than this, but had a fold change of 6.46 

greater expression in the wildtype (Wt) condition. Twenty of the genes were 

upregulated in the Wt condition and 4 genes were down regulated. Several 

hypothetical genes were identified; some small molecule transporters, 

transcriptional regulators and genes involved in glucose metabolism were 

identified. 

Interestingly, 6 genes involved in ethanol oxidation, as well as the 

regulator of this network were identified in the microarray. The metabolism genes 

are pqqB/C/D/E , exaA and exaE and the regulator of these genes is agmR. All 

were shown to be upregulated in the Wt condition through the microarray. The 

regulatory network has been identified and is represented in Figure 21. The 

location of these genes in PAH genome is shown in Figure 22. Because these 
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genes are all related and identified as significant in the microarray, along with 

genes associated with them, were chosen for further study. 

Figure 12 shows a Heatmap representing of the different genes expressed 

in the microarray. Various shades of green represent increasing fold expression 

within a condition, black depicts no change in expression. Bright green represents 

the highest fold expression, being about 6x more abundant. Bright red represents 

the most downregulated gene in a condition. The other genes identified in the 

microarray belong to a variety of different classes, including transcriptional 

regulators, small molecule transport and outer membrane proteins. Due to time 

constraints, it was not possible to confirm the regulation and antibiotic profiles of 

all of these genes, but this will be further studied. 

3.3.0; Confirming microarray expression with q-PCR 

In order to confirm that the genes were differentially regulated, I 

performed quantitative real time polymerase chain reactions (q-PCR) on a subset 

of the genes from the microarray. Because ndvB is preferentially expressed in 

biofilms, and because I believe that ndvB is important in regulating these genes, I 

performed q-PCR on Wt RNA and KO ndvB RNA extracted from planktonic 

bacteria and biofilm bacteria. All runs were normalized to rpoD, a housekeeping 

gene in P. aeruginosa that has been deemed suitable for normalization in q-PCR 

experiments (79). Each gene was run with two biological replicates of planktonic 

and biofilm RNA, repeated in triplicate within each experiment. The mean of the 
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Table 4: Gene chip data. 

The table shows the standard quality parameters given for each Affymetrix Gene 
chip run by StemCore. Noise and scale factors of each chip should be within 3 
fold of each other to have chips that are comparable. 
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Chip Noise 
WT1 4.2 
WT2 4.33 
WT3 3.75 
KO 1 3.02 
KO 2 3.02 
KO 3 2.30 

Scale Factor % genes present 
0.841 93.5 
1.043 93.9 
2.25 92.5 
3.00 76.6 
2.23 72.2 
2.48 60.8 



Figure 9: Median vs Average plots of experimental chips and a pseudo 
median chip. 

Quality assessment of chip data by a plot of the difference of their log intensities 
for each probe on each gene (M) plotted against their average intensities (A). 
This is compared to a synthetic array generated by taking the pair wise 
comparison of all probe level data. Each plot has a lowess regression line added 
to the plot. IQR= Interquartile region 
A) WT vs Mock median chip 
B) KO MA plots vs Median mock chip. 
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Figure 10: Relative Log Expression (RLE) box plots. 

Relative log expression plots of the 6 arrays for quality control of probe level 
models (PLM). This model estimates for probe sets and chips (arrays) on a. gene 
by gene basis. RMA was used for background correction and quantile 
normalization was used for to generate this data. Appropriate normalization 
results in boxplots centered around 0 with minimal spread and error associated 
from plot to plot. 
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Figure 11: Normalized Unsealed Standard Error (NUSE) plots 

Plots of standardized standard error estimates such that the median standard error 
across arrays is 1 for each gene. Appropriate normalization results in boxplots 
centered on 1 with minimal spread and error associated from plot to plot. 
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Figure 12: Microarray heatmap of differentially expressed genes. 

Heatmap of differentially expressed genes in the three knockout conditions, 
denoted KOI, K02 and K03. Upregulated genes in a given condition are 
coloured green, while downregulated genes are coloured red. The relative fold 
expression between the conditions is visualized by the shade of green or red used, 
the brighter the shade, the larger the relative fold expression of the gene. A 
histogram and scale for the colour shading is provided in the upper left hand 
corner. Genes in blue rectangular boxes are related to an ethanol oxidation 
pathway regulated by agmR. 
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Color Key 

-? 0 
Fold change 

PA14J36120 

PA14_29220 

PA14_29040 

PA14J1210 

PA14J38830 

PA14_64680 

PAW 71230 

KOI K02 K03 



Table 5: List of genes differentially regulated in WT and KO microarrays. 

A list of genes differentially regulated between the wildtype and knockout ndvB 
conditions as generated by Bioconductor. Significance was set at p<0.000001 to 
establish 'significantly different" along with a fold change of at least 2. 
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Gene 

PA01 1163 
PA1403900 

PAH 38850 
PA14_52230 

PA14_51205 

PAH 38930 
PAH 38860 
PAH 38990 
PAH38970 

PAH38900 

PAH 38820 
PAH36120 

PAH_29220 

PAH 29040 
PAH_24720 

PAH 38780 
PAH 38800 
PAH_11210 

PAH_09320 

PAH_57275 

PAH 38850 
PAH 64240 
PAH 64680 

Fold Change 

6.23 
-2.36 

2.95 
2.13 

2.10 

2.89 
3.75 
3.01 
3.89 

3.36 

3.75 
2.99 

2.43 

2.10 
2.76 

2.82 
2.11 
2.19 

-2.76 

-2.30 

2.53 
5.10 
2.74 

P-Value 
(XI0"5) 
12.01 
4.48 

2.51 
2.98 

6.51 

1.89 
5.67 
2.03 
2.89 

3.37 

3.86 
1.33 

1.41 

1.04 
1.07 

1.11 
1.09 
7.48 

8.57 

5.14 

6.15 
4.73 
7.54 

Function 

ndvB 
Biotin biosynthetic 

process 
exaB 

pirA- Siderophore-
iron transmembrane 
transporter activity 

Probable 
transcriptional 

regulator 
agmR 
exaA 

Hypothetical 
Two-component 

sensor 
Two-component 

response Reg.(exaE) 
pqqB 

Probable MFS 
transporter 

Porin OpdB-Small 
molecule transport 
Probable ferredoxin 

Probable two-
component sensor 

pqqE 
pqqC 

Amino acid 
transporter 

ATP-binding 
component of ABC 

transporter 
Cell division protein 

FtsZ 
Hypothetical 

pqqD 
Hypothetical 



six expressions was taken and statistical analysis of the means was done using a 

two tailed student t-test in Excel. Figure 13 shows the q-PCR reaction of agmR , 

the response regulator of the system. There is a clear increase in agmR expression 

in the biofilm Wt vs KO expression, that is statistically significant, and the ndvB 

KO condition returns to levels similar to planktonic expression. This confirms the 

pattern that is suggested by the microarray data, suggesting that ndvB plays a role 

in the regulation of agmR gene expression. 

