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Abstract 

 

The opportunistic pathogen Pseudomonas aeruginosa grows within biofilms in the Cystic 

Fibrosis airways, leading to chronic, life-threatening infections. Biofilms are dense communities 

of bacteria surrounded by a protective polymeric extracellular matrix comprised of 

exopolysaccharides (EPS), proteins and extracellular DNA. The two major EPS molecules 

produced by P. aeruginosa are the Pel and Psl. Considering the essential role of EPS in biofilm 

formation, antimicrobial resistance and immune evasion, we developed a high-throughput gene 

expression screen for the identification of small molecules that reduce both pel and psl gene 

expression. Testing of the identified pel/psl repressors demonstrated their antibiofilm activity 

against static and flow biofilm models. Moreover, these antibiofilm molecules also reduce PAO1 

virulence in a nematode infection model, as well as increase P. aeruginosa biofilm susceptibility 

to antibiotic killing. These small molecules represent a novel anti-infective strategy for the 

possible adjuvant treatment of chronic P. aeruginosa infections. 
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Chapter One: Literature review and introduction to the project 

 

1.1 Literature review 

1.1.1 Pseudomonas aeruginosa in Cystic Fibrosis (CF) disease 

P. aeruginosa is a ubiquitous Gram-negative bacterium that can be isolated from many 

moist environments, such as soil and water, but also infects and causes disease in a wide variety 

of hosts.  [1-3]  Although P. aeruginosa is generally unable to infect healthy hosts, it is a 

remarkable opportunistic pathogen, causing a variety of acute and chronic infections in 

immunocompromised patients.  [1, 4-6]  

Normally, the host innate immune response is sufficient to clear the pathogen and stop 

infection, although, whenever this immune barrier is defective, P. aeruginosa can survive and 

cause severe illnesses.  [1]  This bacterium is among the leading causes of hospital-acquired 

infections, being a major threat for patients in intensive care units.  [4]  P. aeruginosa infections 

are frequent in patients with burn wounds, undergoing mechanical ventilation or chemotherapy, 

suffering from acquired immunodeficiency syndrome (AIDS), organ transplantation and 

especially among those with Cystic Fibrosis (CF) disease.  [1, 4, 7]  

 CF is the most common fatal genetic inherited disease, which affects predominantly the 

Caucasian population.  [8]  It is caused by autosomal recessive mutations in the CF 

transmembrane conductance regulator (CFTR) gene, located on chromosome 7q31.2, which 

promotes an altered electrolyte transport and associated consequences in different tissues 

throughout the patient’s body.  [8, 9]  

 Defective permeability to the ion chloride (Cl-) is the best characterized phenomena in 

CF disease, which severely reduces fluid secretion.  [9]  Although affecting many organs, its 
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primary consequences remain in the respiratory and digestive systems.  [10, 11]  CF patients 

suffer with decreased paraciliary fluid in their lungs, leading to the production of a thick, 

dehydrated mucus, which usually culminates in persistent cough, difficulty breathing and chronic 

lung infections.  [1, 9-11]  The persistence of bacteria within the CF lungs despite intensive 

antimicrobial interventions fosters constant inflammation and decrease in lung function, 

eventually leading to patient’s death.  [1, 10]  

 The CF lung environment is inhabited by a diverse set of microorganisms.  [12]  

Throughout disease progression, this CF microbiota tends to lose diversity and become 

dominated by a more specialized set of pathogenic bacteria, including members of the 

Pseudomonadaceae and Burkholderiaceae families, which are associated with reduced lung 

function.  [12, 13]  P. aeruginosa remains one of the leading cause of morbidity and mortality in 

CF patients,  [7, 11]  expressing an arsenal of defense and adaptive mechanisms that facilitates 

its survival within the CF lung.  [1, 2, 7]  Additionally, P. aeruginosa is remarkably resistant to 

antibiotics, surviving intense antimicrobial treatments and, therefore, promoting chronic 

infections that are almost impossible to eradicate.  [1, 3, 11]  

 Finally, P. aeruginosa is a very adaptable bacterium, which after transitioning from an 

environmental reservoir or cross-infecting patients  [14]  can switch gene expression and/or 

undergo mutations, that selects for its survival within the adverse environmental conditions of 

the mucous plug, which are both highly oxidative with anaerobic pockets, and hyperosmotic.  [1-

3, 6]  Within its defense arsenal, it is proposed that one of the main reasons for P. aeruginosa 

persistence within CF airways is the ability to develop and grow in biofilms.  [3, 11]  
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1.1.2 The biofilm lifestyle 

P. aeruginosa is a notorious biofilm-forming pathogen, that grow in biofilms within CF 

lungs.  [3, 15, 16]  Biofilm formation is a universal virulence strategy adopted by both 

environmental and clinically relevant bacteria to survive within hostile surroundings and cause 

infections. Biofilms are sessile microbial communities, enmeshed in a hydrated extracellular 

matrix (ECM) comprised of polymeric substances, which provides bacteria survival advantages 

over the planktonic mode of growth.  [1, 15, 17]  At the bacterial level, there is a facilitated 

metabolic exchange and horizontal gene transfer due to cell-cell proximity,  [15]  additionally, 

the polymeric ECM that surrounds these communities also protects the microbes against immune 

clearance and antimicrobial interventions. [1, 3, 15, 16]   

Biofilm formation is a very intricate process that starts with the attachment of free-

swimming bacteria to a substratum or one another. The bacteria then start to multiply, leading to 

an increased community mass, defined as microcolonies, which further mature and form 

complex three-dimensional mushroom-shaped macrocolonies (Fig 1.1).  [1, 3, 18]  Eventually, 

these macrocolonies release new planktonic cells to the environment in a dispersion step 

occurring naturally or triggered by events such as small molecules or phage-mediated killing, 

which ultimately re-starts the biofilm cycle.  [18, 19]  
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Figure 1.1: The coordinated process of biofilm formation.  

Upper panel shows a schematic diagram of the biofilm formation steps, while lower panel shows 

imaged green fluorescent protein (gfp)-labeled bacteria throughout biofilm development. Free-

swimming (or planktonic) bacterial initially attach to a surface or one-another (I) and multiply 

forming microcolonies (II). With the increased microbial mass, bacteria coordinate gene 

expression and start secreting exopolysaccharides (EPS) molecules that form the biofilm matrix, 

which enmeshes the growing population, among other alterations (III). Biofilms then develop 

into mushroom-shaped large colonies (IV) and, eventually, naturally and/or via cell death inside 

biofilm (represented by red bacterial cells) and polymeric matrix degradation, new planktonic 

cells are released to the environment (V). Panels adapted from Mikkelsen et al.  [18]  and 

Wagner and Iglewski  [3] with permission. 
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1.1.3 Biofilm exopolysaccharides (EPS) 

EPS are a major component of the biofilm matrix.  [16, 17, 20-22]  They contribute to 

initial attachment, biofilm maturation, promote the basis of biofilm scaffolding, have been show 

to disrupt biofilms of competitor strains (modulating bacterial interactions) and also play an 

essential part in protecting the community from antibiotics and the immune system.  [16, 18, 20, 

23, 24]  P. aeruginosa produces three major EPS: alginate, Pel and Psl, all with individual and/or 

redundant functions within the development and maintenance of the biofilm.  [16, 20]  

Alginate is a high molecular weight negatively charged polysaccharide, composed of non-

repetitive monomers of D-mannuronic and L-guluronic acids, encoded by a twelve-gene operon.  

[24, 25]  It is secreted to form the ECM, and although it’s usually not produced by environmental 

strains, mucoid strains that overproduce alginate are frequently isolated from CF patients.  [24]  

It is not required for biofilm development, though overproduction of alginate not only changes 

the biofilm architecture, but also increases P. aeruginosa resistance to antimicrobials, 

phagocytosis and free radical attacks.  [25]  

Pel is a positively charged glucose-rich polysaccharide, composed partially by N-

acetylgalactosamine and N-acetylglucosamine residues, encoded by a seven-gene operon, called 

pellicle formation locus (pel).  [16, 24, 26]  Pel has a secreted and a cell-associated form, [26] it 

functions as an adhesin, being critical for initial and later biofilm interactions, and it is essential 

for pellicle formation in the liquid-air interface.  [16, 20, 24]  Pel is able to cross-link with eDNA 

in the biofilm core and is enough for maintaining biofilm structure in its peripheral region.  [26]  

Pel also increases resistance to aminoglycoside antimicrobials.  [20]  Additionally, Pel is 

required for biofilm formation in the Drosophila melanogaster oral feeding model, limiting 

bacterial aggregates to the crop and delaying bacteremia and fruit fly death.  [27]  
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Psl is a neutrally charged EPS composed of repeating pentamers of D-manose, L-rhamnose 

and D-glucose, encoded by the 12-gene polysaccharide synthesis locus (psl).  [16, 24]  Psl can be 

found as part of the bacterial capsule and secreted to form the biofilm matrix. It arranges in fiber-

like structures, important for the initial cell-surface interaction, biofilm development and 

conservation of the biofilm architecture.  [16, 22, 25]  In contrast to Pel, Psl needs to be 

continuously produced for keeping its scaffolding characteristics.  [16, 17, 24, 25]  Additionally, 

Psl is critical for antimicrobial resistance in initial stages of biofilm development against 

polymyxins, aminoglycosides and fluoroquinolone antibiotics  [28]  and it was also shown to 

reduce early recognition by the innate immune system, blocking phagocytosis, lowering the 

release of reactive oxygen species (ROS) and protecting bacteria from cell killing by neutrophils.  

[29]  

It is proposed that this chemical charge diversity of EPS within P. aeruginosa matrix may 

give extra protection to cells in different conditions.  [26]  Strains of P. aeruginosa produce the 

Pel and Psl EPS in the early colonizing, non-mucoid isolates, as well as mucoid isolates, which 

overproduce alginate.  [30-32]  It is suggested that within the CF context, the increased 

inflammatory infiltrate in the lungs, the high production of ROS by phagocytes, and the reduced 

oxygen concentrations, selects for biofilm-related phenotypes of P. aeruginosa, including 

mucoid isolates or rugose small colony variants (RSCVs), that overproduce Pel and Psl.  [11, 24, 

33, 34]  

 

1.1.4 Biofilm regulation 

Bacteria in biofilms show very divergent phenotypes and gene expression profiles 

throughout growth, highlighting the complexity and strict regulation of the biofilm growth cycle.  
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[35, 36]  Not surprisingly, Pel and Psl biosynthesis is regulated by an intricate signalling 

network, including multiple systems and associated factors, which coordinate P. aeruginosa gene 

expression on both transcriptional and post-transcriptional levels (Fig 1.2).  [16, 37]  

After individual cells attach to a substrate and start multiplying, it is estimated that quorum 

sensing (QS) is an initial player in biofilm formation and differentiation processes.  [1, 7, 38]  P. 

aeruginosa is known to possess at least four sets of connected hierarchical QS systems, [39] 

which are able to detect the increased microbial mass and other environmental signals and 

coordinate its gene expression patterns, inducing many virulence genes and promoting the 

biofilm mode of growth.  [1, 38, 39]  

Bacteria also respond to environmental changes via activation of two-component systems 

(TCS), which regulate gene expression and many have been shown to be involved in biofilm 

formation. The complex regulatory pathway that controls biofilm formation includes numerous 

TCS in P. aeruginosa such as the GacAS and PhoPQ sensor-regulator systems.  [2, 17]  Another 

central signalling pathway involved in controlling pel and psl expression and, consequently, 

biofilm formation, is the one formed by the second messenger bis-(3′-5′)-cyclic dimeric 

guanosine monophosphate (c-di-GMP) molecule.  [37, 40]  

One important pathway is formed by the GacAS two-component system, which regulates 

mRNA stability by sequestering the post-transcriptional RNA-binding protein, RsmA, allowing 

free translation of pel and psl transcripts.  [2, 41]  When the Gac/Rsm pathway is activated, GacS 

histidine kinase forms homodimers, which phosphorylates and activates the GacA sensor kinase 

molecule. The activation of GacA induces the expression of rsmY and rsmZ small regulatory 

RNAs (sRNAs), which in turn, sequester free RsmA molecules (Fig 1.2).  [2, 25, 42, 43]  RsmA 

is a global regulator that promotes a negative post-transcriptional feedback over many 
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transcripts, including pel and psl, reducing biofilm formation (Fig 1.2).  [25]  RsmA also 

indirectly affects expression of many genes on a transcription level by inhibiting QS networks.  

[44, 45]  

In addition, the Gac/Rsm pathway is controlled by the RetS and LadS orphan sensors, 

which indirectly and antagonistically coordinate pel and psl expression (Fig 1.2).  [42, 46]  RetS 

was originally described as a transcriptional repressor of pel and psl using microarray analysis  

[42]  although the mechanism of RetS transcriptional control of pel/psl is not understood, given 

the lack of a known cognate response regulator. RetS is able to form heterodimers with the GacS 

sensor kinase, inhibiting GacA activation and reducing Pel and Psl translation.  [18]  Therefore, 

mutants in retS gene show elevated pel/psl expression and translation, resulting in a hyperbiofilm 

phenotype.  [25]  On the contrary, the LadS sensor kinase positively modulates RsmZ levels, 

increasing Pel and Psl synthesis and biofilm formation.  [25, 46]  

The PhoPQ TCS is a cation sensor complex that is activated in conditions with limiting 

divalent magnesium (Mg2+) cations.  [2]  Our lab has shown that the PhoPQ system is also 

induced in acidic pH conditions  [47]  and in the presence of eDNA rich conditions, including 

biofilms or exposure to neutrophil extracellular traps.  [48, 49]  We identified two important 

properties of eDNA that may be relevant in DNA rich biofilms. DNA is an efficient chelator of 

Mg2+, and can impose Mg2+ limitation in DNA rich conditions,  [48]  but DNA can also acidify 

biofilms, and thus activate the PhoPQ pathway in multiple ways.  [47]  

8 



 

 

Figure 1.2: The Gac/Rsm regulatory pathway in P. aeruginosa is the central pathway that 

controls the switch to a biofilm lifestyle.  

Whether activated by LadS, or repressed by RetS, both additional inner membrane orphan 

sensors, the Gac/Rsm pathway promotes stability of the pel and psl transcripts and ultimately 

EPS production and biofilm formation (solid lines). This pathway inversely controls the Type 

Three Secretion System (T3SS), largely thought to be an acute virulence factor and not required 

for chronic infections caused by biofilms. RetS also contributes to the transcriptional repression 

of pel and psl, along with the transcriptional activators RpoS and FleQ (dashed lines). FleQ can 

function as a repressor or activator of the pel operon, depending on the presence of cyclic-di-

GMP. The Mg2+-sensing PhoPQ TCS directly represses retS, which in turn induces biofilm 

formation. Positive regulators of the biofilm lifestyle are represented in blue, negative regulators 

in red.  
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A subsequent observation of our lab is that under limiting Mg2+ concentrations (or by 

DNA-mediated cation chelation), PhoP directly represses retS expression and thereby activates 

the Gac/Rsm pathway (Fig 1.2), promoting biofilm formation.  [17]  DNA-mediated cation 

chelation and acidification induces antibiotic resistance mechanisms based on cell surface and 

lipopolysaccharides (LPS) modifications that limit antimicrobial peptide and aminoglycoside 

entry.  [47, 50]  PhoPQ system was additionally shown to be involved in P. aeruginosa 

virulence, with PhoQ mutants showing severe decreased fitness for infection and persistence in 

diverse infection models, including plant and mammalian hosts.  [2, 4]  

Both Gac/Rsm and c-di-GMP regulatory pathways are connected (Fig 1.2). Diguanylate 

cyclase (DGC) enzymes are involved in c-di-GMP synthesis, and high levels of c-di-GMP 

promote the biofilm lifestyle.  [16, 37, 51]  Previous reports have shown that mutants in the wspF 

gene, which functions in signal transduction and promotes continuous activation of the WspR 

DGC, demonstrate increased intracellular levels of c-di-GMP and hyperaggregative phenotype.  

[40]  Additionally, Moscoso et al.  [51]  reported elevated c-di-GMP levels in a retS mutant, 

which were independent of biofilm formation and the presence of active pel and psl genes.  

Several groups have identified the connective link between the Gac/Rsm and c-di-GMP 

systems. In one report, Baraquete et al.  [52]  identified the transcription regulator FleQ to be an 

activator of pel expression in the presence of c-di-GMP. Interestingly, in the absence of the 

signalling molecule, FleQ binds the promoter region and represses pelA transcription.  [52]  

Also, the DGC SadC promotes biofilm formation in a Pel-dependent matter,  [37, 53]  which 

accounts for the hyperbiofilm phenotype in retS mutant.  [37]  

Many other factors are also involved in Gac/Rsm activation, EPS secretion and biofilm 

formation. One example is the hybrid sensor kinases PA1611, which is able to regulate RsmA 
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levels by directly interacting with RetS and de-repressing the Gac/Rsm pathway.  [54]  Also the 

stationary phase σ-factor RpoS, functions as a transcription regulator that activates psl 

expression in a different cascade than RsmA.  [41]  

 

1.1.5 The biofilm inhibition premise 

1.1.5.1 Current research approaches to target the biofilm mode of growth 

Besides their significant presence in nature and industrial settings, biofilms are 

remarkably dangerous in the clinical context.  [55]  There are no antibiotics that specifically 

target cells growing within biofilms, as conventional antimicrobials were developed against 

planktonic cultures. High antibiotic tolerance is a hallmark feature of biofilms and much higher 

concentrations are needed to eradicate the encased cells.  [56, 57]  Therefore, several efforts have 

been made to identify new ways of preventing and/or disrupting biofilms. Some of these efforts 

have already shown some degree of success in promoting human health.  [55]  Most of the 

antibiofilm-targeted clinical trials focused on reducing bacteria colonization on abiotic surfaces, 

therefore inhibiting subsequent bacterial infections in patients.  [55, 58]  Some of the strategies 

used to avoid catheter-related infections have been recently reviewed.  [55]  

We have recently reviewed many research approaches for targeting the biofilm mode of 

growth.  [58]  These approaches include the use of antimicrobial peptides (AMP) with effective 

antibiofilm properties, naturally occurring or engineered bacteriophages that kill the encased 

bacterial cells, specific enzymes able to degrade matrix components and disperse biofilms, and 

also small molecules that target the biofilm mode of growth by distinct mechanisms.  [58]  
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1.1.5.2 High-throughput screening (HTS) approaches identify biofilm inhibitors 

In order to characterize new molecules effective against biofilms, researchers have 

assessed the potential of HTS approaches for the identification of antibiofilm molecules. HTS 

techniques allow an efficient and rapid method to test a huge number of compounds in drug 

libraries. [58] One of the first HTS reports of antibiofilm compounds in P. aeruginosa used a 

quantitative luminescence-based approach to test 66,095 compounds that reduced the adhered 

biomass.  [59]  They reported 30 molecules that efficiently blocked P. aeruginosa initial 

attachment and reduced biofilm formation by 50%, at concentrations < 20 μM,  [59]  but there 

has been little follow up of their possible mechanism of action. 

In another example, Wenderska et al.  [60]  screened a defined set of molecules in a high-

throughput fashion and identified four molecules that reduce P. aeruginosa biofilm formation. 

Palmitoyl-DL-carnitine (pDLc) was further characterized and shown to inhibit biofilm formation 

even under biofilm-inducing conditions.  [60]  Dr. Lori Burrows’ group has further tested the 

same library for detection of active agents against the food-borne pathogen Listeria 

monocytogenes, and in addition to pDLc and sphingosine, identified additional 13 compounds 

which reduce L. monocytogenes biofilm formation by > 50%, showing the broad antibiofilm 

potential of some of these molecules.  [61]  

These and diverse other approaches have succeeded in identifying compounds that block 

biofilm formation and/or detached preformed biofilms in many species of bacteria.  [58]  

However, most of these studies use a generic approach of quantifying biofilm biomass without 

any insights in the specific bacterial targets. Therefore, even though many antibiofilm 

compounds have been identified to date, the lack of a characterized mechanism of action and a 
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proper toxicological/pharmacological assessment of these molecules have delayed their possible 

use in therapeutics.  [62]  

 

1.2 Project rationale and hypothesis 

The biofilm mode of growth provides bacteria survival advantages in hostile 

environments.  [1, 3, 15, 16]  As biofilms are intimately related to antibiotic tolerance and 

chronic infections,  [1, 20]  there is an urgent need for the identification of new approaches that 

target the biofilm mode of growth for the prevention and/or treatment of chronic bacterial 

infections. 

Given the conservation and importance of Pel and Psl throughout all stages of biofilm 

formation in P. aeruginosa,  [25]  these EPS are an attractive target for the identification of new 

antibiofilm compounds. For this project we hypothesized that compounds able to block pel and 

psl gene expression could serve as novel antibiofilm compounds by reducing or blocking EPS 

biosynthesis and biofilm formation in P. aeruginosa. Additionally, we hypothesized that reduced 

EPS production and hypobiofilm phenotype could render bacteria less virulent and, possibly, 

more susceptible to antimicrobial treatments.  

Therefore we developed a high throughput gene expression screen of 31,096 compounds 

in the Canadian Chemical Biology Network (CCBN) drug library, for the identification of small 

molecules that repress expression of EPS genes in P. aeruginosa, without affecting overall 

bacterial growth. If our hypothesis proves to be true, this class of compound will represent an 

example of an anti-virulence strategy for use in preventing or treating biofilm infections. Another 

advantage to this class of anti-infective compounds is to overcome the development of antibiotic 

resistance, typical of conventional antibiotics. Compounds that don’t reduce bacterial growth 
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may limit the selective pressure and the development of antibiotic resistance if advanced for use 

as novel treatments for chronic P. aeruginosa infections. 

 

1.3 Objectives 

In order to identify new compounds that inhibit biofilm formation as an antivirulence 

approach for treating chronic P. aeruginosa infections, this project was divided in four core 

objectives: 

Objective #1: To implement a HTS for the identification of EPS gene repressors. 

Objective #2: To determine the antibiofilm activity of EPS repressors. 

Objective #3: To test the antibiofilm molecules for their ability to reduce P. aeruginosa 

virulence and to increase biofilm susceptibility to antimicrobials. 

Objective #4: To develop a RNA-seq pipeline to investigate the global changes in gene 

expression after antibiofilm treatment. 
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Chapter Two: High-throughput screening for the identification of EPS-gene repressors 

 

2.1 Introduction 

One of the major constituents of P. aeruginosa biofilms are EPS.  [21, 22]  The Pel and Psl 

EPS display important and partially redundant roles for biofilm matrix establishment, scaffolding 

and protection,  [16, 20, 28]  and are therefore critical targets for the identification of new 

antimicrobials that reduce biofilm formation. 

