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Abstract 

 Bacterial cells within surface-attached biofilm communities show greater resistance to 

antibiotics than single planktonic bacterial cells. As a result, Pseudomonas aeruginosa biofilms 

are the cause of chronic respiratory infections in the lungs of individuals afflicted with cystic 

fibrosis. Previous research has identified a common 22 base pair motif in the promoters of genes 

involved in biofilm-specific antibiotic resistance. Using BLAST, the motif was also found in the 

promoters of seven other genes in the P. aeruginosa genome: PA0149, PA1829, PA1970, 

PA1993, PA2057, PA2326 and PA2897. The aim of this study was to determine whether these 

genes are involved in biofilm-specific antibiotic resistance against ciprofloxacin. Genes were 

interrupted using mutants collected from a non-redundant P. aeruginosa strain PA14 transposon-

insertion mutant library, and minimal bactericidal concentrations (MBCs) of mutants were 

compared to the wild-type (WT) in both planktonic (MBC-P) and biofilm (MBC-B) assays. The 

hypothesis was that the phenotypes of the transposon-insertion mutants will provide evidence 

that the seven genes are involved in biofilm-specific antibiotic resistance. Insertion of the 

transposon demonstrated no significant effect on the growth and biofilm formation of the 

majority of mutants in culture media, with the exception of PA2326. Using various 

concentrations of ciprofloxacin, MBC-P results showed that most mutants exhibited similar 

MBC values to the WT. To date, MBC-B experiments with PA1993 showed a consistent two-fold 

decrease in MBC values in comparison to the WT. This outcome provides evidence that PA1993 

is associated with biofilm-specific antibiotic resistance in P. aeruginosa. MBC-B experiments on 

the other mutants are ongoing. The findings with PA1993 suggest that at least some of the 

remaining mutants will also show signs of biofilm-specific antibiotic resistance.  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1.0 Introduction 

1.1 Pseudomonas aeruginosa and disease 

 Pseudomonas aeruginosa is a gram-negative, rod bacterium. The species is capable of 

living in many different environmental niches and persists during times of limited resources. 

Additionally, it can be isolated from multiple different biological sources including plants, 

animals and humans (Lister et al., 2009). 

 P. aeruginosa is an opportunistic pathogen and a leading cause of nosocomial infections. 

In particular, the microbe is responsible for chronic respiratory infections in 

immunocompromised individuals such as those with cystic fibrosis (CF). CF can be 

characterized as a genetic disorder in which constant infection and damage to the lungs 

ultimately lead to the loss of lung function. These types of infections are associated with high 

mortality rates (McPhee et al., 2006). One of the main symptoms of CF is the accumulation of 

thick mucus that lines the epithelial layer of the lungs, where bacteria like P. aeruginosa often 

thrive (Cao et al., 2014). 

1.2 Pseudomonas aeruginosa and biofilms 

 P. aeruginosa dwell within the CF-lung in surface-attached microbial communities called 

biofilms. Biofilms can be comprised of one or more species of microbes surrounded by an 

extracellular matrix of polysaccharides, proteins and nucleic acids (Davey and O’Toole, 2000). 

This is in contrast to planktonic cells that are able to swim freely in fluid environments. Biofilm 

cells differ from their planktonic counterparts in that they exhibit enhanced antibiotic resistance 

(Davey and O’Toole, 2000; Mah, 2012). Common bactericidal antibiotics used to treat P. 
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aeruginosa infections in CF individuals are fluoroquinolones (ie. ciprofloxacin) and 

aminoglycosides (ie. tobramycin). Combinations of antibiotics are often utilized in order to 

increase the effectiveness based on the different targets of each antibiotic. Fluoroquinolones 

target DNA gyrase and topoisomerase IV to inhibit DNA replication (Breidenstein et al., 2008), 

while aminoglycosides target the 30S subunit of the bacterial ribosome to inhibit protein 

synthesis (Schurek et al., 2008). 

1.3 Pseudomonas aeruginosa and antibiotic resistance 

 There are many mechanisms that contribute to the resistance of P. aeruginosa towards 

antibiotics. Excluding innate resistance by virulence factors expressed in planktonic cells, 

biofilm-specific mechanisms include important roles of the extracellular matrix (Mann and 

Wozniak, 2012), Type VI secretion systems (Zhang et al., 2011), efflux pumps (Zhang and Mah, 

2008) and density-dependent signal transduction pathways known as quorum sensing 

(Rasmussen et al., 2005). 