The genes exaAB/B/C/D/E were also checked for correlation with the 

array data via q-PCR through analysis of the representative genes exaA/C/E. 

Figure 14A-C shows the q-PCR results of exaA/C/E gene expression. exaA/C/E 

were chosen to represent exaA/B/C/DIE for several reasons. First, all of the genes 

studied have transposon insertion mutants available, while exaB and exaD do not, 

which is important for further experiments. In addition to this, exaB and exaC are 

co-transcribed while exaD and exaE are co-transcribed (36). 

The q-PCR data for exaA/C/E show similar results to agmR. All of the 

genes show a statistical increase in biofilm gene expression when compared to 

planktonic gene expression. This increase in expression is abolished when ndvB is 

not present in the bacterial strains, indicating that the expression is biofilm 

specific and dependant on ndvB. Whether this is directly due to the fact that the 

glucans control the regulator of the system (agmR) or they directly affect the 

expression of these operons was not determined in this thesis. 

Finally, genes belonging to the pyrolequinolonequinone (PQQ) operon 

were selected for confirmation of the array data. Figure 15 A-E shows the results 
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from the q-PCR of the pyrolequinolonequinone (PQQ) operon. Figure 15A-D 

show the results of the PQQ genes in the operon regulated by agmR and they are 

similar to both the agmR and exaA/C/E results. All of the genes in the operon 

share a promoter that is located in front of pqqA and is regulated by agmR (35, 

36). All of the genes in the operon show significant increases in their biofilm 

expression in Wt conditions with return to planktonic levels in biofilms grown 

without the ndvB gene. pqqF is not in the same operon as the rest of the genes and 

has not been implicated as being under control of agmR, so it was of interest to 

see if this gene would follow the same pattern as the rest. Figure 15 E shows that 

the expression of pqqF does have an increase in expression in biofilms when 

compared to planktonic state, but this increase seems to be independent of ndvB 

as it occurs in both the Wt and KO ndvB conditions. 

The correlation of the array data and the q-PCR data was graphed and an 

R2 correlation coefficient was generated (Fig. 16). The microarray fold expression 

was plotted against the q-PCR fold expression for the eight genes studied and an 

R2 correlation test was done on the data. A perfect positive correlation would be 

1 and the R2 test gave a correlation of 0.952, showing that the q-PCR data and the 

microarray data have a strong correlation. 

3.4.0: Confirming antibiotic sensitivity of mutant genes 

3.4.1 Confirming the presence of the transposon in the transposon insertion 
mutants. 

The role of exaA/C/E and pqqB/C/E/F genes in antibiotic resistance was 

studied using transposon insertion (tn) mutants of these genes. The library of 

mutants have a single copy of the mariner Tn7 transposon (994 basepairs (bp) 
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inserted in each gene resulting in a non-functional gene in most genes present in 

the P. aeruginosa PA 14 genome (50)(as described in section 2.7.1). Since it is a 

large library, covering more then 5000 genes it could be prone to error or 

contamination. As such the transposon insertion in each gene was confirmed as 

well as some of the basic properties, such as biofilm formation and growth rates, 

of the tn mutants, were determined in order to perform antibiotic sensitivity 

assays on the mutant. The tn insertions were confirmed via polymerase chain 

reactions (PCR) of the Wt chromosomal DNA and chromosomal DNA from the 

tn mutant of interest. Figure 17 shows an example of this PCR run on a 1% 

weight/volume agarose gel. The image was produced by Koli Basu for her 

honours thesis. The first lane contains a 1 kb+ ladder, lanes 2-4 represent the non 

template control, pqqB wt and pqqBtn respectively. The inserted 994 bp 

transposon is clearly discernible in the PCR product of pqqBtn making this an 

adequate method for confirming the transposon insertion. Similar PCR reactions 

were performed using primers specific for each gene and Table 6 shows the 

expected length of the wildtype and tn mutant PCR products and the actual length 

observed on the gel. The increased size of the tn mutant PCR products confirms 

the presence of the insertion. In all cases the transposon insertion was found in the 

gene. 

In addition to confirming the transposon insertion in the mutants, it was 

important to confirm that the mutants grew well and formed biofilms. Thus, I 

grew biofilms in six well plates using an air-liquid interface (ALI) assay and in 96 

well plates to perform crystal violet assays (CV). The results of these assays can 
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be seen in Figure 18. These images show that all of the mutants are able to form 

biofilms under standard assay conditions. In addition to the biofilm assays, 

growth curves of the mutants were done to establish if they grew the same as 

wildtype strain. Figure 19 shows these growth curves. The bacteria were grown 

in LB for 24 hours, the absorbance was taken at 600 nm ever half an hour for the 

first 8 hours and then again at 12 and 24 hour time points. There was no 

difference in the growth of any of the strains. 

3.5.0: Antibiotic resistance of transposon mutants 

In order to determine the sensitivity of the exaA/C/E and pqqB/C/E/F 

transposon mutants to antibiotics, I performed minimal bactericidal concentration 

(MBC) assays using antibiotics that are of clinical importance in P. aeruginosa 

infections. MBC assays allow for the direct comparison of the concentration of 

drug that it takes to kill bacteria in planktonic (P) and biofilm (B) states. 

The MBC is defined as the concentration of antibiotic that kills bacteria 

and is represented by the concentration where no growth of bacteria occurs on the 

LB agar plate. As an example, Figures 20 A and B show the MBC-P to 

tobramycin for Wt, ndvB KO and pqqCtn, exaAtn, respectively and Figures 20 C 

and D show the MBC-B plates of Wt, ndvB KO and pqqCtn, exaAtn. Each 

experiment was done at least in triplicate. 
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Figure 13: q-PCR gene expression analysis of agmR. 

The gene expression of agmR in biofilm and planktonic states was confirmed 
using q-PCR. RNA was extracted from planktonic cultures in stationary phase or 
48 hour biofilms produced by Wt and ndvB KO strains. cDNA was synthesized 
using random primers from Bio-Rad script cDNA synthisase kit and q-PCR was 
performed with Bio-Rad SYBR-green mastermix. Statistical significance of the 
means was determined using the student t-test. 
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Figure 14: q-PCR of A) exaA, B) exaC and C) exaE. 

The gene expression of exaA, exaC and exaE in biofilm and planktonic states was 
confirmed using q-PCR. RNA was extracted from planktonic cultures in 
stationary phase or 48 hour biofilms produced by Wt and ndvB KO strains. cDNA 
was synthesized using random primers from Bio-Rad script cDNA synthisase kit 
and q-PCR was performed with Bio-Rad SYBR-green mastermix. Statistical 
significance of the means was determined using the student t-test. 
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Figure 15: q-PCR of A) pqqB B)pqqC C)pqqD D)pqqE and E)pqqF. 