Many reviews have outlined the possible use of small molecules that block EPS production 

for the characterization of new antibiofilm approaches,  [58, 63, 64]  but few experimental 

studies have focused on targeting such biofilm matrix polymers. Most of the HTS antibiofilm 

approaches to date have focused on the identification of molecules that reduce microbial biomass 

through direct imaging or biofilm quantification, [59, 61, 65-67]  without much concern in 

acknowledging the mechanism of action of the identified hits. Furthermore, other antibiofilm 

approaches have targeted the QS and c-di-GMP signalling systems, using both in silico and 

targeted-gene screening approaches. [68-71]   

Nevertheless, the studies that target the polysaccharide constituents of the matrix for the 

purpose of blocking biofilms employ EPS degrading enzymes, such as alginate lyase, [72]  

Pel/Psl specific hydrolases, [73]  or dispersin B (DspB). [74, 75]  Other studies focused on 

naturally occurring EPS-degrading phages  [76]  or engineered strain-specific lytic bacteriophage 

therapies  [77]  for their ability to degrade EPS molecules and disperse the biofilm matrix. 

In this chapter, I will describe the first aim of this project, which was to implement a high 

throughput gene expression screen to identify compounds that reduce the expression of EPS 

biosynthesis genes. We hypothesized that compounds that reduce the EPS gene expression 
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would reduce biofilm formation. This novel approach is different than simply screening for 

compounds that reduce biofilm biomass. By screening for compounds that reduce expression of 

essential genes required to build a biofilm, we are using a more targeted approach that should 

ultimately help determine their mechanism of action. Our lab has previously reported that P. 

aeruginosa forms robust biofilms and aggregates in liquid culture when grown in limiting 

magnesium conditions. [17]  Therefore, we wanted to screen for repressors of EPS gene 

expression under biofilm-promoting growth conditions.  

 

2.2 Specific methods 

2.2.1 Bacterial strains and growth conditions 

The strains and plasmids used throughout this study are listed in Table 2.1. Reporters 

were grown in Basal Minimal Medium 2 (BM2) at 37oC, containing excess or limiting Mg2+ 

concentrations. BM2 medium was prepare with 100 mM Hepes pH 7.0, 7 mM (NH4)2SO4, 1.03 

mM K2HPO4, 0.57 mM KH2PO4, 20 μM–2 mM MgSO4, 10 μM FeSO4 and ion solution, 

containing 1.6 mM MnSO4.H20, 14 mM ZnCl2, 4.7 mM H3BO3 and 0.7 mM CoCl2.6H20. The 

media was supplemented with 20 mM sodium succinate as a carbon source for all assays. Stock 

solutions of ampicillin (50 mg/ml, AMRESCO), ciprofloxacin (2 mg/ml, BioChemika), colistin 

(10 mg/ml, Sigma), gentamicin (30 mg/ml, Sigma), kanamycin (100 mg/ml, Sigma), polymyxin 

B (30 mg/ml, Sigma), and tobramycin (25 mg/ml, Sigma) were made in ultrapure water and 

stored at -20oC, and used as indicated. Trimethoprim stock (10 mg/ml, Sigma) was prepared in 

methanol and stored at 4oC. 
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Table 2.1: Strains and plasmids used in this study. 

Name Description/Characteristics Reference 
P. aeruginosa wild type   
   PA14 Wild type P. aeruginosa strain PA14 RE Hancock 
   PAO1 Wild type P. aeruginosa strain PAO1 RE Hancock 
Green fluorescent protein (gfp)-tagged P. aeruginosa   
   PA14-gfp PA14-Tn7::gfp. Wild type P. aeruginosa constitutively producing GFP. Gmr This study 
   PAO1-gfp PAO1-Tn7::gfp. Wild type P. aeruginosa constitutively producing GFP. Gmr  [78]   
Gene reporters and mutant   
   PAO1::p16Slux Wild type P. aeruginosa transcriptional luxCDABE fusion of 16S rRNA genes  [79]  
   pelB::lux pelB transposon mutant and transcriptional lux reporter (66_B7)  [80]  
   retS::lux retS transposon mutant and transcriptional lux reporter (18_F4)  [80]  
   PAO1 ppslA-lux pslA promoter-lux transcriptional reporter in pMS402. Tpr  [17]  
   PAO1 pexoT-lux pexoT-lux integrated in att site of PAO1  [81]  
   PAO1 pcdrA-lux cdrA-lux transcriptional reporter. Kmr This study 
   PAO1 pMS402 pMS402 plasmid for constructing lux transcriptional fusions. Kmr This study 
   pslATL::lacZ PAO1 with a translational reporter for pslA on miniCTX-lacZ  [41]  
   Δpsl Δpsl mutant with pMA8 used in PAO1 background  [82]  
   pel/Δpsl Double pel/psl mutant in PAO1 background  [17]  
   PD0300 ΔmucA22. Mucoid derivate of PAO1.  [83]  
Plasmids   
   pBT270 Mini-Tn7-gfp(mut3). Integration vector for gfp. Gmr, Ampr  [84]  
   pTNS2 Helper plasmid for mobilizing mini-Tn7 plasmid in P. aeruginosa. Ampr  [84]  
   pMS402 Promoterless lux reporter construct. Kmr  [85]  
   pMS402::pcdrA pMS402 containing the cdrA promoter region. Kmr  [86]  

OP50 Escherichia coli strain OP50. Bacterial food source for nematode maintenance and control 
of low virulence  [87]  

 



 

2.2.2 HTS optimization 

We initially optimized the growth media and incubation time to suit the HTS approach by 

selecting the condition in which the pelB::lux reporter shows maximum gene expression in 384-

well microplate format. An overnight culture of the pelB::lux reporter was diluted 100 times in 

basal minimum media 2 (BM2) containing high (2 mM), low (80 μM) and limiting (20 μM) 

Mg2+ concentrations, to a final concentration of approximately 1x107 CFU/ml. Using a 384-well 

microplate with 96 replicates for each of the three conditions, growth and gene expression from 

the pelB::lux reporter were monitored in a Wallac Victor luminescence plate reader (Perkin-

Elmer). Luminescence (in counts per second, CPS) and bacteria growth (optical density at 600 

nm, OD600) were measured every hour throughout 24 hours at 37oC incubation, in microplates 

covered with mineral oil to prevent evaporation. 

 

2.2.3 HTS statistics 

To determine if our assay was suitable for a HTS approach, we measured gene expression 

under control induced conditions, and compared to background noise in order to determine the 

statistical parameters for the assay. The pelB::lux reporter strain was incubated for 14 hours in 

half of two 384-well microplates containing limiting magnesium (induced). Half of each plate 

also contained negative condition (background control) of sterile media (n=384 measurements 

for each condition). Gene expression (CPS) was determined in the Victor luminescence plate 

reader. Using these control data of maximum gene expression and background noise, we 

determined the Z’ and Z scores, as previously described.  [88]  The Z’ score is a quality 

parameter of the assay itself, used to validate the approach used in the HTS, by means of the 

controls’ median and standard deviation values.  [88]  Nevertheless, we also determined the Z 
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score, which is a statistical parameter for the precise qualification of a HTS assay, as it also takes 

in consideration the signal dynamic range of the tested library.  [88]  

It is noteworthy to acknowledge that facing the fact that we are using a inhibition type 

assay approach, looking for repressors of the pel gene, the mean and standard deviation control 

values used for calculation of the Z factor arrived from the negative, sterile control as 

recommended.  [88]  

 

2.2.4 Primary HTS 

The primary HTS consisted of testing all 31,096-small molecules within the CCBN 

library against the pelB::lux reporter. The molecules were transferred from the stock 96-well 

microplates to 384-well assay optical microplates with the assistance of 96-pin plastic transfer 

devices (Phoenix Research Products). Assay plates contained 100x dilution of the pelB::lux 

overnight culture in BM2 20 μM Mg2+ (~1x107 CFU/ml). Compounds were tested at a final 

concentration of approximately 10 μM, estimated by the volume transferred by the pin device. 

All compounds were tested once with no replicates in the primary screen. Microplates containing 

the pelB::lux reporter and small molecule combinations were covered with an air-permeable 

membrane and incubated at 37oC for 14 hours. At the end of the incubation time, luminescence 

in CPS was determined in Victor luminescence plate reader. The percentage of expression (% 

exp) for each treatment was calculated in reference to the mean CPS value (μCPS) of each 

microplate, according to the following formula: 

% exp = 100 *  CPS for a drug 
                         μCPS of the plate 
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2.2.5 Secondary HTS 

For the confirmation of pelB::lux repression and investigation of pslA-lux inhibition, we 

ran a secondary gene expression experiment for every compound that showed at least 50% 

repression of pelB::lux reporter. The 163 small molecules were retested in duplicate, in the same 

384-well microplate format. Compounds were transferred with the 96-pin plastic transfer devices 

to plates containing 100x dilution of an overnight culture of the pelB::lux or pslA-lux reporters in 

BM2 20 μM Mg2+ (~1x107 CFU/mL), to a concentration of approximately 10 μM. Wells were 

covered with mineral oil and reporter’s expression (CPS) and growth (OD600) were monitored 

throughout 18 hours of incubation at 37oC, in a Victor luminescence plate reader.  

 

2.2.6 Reordering of identified compounds and confirmation of pel and psl repression 

From the 14 compounds that reproducibly repressed pelB::lux and pslA-lux expression, 

13 were reordered for further testing, while one was not commercially available. Upon arrival, 1 

mM stocks were prepared for each compound in dimethyl sulfoxide (DMSO), which were stored 

at -20oC and thawed on ice when needed for an assay. For confirmation of pel/psl repression, we 

retested all 13 reordered compounds for their ability to reduce expression on both pelB::lux and 

pslA-lux gene reporters on 96-well micropate format. The 13 small molecules were tested in 

triplicate at a final concentration of 10 μM, under biofilm inducing condition of BM2 20 μM 

Mg2+, in gene expression experiments as described above. 

 

2.2.7 Investigation of non-specific lux repression and normalized pel/psl expression 

We wanted to rule out the possibility that pel repressors may be repressing luciferase 

enzymes from the luxCDABE-encoding reporters. Gene expression was monitored from other lux 
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reporter strains, including a high expression 16Slux reporter, and a low expression pMS402 

plasmid lux reporter. Basal gene expression from pMS402 was due to leaky expression from the 

plasmid, despite the absence of any promoter to drive expression of the luxCDABE enzymes.  

[85]  Any effects on either of these reporter strains were considered to be a result of non-specific 

lux activation or repression. Gene expression alterations were obtained as previously stated, the 

13 pel repressor compounds were tested against the 16Slux and promoterless pMS402 reporter at 

a final concentration of 10 μM, in BM2 20 μM Mg2+. CPS and OD600 were measured throughout 

18 hours of incubation, at 37oC, in Victor luminescence plate reader.  

 

2.2.8 Statistical analysis 

In this chapter, Z and Z’-factors were used to determine the robustness of the HTS 

approach, considered ideal if > 0.5. Additionally, statistical significance between populations 

was determined by paired two-tailed Student’s t-test. Data considered significant at level of 

p<0.05.  

 

2.3 Results 

2.3.1 HTS optimization and statistics 

In agreement with a previous report from our lab, the pel EPS biosynthesis genes are 

induced under Mg2+-limiting conditions (Fig 2.1).  [17]  The time point for maximum pelB::lux 

expression occurs around 14 hours of incubation at 37oC, as represented by the red arrow in Fig 

2.1. We selected the 14-hour time point for performing the HTS, as pel expression is maximal.  
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Figure 2.1: Influence of magnesium concentration on pelB::lux expression in 384-well 

format.  

Gene expression profiles of the pelB::lux reporter expression in BM2 medium containing 

different Mg2+ concentrations. Red arrow indicates point of maximum gene expression (~14 

hours). Curves built with average values and the standard deviations from n=96 replicates. 

 

 

Table 2.2: Summary of the HTS approach and screening statistics. 

Parameter Value 
Primary HTS 
   Number of compounds screened 
   Number of hits  
Secondary HTS 
   Number of pelB::lux repressors identified 
   Number of antimicrobials identified 
 
Assay statistics 
   Z’-factor value 
   Z-factor value 

 
31,096  
163  
 
14 
26 
 
 
0.527 
0.511 
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Moreover, we also determined some assay screening statistics, which both indicate that 

the approach we used for running our screening was excellent (Z and Z’ ≥ 0.5), showing large 

separation bands and liability to appoint useful data. The validation parameter for the HTS 

approach and the statistical values for the assay are summarized in Table 2.2. 

 

2.3.2 HTS identified pel/psl-gene repressors 

In the primary HTS, we tested the 31,096-small molecules within the CCBN, and 

identified 163 hits that reduced pelB::lux expression by at least 50% (highlighted in red in Fig 

2.2.A). We also selected six ‘inducers’ that increased pelB::lux expression over 300%, for 

further testing in the secondary screen (highlighted in green in Fig 2.2.A).  

In total, we retested these 169 compounds (163 repressors + 6 inducers) for their ability 

to reproducibly affect the pel operon. In addition, we tested the ability of these hit compounds to 

repress expression of the other major EPS gene cluster, the psl genes.  [30]  Pel and Psl are the 

main EPS produced by non-mucoid strains, and are co-regulated by a common regulatory 

pathway (see Chapter 1). Due to their co-regulation, we hypothesized that compounds targeting 

the common regulatory pathway would have the beneficial feature of repressing both major EPS 

species. Of the 163 initial repressors, 14 compounds consistently repressed expression of 

pelB::lux reporter and most of them also showed effect in repressing pelA-lux expression (Table 

2.3). It is important to note that none of these pel/psl repressors had any effect on bacterial 

growth, even in concentrations as high as 100 μM, which is ~ 10 times the concentration used in 

our screening experiments. Additionally, none of the 6 selected inducers demonstrated a 

reproducible effect over pelB::lux expression in the secondary screen. 
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Figure 2.2: HTS identifies small molecules that reduce EPS gene expression.  

(A) Summary of HTS showing individual effects of all 31,096 compounds over pelB::lux 

expression. In red are highlighted the 163 treatments that repressed gene expression by ≤ 50%, 

and in green the 6 that promoted pelB::lux expression ≥ 300%. (B) Reordered lead compounds 

were retested for their ability to repress expression of pelB::lux and pslA-lux transcriptional 

reporters. Total gene expression after treatment was compared to untreated controls (100%). 

Values shown are the average area under the curve for triplicate samples and the standard 

deviation, n=4. Statistical significance between populations was determined by paired two-tailed 

Student’s t-test and significant repression in reporter’s expression is indicated: * (p<0.05), ** 

(p<0.01) and *** (p<0.001). 
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The molecular structures and nomenclature of the identified pel/psl repressor molecules 

are represented in Figure 2.3 and Table 2.3, respectively. From these 14 compounds identified, 

13 could be ordered for further testing. For confirmation of their pel/psl repression properties, the 

reordered compounds at 10 μM were now tested for their ability to repress both gene reporters in 

a 96-well microplate format. From the 13 gene repressors, all of them reproducibly reduced 

pelB::lux reporter expression in the new format, with repression ranging from 30-90% (Fig 

2.2.B), in comparison to reporter grown in biofilm inducing condition alone (100%). 

Additionally, most of these compounds were also able to reduce pslA-lux expression (10/13), 

with repression ranging from 10-85% (Fig 2.2.B), showing their effect on both EPS-encoding 

gene clusters. 

 

2.3.3 Confirmation of pel/psl repression after normalization for non-specific effects 

The lead compounds have no effect on bacterial viability, based on growth curves from 

microplate assays. To test for nonspecific inhibition of the lux enzymes, we selected the 16Slux 

reporter that uses the promoter from the 16S ribosomal RNA (rRNA) genes. [79]  This gene is 

highly expressed and as it is essential for prokaryotic ribosomal synthesis, and its expression 

should not be affected by treatments that don’t limit bacterial growth. Similarly, the promoterless 

pMS402 plasmid was used as a second control for low level expression genes, due it’s low basal 

luminescence from the luxCDABE cassette  [85]  that is likely due to leaky expression from the 

vector.  
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Figure 2.3. Molecular structures of the pel/psl-gene repressors identified in the HTS.  

For more details and the molecular nomenclature, see Table 2.3. 
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Table 2.3: Molecular nomenclature of the pel/psl gene repressors identified in the HTS.  

Code Vendor Vendor ID Chemical name PubChem 
CID 

I1 ChemBridge 5307707 4-heptyloxybenzamide 1712173 
I2 ChemBridge 5636083 N'-(1,3-benzothiazol-2-yl)-2-fluorobenzohydrazide 872872 
I3 ChemBridge 6622147 N-(4-bromo-3-methylphenyl)-2-(1,3-dioxoisoindol-2-yl)acetamide 1346797 
I4 Maybridge BTB09154 2-(4-chlorophenyl)sulfonyl-6-methoxy-3-nitropyridine 2801235 
I5 Maybridge KM08157 3R-3-(4-methylphenyl)sulfonyl-2,3-dihydro-1-benzothiophene-1,1-dioxide 6934138 
I6 Maybridge KM08195 3-piperidin-1-yl-2,3-dihydro-1-benzothiophene-1,1-dioxide 281092 
I7 Maybridge RJC01132 N-(5,6-dimethyl-1H-benzimidazol-2-yl)oct-2-ynamide 2728870 
I8 Maybridge TL00118 p-thiocyanodimethylaniline 23540 
I9 MicroSource 200012 Brazilin 73384 
I10 MicroSource 1500104 Acetylcholine 187 
I11 MicroSource 1500148 Bithionate sodium 60148380 
I12 MicroSource 1503428 Choline 305 
I13 MicroSource 1504225 Captax (2-Mercaptobenzothiazole) 697993 
I14 Maybridge BTB14023 N4-(4-bromophenyl)pyrimidine-2,4,6-triamine 238013 

 



 

To investigate non-specific effects on luminescence, the 16Slux and pMS402 reporters 

were incubated in 96-well microplate format with 10 μM of the reordered repressor compounds. 

Gene expression throughout growth was determined in Victor luminescence plate reader and the 

total gene expression from the 18-hour growth period was determined and represented as the area 

under the curve. Gene expression from the untreated reporter growing in BM2 20 μM Mg2+ was 

set to 100%. While there was no effect on growth (OD600) and minimal effects on expression of 

the 16Slux and pMS402 reporters for many of the molecules (such as I4, I6, I7, I10 and I11), 

compound I3 was a strong lux repressor for both reporters (Fig 2.4.A). Interestingly, compound 

I2 was a lux activator of both reporter strains (Fig 2.4.A). 

Having identified that some of the compounds were indeed promoting a non-specific 

repression of the luxCDABE reporter, we normalized the expression of the pelB::lux and pslA-lux 

reporters to the expression effects on the pMS402 construct for all treatments. We decided to 

select the pMS402 as the control normalization reporter because it shows a similar, low level of 

expression to the EPS-gene reporters, and normalization to 16Slux might distort any non-specific 

effects. The normalized gene repression is shown as the NET-fold repression and despite some 

modest effects on the neutral reporters, we concluded that pelB and pslA expression were truly 

repressed and repression was not the consequence of any non-specific effect (Fig 2.4.B).  

 

 

 

 

 

28 



 

 

 

Figure 2.4: Investigation of non-specific lux repressors.  

(A) Investigation of non-specific effects on expression from the pMS402 and 16Slux reporters. 

Total gene expression after treatment was compared to untreated controls (100%). Values shown 

are the average area under the curve for triplicate samples and the standard deviation, n=4. (B) 

Expression from the pelB::lux and pslA-lux reporters was normalized to control for the modest 

effects on the neutral pMS402 reporter. Bars represent the average net fold repression on 

triplicate samples relative to the untreated condition, n=2. 
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2.3.4 Identification of growth repressors 

It is noteworthy to acknowledge that although none of the 13 reordered pel/psl repressor 

compounds have any negative effect over bacterial growth, even at concentrations as high as    

100 μM, we were able to identify a separate group of compounds that repressed pel expression as 

a result of inhibiting the growth of the reporter. Thus, there were an additional 26 compounds 

that acted as pelB::lux repressors but that also had bactericidal or bacteriostatic properties (Table 

2.4).  

Consistent with this observation, many of these compounds were known antibiotics 

(mostly fluoroquinolones) or were previously reported to have some antimicrobial activity. 

According to our literature review, we separated these antimicrobial compounds into three 

different groups: small molecules with known antibiotic/disinfectant properties (group A), 

characterized non-antimicrobial molecules (group B) and uncharacterized molecules (group C) 

(Table 2.4). Compounds in group C were the most interesting in terms of new antibiotic 

discovery, and will be the subject of future research projects. The discovery of growth inhibitors 

highlighted the dual nature of our gene expression screen to find both pel repressors and 

conventional antibiotics. Interestingly, among the uncharacterized molecules (group C), two 

compounds (SPB07211 and KM07965) were recently identified in a whole-cell based HTS for 

small molecules that inhibit Burkholderia cenocepacia growth [89]  and one small molecule 

(KM06346) was identified in a screen for non-specific repressors of DNA repair enzymes 

(AddAB helicase nuclease) in Escherichia coli. [90]  Nevertheless, all these growth inhibitor 

compounds were removed from this study.  
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Table 2.4: Antimicrobial compounds identified in the HTS for EPS repressors. 

Group* Vendor Vendor ID Chemical name Function PubChem 
CID 

A MicroSource 1504260 Levofloxacin Quinolone antibiotic 149096 
A MicroSource 1504272 Gatifloxacin Quinolone antibiotic 5379 
A MicroSource 1505314 Sarafloxacin Quinolone antibiotic 56208 
A MicroSource 1503614 Ciprofloxacin Quinolone antibiotic 2764 
A MicroSource 1504303 Moxifloxacin Quinolone antibiotic 152946 
A MicroSource 1505802 Gemifloxacin Quinolone antibiotic 9571107 
A MicroSource 1505305 Pefloxacin Quinolone antibiotic 51081 
A MicroSource 1500545 Sulfacetamide Sulphonamide antibiotic 5320 
A BIOMOL GR-317  Coumermycin Aminocoumarin antibiotic 54675768 

A BIOMOL GR-311 Mitomycin C Antineoplasic antibiotic produced by 
Streptomyces caespitosus 5746 

A BIOMOL NP-223  Patulin Mycotoxin antibiotoc produced by species 
of Aspergillus and Penicillium 4696 

A ChemBridge 5153890 A22 Antibiotic (modulator of MreB activity) 348494 

A MicroSource 1500260 Pyrithione Zinc Fungistatic and bacteriostatic  
(aspergillic acid derivate) 3005837 

A MicroSource 1500637 Merbromin Antiseptic (organomercury compound)  441373 
A MicroSource 1500644 Phenylmercury Antiseptic (organomercury compound) 567 

A MicroSource 1500572 Thimerosal Antiseptic and antifungal agent 
(organomercury compound) 16684434 

B MicroSource 211468 Dantron 
Stimulant laxative, antioxidant with 

antifungal properties Toxic and possibly 
carcinogenic (anthraquinone derivate) 

2950 

B MicroSource 1505315 6-Aminonicotinamide Antineoplastic, apoptosis inducer. NAD-
analog  9500 

B MicroSource 1505317 Carmofur Antineoplasic agent (pyrimidine analog) 2577 
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Table 2.4 (cont.): Antimicrobial compounds identified in the HTS for EPS repressors. 