 In regards to biofilm-specific antibiotic resistance, the minimal bactericidal concentration 

(MBC) is one value that is used to measure relative levels of resistance. The MBC for an 

antibiotic is defined as the lowest lethal concentration of antibiotic to bacteria in a culture (Mah, 

2014). Since the genomes of both planktonic and biofilm cells are identical, any differences in 

their MBC can be attributed to the differences in gene expression (Mah, 2014). 

1.4 Past research and the genes of interest 

 In an effort to identify genes that are important for biofilm-specific antibiotic resistance, a 

non-saturating screen of a P. aeruginosa strain PA14 random transposon-insertion mutant library 
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was performed by Mah et al. (2003). This study led to the discovery of six genetic loci that are 

important for P. aeruginosa biofilm-specific antibiotic resistance (Mah et al., 2003; Zhang et al., 

2008; Zhang et al., 2011; Beaudoin et al., 2012; Zhang et al., 2013). These genes were expressed 

at higher levels in biofilm cultures compared to planktonic cultures. The loss of these genes did 

not affect the growth of planktonic cultures, nor affect the architecture of the biofilms. Further 

analysis in silico was conducted using the online Multiple Em for Motif Elicitation (MEME) tool 

(http://meme-suite.org) to determine the presence of a common regulatory mechanism for the 

biofilm-specific expression of these genes. The program found a 22 base pair (bp) motif common 

to each promoter region of the six loci (Sine Lo Svenningsen and Thien-Fah Mah, unpublished 

results). BLAST analysis on the P. aeruginosa genome identified 11 genes with promoters that 

contained the same 22-bp motif: PA0149, PA0614, PA1121, PA1829, PA1970, PA1993, PA2057, 

PA2326, PA2775, PA2897 and PA4103 (Sine Lo Svenningsen, Clayton W. Hall and Thien-Fah 

Mah, unpublished results). Presence of this 22-bp motif in their promoter regions suggests that 

these genes are also involved in biofilm-specific antibiotic resistance. 

 The connection between these genes and their gene products to biofilm-specific antibiotic 

resistance has yet to be investigated. However, many have been studied and are associated with 

mechanisms of antibiotic resistance in P. aeruginosa. Literature review and the predicted 

products of these genes as listed on the Pseudomonas Online Database (http://

www.pseudomonas.com) are shown in Table 1. 
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Table 1 - Pseudomonas aeruginosa genes containing the 22 base pair motif in their promoters. 

1.5 The project 

 The aim of this project was to determine whether these genes were involved in biofilm-

specific antibiotic resistance against ciprofloxacin. To study this, an ordered, non-redundant P. 

Gene Gene Product Previous Research

PA0149 probable σ70 factor extracytoplasmic function (ECF) σ70 
factor, cell-surface signalling, iron-uptake 
(Llamas et al., 2008)

PA0614 hypothetical protein upregulated in presence of ciprofloxacin, 
may decrease DNA gyrase activity (Moir 
et al., 2007)

PA1121 YifR Type IV pilus assembly, motility during 
biofilm initiation (Jain et al., 2012)

PA1829 hypothetical protein repressed by PsrA, long-chain fatty acid 
degradation in CF-lung (Kang et al., 2008)

PA1970 hypothetical protein none

PA1993 probable major facilitator 
superfamily (MFS) transporter

none

PA2057 hypothetical protein outer membrane TonB-dependent receptor, 
iron-uptake (Llamas et al., 2008)

PA2326 hypothetical protein overexpression in chimeric clone led to 
increased aminoglycoside resistance 
(Struble and Gill, 2009) 

PA2775 Tsi4 PhoP-like magnesium-independent 
promotor, two-component regulatory 
systems (McPhee et al., 2006)

PA2897 probable transcriptional regulator regulated during swarming motility 
(Overhage et al., 2008)

PA4103 hypothetical protein upregulated during inhibition of rhl 
quorum sensing system by BfmS, contains 
ferric reductase-like transmembrane 
component (Cao et al., 2014)

!4



aeruginosa strain PA14 transposon-insertion mutant library was utilized (Liberati et al., 2006). 

Seven of the 11 genes had corresponding mutants and were focused on in this project: PA0149, 

PA1829, PA1970, PA1993, PA2057, PA2326, and PA2897.  