The gene expression of pqqB, pqqC, pqqD, pqqE and pqqF in biofilm and 
planktonic states was confirmed using q-PCR. RNA was extracted from 
planktonic cultures in stationary phase or 48 hour biofilms produced by Wt and 
ndvB KO strains.. cDNA was synthesized using random primers from Bio-Rad 
script cDNA synthisase kit and q-PCR was performed with Bio-Rad SYBR-green 
mastermix. Statistical significance of the means was determined using the student 
t-test. 
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Figure 16: Correlation between microarray data and q-PCR data. 

Microarray gene expression and q-PCR gene expression of 8 genes from 
Pseudomonas aeruginosa and identified as significantly different through 
microarray analysis were plotted against each other. A R-squared test was run to 
determine if a correlation existed. A positive correlation of 0.952 was observed 
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Table 7 shows the results of the MBC assays with tobramycin, an 

aminoglycoside, and ciprofloxacin, a fluoroquinolone, exaA and pqqC show the 

largest increase in susceptibility to tobramycin in the MBC-B, matching the level 

of the ndvB knockout strain. The other transposon mutants show increased 

sensitivity to tobramycin compared to the wildtype in the MBC-B assay, though 

not as much as exaA and pqqC. None of the mutants are as susceptible to 

ciprofloxacin as the ndvB knockout, and pqqF and exaC show no difference to the 

wildtype in the MBC-B assay. The other mutants showed a slight increase in 

sensitivity when compared to wildtype in the MBC-B assay. All of the MBC-P 

assay results were comparable for the wildtype and tn mutants for both 

ciprofloxacin and tobramycin. 
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Figure 17: Confirming transposon insertion via PCR 

Transposon insertion mutants were confirmed via PCR of wildtype chromosomal 
DNA and chromosomal DNA extracted from the mutant strains. A 1% agarose 
gel electrophoresis of the full gene PCR products of the wildtype (WT) and 
pqqBtn strains of pqqB and wildtype and exaAtn strains of exaA is shown as a 
representative.. No template controls (NTC) for both sets of primers are also 
shown. The sizes of select components of the lkb+ ladder used as a marker are 
indicated on the right. 
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Table 6:Expected and actual band length of PCR products. 

The expected length of the wildtype PCR product of the wildtype and transposon 
insertion mutant and the actual length of the PCR products that was visualized 
on a 1% agarose gel. 

75 



Gene Wildtype Transposon Insertion Mutant 

pqqB 
pqqC 
pqqE 
pqqF 
exaA 
exaC 
exaE 

Expected 
1390 
1121 
1340 
2620 
2350 
1721 
1000 

Actual 
1460 
1050 
1200 
2300 
2521 
1800 
1100 

Expected 
2386 
2115 
2336 
2714 
3346 
2715 
1994 

Actual 
2551 
2000 
2100 
2600 
3687 
2400 
2000 



Figure 18: Biofilm growth of mutants. 

Transposon insertion mutants were studied for there ability to grow biofilms 
under standard laboratory conditions. Each mutant was grown on an angled 6 
well microtitre plate for 24 hours and observed under the microscope in an air-
liquid interface assay (ALI) experiment. Biofilm formation was also confirmed 
with a crystal violet (CV) assay. Wildtype and knockout ndvB strains were used 
for controls. pqqB transposon insertion (tn) (pqqBtn),pqqCtn, pqqEtn, pqqFtn, 
exaAtn, exaCtn and exaEtn were observed for their ability to form biofilms. 
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Figure 19: Growth curves of transposon mutants. 

Growth curves of the transposon insertion mutants were performed to confirm 
viability of the mutants under standard conditions. 
An overnight bacterial culture was diluted 1/1 000 000 in LB and allowed to grow 
for eight hours, with an absorbance being taken every half hour. A time point was 
also taken at 12 and 24 hours. 
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Figure 20: MBC P and MBC B plates. 

Minimal bactericidal concentration (MBC) of planktonic (P) and biofilm (B) to 
tobramycin. The plates shown are examples of plates from the MBCP/B assays 
performed for tobramycin. Bacterial growth occurs at the drug concentration 
insufficient to kill the bacteria. 
A) MBC-P Wildtype and knockout ndvB 
B) MBC-P pqqCtn and exaAtn 
C) MBC-B Wildtype and knockout ndvB 
D)MBC-B pqqCtn and exaAtn 
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Table 7: MBC-P and B results. 

Minimal bactericidal concentration (MBC) of planktonic (P) and biofilm (B) P. 
aeruginosa cells for various antibiotics. Isolates were grown overnight in LB 
media at 37°, diluted 1/50 into 1XM63 media supplemented with ImM MgS04 
and 0.4 % arginine and transferred to 96 well microtitre plates. Tb=Tobramycin, 
Cip=Ciprofloxacin. 
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Strain Tobramycin (ug/mL) Ciprofloxacin (ug/mL) 

Wildtype 
ndvB KO 
pqqBtn 
pqqCtn 
pqqEtn 
pqqFtn 
exaAtn 
exaCtn 
exaEtn 

Planktonic 
16 
16 
16 
16 
16 
16 
16 
16 
16 

Biofilm 
400 
50 

200 
50 

200 
200 
50 

200 
100 

Planktonic 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Biofilm 
25 
4 

12.5 
12.5 
12.5 
25 

12.5 
25 

12.5 



Discussion 
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Discussion 

One of the hallmarks of biofilm growth is the dramatic increase in 

antibiotic resistance shown by bacteria within the biofilm. Many mechanisms 

have been proposed to account for this increased resistance and one of the most 

exciting is the expression of genes preferentially in biofilms that can lead to 

increased biofilm specific antibiotic resistance. For quite some time it has been 

known that biofilms express different genes than their planktonic counterparts 

(97) and it has been documented that some of these genes can led to antibiotic 

resistance (57). The regulation and control of these genes is not well known, but 

elucidating how these genes are expressed in a biofilm specific manner and what 

regulates them could led to better treatment of disease of biofilm based infections. 

4.1.0: Microarrav analysis 

The primary experiments of this thesis are based upon the findings of differential 

gene expression between two P. aeruginosa PA 14 strains, wildtype (Wt) and 

knockout (KO) ndvB PA14, grown as biofilms. This approach allowed me to 

look at the global regulation of genes in an ndvB dependant manner in order to 

determine if the cyclic glucans produced by NdvB can effect gene expression. 