Group* Vendor Vendor ID Chemical name Function PubChem 
CID 

C Maybridge SPB07211  
2-methylsulfanyl-5-[(5-nitro-1,3-

thiazol-2-yl)sulfanyl]-1,3,4-
thiadiazole 

Burkholderia cenocepacia growth inhibitor. 
Possible thiadiazole derivate antimicrobial 

agent. 
2746762 

C Maybridge KM07965  
2-[(4-chlorophenyl) 
sulfanylmethyl]-1-

azabicyclo[2.2.2]octan-3-one 

Burkholderia cenocepacia growth inhibitor. 
Possible chlorobenzyl derivate antimicrobial 

agent. 
2822094 

C Maybridge KM06346 3-(2-Thienylsulfonyl)-2-
pyrazinecarbonitrile 

AddAB helicase nuclease repressor. 
Possible cyanopyridine derivate 

antimicrobial agent. 
2821421 

C Maybridge HTS06235 
N-(4-phenylmethoxyphenyl)-4-

(pyridin-4-ylmethyl)piperazine-1-
carboxamide 

No antimicrobial properties reported. 
Possible piperazine derivate antimicrobial 

agent. 
2812932 

C Maybridge BTB08617 2-[5-(trifluoromethyl)pyridin-2-
yl]sulfonylethyl benzoate 

No antimicrobial properties reported. 
Possible benzoate derivate antimicrobial 

agent. 
2800996 

C Maybridge SEW00805 3,5-bis(methylsulfonyl)-1,2-
thiazole-4-carboxamide 

No antimicrobial properties reported. 
Possible thiazole derivate antimicrobial 

agent. 
2739198 

C Maybridge S04233 N-(4-fluorophenyl)-4,5-dihydro-
1H-imidazol-2-amine 

No antimicrobial properties reported. 
Possible nitroimidazol derivate antibiotic 

agent. 
2731293 

 

* Antimicrobial compounds were separated into three different groups: small molecules with known antibiotic/disinfectant properties 

(A), characterized non-antimicrobial molecules (B) and uncharacterized molecules (C). 

 

 



 

2.4 Discussion 

Currently, most antimicrobials are inefficient in targeting cells growing within biofilms, 

and much higher concentrations are required to eliminate these sessile communities. [56, 67]  

Directed by this immediate need for new approaches that target the biofilm mode of growth, 

several groups have used HTS approaches in an attempt to identify small molecules within large 

chemical libraries that show effective antibiofilm properties. [58]   

HTS assays are needed to screen large number of compounds rapidly and with high 

efficiency. Therefore, such approaches rely on the ability to identify “hits” with a proper 

confidence rate, demanding statistical parameters that regard the screening precision and 

sensitivity to validate the approach used. [88]  We performed our screening without calculating 

such statistical parameters, relying just on initial optimization and determination of the condition 

of maximum gene expression for the pelB::lux reporter in 384-well microplate format. 

Nevertheless, retrospective calculation of these validation factors from our screening assay 

indicates it is a satisfactory tool for the identification of pel gene repressors. Both Z’ (0.527) and 

Z (0.511) scores reinforce the robustness of the approach used and the HTS assay, respectively, 

validating the ability of such screening to detect significant hits among the large number of 

compounds tested.  

Ultimately, we were able to select 163 compounds that were retested in a secondary screen, 

and 14 reproducibly repressed pelB::lux expression (Table 2.3). Besides these 14 compounds, 

there were additionally 26 small molecules that showed antimicrobial characteristics in the 

concentration tested (Table 2.4). These growth inhibitors could not be distinguishable in the 

primary screen, due to lack of OD600 measurements, therefore being misinterpreted as gene 

repressors. Within this list of growth inhibitors (Table 2.4), the majority (16/26) consisted of 
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compounds that have been previously show to have antibiotic/disinfectant properties (group A), 

via different mechanism of actions. Interestingly, among the uncharacterized molecules (group 

C), three molecules have been previously identified in screens searching for new antibacterial 

agents.  

It is noteworthy to acknowledge that some of these identified gene-repressing molecules 

share common structural features, such as benzothiazole rings in compounds I2 and I13 and 

benzothiophene rings in I5 and I6. Moreover, I10 (acetylcholine) is derived from I12 (choline). 

A search of these molecules in the PubChem BioAssay database 

(https://pubchem.ncbi.nlm.nih.gov) demonstrated that among these 14 compounds, many have 

been previously classified although very few have clear biological properties. In support of our 

observations that suggest these compounds have antibiofilm activity, acetylcholine and other 

choline derivatives were recently reported to have antibiofilm and antivirulence activity against 

Candida albicans and P. aeruginosa. [91, 92]  The remaining pel repressors represent potentially 

novel compounds with biofilm repressing potential. 

 

2.5 Conclusions from Chapter 2 

i. In this chapter was completed the first aim of this study, in which we optimized and 

performed a high-throughput gene expression screen for the identification of small 

molecules able to repress EPS-gene expression. 

ii. The validation statistics indicates the 384-well approach used was a good screening 

tool, able to potentially find actual hits among the huge number of compounds tested. 
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iii. Both the primary and secondary screenings culminated in the identification of 14 

small molecule pelB::lux repressors, from which 13 were reordered for further 

testing. 

iv. Some of the reordered compounds showed minor, non-specific effects on lux 

expression, but normalized pel/psl expression to the pMS402 vector control 

confirmed their repression activity.  
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Chapter Three: Pel/psl repressors reduce EPS secretion and biofilm formation 

 

3.1 Introduction 

The role of EPS in biofilm formation is well characterized. Although variable among 

different strains, both Pel and Psl molecules show essential roles for biofilm development and 

maintenance. [16]  In this chapter we will focus on the ability of the pel/psl repressor compounds 

to affect the secretion of the EPS matrix and to reduce biofilm formation in different models. 

Biofilm assays were performed in non-mucoid PA14, PAO1 and a retS::lux strains, which differ 

in their ability to produce Pel and Psl as their main matrix EPS for biofilm formation. PA14 

produces only the Pel EPS, PAO1 produces both Pel and Psl, while the retS::lux mutant 

overproduces both EPS molecules. We also tested our antibiofilm compounds against a mucoid 

variant of PAO1, a ΔmucA22 mutant, which has increased production of alginate. 

 

3.2 Specific methods 

3.2.1 Bacterial strains and growth conditions 

The bacteria strains used in this chapter are listed in Table 2.1 (please, refer to Chapter 

2). Strains and reporters were grown in BM2 media containing 20 μM or 2 mM Mg2+. BM2 

medium was supplemented with KNO3 (1%) to support anaerobic biofilm growth. PA14-gfp 

strain was prepared for this study as previously described, [84]  by the transformation of the 

pBT270 gfp-encoding plasmid into PA14 wild type, with the help of a pTNS2 plasmid (Table 

2.1). Colonies expressing gfp were selected for with gentamycin (Gm) resistance (50 μg/ml) and 

confirmed fluorescent phenotype with microscopy. 

 

36 



 

3.2.2 EPS quantification 

As a first step to assess the antibiofilm activity of the compounds identified in our HTS, 

we wanted to determine their potential in reducing EPS secretion. We used the quantitative 

congo red (CR) binding assay, as previously described, [93]  for estimation of the small 

molecules effects on EPS production via ECM formation. PA14 and PAO1 cultures were grown 

in 5 mL glass tubes holding 2 mL of BM2 20 μM Mg2+ containing 10 μM of antibiofilm 

compounds. Tubes were incubated at 37oC, with shaking (150 rpm), for 24 hours. For EPS 

quantification, CR was added at a final concentration of 40 μg/ml to the 2 ml 24-hour cultures 

and bound-dye was indirectly calculated by determination of remaining unbound dye still in 

solution after 2 hours of incubation. [93]   

The amount of unbound dye was determined by measuring the OD490 after centrifuging 

cells, and absorbance at 490 nm values were compared to sterile blank tubes (100% CR) 

containing BM2 medium + 1% DMSO. Bound CR was then normalized to the bacteria growth 

(OD600) and determined through the following equation: 

CRbound = OD490blank – OD490test 
        OD600test 

 

It is noteworthy to acknowledge that a special set of blank tubes was prepared for 

compound I9, as this compound has pink color in solution and could affect OD490 values and 

interfere with CR measurements. Sterile I9 blank tubes were prepared with BM2 medium + 10 

μM I9 in DMSO. 
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3.2.3 Biofilm cultivation and quantification 

3.2.3.1 Microtiter plate biofilm assay 

As a second step to assess the antibiofilm activity of the compounds identified in the 

HTS, we wanted to determine their potential in repressing biofilm formation in wild type (PA14 

and PAO1) and hyperbiofilm forming (PAO1 retS::lux) strains of P. aeruginosa. We selected 

these three strains as they differ in their ability to form biofilms because of their varying levels of 

EPS production. Biofilms were cultivated in biofilm inducing conditions of BM2 20 μM Mg2+ 

for the wild type strains, but also in Mg2+-rich conditions for the PAO1 retS::lux, which 

overproduces both EPS molecules and possess hyperbiofilm phenotype even under biofilm 

repressing conditions. [42]  Biofilms were grown in the presence of 10 μM of the repressor 

compounds in 96-well polystyrene microplates for 18 hours at 37oC with shaking (100 rpm). For 

each assay, untreated controls of biofilms formed under biofilm inducing and non-inducing 

conditions were added for comparison of treatment effects.  

In addition to testing individual compounds, we also tested select mixtures of 2 or 3 

molecules, at a total concentration of 10 μM, that showed greater effects in repressing pelB::lux 

expression, for the observation of possible additive effects in reducing biofilm formation in the 

same three non-mucoid strains.  

We additionally wanted to determine our repressor compounds ability to reduce biofilm 

formation in a mucoid variant of PAO1. Biofilms of strain PDO300, a ΔmucA22 variant of 

PAO1, [83]  were cultivated in 96-well microplate with BM2 2mM Mg2+ in the presence of 10 

μM of the repressor compounds.  

Total biofilm formed on the wells of 96-well microplates was determined by crystal 

violet (CV) staining, as previously described. [17, 94]  Before the staining protocol, wells had 
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their OD600 values determined for later normalization. All wells were emptied, CV solution was 

added at a final concentration of 0.1% (in distilled water), and plates were incubated for 10 min 

at room temperature for biomass staining. Excess CV was removed by rinsing wells with warm 

tap water, the plates were dried, and the CV bound to biofilms was ultimately eluted with 95% 

ethanol. Eluted CV was determined by measuring OD600 of wells and total biomass was 

normalized to cultures OD600 reads for accounting of differences in bacteria growth.  

 

3.2.3.2 Flow chamber biofilm assay 

We then aimed to investigate the antibiofilm activity against biofilms formed in flow 

chamber conditions. The BioFlux device is specifically designed to cultivate and image 24 

biofilms under flow in custom 48-well plates. [95]  Gfp-tagged PA14 and PAO1 biofilms were 

cultivated in 48-well microplates, equipped with input and output channels to allow media flow 

through. Channels were initially inoculated with the gfp-tagged strains and then growth media 

containing 10 μM of the selected repressor compounds was continuously fed to the system. Due 

to space limitations we had to select 12 conditions to be tested (in triplicate for both PAO1 and 

PA14), which included 9 single treatments and 3 compound mixtures that showed good 

antibiofilm activity in microplate biofilm assays. The biofilms were allowed to grow for 18 hours 

at 37oC. Positive (BM2 20 μM Mg2+) and negative (BM2 2mM Mg2+) untreated controls of 

biofilm formation were included within each plate layout. The biofilms formed under flow 

system were imaged with a Nikon Eclipse Ti inverted epifluorescence microscope in green 

fluorescence and phase contrast. Images were analyzed using ImageJ Processing and Analysis in 

Java (software version 1.48).  
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Biofilm depth was directly measured in the phase contrast images using ImageJ, relative 

to the 70 μm channel diameter, in at least 6 different areas from each image. For the 

determination of total biofilm coverage, the total green fluorescence of adhered biofilms formed 

on the top and bottom of the chamber was compared to the whole channel area.  

 

3.2.4 Anaerobic biofilm cultivation 

To determine our repressors ability to reduce biofilm formation under anaerobic 

conditions, we also cultivated PA14, PAO1 and retS::lux biofilms, in 96-well microplate format 

with 10 μM of repressor molecules, inside an anaerobic chamber (GasPack System, BD) for 48 

hours. Biofilms were cultivated in BM2 20 μM Mg2+ supplemented with 1% KNO3. Biofilm 

inhibition was determined by CV staining as previously described.  [17, 94]   

 

3.2.5 Statistical analysis 

In this chapter, statistical significance between populations was determined by paired 

two-tailed Student’s t-test. Data considered significant at level of p<0.05.  

 

3.3 Results 

3.3.1 Pel/psl repressors reduce ECM formation 

The different strains of P. aeruginosa used in this study were selected for their ability to 

differentially secrete EPS molecules as the main constituent of the ECM. The PA14 strain, due to 

a 3-gene deletion in the psl operon, in only able to produce and secrete Pel, [28]  thus, having Pel 

and the major EPS molecule present in the biofilm matrix. On the other hand, PAO1 is able to 

produce and secrete both Pel and Psl EPS molecules, although, it depends mainly on Psl for 
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biofilm development. [16]  Nevertheless, we also tested their antibiofilm activity against the 

retS::lux strains, which has an insertion mutation in the retS gene, which encodes for the RetS 

repressor of the Gac/Rsm regulatory pathway, leading to overproduction of both Pel and Psl EPS 

and hyperbiofilm formation. [42]   

EPS production in wild type PA14 and PAO1 strains was estimated by the standard CR 

binding assay. [93]  As predicted, we could see a reduction in the amount of bound CR dye for 

almost all conditions. In PA14, 7 treatments promoted a significant repression in EPS secretion, 

while in PAO1 9 showed a significant effect (Fig 3.1). This indicates that the identified 

molecules, that reduce pel and psl transcription, are able to significantly reduce EPS secretion. 

 

3.3.2 Antibiofilm activity against microplate and flow biofilms 

Given that the small molecules efficiently reduce EPS secretion, we next wanted to 

investigate the compounds ability to reduce biofilm formation. Initially, biofilms were grown in 

96-well microplates in the absence and presence of each of the top pel/psl-repressor compounds 

and quantitated using the CV staining protocol. [17, 94]  PA14 and PAO1 have biofilm 

formation promoted in limiting Mg2+ concentration (Fig 3.2.A), in agreement with previous 

reports that show increased Pel and Psl secretion in PhoPQ-activating conditions. [17]  

Additionally, the retS::lux mutant strain, which overproduces both EPS molecules, showed 

increased biofilm formation relative to PAO1 wild type, in non-inducing conditions (Fig 3.2.A).  
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Figure 3.1. Pel/psl-repressor compounds reduce ECM formation.  

Quantification of bound CR dye in PA14 (blue) and PAO1 (green) biofilms show reduced ECM 

formation. Cultures were cultivated with the 13 reordered repressor compounds. Bars of 

compound treated biofilms were compared to strains grown in biofilm inducing conditions (20 

μM Mg2+). Values shown are the mean of triplicate samples and the standard deviation, n=3. 

Statistical significance between populations was determined by paired two-tailed Student’s t-test 

and significant repression in ECM formation is indicated: * (p<0.05), ** (p<0.01) and *** 

(P<0.001). 
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Figure 3.2: Crystal violet (CV) biofilms are reduced by pel repressors.  

 (A) Controls of biofilm formation showing a strong biofilm phenotype for PA14 and PAO1 in 

biofilm inducing conditions of limiting Mg2+, and the hyperbiofilm phenotype of retS::lux 

compared to PAO1 wild type in high Mg2+. (B) CV staining of biofilms formed in microplates 

after compound treatment of PA14 (blue), PAO1 (green) and retS::lux (red) strains. (C) Additive 

effects of compound mixtures in reducing biofilm formation. Treated biofilms were normalized 

to positive controls and % biofilm values shown are the mean of 6 replicates and the standard 

deviation, n=3. Statistical significance between populations was determined by paired two-tailed 

Student’s t-test and significant repression in biofilm formation is indicated: * (p<0.05), ** 

(p<0.01) and *** (P<0.001). 

43 



 

When we tested the repressor compounds against these common laboratory strains of P. 

aeruginosa, consistent with our hypothesis, the pel/psl repressors caused significant reduction in 

microplate biofilm formation. The majority of pel/psl repressors (11/13) promoted a significant 

reduction in biofilm formation in PA14 (Fig 3.2.B), compared to untreated biofilms (100%). 

Furthermore, the majority were also effective (7/13) in reducing total biofilm biomass produced 

by PA01 strain (Fig 3.2.B). We also tested their antibiofilm activity against the hyperbiofilm-

producing retS::lux transposon mutant. Interestingly, 10/13 compounds were also effective in 

reducing biofilm formation in the retS::lux strain (Fig 3.2.B).  

To assess the possible additive effects of mixing these compounds, we tested the 

combination of 2 or 3 repressor molecules, at a total concentration of 10 μM. We initially tested 

95 different combinations that included all 78 possible 2-compound mixtures and 17 random 3-

compound mixtures, and selected some of the best combinations as additive repressors of 

pelB::lux expression (Fig S1, Appendix A). Many of these select mixtures containing 2 or 3 

repressor compounds were additive and resulted in greater degrees of biofilm inhibition than 

individual compounds (Fig 3.2.C).  

It is noteworthy to say that we were using the normalization step of dividing the CV 

values by the OD600 in PA14 and PAO1 microplates to account for differences in growth, 

especially within the controls of inducing and non-inducing conditions, as strains grow better in 

the media supplemented with Mg2+. On the other hand, this step was not used for the retS::lux 

biofilms, as the hyperaggregative phenotype produces large aggregates in planktonic culture, and 

consequently very low OD600 values, which impacts any attempt to normalize for growth.  

Likewise, to test their ability to reduce biofilm formation in continuous flow systems, we 

cultivated and quantitated gfp-tagged PA14 and PAO1 biofilms in the BioFlux biofilm device. 

44 



 

We selected 9 individual antibiofilm compounds and 3 mixtures for their effect on reducing the 

coverage and depth of biofilms grown in flow conditions. The biofilm coverage within the 

channels was determined by calculation of % area covered by the dense fluorescent biomass 

adhered to the channels walls, in comparison with the total area of the channels (Fig 3.3.A). 

Biofilm depths, on the other hand, were determined by measuring the biofilm’s thickness along 

the chamber edge, using as a reference the channels diameter (70 μm) (Fig 3.3.A).  

Untreated biofilms from wild type strains were actively covering around 30% of the area 

of limiting Mg2+-control channels, and had ~5 μm of depth. The majority of individual 

compounds and the combination treatments significantly reduced biofilm formation against 

PAO1-gfp and PA14-gfp, reducing both the depth and total coverage of biofilms grown in the 

BioFlux channel walls (Fig 3.3.B). Treatments that significantly repressed biofilm formation 

were able to reduce coverage to 5 to 20% of the chamber area, some of them almost comparable 

to the amount of biofilm formed in non-inducing conditions. As in the CV biofilm assays (Fig 

3.2.C), all compound mixtures tested had greater effects on reducing biofilms than individual 

compounds alone (Fig 3.3.B). 

It is noteworthy to acknowledge that two compounds (I2 and I5) caused channel blockage 

in all replicate wells for PA14-gfp, therefore we were unable to determine their effects over flow 

biofilms formed in this strain.  
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Figure 3.3: EPS repressors reduce biofilms formed under flow conditions.  

(A) Schematic visualization of biofilms adhered to channels of the BioFlux flow chamber device. 

Images shown are phase contrast (left), GFP (middle) and GFP image that was threshold 

adjusted to isolate the biofilm adhered to the channel walls (right). (B) Compound treatments 

reduce both depth and coverage (% area) of biofilms formed in the BioFlux device. Bars of 

compound-treated PA14 and PAO1 biofilms were compared to strains grown in biofilm inducing 

conditions (20 μM Mg2+). ND, not determined. All values shown are the mean of triplicate 

samples and the standard deviation, n=2. Statistical significance between populations was 

determined by paired two-tailed Student’s t-test and significant repression in biofilm 

depth/coverage is indicated: * (p<0.05), ** (p<0.01) and *** (P<0.001). 
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3.3.3 Pel repressors have modest antibiofilm effects on mucoid biofilms 

It is known that the stressful CF environment selects for alginate-overproducing P. 

aeruginosa strains, which show mucoid phenotypes. [1, 96, 97]  Given the abundance of mucoid 

isolates in the CF lung, and the necessity of both intact pel and psl gene operons for biofilm 

formation and fitness of mucoid strains  [98]  we wanted to determine if our pel/psl-repressor 

antibiofilm compounds could also reduce biofilm formation in a mucoid variant on P. 

aeruginosa. Biofilms of strain PDO300, a ΔmucA22 variant of PAO1, [83]  were cultivated in 

pel/psl non-inducing conditions (BM2 2mM Mg2+) to minimize the contribution of oversecreted 

Psl and Pel in this experiment. Biofilms were grown in 96-well microplates and total biomass 

formed was determined via CV staining. [17, 94]  Although antibiofilm effects were not as 

obvious as for non-mucoid strains, six antibiofilm compounds present at 10 μM promoted a 

modest but significant reduction in biofilm formation for the mucoid strain (Fig 3.4.A). 

Interestingly, two of the antibiofilm compounds had a biofilm promoting effect on the mucoid 

variant of PAO1 (Fig 3.4.A). 