1.6 Objectives and hypothesis 

 The objectives of this project were the following: (1) determine if there are differences in 

the growth of the mutants compared to the wild-type (WT), (2) determine if there are differences 

in the biofilm formation of the mutants compared to the WT, (3) determine if there are 

differences in antibiotic resistance between the mutants and the WT in planktonic cultures, and 

(4) determine if there are differences in antibiotic resistance between the mutants and the WT in 

biofilm cultures. The hypothesis was that the phenotypes of the transposon-insertion (tn) mutants 

will provide evidence that these seven genes are involved in biofilm-specific antibiotic 

resistance. 

2.0 Materials and Methods 

2.1 Media, strain and stock preparation 

 Luria broth (LB) (10g tryptone, 5g yeast extract, 10g sodium chloride, in 1L water) was 

used to grow overnight cultures. 1XM63 minimal medium (15g monopotassium phosphate, 35g 

dipotassium phosphate, 10g ammonium sulfate, in 5L water) was used for growing cultures in 

96-well microtitre plates. 1XM63 was supplemented with 0.4% L-arginine solution and 1 mM 

magnesium sulfate.  
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 Mutant stocks were collected from an ordered, non-redundant P. aeruginosa strain PA14 

transposon-insertion mutant library (Table 1) that was generated using the MAR2xT7 transposon 

(Liberati et al., 2006). PA14 was used over the standard laboratory P. aeruginosa strain PAO1 

due to its greater clinical relevance and increased virulence (He et al., 2004). PA14 genes are 

often named using the PAO1 format in literature (ie. PA####), and thus this thesis will address 

the PA14 genes in this format for consistency. PA0614, PA1121, PA2775 and PA4103 could not 

be studied due to the absence of corresponding mutants in the library. Mutants were grown at 

37°C for 24 hours on LB agar plates supplemented with gentamicin solution (20 ug/mL) for 

selection of bacteria containing the resistant gene cassette within the MAR2xT7 transposon. PA14 

WT and ΔndvB mutant were grown on regular LB agar plates. Plate stocks were subsequently 

stored at 4°C and restreaked onto fresh plates every two weeks. 

Table 2 - P. aeruginosa mutants obtained from the PA14 transposon-insertion mutant library. 

* - could not be located in library. 

Tn Mutant Mutant ID

PA0149 26541

PA0614 *-

PA1121 *54050

PA1829 42529

PA1970 32873

PA1993 57039

PA2057 23493

PA2326 33008

PA2775 *-

PA2897 38744

PA4103 *-
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2.2 Growth assay in Luria broth and 1XM63 minimal medium 

 Mutants were assayed to determine if there were differences in growth when compared to 

the PA14 WT. Samples were inoculated in 5 mL of LB and grown overnight at 37°C on a roller 

set at 60 revolutions per minute (RPM). Overnight stationary-phase cultures were diluted in 

either LB (1:50) or 1XM63 (1:20), and 100 uL of diluted culture was transferred into designated 

wells of a sterilized 96-well microtitre plate. Six experimental replicates were conducted for each 

culture. Blanks containing only media were included in each experiment. Optical densities at 595 

nm were measured every hour for 10 (LB) or 16 (1XM63) hours, incubated at 37°C with very 

mild shaking. Spectrophotometric measurements were taken using a Synergy H1 Hybrid Reader 

(Biotek) and collected with Gen5 Data Analysis Software (Biotek). 

2.3 Biofilm formation 

 Mutants were assayed to determine if there were differences in biofilm formation when 

compared to the PA14 WT. Samples were grown overnight similarly to the growth assay. 

Cultures were diluted in 1XM63 (1:50) and 100 uL of diluted culture was transferred into 

designated wells of a sterilized 96-well microtitre plate. Six experimental replicates were 

conducted for each culture. Plates were incubated at 37°C for 24 hours. Supernatant was 

removed from wells and plates were thoroughly rinsed in deionized water. To measure biofilm 

formation, 125 uL of 0.1% crystal violet aqueous solution was added to sample wells and 

incubated at room temperature for 15 minutes, after which the excess crystal violet was removed 

and the plates were thoroughly rinsed in deionized water. After drying, the crystal violet that 

stained the biofilms was solubilized by adding 110 uL of 95% ethanol to sample wells and 
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incubated at room temperature for 20 minutes. Optical densities of the ethanol/crystal violet 

solutions were measured at 595 nm. 