The results of the microarray analysis were dependent upon good 

experimental design, consistent experimental conditions and using appropriate 

measures for analysis and interpretation of results. Having quality RNA for 

microarray analysis was very important and the extraction of this RNA from 

biofilms can be an added difficulty. The results in figures 3,5,6 and 7 showed that 

this goal was achieved. 
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The analysis of Affymetrix Genechips preprocessed chips (before 

normalization and standardization) allows for identification of poor quality or 

problem chips. Figure 8 and 9 confirmed that the data, from the chip point of 

view, were acceptable. Having good quality array data increases the confidence 

that the genes identified from the array are truly differentially expressed. 

The final step in the microarray analysis was just as crucial as the first 

step. Choosing methods to normalize and standardize the data on the chips, 

compare the means and generate the list of differentially expressed genes can 

make all the difference in generating a true list that one can be confident reflects 

the true nature of things. The advantage of using Affymetrix Genechips is that 

there is a wide array of tools available for the analysis of data. I used R statistical 

packages developed specifically for Affymetrix microarrays (37). This allowed 

for accurate normalization and standardization of data. Using two standard 

background normalization algorithms and taking the overlap of genes expressed 

(RMA and MAS 5 (13, 43, 53) as well as moderated t- tests [Bayesian, Holms 

Stepwise correction, (26)] and a stringent p-value (p<0.000001) allowed me to be 

confident that these genes are actually differentially expressed in these conditions. 

Of course using these methods, it could be possible that some genes which 

actually are differentially expressed between these conditions have been left out, 

but because an adequate list of genes (Table 5, Figure 12) I felt these measures 

were reasonable. 
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4.2.0; Transcriptional regulator and its targets identified 

The hypothesis of this study was that ndvB produces cyclic glucans that 

may play a role in signaling in P. aeruginosa. Although the exact mechanisms of 

this signal have yet to be elucidated, I have identified 24 genes that were 

differentially regulated between the wildtype and knockout ndvB biofilm 

conditions. A transcriptional regulator, known as agmR, as well as 6 genes that it 

regulates were all found to be upregulated in the wildtype PA 14 when compared 

to the knockout condition, confirming the array experiments. 

4.2.1 AgmR 

AgmR is a response regulator important in the control of the quinoprotein 

ethanol dehydrogenase system in P. aeruginosa (35). AgmR (PA 1978) that was 

initally identified as a glycerol metabolism activator which acts as an 

environmentally responsive gene directly involved in glycerol metabolism (84). 

Recent studies have identified agmR as the response regulator controlling genes 

involved in ethanol oxidation pathway in P. aeruginosa (99). Together with the 

genes that AgmR regulates, AgmR forms a cluster of proteins important for 

ethanol metabolism in P. aeruginosa through a series of oxidation reductions that 

occur in the periplasm. AgmR regulates the expression of three operons that are 

essential for P. aeruginosa growth on ethanol: the exaBC operon, the exaDE 

operon and the pqqABCDE operon (82, 84). Figure 20 represents a schematic 

breakdown of AgmR control, and Figure 21 depicts the location of these genes on 

the P. aeruginosa genome. 

The identification of agmR as being responsive to presence of ndvB, and 

the fact that its regulated genes were also identified in the microarray made it an 
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ideal candidate for further study. The analysis of agmR gene expression, as seen 

in Figure 13, showed that it was upregulated in biofilms in an ndvB dependant 

fashion. Since it is a regulator of the other genes, I would expect them to show a 

similar profile to this (See below). Unfortunately, no mutant is yet available for 

PA 14 agmR and due to time constraints I was unable to produce a knockout of 

agmR in PA14, but this would allow for further phenotypic study of the antibiotic 

resistance provided by this gene. 

4.2.2: exaABCDE 

exaB (PA1983) encodes a soluble cytochrome c550 found in the 

periplasmic space of P. aeruginosa and is co-transcribed with exaC (PA 1984) 

which encodes an NAD+-dependent acetaldehyde dehydrogenase. exaBC is 

situated in an operon that is controlled by the promoter for exaB (82). exaB codes 

for a 15 kDa soluble C550 cytochrome that is responsible for the transfer of 

electrons between QEDH and ferrocyinide during the reduction of ethanol while 

exaC codes for NAD+ acetaldehyde dehydrogenase, which reduces the alcohol 

into an aldehyde during metabolism (83). The gene expression results for exaC 

from Figure 14B show a similar trend as agmR, confirming the array data and 

indicating that ndvB plays a role in the biofilm specific expression of these two 

genes. 

Furthermore, exaCtn mutant showed increased sensitivity to tobramycin 

and ciprofloxacin (Table 7). Both of these drugs are important for the treatment of 

P. aeruginosa infection in cystic fibrosis patients (25). Tobramycin is an 

aminoglycoside and ciprofloxacin is a fluoroquinolone, a completely different 
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class of antibiotic, suggesting that the method of protection conferred by these 

genes, or the system, provides multidrug resistance (resistance to two or more 

classes of drugs). 

exaA (PA 1982) codes for a quinone-dependent ethanol dehydrogenase 

(QEDH) that is under the control of a two-component regulatory system, encoded 

by exaDE, (PA1979 and PA1980 respectively) (83) 

QEDH, along with a pyrolequinolonequinone (PQQ), are responsible for the 

metabolism of glycerol in the periplasam of P. aeruginosa. exaD encodes a 

protein of 272 amino acids, which bears similarities to the C-terminal domains of 

sensor kinases of the histidine type, while exaE encodes a protein of 225 amino 

acids containing a histidine receiving module motif (77). This system, along 

with PQQ, allows for P. aeruginosa to grow on ethanol as it sole carbon source, 

expanding the type of environments in which it can survive. 

The q-PCR results (Figure 14 A and C) for exaA and exaE were 

predictably similar to that of agmR, and as expected the q-PCR confirmed that 

both of these genes are expressed preferentially in biofilms that are able to 

produce cyclic glucans (ndvB+). Whether this q-PCR profile is a result of agmR 

being downregulated in the absence of cyclic glucans or the fact that cyclic 

glucans directly affect the expression of this system has not yet been established. 

Further experimentation on how ndvB is controlling the gene expression is 

required. 
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Figure 21: Regulation scheme of AgmR. 

The regulation of genes under the control of AgmR in P. aeruginosa. (35) AgmR 
has been identified as a regulator of genes important for glycerol metabolisim. 
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Figure 22: The location of agmR and the genes it regulates on the PA14 
genome. 