 

3.3.4 Pel repressors reduce anaerobic biofilm formation 

Other reports have shown that the CF environment consists of both aerobic and anaerobic 

microenvironments, [34]  therefore, we also aimed to determine our repressors’ ability to reduce 

biofilm formation under anaerobic conditions. Thus, PA14, PAO1 and retS::lux biofilms were 

cultivated in 96-well microplates inside an anaerobic GasPack system (BD), which is able to 

convert the atmosphere to an anaerobic microenvironment. The antibiofilm compound treatments 

(10/13) were able to promote a significant reduction in biofilm formation in the PA14 strain 

under anaerobic conditions, while 6/13 compounds were effective against the PAO1 strain (Fig 
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3.4.B). Importantly, 10/13 compounds also reduced biofilm formation in the hyperbiofilm 

forming retS::lux strain under anaerobic conditions (Fig 3.4.B). Although most of the 

compounds showed a similar trend in biofilm repression for both aerobic and anaerobic 

conditions, compound I6 showed antibiofilm properties only under anaerobic growth. 

Importantly, we were unable to determine biofilm repression by compound I11, as it was 

inhibiting bacterial growth under anaerobic conditions for the three strains tested. 

 

3.4 Discussion 

The different strains of P. aeruginosa used in this study, PA14 (Pel+Psl-), PAO1 

(Pel+Psl+) and the retS::lux (Pel++Psl++), were selected for their ability to differentially secrete 

EPS molecules as the main constituent of their biofilm ECM. Additionally, as the stressful 

conditions in the mucous-clogged CF airways select for mutations that lead to the mucoid 

phenotype, [1, 96, 97]  we also tested the PDO300 strain, which has a mutation in the mucA22 

gene, and has increased alginate secretion. [83]   

To investigate the effect of our pel/psl-repressor molecules on EPS secretion and biofilm 

formation in these different strains, we made use of the CR and CV dyes, respectively. CV is a 

basic dye broadly used for the staining and quantification of bacterial biofilms, which allows the 

quantification of total bacterial biomass. [94]  As the CV dye generally binds to negatively 

charged molecules, including molecules on the cell surface and in the ECM, [99]  we also used 

the CR staining protocol which has been show to more specifically bind to extracellular 

components of biofilm matrix,  [30]  as a better indicator of effects on EPS secretion. 
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Figure 3.4: Small-molecule EPS repressors reduce mucoid and anaerobic biofilms. 

 (A) CV staining of mucoid PDO300 (ΔmucA22) biofilms in aerobic conditions. Bars of 

compound treated biofilms were compared to mucoid biofilm grown in Pel/Psl-repressing 

condition (100%). (B) CV staining of biofilms of non-mucoid strains under anaerobic conditions. 

Bars of treated PA14 (blue), PAO1 (green) and retS::lux (red) biofilms were compared to 

untreated controls (100%). ND, not determined. All values shown are the mean of 6 replicates 

and the standard deviation, n=3. Statistical significance between populations was determined by 

paired two-tailed Student’s t-test and significant difference in biofilm formation is indicated: * 

(p<0.05), ** (p<0.01) and *** (P<0.001). 
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 We have shown that our repressors reduce transcription of the pel and psl genes, which 

leads to lower secretion of EPS molecules (Fig 3.1). Herein we decided to investigate their effect 

on biofilm formation under different settings. Initially we determined their antibiofilm properties 

in the standard microplate format, using CV staining, as previously described,  [17, 94]  and 

showed the pel/psl-repressor compounds were significantly repressing microtiter biofilm 

formation for PA14, PAO1 and retS::lux strains in both aerobic (Fig 3.2) and anaerobic 

conditions (Fig 3.4.B), indicating that inhibition of EPS secretion is effectively repressing 

biofilm formation in wild type strains under biofilm promoting conditions and hyperbiofilm 

forming strain. Both aerobic and anaerobic environmental conditions were also tested, 

considering previous reports that show these are both found in the CF lung [34]  and P. 

aeruginosa shows greater attachment and biofilm formation under anaerobic conditions,  [100]  

despite slower growth rates. [101]   

It is noteworthy to acknowledge that the antibiofilm effects of our most significant 

candidates are comparable to biofilms grown in non-inducing conditions (Fig 2.3.A), where there 

is little EPS secretion. [17] Similarly, pel-repressor compounds also reduce biofilm formation to 

levels of a pel mutant, and given the role of multiple EPS molecules and adhesins (e.g. flagellum, 

pili, etc) in bacteria aggregation, [1, 94] more targets other than EPS would potentially need to 

be affected for a greater phenotype. 

As mucoid strains promote long-term survival in the CF lung, by promoting aggregate 

formation, antibiotic resistance and increased tolerance towards host immune responses, such as 

oxidative stress, [1, 96, 97]  we also investigated our compounds antibiofilm properties in 

mucoid variant of PAO1. [83]  A previous report has shown the necessity of both intact pel and 

psl gene operons for biofilm formation and fitness of mucoid strains, [98]  hence, treatments 
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(6/13) promoted a modest but significant effect in inhibiting biofilm formation of the mucoid 

strain, but unexpectedly, two molecules had a biofilm promoting effect (Fig 3.4.A). There is one 

common gene (algC) for the synthesis of a sugar precursor of all EPS, and competition for 

precursors of the various EPS polymers. [102]  Therefore, a possible explanation for this 

observed effect could be due to an EPS shift and increased alginate production when both Pel 

and Psl are repressed. 

Lastly, since flow systems tend to better mimic natural biofilms due to hydrodynamic 

influences, [95, 103]  we also determined our compounds antibiofilm properties in the BioFlux 

device, which consists of microfluidic channels that allow the formation and imaging of multiple 

biofilms within a controlled flow environment. [95]  As for the microtiter plate assays (Fig 3.2), 

treatment with our psl/psl repressors promoted a significant reduction in biofilm formation in the 

BioFlux device (Fig 3.3). Furthermore, compound mixtures demonstrated additive effects 

promoting even greater inhibition of biofilms cultivated under flow condition (Fig 3.3). 

There are still other experiments that would be interesting to confirm the EPS repression 

effects. We have demonstrated the EPS-repressing properties of our compounds in CR staining 

assays, although it would be interesting to replicate these results using Pel and Psl specific 

fluorescent-labeled lectins  [73]  and/or antibodies. [16, 20, 104]  Additionally, further attempts 

to determine the antibiofilm compound effects on colony morphology and pellicle formation are 

of interest, as EPS secretion is essential for pellicle formation in the air-liquid interface and 

wrinkled colony phenotype in solid agar. [20, 30]   
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3.5 Conclusions from Chapter 3 

i. We demonstrated that EPS-gene repressors significantly reduced ECM secretion in 

both PA14 and PAO1 strains of P. aeruginosa. 

ii. EPS inhibition led to reduced biofilm formation in different strains of P. aeruginosa 

under different settings, including aerobic, anaerobic and flow conditions. 

iii. Antibiofilm effects on the mucoid PDO300 (ΔmucA22) strain were modest compared 

to the non-mucoid strains  
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Chapter Four: Pel/psl repressors show antivirulence properties in vivo and also promote 
biofilm killing in combination with antibiotics 

 

4.1 Introduction 

Although well characterized for their importance in biofilm formation, the role of Pel and 

Psl EPS in virulence is not very well understood. It is known that P. aeruginosa is able to infect 

Caenorhabditis elegans and colonize its intestinal lumen, causing severe morphological 

alterations. [105]  Moreover, it has been observed that P. aeruginosa forms clumps in the 

nematode gut, surrounded by an uncharacterized ECM. [105]  Suspecting that these matrix-

coated clumps are indeed biofilms being formed in the nematode gastrointestinal (GI) tract, and 

considering the essential role of both Pel and Psl in biofilm formation, in this chapter we aimed 

to investigate the ability of reduced pel and psl secretion to decrease P. aeruginosa virulence in 

the feeding preference and slow killing nematode infection models. [87]   

Additionally, since the presence of Pel and Psl EPS molecules in the ECM promotes the 

biofilm structure and increases resistance to several different classes of antibiotics, [20, 28]  we 

additionally aimed to investigate the role of our EPS-repressor antibiofilm compounds, to act 

together with antibiotics and promote biofilm killing.  

 

4.2 Specific methods 

4.2.1 Bacterial strains, nematode and growth conditions 

The bacterial strains used in this chapter are listed in Table 2.1 (please refer to Chapter 

2). C. elegans Bristol strain N2 (provided by Dr. Kunyan Zhang) were cultivated on nematode 

growth medium (NGM) plates containing a lawn of E. coli strain OP50 as a food source. The 

assigned number of L4 stage hermaphrodite nematodes was transferred to slow killing (SK) 
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plates for each assay. NGM medium was prepared with 0.25% Bacto-Peptone, 0.3% NaCl, 2% 

Bacto-Agar, 5 μg/ml cholesterol, 1 mM MgSO4, 25 mM KH2PO4 and 1 mM CaCl2 in distilled 

water. SK media was supplemented with 0.10% Bacto-Peptone for a total of 0.35%.  

 

4.2.2 Investigation of Pel and Psl roles in PAO1 virulence 

To investigate the role of EPS molecules for PAO1 virulence in vivo we used both 

feeding preference and slow killing nematode assays, testing strains unable to produce each or 

both of the EPS molecules, and additionally an Pel/Psl overproducing retS::lux strain. 

 

4.2.2.1 Feeding preference assay 

The feeding preference assay was performed as previously described. [87]  Briefly, 20 L4 

stage hermaphrodite nematodes were transferred from an NGM-OP50 plate to two different spots 

in opposite sides of a 10 cm-diameter SK assay plate containing a pre-grown grid of 48 colonies. 

The 6x8 grid contained 45 wild type colonies and 3 internal spots of mutant strains to be tested. 

The plates were incubated at 25oC and observed twice a day until the disappearance of the initial 

colonies. In this assay we tested the ability of the pelB::lux, Δpsl, or the double mutant pel/Δpsl 

to be preferentially eaten over PAO1 wild type, while the E. coli OP50 was used as a positive 

control for a preferred food source for the nematode.  [87]  

 

4.2.2.2 Slow killing assay 

The slow killing assay was performed as previously described. [87, 106]  Briefly, 30 L4 

stage nematodes were transferred from an NGM-OP50 plate to a 5 cm-diameter SK plate 

containing an individual pre-grown lawn of bacteria to be tested. 25 μg/ml of 5-fluoro-2’-
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deoxyuridine (FUdR), a DNA synthesis inhibitor, was added to SK plates on the slow killing 

assay for the prevention of offspring development. Plates were incubated at 25oC and nematode 

survival was determined throughout 10 days by direct observation and counting under a 

dissecting microscope. In total 90 nematodes were counted for as dead, alive or missing for each 

assay.  

We tested the three EPS deficient strains, pelB::lux, Δpsl and pel/Δpsl, in comparison 

with the PAO1 wild type and the hyperbiofilm producing retS::lux mutant. E. coli strain OP50 

was used as a positive control of reduced virulence for the nematodes, which shows limited 

killing of C. elegans. [87]   

 

4.2.3 Determination of pel/psl-repressors antivirulence properties 

To determine the properties of our antibiofilm compounds to reduce P. aeruginosa PAO1 

virulence in vivo, we performed the slow killing assays, as previously described, [87, 106]  with 

small modifications. Antibiofilm compounds were added to SK agar plates at a final 

concentration of 10 μM, to ensure bacteria treatment throughout the assay. Then, 30 L4 stage 

hermaphrodite nematodes were transferred from an NGM-OP50 plate to an SK-antibiofilm 

compound plate containing a pre-grown lawn of PAO1 wild type. SK plates containing 1% 

DMSO were used as a positive control of normal PAO1 virulence, while E. coli strain OP50 was 

still used as a control of low virulence. 

 

4.2.4 Biofilm killing studies in PA14 and PAO1 

To assess our compounds’ ability to increase biofilm susceptibility to antimicrobials, we 

performed susceptibility testing in antibiofilm-treated biofilms from PA14 and PAO1 strains. 
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Biofilm susceptibility testing was performed as previously described, [107]  with minor 

modifications. Briefly, biofilms were grown for 24 hours on polystyrene pegs (NUNC-TSP) 

submerged in BM2 20 μM Mg2+ containing zero, 5, 10 and 20 μM of select antibiofilm 

compounds. The cultivated biofilms were rinsed twice in 0.9% saline (NaCl), for removal of 

non-adherent cells, and transferred to a microplate containing sub-eradication concentrations of 

antimicrobials in 10% BM2 diluted in 0.9% saline. Biofilms were challenged for 24 hours and 

after were rinsed in 0.9% saline, for removal of vestiges of the media containing the antibiotics, 

and submerged in recovery rich medium of Lysogeny Broth (LB) and DNase I (25 μg/ml, 

Sigma). LB broth was supplemented with 10 mM CaCl2 and 10 mM MgCl2 for better DNase 

stability/function. [108]  Peg-adhered cells were treated with DNase I for 30 minutes and then 

sonicated for 10 minutes to detach. Cell viability was determined immediately after sonication by 

serial dilution and direct counting as previously described. [107, 109]  Serial dilutions were 

followed at a 10-fold ratio, in 0.9% saline, and bacterial spots were placed over LB agar plates. 

Plates were incubated overnight at 25oC and, if needed, transferred to a 37oC incubator until 

colonies reached an ideal size for counting. Increased antimicrobial effects were determined via 

calculation of viable cell counts (VCC) within the treated biofilms. 

 

4.2.5 Statistical analysis 

In this chapter, we used Log-rank test (Graph Pad Prism) for determination of significant 

differences in C. elegans survival. Also, paired two-tailed Student’s t-test was used to determine 

significance between VCC in antibiofilm conditions compared to untreated challenged controls. 

Data considered significant at level of p<0.05. 
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4.3 Results 

4.3.1 Pel and Psl are required for PAO1 full virulence in C. elegans infection models 

To determine the possible role of Pel and Psl EPS molecules in PAO1 virulence, we 

initially assessed the ability of pelB::lux, Δpsl and pel/Δpsl to be preferentially eaten over a 

choice of PAO1 wild type in the feeding preference infection model. Feeding preference was 

determined via disappearance of the three mutant spots within a grid of 48 colonies. [87]  While 

single knockouts in either the pel or psl genes did not promote a significant change in the 

nematode feeding behaviour, the double pel/Δpsl mutant was preferentially eaten by C. elegans, 

when given the choice of between pel/Δpsl and PAO1 (Fig 4.1.A).  

As a control experiment, the usual laboratory food source E. coli OP50 also served as a 

preferential food source to PAO1 (Fig 4.1.A). It is noteworthy to acknowledge that none of the 

mutant strains tested in the feeding preference assay showed growth defects in SK media that 

might also explain faster colony disappearance. In this experiment, the nematodes are active in 

sampling all colonies on the plate and determining those food sources that are the least 

pathogenic, and therefore the most edible. [87]  This result suggests a virulence role for Pel and 

Psl in vivo.  

 To confirm a virulence role for EPS molecules in the C. elegans infection model, we next 

tested these EPS deficient strains for their direct toxicity in the slow killing infection model. [87, 

106]  In the slow killing assays, in addition to the single and double pel/Δpsl mutant strains, we 

also tested retS::lux, as this mutant is known to hyperproduce both Pel and Psl and have a 

hyperbiofilm phenotype. [42]   

57 



 

 

Figure 4.1. Pel and Psl EPS dictate nematode feeding preference and are required for full 

PAO1 virulence in the C. elegans infection model. 

(A) The feeding preference assay indicates that pel/Δpsl double mutant is a preferred food source 

over PAO1 wild type. Control spots of E. coli OP50 were eaten to completion before PAO1. 

Triplicate spots of test strains are indicated in a red box, n=3. (B) The slow killing infection 

model show increased nematode survival when fed pelB::lux, Δpsl and pel/Δpsl mutants, while 

retS::lux promoted faster killing relative to nematodes fed PAO1 wild type. Kaplan-Meyer 

curves with % survival represent three independent experiments (n=30) where the total number 

of worms equals 90. Statistical significance was determined with Log-rank test (Graph Pad 

Prism) and significant difference in nematode survival is indicated: * (p<0.05) and *** 

(p<0.001).  
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 Both single pelB::lux and Δpsl mutants, as well as the double pel/Δpsl were less virulent 

and promoted an extended nematode survival throughout 10 days (Fig 4.1.B), in comparison to 

nematodes fed PAO1 wild type. The killing kinetics of nematodes fed these mutants leaned 

towards that of nematodes fed a non-pathogenic E. coli OP50 food source (Fig 4.1.B). 

Interestingly, the retS::lux mutant revealed increased virulence, promoting faster nematode 

killing in the C. elegans slow killing assay (Fig 4.1.B). Although this effect in the retS::lux 

mutant can be a result of other pleiotropic effects of mutation in this regulatory protein, [42]  

taken together, these observations indicate that both the Pel and Psl are required for full virulence 

fitness of P. aeruginosa in causing infection and killing C. elegans.  

 

4.3.2 Biofilm inhibitors reduce PAO1 virulence in vivo 

After demonstrating a role of Pel and Psl for P. aeruginosa virulence in vivo, we 

predicted that our antibiofilm molecules, which block EPS synthesis, would reduce PAO1 

virulence in the slow killing infectious model. Although no significant differences in nematode 

killing were observed for the majority of antibiofilm compounds tested (Fig S2, Appendix A), 

treatments I7, I9, I10 and I11 caused a significant reduction in PAO1 virulence, represented by 

an increased survival of nematodes fed compound-treated bacteria (Fig 4.2). As a control 

experiment, in absence of infection where nematodes are fed E. coli OP50 in slow killing 

experiments, along with 10 μM of compounds I7, I9, I10 and I11, there were no positive or 

negative effects on nematode survival (Fig S3, Appendix A). Therefore, the antibiofilm effects 

appeared to be specific to P. aeruginosa and their EPS-repressing characteristics. This increase 

in nematode survival was comparable to the effects of inactivating the genes in the pel and psl 
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operons (Fig 4.1.B), indicating that these small molecules demonstrate antivirulence activity for 

P. aeruginosa. 

 

4.3.3 Small molecule pel/psl-repressors promote biofilm killing in PA14 and PAO1 

As both Pel and Psl EPS molecules make biofilms more tolerant to antimicrobial 

interventions, [20, 28]  we hypothesized that our biofilm inhibitor compounds may work in 

combination with antibiotics to promote biofilm cell killing. P. aeruginosa-treated biofilms were 

challenged against a panel of 5 different antimicrobials, which target P. aeruginosa growth by 

different mechanisms of action. Polymyxins (colistin, Col and polymyxin B, PB) disrupt 

membrane integrity, aminoglycosides (tobramycin, Tm and gentamicin, Gm) inhibit protein 

synthesis and fluoroquinolones (ciprofloxacin, Ci) block DNA replication. It is noteworthy to 

acknowledge that Col and Tm are two clinically important antimicrobial therapies used to treat 

P. aeruginosa infections in CF patients. [110, 111]   

PAO1 biofilms treated with our panel of 4 antibiofilm/antivirulence molecules received 

all 5 treatments, while PA14, which is only Pel efficient, were only challenged with 

aminoglycoside (Tm and Gm) antibiotics. We limited the antimicrobial testing of PA14 to 

antibiotics previously shown to be affected by the production of the Pel EPS. [20]  As a first 

approach, we initially tried to determine the MBEC values of these antibiotics, when biofilms 

were formed in the presence of antibiofilm compounds. Since the MBEC values did not decrease 

by more than to 2 to 4-fold, and the intrinsic variance of the assay made it hard to take solid 

conclusions on biofilms susceptibility to the tested antimicrobials, we used an alternative 

approach to measure antibiofilm effects on antibiotic killing. 
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Figure 4.2. Antibiofilm compounds have antivirulence activity in the C. elegans slow killing 

infection model. 

Molecular structures for (A) N-(5,6-dimethyl-1H-benzimidazol-2-yl)oct-2-ynamide (I7), (B) 

Brazilin (I9), (C) Acetylcholine (I10) and (D) Bithionate Sodium (I11) are shown beside their 

inhibitory effects over pelB::lux and pslA-lux expression and biofilm formation by PAO1 in 

microplates. Nematodes were fed antibiofilm compound-treated PAO1 and monitored for 

increased survival. Kaplan-Meyer curves with % survival represent three independent 

experiments (n=30) where the total number of worms equals 90. Statistical significance was 

determined with Log-rank test (Graph Pad Prism) and significant difference in nematode survival 

is indicated: ** (p<0.01) and *** (p<0.001). 
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In the second approach, biofilms were treated with antibiotics at sub-eradication 

concentrations, so that colony forming unit (CFU) counts could be determined from individual 

peg-adhered biofilms. Combination testing of antibiotics was limited to the 4 lead antibiofilm 

compounds that also had antivirulence activity (Fig 4.2). The inhibitor-treated biofilms showed 

minimum reduction in CFU counts compared to untreated (1% DMSO) controls (Fig 4.3.A). But 

when used in combination with antibiotics, the antibiofilm compounds I7, I10 and I11 increased 

the PAO1 biofilm susceptibility to all tested antimicrobials by reducing the viable cell counts 

between 1 and 5 logs (Fig 4.3.B). However, compound I9 only increased biofilm susceptibility to 

Ci and PB (Fig 4.3.B). We tested a concentration range of antibiofilm compounds, and 

compound I11 caused a consistent, dose-dependent effect on increasing biofilm killing as the 

concentration of antibiofilm compound increased from 5 to 20 μM (Fig 4.3.B). 

As previously discussed, PA14 and PAO1 strains differ in their ability to secrete EPS 

molecules. [28]  We additionally investigated the sensitivity profile to aminoglycosides in PA14, 

which is unable to produce Psl. In PA14, all compounds increased biofilms susceptibility to Gm, 

while only I10 and I11 caused a significant effect for Tm. Interestingly, all treatments mainly 

caused a dose-dependent effect, showing lowest counts of recovered cells at 20 μM (Fig 4.4). It 

is noteworthy to acknowledge that we noticed the lack of a second protective EPS promoted 

biofilm killing in PA14, reducing the number of recovered cells when biofilms were challenged 

at the same concentrations tested for PAO1. Hence, we reduced the concentrations of 

antimicrobials tested to observe larger differences in biofilm killing. Thus, in addition to their 

antibiofilm and antivirulence properties, these small molecules also promote antimicrobial 

killing of bacteria cells grown within biofilms. 
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Figure 4.3. Antibiofilm compounds increase killing in PAO1 biofilms when used in 

combination with antibiotics.  

(A) The effect on bacterial counts of treating microplate biofilm with antibiofilm compounds I7, 

I9, I10 and I11. (B) Biofilms grown in the presence of the selected antibiofilm/antivirulence 

compounds were challenged with sub-eradication concentrations of ciprofloxacin (Ci, 2.5 

μg/ml), colistin (Col, 25 μg/ml), gentamicin (Gm, 6.5 μg/ml), polymyxin B (PB, 25 μg/ml) or 

tobramycin (Tm, 1 μg/ml) antibiotics. VCC were determined by CFU/peg over detached cells on 

treated biofilms. Values shown are the mean of triplicate samples and the standard deviation, 

n=2. Statistical significance between populations was determined by paired two-tailed Student’s 

t-test and significant differences in VCC from untreated (-) controls are indicated: * (p<0.05), ** 

(p<0.01) and *** (p<0.001).  
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Figure 4.4. Antibiofilm compounds increase killing in PA14 biofilms when used in 

combination with aminoglycoside antibiotics.  