2.4 Minimal bactericidal concentration assay for planktonic cells (MBC-P) 

 Mutants were assayed to determine if there were differences in antibiotic resistance 

between the mutants and the PA14 WT in planktonic cultures. The protocol for the MBC-P assay 

was conducted similar to that described by Mah (2014). The WT and mutants were grown 

overnight similarly to the growth assay, along with the ΔndvB mutant. Cultures were diluted in 

1XM63 (1:50) and 90 uL of the diluted culture was transferred into designated wells of a 

sterilized 96-well microtitre plate. Various concentrations of ciprofloxacin (8, 4, 2, 1, 0.5, 0.25, 0 

ug/mL) were added to designated wells (10 uL). Two experimental replicates were conducted for 

each culture. Plates were incubated at 37°C for 24 hours. Cultures were assayed for live cells by 

transferring samples to LB agar plates with a sterilized multi-pronged device. Agar plates were 

incubated at 37°C for 24 hours, after which MBC-P values of each sample were recorded. 

2.5 Minimal bactericidal concentration assay for biofilm cells (MBC-B) 

 Mutants were assayed to determine if there were differences in antibiotic resistance 

between the mutants and the PA14 WT in biofilm cultures. Protocol for the MBC-B assay was 

conducted similar to that described by Mah (2014). The WT and mutants were grown overnight 

similarly to the growth assay, along with the ΔndvB mutant. Cultures were diluted in 1XM63 

(1:50) and 100 uL of diluted culture was transferred into designated wells of a sterilized 96-well 

microtitre plate. Two experimental replicates were conducted for each strain. Plates were 

incubated at 37°C for 24 hours to allow for the establishment of biofilms. Subsequently, 
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planktonic cells were removed and 1XM63 medium was replenished in sample wells (90 uL), 

along with the addition of 10 uL of various concentrations of ciprofloxacin (40, 20, 10, 5, 2.5, 

1.25, 0 ug/mL). Plates were incubated at 37°C for 24 hours, after which 1XM63 medium was 

replenished in sample wells (110 uL). Plates were incubated at 37°C for 24 hours, and cultures 

were assayed for the presence of live cells similarly to the MBC-P assay. 

3.0 Results 

3.1 Growth of most mutants show no differences compared to the wild-type in LB 

 The proliferation of each mutant was measured in LB, a rich medium, in order to 

determine whether there were differences in growth between the tn mutants and the WT. This 

was necessary to confirm that there were no growth effects due to transposon insertion. For the 

majority of the mutants, there were no significant differences in growth compared to the WT 

(Figure 1). However, the PA2326tn mutant grew more slowly compared to the other mutants and 

WT, suggesting that the mutant has a slight growth defect in LB. 
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Figure 1 - Growth of mutants and wild-type in LB. Assays began with overnight growth of 
cultures in LB, followed by a 50x dilution in LB upon transfer to a 96-well microtitre plate. 
Plates were incubated at 37°C and OD595 were measured every hour for 10 hours. OD values of 
PA14 WT (black), as well as tn mutants PA0149 (green), PA1829 (yellow), PA1970 (orange), 
PA1993 (red), PA2057 (purple), PA2326 (blue) and PA2897 (pink) were plotted. Error bars 
denote standard deviation (n = 3). 

3.2 Growth of most mutants show no differences compared to the wild-type in M63 

 The proliferation of each tn mutant was also measured in 1XM63, a minimal medium. 

The duration of the growth assays were increased due to the decreased amounts of nutrients in 

1XM63, as it was expected that optical densities would be much lower in magnitude and increase 

more slowly than those obtained in LB. For the majority of the mutants, there were no significant 

differences in growth compared to the WT (Figure 2). Again, the exception was the PA2326tn 

mutant, which exhibited a large variance in optical densities (Appendix 1). 
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Figure 2 - Growth of mutants and wild-type in 1XM63. Assays began with overnight growth of 
cultures in LB, followed by a 20x dilution in 1XM63 upon transfer to a 96-well microtitre plate. 
Plates were incubated at 37°C and OD595 were measured every hour for 16 hours. OD values of 
PA14 WT (black), as well as tn mutants PA0149 (green), PA1829 (yellow), PA1970 (orange), 
PA1993 (red), PA2057 (purple), PA2326 (blue) and PA2897 (pink) were plotted. Error bars 
denote standard deviation (n = 3). 