The location of agmR along with pqqABCDE and exaABCDE in the PAH 
Pseudomonas aeruginosa genome. The scale and location of the genes in the 
PAH genome is given along the bottom. The 5' end of the genes is on the left 
hand side of the page. Genes above the line are oriented in a 5'-3' direction and 
genes below the line are oriented in a 3' to 5'. Genes in blue were found to be 
significantly up-regulated in the microarray and the black genes are the other 
members of the ethanol oxidation pathway. 
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MBC-B assays showed that exaA has an increased sensitivity towards tobramycin 

when grown in the biofilm state (Table 7), as well as ciprofloxacin, at levels that 

also kill the ndvB knockout mutant (57). Although most of the other genes 

involved in this system showed some decrease in resistance, the fact that exaA 

showed the same profile as the ndvB knockout is interesting. Because exaA 

encodes for the electron transporter (QEDH) of the system, not having it present 

could leave P. aeruginosa more susceptible to reactive oxygen species. The 

mechanisms for how it is protecting the bacteria from these drugs, while not 

trivial, would be an interesting project to explore. exaC also showed reduced 

resistance to the antibiotics when grown in a biofilm state suggesting it might be 

part of a multifactorial mode of biofilm specific antibiotic resistance. 

4.2.3: pqqABCDEF and PQQ 

As stated in the previous section, pyrroloquinoline quinone (PQQ) is the 

active part of the quinoprotein dehydrogenase that allows transfer of electrons 

between the cytochrome and the substrate (alcohol) during its metabolism (72). 

PQQ is present in the periplasm of a number of Gram-negative bacteria including 

Klebsiella pneumoniae, Gluconobacter sp. and P. aeruginosa (72). In addition to 

its role in ethanol and metabolism of alcohols, PQQ is important in the reactions 

of free radicals found in bacteria (62, 84). 

The synthesis of PQQ in P. aeruginosa involves 6 genes, 5 of which are in 

the operon pqqABCDE, and pqqF, located 14 kilobases upstream of the this 

operon. The pqqABCDE operon has been found to have a single promoter 

associated with pqqA (82). The protein PqqA is a relatively small peptide of 
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about 20-40 peptides in length that has a conserved Glu-X-X-X-Tyr motif that 

acts as a precursor for PQQ (36). 

PqqB is a 300 amino acid peptide that is not essential for the production of 

PQQ but rather is required for its movement from the cytosol to the periplasm and 

may be required for the release of PQQ from PqqC in the final step of its 

formation (55). In addition to these features, PqqB has a similar structure to 

metallo-P-lactamases which can inactivate antibiotics in the p-lactam superfamily 

II (99). 

PqqC is a 250 amino acid peptide that is important in the final step of 

forming PQQ, being an oxidase that does not require a cofactor (4). Because of 

this, PqqC can readily form oxygen radicals, which would be damaging to the 

host cell, and so it requires a transporter to remain inactive (thought to be PqqB) 

(4). 

PqqD is a small peptide with an unknown function. PqqE is a 300 amino 

acid protein important in C-C bond formation during the formation of PQQ via 

linkage of glutamate and tyrosine. PqqF is the largest protein of the group at 760 

residues and is the only one found outside of the operon, not under the control of 

agmR. It is a metalloendopeptidase that is involved in the processing of glutamate 

and tyrosine of PqqA (72). 

Together, pqqABCDE and pqqF allow for the production of PQQ from 

glutamate and tyrosine precursors on PqqA and facilitate its transport to the 

periplasm where it is free to interact with QEDH and metabolize ethanol (72). 

Figure 15A-E shows the q-PCR of pqqBCDE and pqqF. The gene expression of 
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all of the genes within the operon and under control of agmR showed that they are 

preferentially expressed in biofilms producing cyclic glucans via ndvB. This result 

confirmed the microarray data and would seem to fit the profile that these genes 

are regulated by agmR in a manner dependent on ndvB gene expression. 

pqqF was not found to be differentially expressed in the microarray and is 

not under the control of agmR but I was interested to see if it would be regulated 

in a similar manner. The q-PCR (Figure 15 E) results for pqqF showed that there 

was a significant increase in the gene expression between the planktonic and 

biofilm states, but this does not seem to be linked to ndvB as no real difference 

was found between the Wt and KO ndvB. This leads one to wonder what is 

controlling the expression of this gene in a biofilm specific manner. This question, 

while interesting, was not the focus of the current work. 

4.2.4: PQQ and antibiotic resistance. 

Although the primary role of PQQ is in ethanol metabolism, it has also 

been shown to be a strong free radical scavenger. PQQ has been found in bacteria 

lacking the dehydrogenases that require PQQ as a cofactor and so the role of PQQ 

in these organisms was found to be protective against free radicals and reactive 

oxygen species (62). Furthermore, expression of PQQ in Escherichia coli which 

typically lacks PQQ has led to the observation that E. coli expressing this factor 

has increased survival when faced with oxidative stress through scavenging of 

free radicals (62). In conjunction with this, it has been proposed that bactericidal 

drugs induce cellular death through the production of free hydroxyl radicals. 

This study's findings (48) indicate that, independent of the drug-target interaction 
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of particular antibiotics, bactericidal drugs end up killing the bacteria through the 

production of, and accumulation of hydroxyl radicals. Although no studies have 

linked the production of hydroxyl radical during antibiotic treatment with the 

protection that might be provided by PQQ against such effects, it is an intriguing 

aspect that could be investigated in the future. 

The transposon insertion mutants of the PQQ genes were more sensitive to 

antibiotic treatment (Table 7), particularly with tobramycin where the mutants 

showed a 4 to 8-fold increase in sensitivity. The fact that the absence of any one 

of these genes leads to a reduction of the antibiotic resistance seen in biofilms 

seems to indicate that the final PQQ product maybe important for conferring 

protection, however at this point I cannot rule out the fact that individual 

components, as well as the final PQQ product maybe important for conferring 

resistance to antibiotics. By producing double and triple knockouts of genes 

within the operon, a clearer picture will be obtained in the future. 

Although no such studies have implicated a role for QEDH (exaA) or any 

of the genes in that system with increased sensitivity to antibiotics or free radical 

scavenging, the fact that QEDH is an electron acceptor in a similar manner as 

PQQ, suggests that the resistance mechanism might be similar to the one provided 

by PQQ. 

4.3.0: Implications 

The experiments I performed for this thesis strongly suggest that cyclic 

glucans, produced via ndvB play a role in biofilm specific gene expression. 

Furthermore, I have demonstrated that a subset of the genes which are regulated 
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by these cyclic glucans have a role in biofilm specific resistance. Antibiotic 

resistance is of major concern in hospital environments and to patients infected 

with these bacteria, minor infections suddenly can become serious problems. 

This is compounded in patients that are immune compromised, surgical patients, 

or patients susceptible to infection, such as patients with cystic fibrosis. While 

the acquisition of mutation or planktonic mechanisms have been a major are of 

study, recent evidence suggest that biofilms confer antibiotic resistance and 

contribute to a significant number of infections, up to 65% of all hospital 

infections in fact (39). While the physical properties of biofilms cannot be 

ignored nor the population of persister cells, it is clear that genes intrinsically 

expressed in a biofilm specific manner play a role to the antibiotic resistance 

profile of biofilms (57). 