Biofilms grown in the presence of the selected antibiofilm/antivirulence compounds were 

challenged with sub-eradication concentrations of Gm (3.2 μg/ml) or Tm (0.5 μg/ml) antibiotics. 

VCC were determined by CFU/peg over detached cells on treated biofilms. Values shown are the 

mean of triplicate samples and the standard deviation, n=2. Statistical significance between 

populations was determined by paired two-tailed Student’s t-test and significant differences in 

VCC from untreated (-) controls are indicated: * (p<0.05), ** (p<0.01) and *** (p<0.001).  
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4.4 Discussion 

Biofilm formation is both a protective and a virulence strategy adopted by bacteria to 

survive within hostile environments and promote long-lasting infections. [20]  Therefore we 

investigated the ability of the identified antibiofilm compounds in reducing P. aeruginosa 

virulence in vivo and to promote biofilm killing when associated with antibiotics. 

The C. elegans infection model has been widely used for the study of host-microbe 

interactions, especially due to the presence of components in the innate immune system that are 

conserved with mammalian organisms. [112]  Irazoqui et al. [105]  performed an extensive study 

looking at the pathogenicity of P. aeruginosa in C. elegans infections, highlighting the use of 

common virulence mechanisms involved in human disease to infect and kill nematodes. The 

observation that P. aeruginosa can be found colonizing the nematode’s gut in aggregates 

surrounded by an electron-dense extracellular matrix as early as 8 hours post-infection, [105] 

indicates the possible presence of biofilms being formed in its GI lumen.  

Moreover, it has been shown that P. aeruginosa virulence to C. elegans depends on 

active bacterial proliferation within the gut. [113] Similarly, mutations in the gacA regulator, 

which reduce EPS secretion, severally reduce PA14 accumulation within nematodes and 

attenuate its virulence. [113] In accordance to these findings, previous results also show that 

mutations in EPS-encoding genes are able to reduce PA14 fitness to colonize the gastrointestinal 

tract of mice. [114] Taken together, all these indications suggest that EPS molecules are directly 

involved in P. aeruginosa virulence, and led us to investigate the roles of both Pel and Psl 

molecules in pathogenicity using the C. elegans infection model. While numerous high 

throughput nematode virulence screens have been performed in PA14, a rapid killing strain of P. 

aeruginosa, this is the first report to identify EPS as virulence factors in C. elegans.  
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Initially, we demonstrated that the EPS-deficient pel/Δpsl mutant was a preferred food 

source in the nematode feeding preference assay, when given as a food source option to PAO1 

wild type (Fig 4.1.A). As this preferential feeding behaviour has previously identified mutants in 

genes that encode for virulence factors, [87] this was a strong indication that both Pel and Psl are 

involved in PAO1 virulence. In the slow killing assay, we showed that mutations in either or 

both EPS operons reduced bacterial virulence, promoting nematode survival (Fig 4.1.B). 

Interestingly, the hyperbiofilm producing retS::lux demonstrated faster nematode killing and 

increased virulence in vivo (Fig 4.1.B), which could be associated with the increased secretion of 

EPS molecules. As this mutation in the RetS regulatory protein alters several other virulence 

factors besides EPS secretion, [42] further testing needs to be done with an EPS-deficient retS 

mutant strain to confirm our interpretation. 

Importantly, we identified 4 compounds that reduce the P. aeruginosa virulence in the 

nematode infection model (Fig 4.2). Although these compounds appear to be specific for P. 

aeruginosa, as they did not promote any positive effect in nematode survival when fed their E. 

coli OP50 food source (absence of infection) (Fig S3, Appendix A), further work is needed to 

confirm this antivirulence activity in other strains and in other infection models, which show 

biofilm formation as a hallmark for pathogenicity.  

Colvin et al. [20] suggested that targeting pel and psl expression could facilitate 

antimicrobial therapies. In our antimicrobial combination experiments, we determined the ability 

of our pel/psl-repressor compounds to reduce biofilm tolerance to current antibiotic treatment. 

Similar to previous reports that show that enzymatic degradation of Pel and Psl molecules 

promote P. aeruginosa sensitivity to sub-inhibitory concentration of colistin, [73] the EPS-

inhibitor antivirulence compounds identified in the slow killing nematode infection model also 
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decrease biofilm resistance to antimicrobials. Sub-inhibitory concentrations of aminoglycosides 

(Gm and Tm), polymixins (PB and Col) and fluoroquinolone (Ci) antimicrobials were more 

effective in combination with our antibiofilm compounds, reducing the number of CFUs 

recovered from peg adhered biofilms between 1 and 5 logs (Fig 4.3 and 4.4). We believe this 

phenotype can be even greater using flow conditions for biofilm cultivation, as non-adhered cells 

are washed away. Future experiments will be performed to determine susceptibility of biofilms 

to these compound-antibiotic combinations when cultivated under flow conditions, using 

live/dead (Syto-9/propidium iodide) staining and biofilm imaging, such as described by de la 

Fuente-Núñes et al. [57] to determine the antibiofilm effects of AMP against P. aeruginosa and 

B. cenocepacia biofilms. 

The ability of these pel/psl-repressor compounds to increased antimicrobial susceptibility 

can possibly be associated by either or both effects of EPS inhibition over the biofilm lifestyle. 

The biofilm ECM can act as a physical barrier and prevent to some extend antimicrobial 

diffusion through the biofilm structure. [115] Consequently, by inhibiting EPS secretion and 

reducing biofilm formation, we may be reducing this physical barrier and making cells more 

accessible to the antibiotics. Additionally, both Pel and Psl molecules have been shown to 

promote resistance to multiple classes of antibiotics, [20, 21, 28]  which may be due to specific 

ionic interactions, and therefore our antibiofilm compounds may be increasing antibiotic 

diffusion by reducing this charge-related obstacle.  

Novel antimicrobial approaches have identified compounds with antivirulence properties 

against a wide variety of pathogens. These antivirulence strategies have been shown to reduce 

the deleterious effects of toxins, impair bacterial secretory systems, repress specific virulence 

genes, especially QS signalling, among others. [116-119]  All antivirulence approaches aim to 
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reduce bacteria colonization and/or the consequent deleterious effects of infection. They may 

also have the benefit of reducing the selective pressure for resistance, as is commonly observed 

for antimicrobial growth inhibitors. [116]  The EPS-repressor compounds identified in this 

project are attractive candidates for further testing as new antivirulence therapies, as they reduce 

the secretion of polymers essential for biofilm formation and persistence of infection, which 

ultimately reduce P. aeruginosa virulence in vivo and increase biofilm sensitivity to conventional 

antimicrobials.  

Our 4 lead compounds have both antibiofilm and antivirulence activities, which are 

excellent properties for new antimicrobials. From a structural comparison, these 4 compounds 

share some structural similarities with other bioactive antimicrobial compounds. Compound I7 

has a benzimidazol backbone and this structural class has been previously shown to have 

antimicrobial activity against fungi, parasites and bacteria. [120, 121]   Compound I9 (brazilin) is 

a natural product that possesses antimicrobial activity against Propionibacterium acnes. [122]  

Compound I10 (acetylcholine) was recently reported to have antibiofilm and antivirulence 

activity against Candida albicans, [92] and several choline analogs were reported to reduce 

biofilm activity in P. aeruginosa without inhibiting growth. [91]  Few bioactivities have been 

reported for compound I11 (bithionate sodium), although bithionol has very efficient 

antihelmintic properties against Anoplocephala perfoliata. [123]  

 

4.5 Conclusions from Chapter 4 

i. EPS-deficient strains of P. aeruginosa show reduced virulence in C. elegans infection 

models, suggesting a possible role for EPS secretion in PAO1 virulence. 
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ii. Four of the identified Pel/Psl-repressor compounds are able to reduce PAO1 virulence 

and promote nematode survival in the slow killing C. elegans assay. 

iii. Pel and Psl inhibition promote biofilm killing, reducing VCC upon treatment with 

sub-inhibitory concentration of antibiotics. 

iv. These molecules are effective antivirulence strategies and therefore are attractive 

molecules for further study as a new therapeutic approach against chronic P. 

aeruginosa infections. 
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Chapter Five: Transcriptomic studies in antibiofilm-treated P. aeruginosa 

 

5.1 Introduction 

In previous chapters we discussed the discovery of small molecule EPS repressors able to 

reduce biofilm formation and additionally reduce virulence of P. aeruginosa in vivo. Table 5.1 

summarizes the phenotypes and effects of treating P. aeruginosa PAO1. EPS repressors were 

classified as antibiofilm compounds if they were capable of reducing biofilms in at least 2 out of 

the 3 aerobic biofilm phenotypes, which included EPS/ECM production, microplate biofilm 

formation, and flow chamber biofilms (Table 5.1). Among the seven antibiofilm compounds 

identified (I2, I7, I9, I10, I11, I12, I13), only four compounds were also found to have 

antivirulence activity in the C. elegans slow killing assay (Table 5.1, Fig 4.2). This summary also 

illustrates that some compounds can block EPS gene expression but do not have antibiofilm 

properties against aerobic biofilms (I1, I4, I5, I6 and I8). However, I1, I5 and I6 were able to 

reduce biofilms formed under anaerobic conditions. Compound I3, although showing modest 

effects on biofilm formation was not included in the antibiofilm group due to its non-specific 

effects on reporter expression (Table 5.1). 

Although many studies have identified small molecules with significant antibiofilm 

properties, the huge majority of them lack a characterized mechanism of action, which delays 

their possible clinical use for the treatment of persistent bacterial infections. [62]  An editorial in 

Nature Medicine  [124]  has pointed out the necessity of a characterized mechanism of action 

before a drug progresses to clinical trials, emphasizing that mechanistic studies may facilitate 

drug development and ultimately, patient therapies. [124]   
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Table 5.1: Summary of results for PAO1 treated with the antibiofilm small molecules. 
 

Phenotype* 
Antibiofilm°/Antivirulence Antibiofilm° Pel/Psl repressors NSR 

I7 I9 I10 I11 I2 I12 I13 I1 I4 I5 I6 I8 I3 

pelB expression +++ ++ +++ ++ ++ +++ ++ +++ +++ +++ ++ +++ +++ 

pslA expression +++ – – ++ ++ – +++ +++ ++ +++ +++ +++ +++ 

CR assay (EPS/ECM) ++ + +++ + +++ ++ ++ – – – + – + 

CV assay (biofilm) ++ ++ ++ ++ ++ ++ – – – – – + + 

Flow biofilm (depth) ++ – ++ ++ + ++ +++ ND ND – ND ND – 

Antivirulence + + + + – – – – – – – – – 

Anaerobic biofilm – ++ – ND – ++ – ++ – + ++ – ++ 

 

* Statistically significant repression effects were scored as mild + (>15%), moderate ++ (>30%), strong +++ (>50%) or – (no effect).  

° Compounds were grouped as “antibiofilm” molecules if they reduced 2 out of 3 biofilm phenotypes (CR, CV, flow biofilm assays). 

ND, not determined, NSR, non-specific repressor. 

 



 

Therefore, in this chapter we are focusing on performing a more extensive investigation of 

the antibiofilm small molecules in order to identify a possible mechanism of action of our lead 

compounds. Because our lead antibiofilm compounds reduce pel and psl expression, as well as 

reducing EPS secretion and biofilm formation, we hypothesize that our compounds are acting on 

the Gac/Rsm pathway or any of the regulatory satellite systems that coordinate Pel and Psl 

synthesis (Fig 1.2). We used an RNA-seq transcriptome approach to characterize the 

differentially regulated genes in P. aeruginosa treated with our four lead 

antibiofilm/antivirulence compounds, in order to gain further insight into their possible targets 

and to provide a systems biology perspective of their effects on cells.  

 

5.2 Specific methods 

5.2.1 Strains and growth conditions 

Transcriptomics studies were performed in a double mutant ΔpelFΔpslD (kindly provided 

by Dr. Joe Harrison) cultured in BM2 20 μM Mg2+ containing 10 μM of our identified 

antibiofilm/antivirulence compounds or 1% DMSO.  

 

5.2.2 RNA-seq for the investigation of global effects of treatments over gene expression 

We performed a next generation RNA-sequencing workflow to produce a transcriptional 

profile for compound-treated P. aeruginosa harvested cells. [125]  For RNA-seq experiments, 

we utilized a mutant lacking the production of both pel and psl (ΔpelFΔpslD), in order to limit 

any indirect gene expression effects that may result as a consequence of EPS-mediated 

aggregation. [33]  Cultures were incubated overnight in BM2 20 μM Mg2+ containing 1% DMSO 

(control) or one of the four selected antibiofilm/antivirulence molecules, I7, I9, I10 and I11. 
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Overnight cultures were subcultured in the same conditions and allowed to grow to an OD600 = 

0.5. The RNA-seq workflow included an in house-RNA extraction protocol (adapted from 

Chugani et al. [126] , in which total RNA was mobilized with 2:1 volume of RNAprotect 

bacteria reagent (QIAGEN) and extracted with QIAzol/chloroform reagents, a ribosomal RNA 

(rRNA) depletion using the Ribo-Zero kit (Epicentre), and a cDNA library preparation using the 

ScriptSeq v2 kit (Epicentre). A complete experimental workflow can be found in Appendix B. 

Libraries were sequenced in house on a MiSeq Illumina system to verify quality, then were sent 

to the Genome Quebec (GQ) core facility, in Montreal, to be loaded and sequenced in one lane 

of a flow cell of the HiSeq Illumina 2500. Sequencing data received from GQ in FASTQ files 

were aligned to the PAO1 reference genome using Xpression (Appendix C). Transcriptomic 

analysis in R was performed using DeSeq2 (Appendix D) and EdgeR (Appendix E) with the 

customized scripts for the determination of fold-changes and the statistical significance of the 

expression patterns.  

 

5.2.3 Statistical analysis 

In this chapter, EdgeR statistical model was used to determine the significance from 

differentially expressed transcripts analyzed in R. Also, paired two-tailed Student’s t-test was 

used to determine significance between reporters expression under varying Mg2+ conditions. 

Data considered significant at level of p<0.05.  
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5.3 Results 

5.3.1 Growth optimization and RNA-seq workflow 

All previous gene expression experiments were performed in small volume cultures 

(microplate). Therefore, we initially optimized the growth conditions for bacteria grown in larger 

volume culture tubes, to determine the best time point for harvesting the cells for the RNA-seq 

approach. We grew the pelB::lux reporter in tubes containing 3 ml of BM2 20 μM Mg2+ + 1% 

DMSO (control) or I7, and determined the CPS and OD600 values hourly throughout growth. We 

observed that pelB repression by means of I7 was stable throughout incubation, showing an 

approximate 2-fold repression in gene expression relative to the untreated control at every time 

point, similar to previous results (Fig 2.4). We therefore decided on harvesting the cells at OD = 

0.5, where cells were still in mid-log phase and showed pelB::lux repression. 

 Cells were treated with the RNAprotect reagent, and total RNA was extracted with 

QIAzol/chloroform. [126]  Total RNA samples were treated for rRNA depletion and final 

mRNA purification, before the RNA-seq libraries were prepared by reverse transcription of the 

fragmented mRNA molecules, insertion of barcodes, and subsequent amplification (Fig 5.1). 
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Figure 5.1: RNA-seq workflow summary. 

The steps for RNA-seq are summarized. Total RNA of compound-treated cells was extracted 

with an in-house isolation protocol and followed all steps of RNA purification. Purified mRNA 

samples were fragmented and reverse-transcribed following Epicentre/Illumina procedures. 

Ready to sequence libraries were sequenced in-house on the MiSeq to verify quality and then 

sent to Genome Quebec (GC) core facility to be sequenced in a flow cell of the Illumina HiSeq 

system. The reads received in FASTQ files were aligned to PAO1 annotated reference genome, 

using Xpression, and followed transcriptomic analysis in R, using DESeq2 and EdgeR platforms 

for the identification of differentially expressed (DE) genes. 

 

75 



 

5.3.2 Reads alignment and biological reproducibility analysis 

FastQ files received from the GQ core facility were initially aligned to PAO1 reference 

annotated genome, and Xpression software analyzed the sequencing reads for their general 

quality and alignment properties (Fig 5.1). We obtained between 30-47 million reads per 

treatment, with approximately 85% of high quality reads (Table 5.2). Other general parameters 

of the sequencing statistics are listed in Table 5.2. We obtained at least 8 million uniquely 

mapped high-quality reads for each treatment, which were used for the bioinformatics 

workflows. 

Additionally, after reads were aligned to the reference genome, we were able to count the 

number of raw reads per genome location and plot them in order to determine the biological 

reproducibility among samples. When comparing replicates between any given treatment 

conditions, the correlation coefficients (r2) were all above 0.91 (Table 5.3), indicating high 

reproducibility between the reads of each biological replicate, which was another indicator of 

high quality NGS data. 
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Table 5.2. Sequence read statistics for RNA-seq data generated from P. aeruginosa ΔpelFΔpslD upon treatment with the 
antibiofilm small molecules. 

 DMSO control I7 treatment I9 treatment I10 treatment I11 treatment 
Total reads 41,146,598 100% 30,751,847 100% 35,501,367 100% 34,507,092 100% 47,253,668 100% 
           
High-quality reads 35,230,303 86% 26,308,645 86% 30,120,963 85% 29,321,165 85% 39,479,829 84% 
Low-quality reads 5,916,295 14% 4,443,202 14% 5,380,404 15% 5,185,927 15% 7,773,839 16% 
           
Total high-quality reads 35,230,303 100% 26,308,645 100% 30,120,963 100% 29,321,165 100% 39,479,829 100% 
           
Mapped reads 22,620,875 64% 15,143,751 58% 12,045,845 40% 12,136,254 41% 9,975,730 25% 
Unmapped reads 12,609,434 36% 11,164,900 42% 18,075,124 60% 17,184,917 59% 29,504,105 75% 
           
Total mapped reads 22,620,875 100% 15,143,751 100% 12,045,845 100% 12,136,254 100% 9,975,730 100% 
           
Uniquely-mapped reads 19,010,108 84% 11,902,907 79% 9,888,768 82% 10,364,408 85% 8,406,130 84% 
Partially-mapped reads 1,489,742 7% 1,020,691 7% 803,135 7% 684,054 6% 447,712 5% 
Non-uniquely-mapped 
reads 2,121,019 9% 2,220,147 14% 1,353,936 11% 1,087,786 9% 1,121,882 11% 

 



 

 

 

 
 
 
 

Table 5.3. Correlation coefficients between samples indicate high reproducibility of the 
RNA-seq approach. 

Treatment Parallel comparison r2 

Control 
(DMSO) 

C (1) vs. C (2) 0.9658 
C (2) vs. C (3) 0.9816 
C (3) vs. C (1) 0.9678 

I7 
I7 (1) vs. I7 (2) 0.9643 
I7 (2) vs. I7 (3) 0.9342 
I7 (3) vs. I7 (1) 0.9162 

I9 
I9 (1) vs. I9 (2) 0.9301 
I9 (2) vs. I9 (3) 0.9978 
I9 (3) vs. I9 (1) 0.9193 

I10 
I10 (1) vs. I10 (2) 0.9962 
I10 (2) vs. I10 (3) 0.9884 
I10 (3) vs. I10 (1) 0.9859 

I11 
I11 (1) vs. I11 (2) 0.9929 
I11 (2) vs. I11 (3) 0.9739 
I11 (3) vs. I11 (1) 0.9700 

 

 

 

 

 

 

 

78 



 

It is noteworthy to acknowledge that we initially prepared 4 replicates for each condition, 

leaving one extra replicate in case of any operational error during the RNA purification steps that 

could compromise the quality of the final data. Nevertheless, all samples yielded very high 

quality RNA, so we selected the three samples from each treatment with the highest 

concentrations for subsequent messenger RNA (mRNA) enrichment. rRNA depletion is an 

essential step in transcriptomic studies, as rRNA is the majority of the total cellular RNA, while 

mRNA accounts for a very small fraction of all RNA molecules within the cell. [127]  The 

purified mRNAs were then reverse transcribed to generate the cDNA libraries to be sequenced. 

Ready to sequence libraries were sent to the GQ core facility and loaded to one lane of the HiSeq 

ultra-high-throughput sequencing system. 

 

5.3.3 Whole genome RNA-seq for global analysis of gene expression 

Sequencing reads received from GQ in Fastq files were aligned to the PAO1 reference 

genome using Xpression and later differential expression analysis in the annotated transcripts 

was performed in R Studio (Fig 5.1). The initial analysis of differentially expressed genes using 

DESeq2 resulted in zero significant hits for the majority of treatments, which rather agrees with 

previous reports that show the DESeq software to be very conservative and to detect a low 

number of differentially expressed genes. [128]  Therefore, we performed a subsequent analysis 

for differentially expressed genes using the EdgeR software.  

After the transcriptome analysis of our samples, in which EdgeR counted the number of 

high quality sequence reads that were mapped to the PAO1 reference genome, we obtained a list 

of differentially expressed genes for each antibiofilm treatment. Roughly, the number of reads 

aligned to the reference genome reflects the relative level of expression for each gene. [125]  
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Therefore, a simple comparison of the aligned reads in untreated and treated conditions is a good 

indication of differential expression.  

The lists of all differentially expressed genes for each antibiofilm treatment are displayed 

in Tables S1-S4, in Appendix F. Previous reports have shown that EdgeR, although using similar 

statistical model to DeSeq, tends to be more wide-ranging in assigning differentially expression 

genes. [128]  For a more in-depth analysis of the hit genes, we included all the significant calls 

(p<0.05), which include the small subset of genes that were determined to be differentially 

expressed and adjusted for the false discovery rate (padj). Nevertheless, we are cautious while 

analyzing this data, being aware that further confirmatory assays need to be performed for more 

reliable conclusions.  

We observed that many genes are commonly regulated by the distinct antibiofilm 

treatments, with a small core number of genes (14) being commonly regulated by the four 

different treatments (Fig 5.2). The numbers of overlapping genes that are commonly affected by 

the individual antibiofilm treatments are shown in Figure 5.2. Our main interest is the 

differentially expressed genes shared between all four treatments, which include the two 

neighbouring clusters of F and R-type pyocins (PA0612-PA0648), a third S-type pyocin gene 

(PA0985) and the anaerobically induced outer membrane porin OprE (PA0291) (Fig 5.3). 