3.3 Biofilm formation of most mutants show no significant differences compared to the 

wild-type 

 The ability of the mutants to form a biofilm was assayed in order to determine whether 

there were differences in biofilm formation between the tn mutants and the WT. This was 

necessary to confirm that there were no effects on the ability of mutants to form a biofilm due to 

transposon insertion. Semi-quantification of biofilm formation after 24 hours of growth was 

measured for each mutant and was reported as a percentage of WT biofilm formation. Optical 

densities at 595 nm were measured after staining with 0.1% crystal violet aqueous solution and 

solubilization of stained biofilms in 95% ethanol. For the majority of mutants, there were no 

statistically significant differences in biofilm formation compared to the WT (Figure 3). The 
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exception was the PA2326tn mutant which showed a 54% decrease in biofilm formation 

compared to the WT. Welch’s t-tests also showed statistically significant decreases in the biofilm 

formation of the PA1970tn and PA1993tn mutants by 9% and 10%, respectively. More biological 

replicates will be required to ascertain whether these are true differences. 

Figure 3 - Quantification of biofilm formation. Assays began with overnight growth of cultures 
in LB, followed by a 50x dilution in 1XM63 upon transfer to a 96-well microtitre plate. Plates 
were incubated at 37°C for 24 hours. Formed biofilms were stained with 0.1% crystal violet 
aqueous solution for 15 minutes. Stained biofilms were solubilized in 95% ethanol for an 
additional 20 minutes before measurement of OD595. Data shows biofilm formation of each 
mutant as a fraction of WT biofilm formation, represented by 1. Welch’s t-test analysis was 
conducted to determine statistical significance in differences between mutants and WT. Error 
bars denote standard deviation (n = 4). 

3.4 MBC-P of most mutants show no differences compared to wild-type 

 MBC-P values of each mutant were assayed to determine if there were differences in 

planktonic resistance between the tn mutants and the WT. After 24 hours of growth in 1XM63 

with various concentrations of ciprofloxacin, cultures were assayed for the presence of live cells 

by growth on agar plates. Table 2 summarizes MBC-P assay results. The majority of mutants 
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showed no differences in MBC-P values compared to the WT in each of their biological 

replicates. The exception was the PA2326tn mutant in which MBC-P values fluctuated above and 

below the MBC-P values obtained for the WT in each experiment. Additionally, not enough 

biological replicates were obtained for the PA2057tn mutant in order to draw any conclusions 

about the MBC-P to ciprofloxacin in planktonic cultures of the mutant. Representative results are 

presented in Appendix 2. 

Table 3 - MBC-P results of mutants compared to the wild-type. 

a - transposon-insertion mutants are indicated by the tn at the end of the strain designation. 
b - not determined (n/d), ongoing experiment. 
c - MBC-P value differences obtained were inconsistent when compared with the WT. 

3.5 Mutant PA1993 shows a consistent two-fold decrease in MBC-B compared to wild-type 

 MBC-B values of each mutant were assayed to determine if there were differences in 

biofilm resistance between the mutants and the WT. After establishment of biofilms and 24 hours 

of growth in 1XM63 with various concentrations of ciprofloxacin, cultures were assayed for the 

presence of live cells on agar plates. Table 3 summarizes MBC-B assay results. Due to issues 

aStrains MBC-P (ug/mL)

WT 0.5-4

PA0149tn 0.5-2 (n = 3)

PA1829tn 0.5 (n = 3)

PA1970tn 2 (n = 3)

PA1993tn 2-4 (n = 2)

PA2057tn bn/d

PA2326tn cvariable

PA2897tn 0.5 (n = 3)
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such as WT sensitivity to ciprofloxacin and culture contamination, results from assays with most 

of the transposon-insertion mutants were inconclusive and more replicates need to be performed. 

Successful experiments with the PA1993tn mutant showed a consistent two-fold decrease in 

MBC-B values when compared to the WT in each biological replicate, suggesting interruption of 

the gene represented by the PA1993tn mutant increases the sensitivity of P. aeruginosa to 

ciprofloxacin in biofilm culture. Representative results are presented in Appendix 3. 

Table 4 - MBC-B results of mutants compared to the wild-type. 

a - transposon-insertion mutants are indicated by the tn at the end of the strain designation. 
b - not determined (n/d), ongoing experiment. 