Many studies have shown that bacteria have a differential expression of 

genes when they are growing in biofilms as compared to planktonic states (66, 97) 

so its not hard to imagine that genes expressed by biofilms can contribute to their 

antibiotic resistance profiles. Therefore, by directly comparing the resistance of 

bacteria in planktonic and biofilm conditions the importance of certain genes in 

biofilm specific resistance can be monitored. By identifying genes that are 

differentially expressed in biofilms, it might be possible to target these genes in 

order to eliminate the biofilm infection and improve the condition of patients. 

Understanding the type of genes regulated is also of importance. 

The role of many of the genes identified in the microarray include 

transcriptional regulators, genes involved in metabolism of carbohydrates or 
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genes of unknown function (Table 5). Even though the primary role of the genes 

may not involve a direct link to antibiotic resistance, they may play a role in 

increasing resistance and they could be good targets for antibiotics if they are 

specific to bacterial systems. 

The increase in antibiotic resistant bacteria has become a major problem 

for healthcare providers and patients. The old strategies for bacterial clearance 

with antibiotics is becoming obsolete. Novel approaches and finding new targets 

for drugs is of great importance in the arms race against bacteria. Targeting 

virulence, biofilm formation or antibiotic resistance mechanisms could prove to 

be vital in the treatment of bacterial infections. Targeting regulators that have an 

effect on antibiotic resistance in biofilms has great potential for future treatment 

of bacterial infections (71, 93, 100). 

4.4: Future Work 

There are several interesting avenues with which to continue this work. 

Primarily it would be important to produce an agmR knockout in PA14 in order to 

complete antibiotic phenotype assays (MBCP/B) on the mutant. It would also be 

beneficial to check the q-PCR expression patterns of the genes regulated by agmR 

with this mutant. The creation of a knockout and subsequent experiments are 

currently under way. 

It would also be advantageous to purify glucans from P. aeruginosa and 

grow ndvB knockout biofilms supplemented with these glucans. If the presence 

of glucans in ndvB knockout biofilms can reestablish the expression of agmR and 

the related genes, then a link between gene regulation and cyclic glucans would 
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be established. In addition to this, understanding the mechanisms of signalling, 

export and transport of cyclic glucans in the exopolymeric matrix is important. 

Finding a receptor for the cyclic glucans and potential binding partners, if they 

exist, would also be of interest. 

Determine the antibiotic resistance profiles of transposon mutants should 

be done for several more drugs and it would be interesting to see the effect of 

bacterostatic drugs on the PQQ mutants. Along these same lines, it would be 

interesting to look at oxidative stress and free radical accumulation/hydroxyl 

radical effects on the PQQ mutants to see if they actually are scavenging free 

radicals produced during the use of bactericidal drugs. 

Finally, the current work only focused on 8 genes from a list of 20 genes 

identified to be differentially regulated between Wt and ndvB KO biofilm 

conditions. Confirming the rest of the array data with q-PCR analysis of these 

genes and checking for the antibiotic resistance profiles with MBC-B/P test of 

mutants or knockouts of these genes would also be important for completeness of 

this study. 
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Conclusions 
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Conclusions 

The gene expression of ndvB in P. aeruginosa is preferential for biofilm 

grown bacteria and the knockout shows reduced biofilm but not planktonic 

antibiotic resistance when compared to a wildtype strain of PAH. Both the 

knockout and wildtype strains produced viable biofilms when grown in plastic 

with minimal essential media and produce biofilms of sufficient biomass for 

adequate RNA extraction after 48 hours. This RNA was of sufficient quality for 

Affymetrix Genechip array analysis. 

ndvB, which is responsible for the production of cyclic glucans, was 

implicated in the expression of 20 genes. Many of these genes are related to 

transcriptional regulation or metabolism, most notably the agmR response 

regulator and 6 of the genes it regulates were identified as being significantly 

more expressed in wildtype compared to knockout ndvB biofilms. I confirmed 

this observation with q-PCR analysis of the genes and this showed good 

correlation with the microarray data. These genes were also shown to be 

important in antibiotic resistance as MBC-B assays showed that the wildtype 

biofilm was more resistant to tobramycin and ciprofloxacin than the mutants of 

these genes. The mechanisms of this increased resistance due to expression of 

these genes were not studied. 
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Appendix A-Sample Calculations 
Log molecular weight: 
1 basepair (bp) is approximately 660 Daltons (Da) 
12,000 bp (660 Da/bp)= 7 920 000 da 
Log (7 920 000) = 6.89 

Migration distance calculation 
y=m(x) +b, equation of a line, where y is the log molecular weight and x is the 
migration distance of the band in centimeters 
y=-0.25x+6.81 
y= -0.25 (1.2) + 6.82 
y= 6.51 
Band size 
Molecular weight= 10y 

= 10651 

= 3 235 936 Da 
Basepairs= Molecular weight/ 660 Da/bp 

= 3 235 936Da/660Da/bp 
= 4902 

Interquartile region (IQR): 
IQR=Q3-Q1 

Livak method: 
Fold expression= 2"AACT 

Where 
AACx=(CTTarget " CxrpoD)Time(x) - (CxTarget -CrrpoD)Time(O). 
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Appendix B: R Source Code Chunks 

# Load 'affy' from Bioconductor 
library('affy') 

# Read in 6 .CEL files into an object called pae.ab 
pae.ab <- ReadAffy('<pathname>/A3.CEL', 

'<pathname>/B3.CEL', 
'<pathname>/C3-3.CEL', 
'<pathname>/A4.CEL', 
1<pathname>/B4-3.CEL ', 
'<pathname>/C4-3.CEL') 

# Check contents of pae.ab object 
# It is an AffyBatch object with 61170 affyids at this point 
pae.ab 

# Check sample names of pae.ab object 
sampleNames(pae.ab) 

# Rename the sampleNames: 'hr.a3.12' refers to the original 
# A3.CEL file, which is Hawaii/Resistant; 
# 'ts.a4.12' refers to the original A4.CEL file, which is 
# Taiwan/Susceptible. 
new.sampleNames <- c('WT1','WT2','WT3','KOI','K02','K03') 
sampleNames(pae.ab) <- new.sampleNames 

# Check the sample names of the pae.ab object to confirm changes 
sampleNames(pae.ab) 

# Start preparation for phenoData slot in AffyBatch object 
pd <- data.frame(population = c(1,1,1,2,2,2), replicate = 
c(l,2,3,l,2,3) 