We expected to find the pel and/or psl gene clusters among the differentially regulated 

genes, given our analysis of pel/psl expression using transcriptional lux fusions. In the final 

RNA-seq analysis, we did not observe significant differences in expression on the pel and psl 

operons. However, these EPS biosynthetic clusters showed repression trends with decreases in 

expression between 1.2 and 4.0 fold after all treatments. It is known that the statistical methods 

for identifying differentially regulated genes can be very stringent, and have a tendency to 
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overlook some differentially regulated genes, including low level expression genes such as the 

pel and psl operons. [129]   

Our initial hypothesis was that repressors of pel/psl expression could target one of the 

components of the Gac/Rsm regulatory complex controlling biofilm formation (Fig S4.A, 

Appendix A). Under limiting magnesium, there is increased biofilm formation, and increased 

expression of pel and psl genes, leading to increased EPS production and robust biofilm 

formation (Fig 3.1, Fig 3.2.A, Fig 3.3.B, Fig 5.4). [17] To confirm an effect of reduced 

magnesium on the translation of the EPS genes, we showed that translation is also increased 

from pslA::lacZ, a translational β-galactosidase fusion (Fig 5.4). [41] Biofilm formation is 

generally associated with increases in the intracellular signalling molecule c-di-GMP. We also 

observed a slight increase in expression of the c-di-GMP biosensor, cdrA-lux (Fig 5.4). The cdrA 

gene encodes an adhesin that is transcriptionally regulated by increasing amounts of the 

intracellular signalling molecule, c-di-GMP, and was previously shown to act as a simple and 

indirect measure of c-di-GMP levels within the cell. [86, 131]  

Our lab has shown that PhoPQ, the TCS that responds to limiting magnesium, can repress 

the expression of retS, which leads to increased biofilm formation (Fig 1.2). [17]  It is therefore 

possible that antibiofilm compounds might target this pathway by i) inhibiting/repressing PhoPQ, 

LadS or GacAS activity, or ii) by activating/inducing RetS activity, which would shift the 

pathway out of the biofilm mode of growth (Fig S4.A, Appendix A). 
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Figure 5.2: Analysis of differentially expressed genes show overlapping effects on overall 

gene expression after compound treatments.  

Venn diagram constructed with 4 ellipses, demonstrating the number of commonly differentially 

expressed genes between treatments. The diagram includes all genes that were differentially 

expressed according to EdgeR analysis, p < 0.05, n = 3.  
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Figure 5.3: Summary of the common and unique differentially regulated genes after antibiofilm treatment.  

The RNA-seq study has identified many interesting gene expression changes that have provided further insights into their effect on P. 

aeruginosa. Expression analysis was performed using EdgeR and differential expression was considered significant if p < 0.05.  

 

 



 

 

Figure 5.4: Conditions with limiting magnesium concentrations promote EPS-gene 

transcription, translation and ultimately increased c-di-GMP detection.  

Control expression for the (A) pelB::lux transcriptional reporter, (B) pslA::lacZ translational 

reporter and (C) cdrA-lux, c-di-GMP biosensor in BM2 media containing high and low Mg2+ 

concentration. PelB and cdrA expression were determined in 96-well microplate format in gene 

expression assays as previously described. Translational pslA::lacZ reporter was incubated in 2 

ml cultures for 18 hours with shaking (150 rpm) and 1 ml of grown culture was used to assess β-

galactosidase activity using the Galacto-Light Plus kit. Values shown for pelB and cdrA are the 

average area under the curve for triplicate samples and the standard deviation, as an indication of 

total gene expression throughout incubation time. Values for the translational pslA reporter are 

the average normalized CPS value (CPD/OD600) and standard deviation of triplicate samples, in 

single read after incubation, n=3. Statistical significance between populations was determined by 

paired two-tailed Student’s t-test and significant differences in gene expression are indicates: * 

(p<0.05), ** (p<0.01) and *** (p<0.001). 
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In order to test this concept, we measured gene expression from the T3SS system effector 

ExoT during treatment with our antibiofilm compounds and showed an increased exoT-lux 

expression (Fig S4.B, Appendix A). We also showed that our lead antibiofilm compounds 

induced retS expression (Fig S4.B, Appendix A), and both observations suggest that these 

compounds may somehow reverse the biofilm switch pathway. Although we were not able to 

confirm the gene expression patterns of exoT, retS or pel/psl in the RNA-seq transcriptome, this 

hypothesis will need further testing to possibly confirm the action of these compounds on the 

PhoPQ/RetS/Gac/Rsm pathway, given that this is an important pathway for biofilm regulation. 

Future experiments will aim to confirm expression patterns of many genes within this pathway, 

using techniques such as reverse transcription quantitative polymerase chain reaction (RT-

qPCR), which has been previously show to have better sensitivity for low abundance transcripts. 

[132]   

 The transcriptome analysis has identified other possible mechanisms of action of these 

antibiofilm compounds, as other genes outside of the main biofilm regulatory cascade were 

commonly regulated by all four antibiofilm compounds (Fig 5.3). There are also unique genes 

regulated by each antibiofilm compound indicating that these molecules have other activities and 

effects on gene expression (Fig 5.3). The fact that treatment with these compounds affects a 

diverse subset of bacterial genes is not surprising, and is in fact expected of many transcriptome 

studies with conventional antibiotics. [133]  This is likely due to the fact that biologic active 

molecules can act as diverse microbial signalling molecules when present at sub-lethal 

concentrations, in addition to their antimicrobial killing activity. [133]   
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5.4 Discussion 

In this chapter we identify the transcriptome profiles of P. aeruginosa exposed to 

antibiofilm compounds in order to help understand their global effects on bacteria gene 

expression. Although we were unable to confirm transcriptional repression of the pel and psl 

operons using RNA-seq, the transcriptome analysis revealed many other interesting genes for 

future study (Fig 5.3). The most interesting effect in common to all antibiofilm treatments was 

the induction of many genes within three clusters of R, F and S-type bacteriocins (Fig 5.3). Both 

F and R-type pyocins remarkably resemble phage tail structures, which are proteins known to 

produce a lytic activity in virtue of disrupting the bacterial cell membrane. [134]  The S5 pyocin 

is similar to colicin-type antimicrobial proteins that also have membrane-disrupting activity. 

[135]  Recently, an endolysin within the F pyocin cluster was shown to promote an explosive 

cell lysis phenotype within a subpopulation of cells, releasing eDNA and outer membrane 

vesicles and promoting biofilm matrix production in P. aeruginosa. [136]  We are not exactly 

sure of the role of pyocins in blocking biofilms, but induction of multiple pyocins by these 

compounds may have a lytic or membrane-damaging effect within a subpoplation of cells and 

thus contribute to reducing attachment and/or promoting biofilm dispersal. [137, 138]  

Interestingly, transcript levels for the DNA-damage responsive recombinase recA, which is 

known to regulate all three types of pyocins, [134, 136]  are induced for treatments I10 and I11 

(Tables S3 and S4, Appendix F).  

To further explore the possibility that treatment with the antibiofilm compounds induce 

pyocins, we measured the membrane destabilizing effects after treatment. Cells that are lysed by 

bacteriocins, or whose membranes have lost integrity will stain with the cell-impermeable DNA 

stain propidium iodide (PI). We performed flow cytometry of antibiofilm treated cultures that 
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were stained with the DNA stains Syto 9 (stains all cells) and PI (stains dead or membrane-

compromised cells). [49]  PAO1 was incubated to mid-log phase in 2 ml cultures with 10 μM of 

the four antibiofilm/antivirulence compounds, washed and diluted 10x in 1x phosphate buffered 

saline (PBS) (~1x106 CFU/ml), immediately stained with Syto 9/PI and followed to analysis in 

the LSR II Flow Cytometer (BD). We found that compounds I9 and I11 did result in an increase 

in PI staining, where the effect of I11 was much greater than I9 (Fig S5, Appendix A). This 

reinforces the possibility that there is an increased production of pyocins, and despite the usual 

presence of immunity proteins, there does appear to be a negative impact on the PAO1 

membrane. Future experiments could be performed to confirm the production of pyocins in the 

supernatants, [101]  and to test if these antibiofilm compounds can cause the explosive lysis 

phenotype, recently reported. [136]   

Lastly, all antibiofilm compounds also induced the expression of OprE (Fig 5.3), an outer 

membrane porin that is highly induced under anaerobic conditions. [139]  Porins are diffusion 

channels for nutrients to cross the outer membrane, and in P. aeruginosa, porins are often 

specifically induced by their substrate, or under specific growth conditions. [139]  While porins 

play roles in acquiring nutrients, uptake of antibiotics, and possibly virulence by binding to host 

proteins, [139, 140]  the possible roles of porins in limiting biofilm formation are unknown. 

OprE is induced in P. aeruginosa biofilms, which also have anaerobic zones, but its specific 

contribution to biofilms is not known. [36]    

In order to expand our analysis of the RNA-seq data, we examined other significantly 

regulated genes with the uncorrected p < 0.05 value. P. aeruginosa treated with compound I7 

showed increased expression of another outer membrane porin oprD (Fig 5.3). OprD is a porin 

that allows uptake of basic amino acids, and antibiotics imipenem and carbapenem. [141]  
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Previous work from Skurnik et al. [142]  showed that a transposon mutation in the oprD gene 

increased transcript levels of pelA, other adhesins (lecA, lecB), lipopolysaccharide synthesis 

genes (wbpL) and a T3SS export protein (pscD), together with increased PA14 fitness in GI 

colonization and dissemination in an antibiotic-treated mice infectious model. Therefore, we 

hypothesize that overexpression of such outer membrane protein by means of I7 treatment can 

potentially revert such a phenotype, reducing EPS and adhesins synthesis, which would be 

predicted to reduce biofilm formation. Interesting, I7 treatment also promoted a 6-fold reduction 

in expression of the transcriptional regulator PtrA (Fig 5.3). PtrA is a global transcription 

regulator in P. chlororaphis, which has been recently shown to indirectly regulate the Gac/Rsm 

pathway in strain PA23. [143]  The interaction link between GacS and PtrA is unknown, still 

gacS expression is affected in ptrA mutant, and introduction of a plasmid constitutively 

expressing gacS is able to partially restore fungal suppression, protease activity and QS 

production phenotypes in the ptrA mutant. [143]  Besides, PtrA also negatively impacts the T3SS 

in P. aeruginosa strain PAK by direct interaction with the DNA-binding protein ExsA, [144]  

although its effect in other factors underneath the biofilm regulatory pathway were not 

investigated.  

After treatment with compound I9, we observed an increase in expression of the asrA 

gene, which increases the heat shock response in P. aeruginosa (Fig 5.3). [145]  We also noticed 

an increased expression of other heat-shock associated genes, such as grpE, groEL, ibpA and 

dnaK, indicating the possible activation of the heat shock cascade. Induction of the heat shock 

cascade interferes with assembly of the type IV pilus [146]  and therefore I9 may induce an 

indirect dispersal by impairing assembly of the pilus, a major adhesin that is essential for P. 

aeruginosa biofilm formation.  
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 Treatment with compound I10 promotes a drastic reduction in expression levels for genes 

involved in nitric oxide (NO) metabolism, reducing transcript levels from NO reductase (norB, 

norC) and nitrite reductase (nirS, nirQ) genes (Fig 5.3). Interestingly, a previous report from 

Barraud et al. [147]  has revealed that ΔnorCB biofilms show increased dispersal compared to 

wild type biofilms. Moreover, addition of exogenous NO promotes biofilm dispersal and 

increases planktonic biomass. [147]  Additionally, the expression level of the transcription 

regulator NosR was also majorly reduced, and it has been shown that a nosR transposon mutant 

show severe deficit in biofilm formation. [148]  Compound I10 may therefore increase the levels 

of NO, which is a known biofilm dispersant for P. aeruginosa.  

Finally, the transcriptome changes in I11-treated P. aeruginosa were marked by altered 

levels of expression for QS and other transcriptional regulatory proteins (Fig 5.3). The most 

interesting effect with treatment of compound I11 is the increased expression of the rsmA gene 

(Fig 5.3). As described briefly in Chapter 1, RsmA is a post-transcriptional regulator of the pel 

and psl genes that can destabilize the mRNA levels and therefore reduce EPS production and 

biofilm formation. [25]  Additionally, RsmA has also been shown to modulate QS expression. 

[44]  Treatment with I11 also caused increased expression of the mvaT QS regulatory gene (Fig 

5.3), which is suggested to reduce expression of QS genes and globally affect virulence genes in 

Pseudomonas species. [149]  Therefore, it is not surprising that by activation of both RsmA and 

MvaT, we also observed reduced expression of genes encoding the acylhomoserine lactone 

(AHL) QS LasI and RhlR regulators (Fig 5.3). Impairing these central QS regulators may reduce 

biofilm formation, as they were shown to regulate transcription of EPS genes and contribute to 

biofilm integrity and biocide resistance. [150]   
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To conclude, mechanistic studies are difficult, time consuming and a major hurdle to new 

antimicrobial discovery. [124]  The initial investigation of our compounds mechanism of action 

using transcriptional lux reporters suggested their ability to interfere with the 

PhoPQ/RetS/Gac/Rsm pathway, potentially by repressing the PhoPQ system, or activating the 

RetS sensor in P. aeruginosa (Fig S4, Appendix A). In support to this hypothesis, we also 

observed similar effects in genes regulated by the ortholog PhoPQ TCS in Salmonella enterica 

serovar Typhimurium. [2] The PhoPQ TCS is a very attractive target for new antivirulence 

compounds, as it is important for biofilm formation, [17]  antimicrobial resistance  [47, 48, 50]  

and virulence [2, 4]  of P. aeruginosa and other Gram-negative bacteria.  

Although this initial hypothesis was not supported by the RNA-seq data, the NGS 

approach has also highlighted many other significant processes that are associated with biofilm 

formation. This data has given us further insights into other pathways affected by our 

compounds, such as pyocin production, porin induction, heat shock responses, NO metabolism 

and QS signalling, all of which are associated with defective biofilm phenotypes in different 

studies. Future studies could be directed towards exploring and validating these pathways and 

their contribution to the antibiofilm activity of the lead compounds identified in this thesis. 

 

5.5 Conclusions from Chapter 5  

i. An RNA-seq pipeline was used to determine the genome-wide transcription effects of 

our antibiofilm compound treatments.  

ii. Although not supported by the RNA-seq data, we still propose potential effects of 

these compounds on the PhoPQ/RetS/Gac/Rsm central pathway involved in pel/psl 

transcription, translation and biofilm formation. 
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iii. RNA-seq has highlighted many interesting differentially expressed genes after 

antibiofilm treatment. 

iv. Among the differentially expressed genes are listed many that have been associated 

with biofilm formation/maintenance in P. aeruginosa, giving us further insights in 

how they are acting in promoting the reported phenotypes. 

v. Like many active molecules, we propose that these compounds have multiple effects 

on P. aeruginosa, interfering with EPS expression and additional effects that may 

contribute to limiting biofilm formation.  

vi. Further effort is needed to confirm these gene expression profiles for a better 

understanding of the antibiofilm mechanism of action. 

 

5.6 Final considerations 

The conserved process of biofilm formation is an attractive target for new antivirulence 

approaches, given the many advantages of sessile communities of cells enmeshed in a protective 

extracellular matrix.  [1, 3, 15]  The Pel and Psl EPS are essential components of the P. 

aeruginosa biofilm matrix, being involved in biofilm formation, maintenance and protection.  

[16, 20, 22, 24, 25, 28]  Therefore, in this project, we reported the EPS biosynthesis genes as a 

new target for the identification of antibiofilm compounds, and described the characterization of 

small molecule EPS-repressors that prevent biofilm formation and also reduce virulence of P. 

aeruginosa.  

We have developed a high-throughput gene expression screen for small molecules that 

repress expression of the pel and psl EPS-genes. We screened 31,096 compounds within the 

CCBN and have identified 14 molecules that significantly reduced reporters’ gene expression, 
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from which 13 could be purchased and further characterized to determine their effects on biofilm 

formation (Fig 2.3, Table 2.3). Using different in vitro assays, we have shown that ECM 

secretion (via CR assay, Fig 3.1) and biofilm formation (CV assay, Fig 3.2) are reduced when 

bacteria is cultured in the presence of 10 μM of the repressor compounds. The antibiofilm effects 

are observed throughout strains that differ in their ability to produce the EPS molecules, 

including PA14 (Pel+Psl-), PAO1 (Pel+Psl+) and a retS::lux mutant (Pel++Psl++), therefore we 

believe these effects originate from the active repression of the pel and psl genes and, 

consequently, EPS inhibition. We made use of the CR dye for determining the effects of the 

compounds on ECM secretion, [93]  though for confirmation of anti-EPS effects it would be 

beneficial to subsequently use Pel/Psl specific lectins or antibodies, as previously described [16, 

20, 73, 104]  for a more accurate detection of these polymers within the matrix. 

Interestingly, the EPS-repressor compounds reduced biofilm formation in different 

settings, inhibiting biofilms in both aerobic (Fig 3.2.B) and anaerobic (Fig 3.4.B) environments, 

reducing detected adhered biomass in the flow-system biofilm device (Fig 3.3.B), and many even 

promoting modest decrease in biofilms formed by a mucoid variant of PAO1 strains (PDO300) 

(Fig 3.4.A), all of them mimicking different conditions that P. aeruginosa encounters while 

infecting CF patients.  

We have also illustrated that EPS production is required for P. aeruginosa virulence in 

vivo (Fig 4.1), and further testing of these compounds revealed that 4/13 fostered antivirulence 

activities in the C. elegans slow killing infection model, significantly promoting nematode 

survival when PAO1 was treated with I7, I9, I10 and I11 (Fig 4.2). While numerous high 

throughput nematode virulence screens have been performed in PA14, a rapid killing strain of P. 

aeruginosa, to our knowledge this is the first report to identify the EPS molecules as virulence 
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factors in C. elegans. Additionally, these antivirulence molecules also promoted biofilm killing 

when associated with antimicrobials, represented by a reduced recovery of viable cells when 

biofilms were challenged with sub-eradication concentrations of antibiotics (Fig 4.3, Fig 4.4). 

These classes of antibiotics tested are known to have reduced effectiveness because of the 

production of Pel or Psl EPS. [20, 21, 28]  At this point we believe these antivirulence activities 

are due to direct repression of EPS secretion, although further studies are needed to confirm 

these findings. 

Lastly, we used the RNA-seq transcriptome approach to characterize the global effects of 

the compounds in bacterial gene expression and, possibly, determine their antibiofilm 

mechanism of action. The RNA-seq workflow has characterized many differentially expressed 

genes in P. aeruginosa upon treatment with the antibiofilm/antivirulence molecules. To have a 

broader view of all differentially expressed genes in treated bacteria, we have performed a less 

stringent analysis, including all transcripts assigned from the analysis using the EdgeR package 

with p < 0.05 (Fig 5.2). Additionally, we recognise that as we did not limit our analysis to the 

calls corrected for false discovery rate (padj), we need to perform further assays to confirm any 

hypothesis drawn from this initial investigation.  

The RNA-seq analysis in EdgeR has not confirmed the transcriptional repression of the 

pel and psl genes, although it has highlighted many other biofilm associated genes that are 

potentially affected by the antibiofilm molecules (Fig 5.3). Interestingly, all four antibiofilm 

treatments have induced many genes within three clusters of pyocins (Fig 5.3), which lead us to 

believe that induction of pyocins can potentially induce a lytic effect within biofilms and 

promote colony dispersal. Flow cytometry analysis has revealed increase membrane disturbance 
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in I9 and I11-treated cells, as indicated by increased PI staining (Fig S5, Appendix A), further 

supporting this hypothesis.  

The different treatments have also affected transcript levels in other genes/pathways 

previously shown to be involved in biofilm formation or dispersal (Fig 5.3), although such 

speculative analysis need further experiments to confirm their effect, such as qRT-PCR or even 

alternative gene reporters. Future studies could be directed towards exploring and validating 

these pathways and their contribution to the antibiofilm activity of the lead compounds identified 

in this study. 

In conclusion, the small molecules identified in this project are examples of a new 

strategy for treating P. aeruginosa biofilm infections, as they do not inhibit bacterial growth but 

reduce the expression of virulence mechanisms used to promote chronic infections. Here we 

reported that the pel and psl EPS biosynthesis genes provide a new target for antivirulence drug 

development, as the identified molecules effectively inhibit biofilm formation, reduce PAO1 

virulence in vivo and additionally promote biofilm killing by antibiotics. Further work is needed 

to understand their mechanism of action, their effectiveness in other infection models, and to 

assess their potential for therapeutic use to treat chronic, biofilm infections by P. aeruginosa. 
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APPENDIX A: SUPPLEMENTARY DATA 

 

The supplementary data, including additional results and some control experiments, 

discussed throughout the text are shown.  

 

 

 

Figure S1: Antibiofilm compounds show additive properties and promote pelB::lux 

repression in combination.  

pelB::lux expression is majorly reduced upon treatment with antibiofilm compound mixtures. 

Average expression from pelB::lux reporter was normalized to 16Slux and the sorted NET fold 

repression relative to control is shown. Gene reporters (~1x107 CFU/ml) were incubated in 

duplicate in BM2 media containing 20 μM Mg2+ with ~10 μM of the compound mixtures in 384-

well microplate. The control expression of the gene reporter grown in untreated BM2 media is 

highlighted in green. We tested all possible 78 combinations of 2 compounds and additionally 17 

random 3-compound mixtures. The 14 combinations selected to continue biofilm formation 

studies in CV assays are highlighted in red, n=2.  
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Figure S2: Antibiofilm compounds with no antivirulence activity against PAO1 in the C. 

elegans slow killing virulence assay. 

Nine out of the 13 tested small molecules did not promote a significant effect in nematode 

survival, the other 4 that did are show in Figure 4.2. E. coli OP50 was used as a positive control 

of reduced virulence in vivo. Nematodes were fed antibiofilm compound-treated PAO1 and 

monitored for increased survival. Kaplan-Meyer curves with % survival represent three 

independent experiments (n=30) where the total number of worms equals 90. Statistical 

significance was determined with Log-rank test (Graph Pad Prism) and significant difference in 

nematode survival when fed the non-pathogenic food source is indicated: *** (p<0.001). 
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Figure S3: Antivirulence small molecules do not promote nematode survival in absence of 

infection. 