4.0 Discussion 

 The goal of this project was to study seven uncharacterized genes in the P. aeruginosa 

genome and their involvement in antibiotic resistance. The common feature of these genes was 

the presence of the 22-bp motif that was identified in the promoters of six genetic loci 

demonstrated to be involved in biofilm-specific antibiotic resistance (Mah et al., 2003; Zhang et 

aStrains MBC-B (ug/mL)

WT 10-20

PA0149tn bn/d

PA1829tn n/d

PA1970tn n/d

PA1993tn 5-10 (n = 3)

PA2057tn n/d

PA2326tn n/d

PA2897tn n/d
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al., 2008; Zhang et al., 2011; Beaudoin et al., 2012; Zhang et al., 2013). The seven genes were 

PA0149, PA1829, PA1970, PA1993, PA2057, PA2326 and PA2897. Mutants were collected from 

a PA14 transposon-insertion mutant library (Liberati et al., 2006), and MBC values to 

ciprofloxacin were obtained in planktonic and biofilm cultures for each mutant and compared to 

the WT. Given the presence of the 22-bp motif in their promoters, it was hypothesized that the 

phenotypes of these mutants would provide evidence that these seven genes are involved in 

biofilm-specific antibiotic resistance. 

 In order to address the hypothesis, the first objective of this project was to determine if 

any of the tn mutants had growth defects. The growth of each mutant was monitored in two 

culture media used throughout the project. It was predicted that there would be no changes in the 

growth of the mutants compared to the WT. For the majority of the transposon-insertion mutants, 

there were no significant differences between their growth curves and that of the WT in LB 

(Figure 1). The exception was the PA2326tn mutant, which was observed to have slower growth 

than the WT and other mutants. For the majority of transposon-insertion mutants, there were also 

no significant differences between their growth curves and that of the WT in 1XM63. The slow 

growth and low optical densities obtained are due to the limited amount of resources in this 

medium. The exception was the PA2326tn mutant, which demonstrated large variance when 

grown in this particular medium. Evidence from these growth assays suggest that PA2326 may 

be involved in the metabolism of P. aeruginosa. BLASTP analysis of the PA2326 protein 

sequence on the online Pseudomonas Genome Database showed sequence matches to 

hypothetical N5,N10-methylene tetrahydromethanopterin reductases in other P. aeruginosa 

strains. These enzymes are involved in folate metabolism (Shen et al., 1999). Thus, interruption 
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of a gene involved in important metabolic processes may explain the results seen in the growth 

assays. 

 The second objective tested the ability of each tn mutant to form a biofilm. It was 

predicted that there would be no changes in the biofilm formation of the mutants compared to the 

WT. For the majority of the transposon-insertion mutants, there were no significant differences 

between the biofilm formation of the mutants and the WT (Figure 3). A noticeable exception was 

the PA2326tn mutant which observed to have a 54% decrease in biofilm formation compared to 

the WT. This apparent defect in biofilm formation may actually be due to the growth defect of 

the PA2326tn mutant (Figures 1 and 2). Other statistically significant differences were observed 

with the PA1970tn and PA1993tn mutants, demonstrating a 9% and 10% reduction in biofilm 

formation compared to the WT, respectively. Nothing is known about the hypothetical protein 

encoded by PA1970. PA1993 has sequence similarity to a specific group of efflux pumps in P. 

aeruginosa , the major faci l i ta tory superfamily (MFS) t ransporters (ht tp: / /

www.pseudomonas.com). MFS transporters are known to be involved in P. aeruginosa virulence 

(Lister et al., 2009). However, more research needs to be conducted on the possibility that this 

probable efflux pump may be involved in the formation of biofilms in P. aeruginosa. 

 The next objective was to determine whether transposon insertion in the genes of interest 

affected antibiotic resistance in planktonic cells by conducting MBC-P assays. In most cases, 

there were no differences between mutant sensitivity to ciprofloxacin and the WT within their 

biological replicates (Table 3). These results suggest that these genes are not involved in 

antibiotic resistance in planktonic P. aeruginosa. However, these results do not provide evidence 

on the expression levels of the genes. Unsurprisingly, the PA2326tn mutant demonstrated 
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inconsistent findings when measuring MBC-P values within each of its experiments, likely due 

to the defects in growth and biofilm formation noted above. Furthermore, the PA2057tn mutant 

requires more experimentation in order to draw any conclusions on the involvement of the gene 

in antibiotic resistance of planktonic cultures of P. aeruginosa. 