# Display contents of pd 
pd 

# Assign the sampleNames(pae.ab) to the rownames of pd 
rownames(pd) <- sampleNames(pae.ab) 

# Display contents of pd again, notice change in rownames 
pd 

# Continue preparation for phenoData slot 
metaData <- data.frame(labelDescription = 
c('condition','replicate') 

# Establish new phenoData slot 
phenoData(pae.ab) <- new('AnnotatedDataFrame', data = pd, 
varMetadata = metaData) 

# Display pData(pae.ab) 
pData(pae.ab) 
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# Display phenoData(pae.ab) 
phenoData(pae.ab) 

# Construct image plots for quality control assessment 
# Note: that these plots appear dark; they are not log 
transformed 
par(oma = c(l,1,3,1) 
par(mfrow = c(2,3) 
palette.gray <- c(rep(gray(0:10/10), times = seq(l,41, by = 4)) 
image(pae.ab[,1], transfo = function(x) x, col = palette.gray) 
image(pae.ab[,2], transfo = function(x) x, col = palette.gray) 
image(pae.ab[,3], transfo = function(x) x, col = palette.gray) 
image(pae.ab[,4], transfo = function(x) x, col = palette.gray) 
image(pae.ab[,5], transfo = function(x) x, col = palette.gray) 
image(pae.ab[,6], transfo = function(x) x, col = palette.gray) 
mtext ("> image(pae.ab[,i=l:6], transfo = function(x) x, col = 
palette.gray)", side = 3, outer = T, cex = .8) 

# Construct individual image plots using log intensities 
# Note: that these plots appear lighter; they are log transformed 
par(mfrow = c(l,l) 
palette.gray <- c(rep(gray(0:10/10), times = seq(l,41, by = 4)) 
image(pae.ab[,1], col = palette.gray) 
title(sub = "> image(pae.ab[,1], col = palette.gray)") 

# Repeat above commands with .. pae.ab[,i], i = 2-6 

# Display all six log-transformed image plots in one plot 
par(oma = c(3,1,3,1) 
par(mfrow = c(2,3) 
image(pae.ab[,1], col = palette.gray) 
image(pae.ab[, 2] , col = palette.gray) 
image(pae.ab[,3] , col = palette.gray) 
image(pae.ab[, 4] , col = palette.gray) 
image(pae.ab[,5], col = palette.gray) 
image(pae.ab[,6], col = palette.gray) 
mtext('Image Plots -WT vs MT" , side = 3, outer = T) 
mtext('Top Row:WT - Bottom Row: MT', side = 1, outer = T) 

# Reset to single screen, 
par(mfrow = c(l,l) 

# Construct color boxplots 
library('RColorBrewer') 
brewer.cols <- brewer.pal(6, 'Setl') 
boxplot(pae.ab, col = brewer.cols, ylab = 'Unprocessed log (base 
2) scale Probe Intensities', xlab = 'Array Names') 
title('Box Plots of PA Probe Level Data') 

# Construct density plots 
hist(pae.ab, col = brewer.cols, lty = 1, xlab = 'Log (base 2) 
Intensities', lwd = 3) 
samp.leg.names <- new.sampleNames 
legend(5, .6, legend = samp.leg.names, lty = 1, col = 
brewer.cols, lwd = 1) 

115 



probe level data for four PA arrays', cex title('Density plots 
= 1) 

111# Construct MAplots 
par(oma = c (1,1,3,1) 
par(mfrow = c(2,3) 
MAplot(pae.ab, cex = .5) 
mtext('M', side = 2, outer = TRUE) 
mtext('A*, side = 1, outer = TRUE) 
mtext('Six MA-Plots vs. the Median Mock Array', side = 3, outer 
TRUE) 
par(mfrow = c(l,l) 
# Fit a probe-level model to the pae.ab probe-level data 
library('affyPLM' ) 
Psetl <- fitPLM(pae.ab) 

# Display probe-level quality diagnostics for array # 1 
par(mfrow = c(2,2) 
par(oma = c(3,1,3,1) 
image(pae.ab[,1], col = palette.gray) 
image(Psetl, type = 'weights', which = 1) 
image(Psetl, type = 'resids', which = 1) 
image(Psetl, type = 'sign.resids', which = 1) 
mtext('Probe Level Models - QC Checks', side = 3, 
par(mfrow = c(l,l) 
# Repeat above commands with .. pae.ab[,i], i = 2-

outer = T) 

6; which = i 

# Construct Relative Log Expression (RLE) Plot 
library(affyPLM) 
Mbox(Psetl, col = brewer.cols, names = NULL, main 
Expression Plot - WT vs. MT") 

'Relative Log 

# Add ylim = c(-.5, .5) after observing previous plot 
Mbox(Psetl, col = brewer.cols, ylim = c(-.5,.5), main 
'Relative Log Expression Plot - H/R vs. T/S') 

# Construct Normalized Unsealed Standard Error (NUSE) Plot 
boxplot(Psetl, col = brewer.cols, main = "NUSE Plot", ylab = 
"NUSE - Normalized Unsealed Standard Error") 

# Add ylim = c(.9, 1.1) after observing previous plot 
boxplot(Psetl, ylim = c(.9, 1.1), col = brewer.cols, main = 'NUSE 
Plot', ylab = 'NUSE - Normalized Unsealed Standard Error', las = 
2) 

# Execute RMA procedure on pae.ab object; assign to object eset 
eset <- rma(pae.ab) 

# Display eset 
eset 

# Create an object that contains exprs(eset) 
exprs.eset <- exprs(eset) 

named exprs.eset 
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# Create index values - Indexl for WT, 
# Index2 for KO 
Indexl <- 1:3 
Index2 <- 4:6 
# Compute Difference vector for rowMeans between WT and KO 
Difference <- rowMeans(exprs.eset[,Indexl]) -
rowMeans(exprs.eset[,Index2]) 

# Also compute the Average for each row 
Average <- rowMeans(exprs.eset) 

# Create data frame for matrix exprs.eset 
exprs.eset.df <- data.frame(exprs.eset) 

# Construct expression set boxplots following RMA 
par(oma = c(1,1,3,1) 
boxplot(exprs.eset.df, col = brewer.colors) 
mtext('RMA expression Data', side = 3, outer = T) 

# Construct MA-Plot, Difference vs. Average 
plot(Average, Difference) 
lines(lowess(Average, Difference), col = 'red', lwd = 4) 
abline( h = -2) 
abline( h = 2) 
title(sub = "> lines(lowess(Average, Difference), col = 'red', 
lwd = 4)") 
mtext('MA-Plot, Difference vs. Average, PA (WT & MT) 1, outer = T, 
side = 3) 

# Compute ordinary t statistics 
library('genefilter') 
tt <- rowttests(exprs.eset, factor(eset$population) 
names(tt) 
# Check that length of tt$statistic is 5600 
length(tt$statistic) 