Compound-treated E. coli OP50 did not promote any positive or negative effect in nematode 

survival. We limited our assay to the 4 small molecules that showed antivirulence in vivo and 

demonstrated the effects in viability are exclusive to PAO1 (Fig 4.2). Slow killing assays were 

performed as previously described, with compounds added to SK media, at a final concentration 

of 10 μM. Kaplan-Meyer curves with % survival represent three independent experiments (n=30) 

where the total number of worms equals 90. 
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Figure S4: Preliminary investigation of antibiofilm mechanism of action suggests Gac/Rsm 

pathway as a possible target. 

(A) Initial hypothesis of antibiofilm mechanism of action. Pel/Psl repression could be due to 

targeting of the PhoPQ/RetS/Gac/Rsm regulatory pathway, which coordinates the switch from a 

planktonic to the biofilm lifestyle (for more details see Fig 1.2). The antibiofilm properties could 

be instigated by inhibiting PhoPQ, GacAS or LadS, or even activating/inducing RetS, which all 

could potentially promote the observed phenotypes. (B) The small molecules increase the 

expression of the T3SS effector exoT and the orphan sensor retS gene reporters while 

simultaneously repressing pelB. Gene expression from pelB::lux, exoT-lux and retS::lux were 

normalized to pMS402. Gene expression assays were performed as previously described, in 96-

well microplates. Bars represent the average net fold induction (positive) or repression (negative) 

from triplicate samples of the target genes relative to the untreated condition, n=2.  
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Figure S5: Antibiofilm compound-treated cells show increased membrane damage as 

determined by altered PI-staining. 

(A) Flow cytometry of compound-treated PAO1 using Syto9-PI dual staining was used to 

determine membrane-damaged bacteria. Numbers in corners represent the % of events that fall 

into each quadrant gate. Cells were grown in 2 ml cultures to mid-log phase in the presence of 10 

μM of the select compounds, diluted in 1x PBS, immediately stained with Syto9/PI and analysed 

in BD LSRII Flow Cytometer. Approximately 105 events were determined for each replicate. (B) 

Quantification of membrane-disturbed, PI-stained PAO1. % of events from the PI-channel are 

the average of three replicates and the standard deviation, n=3. Statistical significance between 

populations was determined by paired two-tailed Student’s t-test and significant increase in PI 

staining from control (1% DMSO) are indicated: ** (p<0.01) and *** (p<0.001).   
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APPENDIX B: RNA-SEQ WORKFLOW 

 

The molecular workflow for RNA-seq, including the protocols for RNA purification, 

DNA digestion, rRNA depletion and cDNA synthesis and library preparations are described. 

 

Protocol for total RNA isolation and purification – adapted from Chugani et al.  [126]  

1. Mobilize RNA by transferring 2 volumes of RNAprotect bacteria reagent (QIAGEN) to 

the tubes containing 1 volume of bacterial subcultures to be harvested; 

2. Transfer the whole content of the tube (RNAprotect + subculture) to a clean 15 ml falcon 

tube, and mix immediately, by vortexing; 

3. Incubate the mobilized cultures for 15 min at room temperature, and spin samples for 10 

min at 5,000 g; 

4. Decant supernatant carefully and let tubes dry; 

5. Store pellets at -80oC, if not proceeding with ‘step 6’ immediately; 

6. Resuspend RNA-protected cell pellets in 1 ml QIAzol and pipet into a 2 ml screw-cap 

tube containing 0.1 mm glass beads (keep tubes on ice); 

7. Beat in beat-beater at maximum rpm for 1 min and chill the tube on ice for 1 min; 

8. Repeat ‘step 7’ two more times, shaking tubes vigorously before each pulse; 

9. Place the tubes at room temperature for 5 min; 

10. Add 200 μl of chloroform to the sample and shake the tube vigorously for 15 seconds, 

11. Place the tubes at room temperature for 3 min; 

12. Centrifuge for 15 min at 12,000 g at 4oC; 
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13. Carefully transfer exactly 500 μl of the aqueous colorless upper phase to a new 1.5 ml 

tube (be very careful to not disturb the pink organic layer); 

14. Centrifuge again for 15 min at 12,000 g at 4oC; 

15. Carefully transfer exactly the top 450 μl upper phase to a new 1.5 ml tube, 

16. Add 675 μl (1.5 volumes) of 100% ethanol and mix thoroughly by pipetting; 

17. Apply 700 μl of the sample to the RNeasy Mini column, centrifuge for 1 min at 14,000 g 

at room temperature, and discard the flow-through; 

18. Repeat ‘step 17’ using the remaining of the sample; 

19. Add 700 μl Buffer RWT to the RNeasy Mini column, centrifuge for 1 min at 14,000 g, 

and discard the flow-through; 

20. Transfer the RNeasy mini column into new 2 ml collection tube (optional); 

21. Add 500 μl Buffer RPE to the RNeasy Mini column, centrifuge for 1 min at 14,000 g, 

and discard the flow-through; 

22. Add another 500 μl Buffer RPE to the RNeasy Mini column and centrifuge for 2 min at 

14,000 g; 

23. Transfer the RNeasy Mini column into new 1.5 ml tube and centrifuge for 3 min at 

14,000 g; 

24. Transfer the RNeasy Mini column into new 1.5 ml tube and leave it open for 2.5 min to 

remove any residual ethanol; 

25. Pipet 30 μl RNase-free water (Invitrogen) directly to the column silica-gel membrane, let 

the column stand for 1 min, and centrifuge for 1 min at 14,000 g to elute the RNA; 

26. Pipet another 30 μl RNase-free water onto the silica-gel membrane, let the column stand 

for 1 min, and centrifuge for 1 min at 14,000 g, 
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27. Determine the RNA concentration in nanodrop, store samples at -80oC if not proceeding 

with DNA digestion and final RNA purification protocol immediately. 

 

Protocol for DNA digestion and final RNA purification – adapted from Chugani et al. [126]   

1. Prepare the digest mix, by mixing in 1.5 ml tube the following items:  

Item Volume (μl) 
7.5 μg RNA Calculated by each sample RNA concentration 
10x TURBO DNase Buffer (Ambion) 10 
TURBO DNase 92 U/μl (Ambion) 2 
RNase-free water Up to 100 μl 

 

2. Incubate the tube in 37oC water bath for 30 min and short spin (for 5 s); 

3. Add another 2 μl of TURBO DNase 92 U/μl, mix gently by pipetting, incubate the tube 

in 37oC water bath for another 30 min, and short spin; 

4. Pipet 350 μl of freshly prepared Buffer RTL plus β-mercaptoethanol (β-ME) into DNase 

treated tubes and mix thoroughly by pipetting; 

 

P.S.: Prepare, right before performing the protocol, 100 times dilution of β-ME in Buffer 

RTL and store at room temperature (25oC) until needed. Solution needs to be fresh to ensure 

complete inactivation of RNases during the RNA isolation protocol.  

 

5. Add 675 μl of 100% ethanol to the sample and mix thoroughly by pipetting; 

6. Apply 700 μl of the sample to the RNeasy MinElute column, centrifuge for 1 min at 

14,000 g (or higher), and discard the flow-through; 

7. Repeat ‘step 6’ using the remaining of the sample; 
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8. Transfer the RNeasy MinElute column to a new 2 ml collection tube; 

9. Add 500 μl of Buffer RPE to the RNeasy MinElute column, centrifuge for 1 min at 

14,000 g, and discard the flow-through; 

10. Add 500 μl of 80% ethanol to the RNeasy MinElute column and centrifuge for 1 min at 

14,000 g; 

11. Transfer the RNeasy MinElute column to a new 2 ml collection tube, and centrifuge for 6 

min at 14,000 g; 

12. Transfer the RNeasy MinElute column into a new 1.5 ml RNase-free tube and open the 

lid of the column for 2.5 min to remove any residual ethanol; 

13. Pipet 15 μl RNase-free water (Invitrogen) directly onto the MinElute column membrane, 

let the column stand for 1 min, and centrifuge for 1 min at 14,000 g, 

14. Determine the RNA concentration in nanodrop, store samples at -80oC if not proceeding 

with rRNA depletion protocol immediately. 

 

Protocol for Ribo-Zero kit in the ScriptSeq Complete kit 

 rRNA depletion was performed following Epicentre/Illumina’s specifications. Initial 

preparation of magnetic beads (protocol for “Batch Washing Procedure”), treatment of the total 

RNA sample with rRNA Removal Solution and removal of rRNA were performed as described 

within the ScriptSeq Complete Kit. Lastly, the purification of rRNA-depleted samples was 

performed with the modified RNeasy MinElute procedure, using the RNeasy MinElute Cleanup 

kit, as described. 
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P.S.: For more details and complete step-by-step on the rRNA depletion protocol, please refer to 

Section 1 – The RiboZero rRNA removal procedure – in the ScriptSeq Complete Kit Guide. 

Available online at: http://support.illumina.com/content/dam/illumina-

support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-

complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf.  

 

Protocol for cDNA synthesis and library preparation using the ScriptSeq kit 

 The remaining of the ScriptSeq protocol was performed following Epicentre/Illumina’s 

specifications. Fragmentation of the purified RNA, primer annealing, cDNA synthesis, barcoding 

and amplifications were performed according to the ScriptSeq Complete Kit guidelines. Final 

RNA-seq library purification was obtained with the Mag-Bind RXNPure Plus magnetic bead 

system (protocol for “AMPure XP Purification”). 

 

P.S.: For more details and complete step-by-step on the RNA-seq sample preparation protocol, 

please refer to Section 2 – The ScriptSeq v2 RNA-Seq Library Preparation Procedure – in the 

ScriptSeq Complete Kit Guide. Available online at: 

http://support.illumina.com/content/dam/illumina-

support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-

complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf.  

 

 

 

127 

http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf
http://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/scriptseq-complete/scriptseq-complete-kit-bacteria-library-prep-guide.pdf


 

Quality assessment and quantification of RNA/DNA samples 

 Additional to the quantification in Nanodrop, after each step of RNA preparation, starting 

after DNase digestion, samples quality and size distribution of fragments was evaluated in the 

Agilent 2100 Bioanalyzer, using the Agilent RNA 6000 Pico kit.  

cDNA concentration within the final RNA-seq libraries was determined using the 

extremely precise fluorescent-based Qubit quantification assay, following the guidelines in the 

Qubit dsDNA HS Assay kit protocol. Lastly, quality assessment of cDNA libraries was 

determined in Agilent 2100 Bioanalyzer, using the High Sensitivity DNA kit. 

 

P.S.1: For more details and complete step-by-step on the RNA 6000 Pico protocol, please refer to 

the RNA 6000 Pico Kit Guide. Available online at: 

http://www.agilent.com/cs/library/usermanuals/Public/G2938-90049_RNA6000Pico_QSG.pdf.  

 

P.S.2: For more details and complete step-by-step on the Qubit quantification protocol, please 

refer to the Qubit dsDNA HS Assay Kit Guide. Available online at: 

https://tools.thermofisher.com/content/sfs/manuals/Qubit_dsDNA_HS_Assay_UG.pdf.  

 

P.S.3: For more details and complete step-by-step on the High Sensitivity DNA protocol, please 

refer to the Agilent High Sensitivity DNA Kit Guide. Available online at: 

http://www.nature.com/protocolexchange/system/uploads/3549/original/Manual_G2938-

90322_HighSensitivityDNA_QSG.pdf?1423511847.  
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APPENDIX C: XPRESSION  

 

The first part of the bioinformatics workflow, consisting in the alignment of the 

sequencing raw reads obtained from the HiSeq system to the PAO1 reference genome, is 

described. The expression software additionally filters low quality reads, ensuring high quality of 

reads to further run differential expression in R studio. 

 

Protocol for reads alignment to the PAO1 annotated reference genome (J Harrison, 

personal communication)  

 

1. Save files generated from MiSeq run: 

A. Select files from “MiSeq Output” folder; 

B. Copy (.gz) files on a new folder (“Erik-RNA-seq”) on the external hard drive; 

C. GNU zip (.gz) file already separated by barcodes. There is no need of a barcode 

splitter step. 

2. Calculate expression profile on Xpression software: 

D. Upload GenBank file containing PAO1 reference genome (with annotation); 

E. Select sequencing FASTQ file for analysis parameter; 

F. Select options: 

a. Select strand specific library method = ✔; 

b. Select reversing orientation = ✔; 

c. Read start position = 1 (barcodes already trimmed); 
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d. Imput format = FastQ; 

e. Allow mismatches = 2 (base level of errors); 

f. CPU processes = 6 (Dr. Harrison’s computer has 8); 

g. Select output location on same folder. 

3. After acquiring the annotated files, run differential expression analysis with DESeq2 and 

EdgeR (Appendices C and D, respectively). 

 

P.S.: The PAO1 reference genome can be downloaded from the Pseudomonas Genome 

Database. Available online at: http://www.pseudomonas.com/strain/download. 
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APPENDIX D: DESEQ2 SCRIPT 

 

The following part of the bioinformatics workflow, consisting of the differential 

expression in R Studio using the DESeq platform, is described. 

 

Running differential expression analysis with DESeq2 (J Harrison, personal 

communication) 

1. Create a data file in Microsoft Excel with the following format: 

A. Use raw count data to populate each cell (DO NOT use RPKM measurements); 

B. No header in first column; 

C. First row of each column has the sample name; 

D. Genomic regions are not named but are kept in order; 

E. Must have same number of columns in every row (other than first row); 

F. Save from Excel in comma separated value (.CSV) format; use TablePad to convert to 

tab separated table (done through options; do not separate text with “); 

G. NOTE: Default is that row.names is first column (no need to specify when data is 

imported into RStudio) – Rstudio will automatically number these when imported. 

 

2. Adapt and run the following script in RStudio (NOTE: Change file names and conditions 

in script below accordingly): 

 

#Text following a hash tag is not read by RStudio and is used to provide comments to the user 

source("http://www.bioconductor.org/biocLite.R") 
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biocLite("DESeq") 

biocLite("DESeq2") 

CountTable = read.csv ("file name.csv", header=TRUE) 

CountTable = read.table ("file name.csv", header=TRUE, sep="\t") 

head(CountTable) 

#If the data import has worked correctly this will display the first 6 rows of data in the data table 

 

tail(CountTable) 

#If the data import has worked correctly this will display the last 6 rows of data in the data table 

 

expt_design <- data.frame(row.names = colnames(CountTable), condition = 

c("C","C","C","T","T","T")) 

expt_design 

conditions = expt_design$condition 

conditions 

library("DESeq") 

library("DESeq2") 

data <- newCountDataSet(CountTable, conditions) 

head(counts(data)) 

data <- estimateSizeFactors(data) 

sizeFactors(data) 

data <- estimateDispersions(data) 
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results = nbinomTest(data,"C","T") 

write.table(results, file="file name.txt", sep="\t", row.names=rownames(results), 

col.names=colnames(results), quote=F) 

 

P.S.: The previous instructions and script are adapted from a Tutorial for DEseq available at the 

following link: http://cgrlucb.wikispaces.com/Spring+2012+DESeq+Tutorial 

 

P.S.: For running the described protocol, download and install the following platforms: 

 Download and install R: http://www.r-project.org/  

 Download and install RStudio: http://www.rstudio.com/products/rstudio/download/  

 Download and install TablePad: http://sourceforge.net/projects/tablepad/  
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APPENDIX E: EDGER SCRIPT 

 

The subsequent part of the bioinformatics workflow, consisting of the differential 

expression in R Studio using the EdgeR platform, is described. 

 

Running differential expression analysis with EdgeR (A Ostaszewski, personal 

communication) 

1. Create a data file in Microsoft Excel with the following format: 

A. Use raw count data to populate each cell (DO NOT use RPKM measurements); 

B. Genomic regions are not named but are kept in order; 

C. Must have same number of columns in every row; 

D. Save from Excel in .txt format (Tab delimited text). 

 
2. Adapt and run the following script in RStudio (NOTE: Change file names and conditions 

in script below accordingly): 

 

#Text following a hash tag is not read and is used to provide comments to the user 

source("http://www.bioconductor.org/biocLite.R") 

 

biocLite("edgeR") 

library("edgeR") 

CountTable = read.table (file.choose(file name.csv), header=TRUE, sep="\t") 

head(CountTable) 
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#If the data import has worked correctly this will display the first 6 rows of data in the data table 

 

tail(CountTable) 

#If the data import has worked correctly this will display the last 6 rows of data in the data table 

 

expt_design <- data.frame(row.names = colnames(CountTable), condition = 

c("C","C","C","T","T","T")) 

expt_design 

conditions = expt_design$condition 

conditions 

d<-DGEList(counts=CountTable,group=factor(conditions)) 

#Filtering data, getting rid of genes that did not occur frequently enough (require at least 100 

counts/million to keep) 

 

dim(d) 

d.full<-d  

head(d$counts) 

head(cpm(d)) 

apply(d$counts, 2, sum) #total gene counts per sample 

keep<-rowSums(cpm(d)>100) >=2 

d<-d[keep,] 

dim(d) 

d$samples$lib.size<-colSums(d$counts)  
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d$samples 

#normalizing data 

 

<-calcNormFactors(d) #normalizes for RNA composition  

d 

d$samples 

d$samples$lib.size*d$samples$norm.factors 

d<-estimateCommonDisp(d) 

names(d) 

d$common.dispersion 

d<-estimateTagwiseDisp(d) 

names(d) 

d<-estimateTagwiseDisp(d, prior.n=10) 

de.cmn<-exactTest(d, pair=c("C", "T")) 

names(de.cmn) 

dd<-topTags(de.cmn, n=2000, sort.by="p.value") 

write.csv(dd, "file name.csv") 

 

P.S.: For running the described protocol, download and install the following platforms: 

 Download and install R: http://www.r-project.org/  

 Download and install RStudio: http://www.rstudio.com/products/rstudio/download/  
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APPENDIX F: DIFFERENTIALLY EXPRESSED GENES 

 

Tables containing the list of differentially expressed genes in P. aeruginosa PAO1 ΔpelFΔpslD upon treatment with 10 μM of 

the four selected antibiofilm/antivirulence small molecules are shown. 

 

Table S1: Genes differentially expressed in PAO1 ΔpelFpslD upon I7 treatment 

Locus  Gene Type Description Fold-change pval padj 
PA0291 oprE intergenic Anaerobically-induced outer membrane porin OprE 5.73 0.00001 0.00235 
PA0291 oprE sense Anaerobically-induced outer membrane porin OprE 8.37 0.00002 0.00520 
PA0622 

 
sense Bacteriophage protein 2.26 0.00030 0.02499 

PA0623 
 

sense Bacteriophage protein 2.48 0.00012 0.01453 
PA0625 

 
sense Hypothetical protein 2.16 0.00104 0.07982 

PA0636 
 

sense Hypothetical protein 2.09 0.00028 0.02499 
PA0641 

 
sense Bacteriophage protein 2.13 0.00022 0.02260 

PA0958 oprD sense Porin 10.42 >0.00001 0.00235 
PA0959 

 
intergenic Hypothetical protein 7.57 0.00007 0.01014 

PA0985 pyoS5 sense Pyocin S5 3.98 0.00013 0.01453 
PA2760 oprQ sense Outer membrane protein OprQ 4.72 0.00004 0.00714 

PA3690 
 

intergenic 
Metal-transporting P-type Probable metal-transporting P-
type ATPase -6.06 0.00002 0.00520 

PA0263.1 
 

sense tRNA-Arg 2.53 0.01065 0.42602 
PA0612 ptrB intergenic Repressor PtrB 2.17 0.00387 0.22253 
PA0620 

 
sense Bacteriophage protein 2.06 0.00160 0.10519 

PA0621 
 

sense Hypothetical protein 1.92 0.00904 0.39587 
PA0625 

 
sense Hypothetical protein 2.16 0.00104 0.07982 
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PA0633 
 

sense Hypothetical protein 1.89 0.00682 0.33117 
PA0643 

 
intergenic Hypothetical protein 2.25 0.00160 0.10519 

PA0643 
 

sense Hypothetical protein 2.02 0.03608 0.91473 
PA0646 

 
sense Hypothetical protein 1.93 0.00684 0.33117 

PA0647 
 

sense Hypothetical protein 1.70 0.01702 0.60210 
PA0887 acsA sense Acetyl-CoA synthetase -1.83 0.02026 0.62118 
PA1838 cysI sense Sulfite reductase 1.70 0.02456 0.68474 
PA2523 czcR intergenic Two-component response regulator CzcR -5.12 0.01568 0.58704 
PA2664 fhp sense Nitric oxide dioxygenase -4.50 0.01931 0.62118 
PA2760 oprQ intergenic Outer membrane protein OprQ 3.92 0.00180 0.11012 
PA2808 ptrA intergenic Repressor PtrA -6.02 0.03019 0.81691 
PA2808 ptrA sense Repressor PtrA -5.98 0.04146 0.95366 
PA3038 opdQ sense Probable porin -1.65 0.02355 0.67711 
PA3161 himD intergenic Integration host factor subunit beta -1.65 0.03748 0.91473 
PA3531 bfrB sense Bacterioferritin -2.38 0.00967 0.40434 
PA3981 ybeZ intergenic Hypothetical protein -1.73 0.01991 0.62118 
PA4264 rpsJ intergenic 30S ribosomal protein S10 1.74 0.03778 0.91473 
PA4276.1 

 
sense tRNA-Trp -2.38 0.00431 0.23331 

PA4378 inaA sense InaA protein -1.96 0.02246 0.66645 
PA4422 yraL intergenic Hypothetical protein 2.21 0.04376 0.98201 
PA4443 cysD sense Sulfate adenylyltransferase subunit 2 1.87 0.00836 0.38437 
PA4541.2 

 
sense tRNA-Pro 2.07 0.03200 0.84106 

PA4673.1 
 

sense tRNA-Met 2.27 0.01595 0.58704 
PA5062 

 
sense Hypothetical protein 1.99 0.01931 0.62118 

PA5446 
 

intergenic Hypothetical protein -1.69 0.04088 0.95366 
 

*Differential expression was considered significant if p < 0.05. Highlighted in gray the genes with differentially expression counts 
showing padj < 0.05 (false discovery rate). Analysis was performed using edgeR. 
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Table S2: Genes differentially expressed in PAO1 ΔpelFpslD upon I9 treatment 