 The final objective was to test for changes in antibiotic resistance of the tn mutants in 

biofilm cultures due to the interruption of the genes of interest. This objective was addressed by 

performing MBC-B assays to observe changes in resistance to ciprofloxacin of the mutants 

compared to the WT. The PA1993tn mutant exhibited a consistent two-fold decrease in MBC-B 

values compared to the WT within its biological replicates (Table 4). This observation is 

understandable in the context of the MFS transporter that PA1993 likely encodes. MFS 

transporters have been associated with prokaryotic resistance against common antibiotics such as 

tetracyclines, chloramphenicols, aminoglycosides and fluoroquinolones (Bambeke et al., 2000). 

It is speculated that the potentially unique regulation of PA1993 to biofilm cells may explain the 

difference between the MBC-B values of the PA1993tn mutant and the WT. If PA1993 is 

regulated by the 22-bp motif, it is possible that the other genes may also be involved in biofilm-

specific antibiotic resistance in P. aeruginosa. 

 There were many problems encountered when performing the MBC assays. The majority 

of unsuccessful experiments were due to unusual ciprofloxacin sensitivity of the WT (see 

Appendices for examples). It was frequently observed that the WT showed similar sensitivity to 

ciprofloxacin as the ΔndvB negative control (10 ug/mL). This is inconsistent with previous 

studies showing MBC values to ciprofloxacin of biofilm PA14 cells at 31.25 ug/mL (Khan et al., 

2010), and even as high as 80 ug/mL (Zhang et al., 2008). Thus, comparisons could not be made 
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with tested mutants. Another problem encountered was the difficulty of assessing the true MBC 

values obtained in an unbiased manner (see Appendices for examples). Contamination was 

observed at high concentrations of ciprofloxacin, but absence of growth was observed at lower 

concentrations within the same assay. This is likely the consequence of technical errors. In 

addition, MBC assays demonstrated variability in the MBCs obtained. It was often observed that 

the MBC value was different between biological replicates in both MBC-P and MBC-B assays. 

This may be the result of variations in (1) the timing of initiating the assay, or (2) the age of the 

plate stocks and media utilized. Some assays began later in the day and overnight stocks were 

left at room temperature for six hours to prevent bacterial growth, while others began 

immediately following overnight incubation. In terms of materials used, stocks were streaked 

onto new agar plates every two weeks, and thus MBC assays used bacterial colonies stored for 

varying lengths of time. The novelty of culture media used in each assay may also be a factor, as 

the time in which both LB and M63 media were created and used in each assay differed. Such 

subtleties will be addressed in ongoing experiments. 

 Future research will focus on the role of PA2326 in P. aeruginosa metabolism. Growth 

assays will be conducted in which culture medium contains excessive amounts of folate sources 

to observe for changes in growth. In addition to the continuation of static biofilm formation 

assays, air-liquid interface (ALI) assays will be conducted to analyze the biofilm architecture in 

the PA1970tn, PA1993tn and PA2326tn mutants. Additionally, MBC-B assays will continue for 

the remaining tn mutants, and resistance to other antibiotics (ie. aminoglycosides) will be studied 

with these assays as well. qPCR analysis will be performed on the PA14 WT to determine if the 

expression of the genes of interest are biofilm-specific. Lastly, since no corresponding mutants 
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could be located for genes PA0614, PA1121, PA2775 and PA4103 in the PA14 transposon-

insertion mutant library, deletion mutants will be created and subjected to the assays described in 

this thesis. 

 Despite being incomplete, the results generated during this honours research project 

suggest the hypothesis, that the phenotypes of the transposon-insertion mutants will provide 

evidence to show their involvement in biofilm-specific antibiotic resistance, is correct. The 

growth and biofilm formation phenotypes of most transposon-insertion mutants showed no 

significant differences compared to the WT. MBC-P assays provided evidence that genes were 

not involved in antibiotic resistance in planktonic cultures of P. aeruginosa. Most importantly, 

the biofilm-specific ciprofloxacin phenotype of the PA1993tn mutant suggests that this gene is 

involved in biofilm-specific antibiotic resistance of P. aeruginosa. 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6.0 Appendices 

Appendix 1 - Growth assay replicates of mutants and WT in 1XM63.  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Appendix 2 - Agar plate representations of MBC-P results for each mutant.  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Appendix 3 - Agar plate representation of MBC-B results of the PA1993tn mutant.
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