# Start the construction of the Volcano Plot 
# Construct the lod scores... 
lod <- -loglO(tt$p.value) 
01 <- order(abs(Difference) , decreasing = TRUE) [1:50] 
02 <- order(abs(tt$statistic), decreasing = TRUE) [1:50] 

# Construct union and intersection of sets 
o <- union(ol, o2) 
i <- intersect(ol, o2) 
# Construct simple Volcano plot to get an idea of the range 
# of the Difference values and lod values 
plot(Difference, lod) 

# Construct more sophisticated set of commands for a nicer 
Volcano plot 
par(mfrow = c(l,l) 
plot(Difference[-o] , lod[-o], cex = .25, xlim = c(-5,5), ylim 
range(lod) 
points(Difference[ol] , lod[ol], pch = 18, col = 'blue', cex = 
1.5) 
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points(Difference[o2], lod[o2], pch = 1, col = 'red', cex = 2, 
lwd = 2) 
abline(h = 3) 
text(-2, 3.8, "Red circles: 70 genes") 
text(-2, 3.6, "with lowest p-values") 
text (-2, 3.4, "=====>»") 
text (-2, 3.15, "p < 0.00001") 
title("Volcano Plot: lowest p values and largest fold 
differences") 

# Prepare to calculate attenuated t statistics using limma 
package 
# Load limma package 
library(limma) 

# Construct population.groups for model design 
population.groups <- factor(c(rep(W,2), rep('WT",2)) 
design <- model.matrix( ~ population.groups ) 

# Display design 
design 

# Fit linear model 
fit <- lmFit(eset, design) 
# Prepare to calculate attenuated t statistics using limma 
package 
# Load limma package 
library(limma) 

# Construct population.groups for model design 
population.groups <- factor(c(rep('MT',2), rep('WT',2)) 
design <- model.matrix( ~ population.groups ) 

# Display design 
design 

# Fit linear model 
fit <- lmFit(eset, design) 

# Check the dimension of fit$coeff; should be 5600x 2 
dim(fit$coeff) 

# Execute eBayes to obtain attenuated t statistics 
fit.eBayes <- eBayes(fit) 

# Check dimension of fit.eBayes$t; should be 5600 x 2 
dim(fit.eBayes$t) 

# Compute statistics necessary for Volcano Plot 
# using attenuated t statistics 
lodd <- -loglO(fit.eBayes$p.value[,2]) 
oo2 <- order(abs(fit.eBayes$t[,2]), decreasing = TRUE)[1:50] 
oo <- union(ol, oo2) 
ii <- intersect(ol, oo2) 

# Display ii 
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# Construct Volcano plot using attenuated t statistics 
plot(Difference[-00], lodd[-oo], cex = .25, xlim = c(-3,3), ylim 
= range(lodd), xlab = 'Average (log) Fold-change', ylab = xLOD 
score - Negative loglO of P-value') 
points(Difference[ol], lodd[ol], pch = 18, col = 'blue', cex = 
1.5) 
points(Difference[oo2], lodd[oo2], pch = 1, col ='red',cex = 
2,lwd = 2) 
abline(h = 3) 
title('Volcano Plot with moderated t statistics') 
text(-2, 3.2, 'p < 0.001') 
text(l, 4, 'Nine intersects') 

# Construct the appropriate matrices/data frames for 
# construction of the heat map. 
ii.mat <- exprs.eset[ii,] 
ii.df <- data.frame(ii.mat) 

# Dislplay ii.df 
ii.df 

# Construct heatmap using reds and blues 
library('RColorBrewer') 
library('genefilter') 
hmcol <- colorRampPalette(brewer.pal(10, 'RdBu')(256) 
tv.MT <- dimnames(ii.mat) [ [2]] [1:3] 
spcol <- ifelse(dimnames(ii.mat) [ [2]] == tv.MT, 'skyblue', 
'goldenrod') 
heatmap(ii.mat, col = hmcol, ColSideColors = spcol, margins = 
c(10,15) 

# Construct heatmap using a grey (gray) scale 
library('RColorBrewer') 
library('genefilter') 
hmcol <- colorRampPalette(brewer.pal(9, 'Greys')(256) 
tv.Hawaii.Resistant <- dimnames(ii.mat) [ [2]] [1:3] 
spcol <- ifelse(dimnames(ii.mat) [ [2]] == tv.Hawaii.Resistant, 
'greylO', 'greySO') 
heatmap(ii.mat, col = hmcol, ColSideColors = spcol, margins = 
c(10,15) 

More code: 
library(simpleaffy) 
raw.data <- r e a d . a f f y C c o v d e s c . t x t " ) 
x.rma <- call.exprs(raw.data, "rma") 
write.exprs(x.rma, file="rma_affy_all2.xls") 
results <- pairwise.comparison(x.rma, "Condition", c("a", "b"), 
raw.data) 
write.table(data.frame(means(results), fc(resuits), tt(results), 
calls(results), file="my_comp.xls", sep="\t", quote=F, col.names 
= NA) 
significant <- pairwise.filter(results, fc=log2(4), 
min.present.no=l, tt= 0.00001, present.by.group=FALSE) 
sig.rma <- data.frame(means(significant), fc(significant), 
tt(significant), calls (significant) 
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write.table(sig.rma, file="sig.rma2.xls", sep="\t", quote=F, 
col.names = NA) 

library(simpleaffy) 
raw.data <- read.affyCcovdesc.txt") 
x.mas <- call.exprs(raw.data, "mas5") 
write.exprs(x.mas, file="mas_affy_all.xls") 
results <- pairwise.comparison(x.mas, "Condition", c("a", "b"), 
raw.data) 
write.table(data.frame(means(results) , fc(results), tt(results), 
calls(results), file="my_comp2.xls", sep="\t", quote=F, col.names 
= NA) 
significant <- pairwise.filter(results, fc=log2(4), 
min.present.no=l, tt= 0.00001, present.by.group=FALSE) 
sig.mas5 <- data.frame(means(significant), fc(significant), 
tt(significant), calls(significant) 
write.table(sig.mas5, file="sig.mas52.xls", sep="\t",quote=F, 
col.names = NA) 
pdf(file="my_comp_mas.pdf"); plot(significant,type="scatter"); 
dev.off () 

overlap <-(merge(sig.rma, sig.mas5, by.x = "row.names", by.y = 
"row.names", all = FALSE) 
write.table(overlap, file="overlap.xls", sep="\t",quote=F, 
col.names = NA) 
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Appendix C: Preprocessed Chip data 

Figure 23: Preprocessed chip data of microarrays. 

Preprocessed chip data of WT2,WT3, K02 and K03 microarray slides along with 
density plots and histograms. 
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