Locus Gene Type Product Fold-change pval padj 
PA0612 ptrB intergenic Repressor PtrB 2.94  0.00010  0.00923  
PA0620 

 
sense Bacteriophage protein 2.61  0.00010  0.00923  

PA0621 
 

sense Hypothetical protein 2.35  0.00077  0.04694  
PA0622 

 
sense Bacteriophage protein 3.16 >0.00001  0.00227  

PA0623 
 

sense Bacteriophage protein 3.14  0.00001   0.00301  
PA0625 

 
sense Hypothetical protein 2.96  0.00004   0.00539  

PA0633 
 

sense Hypothetical protein 2.66  0.00049   0.03465  
PA0636 

 
sense Hypothetical protein 2.84  0.00001   0.00298  

PA0641 
 

sense Bacteriophage protein 2.88  0.00003   0.00532  
PA0643 

 
intergenic Hypothetical protein 2.98  0.00006   0.00680  

PA0643 
 

sense Hypothetical protein 2.59  0.00074   0.04694  
PA0646 

 
sense Hypothetical protein 2.34  0.00034   0.02569  

PA0985 pyoS5 sense Pyocin S5 3.69  0.00030   0.02468  
PA2819.1 

 
sense tRNA-Gly -2.75  0.00084   0.04833  

PA3366.1 amiL sense AmiL 2.91  0.00004   0.00539  
PA3824.1 

 
sense tRNA-Leu -6.48 >0.00001  >0.00001  

PA0291 oprE sense Anaerobically-induced outer membrane porin OprE 4.15  0.00564   0.24661  
PA0336 ygdP intergenic Dinucleoside polyphosphate hydrolase 1.61  0.02188   0.55791  
PA0633 

 
intergenic Hypothetical protein 2.53  0.00116   0.06286  

PA0644 
 

sense Hypothetical protein 1.85  0.01685   0.48337  
PA0647 

 
sense Hypothetical protein 1.92  0.00282   0.14402  

PA0779 asrA sense ATP-dependent protease 1.56  0.02794   0.67495  
PA0905.3 

 
intergenic tRNA-Arg -1.74  0.02945   0.69323  

PA1386 
 

antis Probable ABC transporter ATP-binding protein -1.46  0.04292   0.89548  
PA2485 

 
sense Hypothetical protein -1.85  0.00755   0.31495  

PA2493 mexE sense 
Resistance-nodulation-cell division (RND) multidrug efflux 
membrane fusion protein MexE -1.79  0.01862   0.50274  
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PA2494 mexF sense 
Resistance-nodulation-cell division (RND) multidrug efflux 
transporter MexF -1.93  0.00971   0.35649  

PA2570.1 
 

sense tRNA-Leu -2.05  0.01530   0.45762  
PA2637 nuoA intergenic NADH dehydrogenase subunit A -1.80  0.01221   0.40026  
PA3038 opdQ sense Probable porin -1.67  0.01075   0.36545  
PA3126 ibpA sense Heat-shock protein IbpA 1.54  0.03560   0.77820  

PA3690 
 

intergenic 
Metal-transporting P-type Probable metal-transporting P-
type ATPase -2.48  0.01545   0.45762  

PA3785 
 

sense Hypothetical protein -2.42  0.02427   0.60221  
PA3790 oprC sense Copper transport outer membrane porin OprC -1.86  0.03028   0.69501  
PA3866 

 
sense Pyocin S4 protein 1.96  0.00526   0.24140  

PA3981 ybeZ intergenic Hypothetical protein -1.79  0.00790   0.31514  
PA4276.1 

 
sense tRNA-Trp -2.29  0.00411   0.19849  

PA4385 groEL sense Molecular chaperone GroEL 1.71  0.02079   0.54520  
PA4541.2 

 
sense tRNA-Pro 2.16  0.01447   0.45762  

PA4742 truB intergenic tRNA pseudouridine synthase B -1.83  0.01021   0.36046  
PA4761 dnaK sense Molecular chaperone DnaK 1.71  0.01796   0.49971  
PA4762 grpE sense Heat shock protein GrpE 1.69  0.00887   0.33936  
PA5149.1 

 
intergenic tRNA-Phe -1.67  0.03979   0.84937  

PA5349 rubB intergenic Rubredoxin reductase -1.74  0.03292   0.73707  
 

*Differential expression was considered significant if p < 0.05. Highlighted in gray the genes with differentially expression counts 
showing padj < 0.05 (false discovery rate). Analysis was performed using edgeR. 
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Table S3: Genes differentially expressed in PAO1 ΔpelFpslD upon I10 treatment. 

Locus Gene Type Description Fold-change pval padj 
PA0519 nirS sense Nitrite reductase -7.52  0.00004   0.00287  
PA0520 nirQ intergenic Regulatory protein NirQ -3.68  0.00006   0.00295  
PA0520 nirQ intergenic Regulatory protein NirQ -5.68  0.00024   0.00996  
PA0523 norC intergenic Nitric-oxide reductase subunit C -28.39 >0.00001   0.00025  
PA0523 norC sense Nitric-oxide reductase subunit C -26.35 >0.00001   0.00045  
PA0524 norB sense Nitric-oxide reductase subunit B -15.87 >0.00001   0.00012  
PA0612 ptrB intergenic Repressor PtrB 2.11  0.00066   0.02507  
PA0620 

 
sense Bacteriophage protein 2.52  0.00005   0.00295  

PA0621 
 

sense Hypothetical protein 2.26  0.00027   0.01082  
PA0622 

 
sense Bacteriophage protein 3.12 >0.00001   0.00016  

PA0623 
 

sense Bacteriophage protein 3.11 >0.00001   0.00025  
PA0625 

 
sense Hypothetical protein 2.74  0.00001   0.00075  

PA0633 
 

sense Hypothetical protein 2.93 >0.00001   0.00022  
PA0633 

 
intergenic Hypothetical protein 3.01  0.00004   0.00287  

PA0636 
 

sense Hypothetical protein 3.09 >0.00001  >0.00001  
PA0640 

 
sense Bacteriophage protein 2.65  0.00019   0.00819  

PA0641 
 

sense Bacteriophage protein 2.94 >0.00001   0.00012  
PA0643 

 
intergenic Hypothetical protein 2.83 >0.00001   0.00005  

PA0643 
 

sense Hypothetical protein 2.44  0.00011   0.00505  
PA0646 

 
sense Hypothetical protein 2.33  0.00002   0.00168  

PA0647 
 

sense Hypothetical protein 2.09  0.00008   0.00422  
PA0922.1 

 
intergenic tRNA-Met 2.75  0.00091   0.03178  

PA3366.1 amiL sense AmiL 2.41  0.00149   0.04510  
PA3391 nosR intergenic Regulatory protein NosR -9.22  0.00004   0.00288  
PA3391 nosR sense Regulatory protein NosR -8.70  0.00005   0.00295  
PA3392 nosZ sense Nitrous-oxide reductase -6.61  0.00070   0.02553  
PA3743 trmD intergenic tRNA (guanine-N(1)-)-methyltransferase 1.82  0.00014   0.00646  
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PA4825 mgtA sense Mg(2+) transport ATPase -7.57  0.00127   0.04143  
PA5149.1 

 
intergenic tRNA-Phe -1.85  0.00095   0.03220  

PA5227.1 ssrS intergenic 6S RNA -1.89  0.00146   0.04510  
PA0041a 

 
intergenic Transposase -1.58  0.04985   0.54539  

PA0291 oprE sense Anaerobically-induced outer membrane porin OprE 4.36  0.00403   0.11484  
PA0336 ygdP intergenic Dinucleoside polyphosphate hydrolase 1.50  0.01712   0.28886  
PA0509 nirN sense Cytochrome C -2.39  0.00852   0.19913  
PA0644 

 
sense Hypothetical protein 1.83  0.00480   0.13253  

PA0729 
 

intergenic Hypothetical protein 1.54  0.03013   0.42714  
PA0806 

 
intergenic Hypothetical protein 1.60  0.02503   0.38009  

PA0953 helX intergenic Thioredoxin 1.86  0.04215   0.51896  
PA0985 pyoS5 sense Pyocin S5 2.90  0.00323   0.09503  
PA1132 

 
intergenic Hypothetical protein 1.72  0.00550   0.14736  

PA1386 
 

antisense ABC transporter ATP-binding protein -1.49  0.01288   0.25396  
PA1430 lasR sense Transcriptional regulator LasR -1.58  0.01329   0.25396  
PA1572 

 
intergenic Hypothetical protein -1.44  0.04398   0.52965  

PA1800 tig intergenic Trigger factor 1.77  0.01232   0.25396  
PA1838 cysI sense Sulfite reductase 1.51  0.01999   0.31393  

PA2493 mexE sense 
Resistance-nodulation-cell division (RND) multidrug efflux 
membrane fusion protein MexE -1.61  0.02627   0.39225  

PA2571 
 

intergenic Two-component sensor -1.55  0.02895   0.42534  
PA2819.1 

 
sense tRNA-Gly -1.75  0.03550   0.45547  

PA3159 wbpA intergenic UDP-N-acetyl-d-glucosamine 6-dehydrogenase 1.63  0.03050   0.42714  
PA3229 

 
intergenic Hypothetical protein -1.57  0.01449   0.26394  

PA3229 
 

sense Hypothetical protein -1.51  0.03095   0.42714  
PA3341 

 
intergenic Probable transcriptional regulator -1.86  0.00953   0.21710  

PA3477 rhlR intergenic Transcriptional regulator RhlR -1.64  0.04419   0.52965  
PA3531 bfrB sense Bacterioferritin -2.04  0.01169   0.25346  
PA3558 arnF sense Hypothetical protein -1.59  0.01001   0.22241  
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PA3617 recA sense Recombinase A 1.43  0.03239   0.44042  
PA3621.1 rsmZ sense Rregulatory RNA RsmZ -1.75  0.01624   0.28235  
PA3743 trmD sense tRNA (guanine-N(1)-)-methyltransferase 1.67  0.01365   0.25396  
PA3785 

 
sense Hypothetical protein -1.81  0.00762   0.19061  

PA3866 
 

sense Pyocin S4 protein 1.68  0.02224   0.34339  
PA3997 lipB sense Lipoate-protein ligase B -1.46  0.01887   0.31261  
PA4067 oprG intergenic Outer membrane protein OprG 1.68  0.01254   0.25396  
PA4246 rpsE sense 30S ribosomal protein S5 1.53  0.03027   0.42714  
PA4247 rplR sense 50S ribosomal protein L18 1.44  0.03732   0.46739  
PA4250 rpsN intergenic 30S ribosomal protein S14 1.69  0.01506   0.26903  
PA4264 rpsJ intergenic 30S ribosomal protein S10 1.48  0.03466   0.45547  
PA4272.1 p27 antisense P27 1.59  0.01923   0.31289  
PA4277.3 

 
sense tRNA-Tyr 1.67  0.01275   0.25396  

PA4413 ftsW sense Cell division protein FtsW -1.53  0.00719   0.18722  
PA4415 mraY sense Phospho-N-acetylmuramoyl-pentapeptide-transferase -1.42  0.05000   0.54539  
PA4420 mraW sense S-adenosyl-methyltransferase MraW -1.59  0.00810   0.19426  
PA4421.1 rnpB intergenic RNA component of RNaseP RnpB 1.82  0.00774   0.19061  
PA4443 cysD sense Sulfate adenylyltransferase subunit 2 1.61  0.01643   0.28235  
PA4567 rpmA sense 50S ribosomal protein L27 1.49  0.03530   0.45547  
PA4614 mscL sense Large-conductance mechanosensitive channel -1.49  0.01961   0.31342  
PA4661 pagL sense Lipid A 3-O-deacylase -1.38  0.04566   0.54019  
PA4742 truB sense tRNA pseudouridine synthase B 1.56  0.03290   0.44082  
PA4826 

 
intergenic Hypothetical protein -3.23  0.01366   0.25396  

PA5349 rubB intergenic Rubredoxin reductase -1.51  0.03745   0.46739  
 

*Differential expression was considered significant if p < 0.05. Highlighted in gray the genes with differentially expression counts 
showing padj < 0.05 (false discovery rate). Analysis was performed using edgeR. 
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Table S4: Genes differentially expressed in PAO1 ΔpelFpslD upon I11 treatment 

Locus Gene Type Description Fold-change pval padj 
PA0612 ptrB intergenic Repressor PtrB 2.25  0.00166   0.04744  
PA0620 

 
sense Bacteriophage protein 2.51  0.00076   0.02754  

PA0621 
 

sense Hypothetical protein 2.82  0.00058   0.02532  
PA0622 

 
sense Bacteriophage protein 3.08  0.00001   0.00081  

PA0623 
 

sense Bacteriophage protein 3.11 >0.00001   0.00041  
PA0625 

 
sense Hypothetical protein 4.07 >0.00001   0.00002  

PA0628 
 

sense Hypothetical protein 4.30 >0.00001   0.00041  
PA0633 

 
sense Hypothetical protein 4.14 >0.00001   0.00002  

PA0633 
 

intergenic Hypothetical protein 3.88  0.00001   0.00081  
PA0634 

 
sense Hypothetical protein 4.87 >0.00001   0.00019  

PA0636 
 

sense Hypothetical protein 3.43 >0.00001   0.00002  
PA0640 

 
sense Bacteriophage protein 4.05  0.00001   0.00090  

PA0641 
 

sense Bacteriophage protein 3.44 >0.00001   0.00052  
PA0643 

 
intergenic Hypothetical protein 2.58  0.00017   0.00954  

PA0646 
 

sense Hypothetical protein 2.42  0.00114   0.03900  
PA0647 

 
sense Hypothetical protein 3.02  0.00007   0.00487  

PA0664 
 

sense Hypothetical protein 2.42  0.00060   0.02532  
PA0826.2 ssrA intergenic tmRNA 2.82  0.00175   0.04857  
PA0953 helX intergenic Thioredoxin 3.36  0.00078   0.02754  
PA0985 pyoS5 sense Pyocin S5 5.19  0.00009   0.00587  
PA1075 

 
intergenic Hypothetical protein 2.27  0.00127   0.04173  

PA1132 
 

intergenic Hypothetical protein 3.53  0.00011   0.00671  
PA2381 

 
sense Hypothetical protein -2.87  0.00033   0.01629  

PA2381 
 

intergenic Hypothetical protein -2.18  0.00162   0.04744  
PA3366.1 amiL sense AmiL 3.14  0.00145   0.04585  
PA3690 

 
intergenic Probable metal-transporting P-type ATPase -7.90 >0.00001   0.00003  

PA4490 magC sense MagC protein 2.63  0.00035   0.01629  
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PA4723 dksA intergenic Suppressor protein DksA 2.26  0.00070   0.02710  
PA4825 mgtA sense Mg(2+) transport ATPase -13.98  0.00011   0.00671  
PA4826 

 
intergenic Hypothetical protein -4.22  0.00158   0.04744  

PA4937.1 
 

sense tRNA-Leu 3.18  0.00027   0.01420  
PA5446 

 
intergenic Hypothetical protein -2.38  0.00070   0.02710  

PA0019 def sense Peptide deformylase -1.67  0.02943   0.28374  
PA0071 tagR1 sense TagR1 protein 1.66  0.03658   0.32128  
PA0291 oprE sense Anaerobically-induced outer membrane porin OprE 3.28  0.00758   0.13175  
PA0668 tyrZ intergenic Tyrosyl-tRNA synthetase 1.70  0.04389   0.35768  
PA0762 algU intergenic RNA polymerase sigma factor AlgU 1.91  0.01040   0.16284  
PA0905 rsmA sense Carbon storage regulator 2.68  0.00294   0.07231  
PA0905 rsmA intergenic Carbon storage regulator 2.02  0.01985   0.24052  
PA0982 

 
intergenic Hypothetical protein -1.93  0.03135   0.29514  

PA1070 braG sense Branched-chain amino acid ABC transporter 1.87  0.03780   0.32277  
PA1092 fliC intergenic Flagellin type B -1.67  0.04538   0.35962  
PA1095 fliS sense Flagellar protein FliS 1.93  0.01714   0.22353  
PA1432 lasI sense Autoinducer synthesis protein LasI -1.88  0.02738   0.27284  
PA1533 

 
intergenic Hypothetical protein 1.98  0.00695   0.12332  

PA1775 cmpX sense Hypothetical protein 2.18  0.00848   0.14344  
PA1804 hupB intergenic DNA-binding protein HU 1.98  0.02673   0.26944  
PA2101 

 
antisense Hypothetical protein 2.22  0.00257   0.06695  

PA2222 
 

sense Hypothetical protein -1.93  0.01864   0.23623  
PA2461 

 
intergenic Hypothetical protein 1.75  0.01969   0.24052  

PA2485 
 

sense Hypothetical protein -1.98  0.00523   0.10534  
PA2604 yccA sense Hypothetical protein -1.90  0.03784   0.32277  
PA2637 nuoA intergenic NADH dehydrogenase subunit A -2.46  0.00310   0.07231  
PA2709 cysK intergenic Cysteine synthase A 2.19  0.00201   0.05405  
PA2730 

 
intergenic Hypothetical protein -2.06  0.04118   0.34140  

PA2736.1 
 

intergenic tRNA-Pro 1.88  0.01322   0.18615  
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PA2743 infC intergenic Translation initiation factor IF-3 2.16  0.01061   0.16284  
PA2760 oprQ sense Outer membrane protein OprQ 2.94  0.02007   0.24052  
PA2760 oprQ intergenic Outer membrane protein OprQ 2.54  0.04877   0.37523  
PA2819.1 

 
sense tRNA-Gly -2.27  0.01224   0.17792  

PA2853 oprI intergenic Outer membrane lipoprotein OprI -2.14  0.01124   0.16619  
PA2856 tesA antisense Acyl-CoA thioesterase 2.25  0.03228   0.29514  
PA2943 

 
intergenic Phospho-2-dehydro-3-deoxyheptonate aldolase -2.04  0.02816   0.27448  

PA2967 fabG intergenic 3-ketoacyl-ACP reductase 2.10  0.02559   0.26765  
PA2970 rpmF sense 50S ribosomal protein L32 -1.92  0.03012   0.28732  
PA3031 

 
intergenic Hypothetical protein -1.68  0.04603   0.35962  

PA3092 fadH1 intergenic 2,4-dienoyl-CoA reductase FadH1 1.83  0.02308   0.25603  
PA3151 hisF2 intergenic Imidazole glycerol phosphate synthase subunit HisF 1.84  0.02496   0.26765  
PA3309 uspK intergenic Hypothetical protein -2.93  0.00490   0.10106  
PA3441 ssuF sense Molybdopterin-binding protein 1.81  0.04996   0.37876  
PA3442 ssuB intergenic Aliphatic sulfonates transport ATP-binding subunit 2.20  0.00665   0.12042  
PA3477 rhlR intergenic Transcriptional regulator RhlR -2.25  0.01534   0.20611  
PA3477 rhlR sense Transcriptional regulator RhlR -1.65  0.02796   0.27448  
PA3531 bfrB intergenic Bacterioferritin 1.90  0.02168   0.24654  
PA3531 bfrB sense Bacterioferritin 1.95  0.02589   0.26765  
PA3536 

 
intergenic Hypothetical protein 2.68  0.00477   0.10106  

PA3558 arnF sense Hypothetical protein 1.74  0.01568   0.20763  
PA3602 yerD intergenic Hypothetical protein 1.71  0.04622   0.35962  
PA3617 recA sense Recombinase A 1.62  0.03743   0.32277  
PA3623 

 
intergenic Hypothetical protein 1.70  0.04395   0.35768  

PA3639 accA sense Acetyl-CoA carboxylase carboxyltransferase subunit alpha 2.31  0.00571   0.11265  
PA3653 frr sense Ribosome recycling factor 2.09  0.02625   0.26765  
PA3662 

 
intergenic Hypothetical protein -1.93  0.00928   0.15235  

PA3743 trmD sense tRNA (guanine-N(1)-)-methyltransferase 1.92  0.02333   0.25603  
PA3785 

 
sense Hypothetical protein -2.76  0.01778   0.22857  
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PA3865a 
 

antisense Hypothetical protein 2.82  0.00486   0.10106  
PA3866 

 
sense Pyocin S4 protein 2.40  0.00663   0.12042  

PA3982 
 

sense Metalloprotease 2.13  0.01256   0.17975  
PA4000 rlpA intergenic Hypothetical protein 2.19  0.01068   0.16284  
PA4034 aqpZ intergenic Aquaporin Z -1.96  0.02157   0.24654  
PA4115 

 
intergenic Hypothetical protein -1.80  0.02625   0.26765  

PA4259 rpsS sense 30S ribosomal protein S19 2.32  0.02062   0.24383  
PA4264 rpsJ sense 30S ribosomal protein S10 -1.83  0.03532   0.31641  
PA4272.1 p27 antisense P27 1.67  0.03886   0.32830  
PA4277 tufB sense Elongation factor Tu -1.91  0.01001   0.16145  
PA4277.2 

 
sense tRNA-Gly 1.89  0.01982   0.24052  

PA4291 
 

sense Hypothetical protein 1.82  0.01426   0.19750  
PA4315 mvaT intergenic Transcriptional regulator MvaT 2.36  0.00641   0.12042  
PA4315 mvaT sense Transcriptional regulator MvaT 2.10  0.01447   0.19750  
PA4387 fxsA intergenic FxsA protein 1.78  0.02338   0.25603  
PA4421.1 rnpB intergenic RNA component of RNaseP 1.82  0.03225   0.29514  
PA4541.3 

 
sense tRNA-Asn 2.07  0.02104   0.24562  

PA4542 clpB intergenic ClpB protein 2.75  0.00857   0.14344  
PA4587 ccpR intergenic Cytochrome C551 peroxidase -1.97  0.03440   0.31135  
PA4723 dksA sense Suppressor protein DksA 1.73  0.04907   0.37523  
PA4726.11 crcZ intergenic CrcZ 3.28  0.00275   0.06958  
PA4742 truB sense tRNA pseudouridine synthase B 1.82  0.04010   0.33559  
PA4746.2 

 
sense tRNA-Leu -3.15  0.00305   0.07231  

PA4765 omlA sense Outer membrane lipoprotein OmlA 1.79  0.01083   0.16284  
PA4937.2 

 
intergenic tRNA-Leu 1.87  0.03201   0.29514  

PA5042 pilO sense Type 4 fimbrial biogenesis protein PilO 2.21  0.00403   0.08934  
PA5062 

 
sense Hypothetical protein 2.98  0.00398   0.08934  

PA5169 dctM sense C4-dicarboxylate transporter -1.82  0.02581   0.26765  
PA5285 sutA sense Hypothetical protein 2.03  0.00596   0.11489  
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PA5446 
 

intergenic Hypothetical protein 1.76  0.03569   0.31661  
PA5493 polA intergenic DNA polymerase I -1.93  0.04609   0.35962  
PA5559 atpE sense ATP synthase F0F1 subunit C -1.68  0.04502   0.35962  

 
*Differential expression was considered significant if p < 0.05. Highlighted in gray the genes with differentially expression counts 

showing padj < 0.05 (false discovery rate). Analysis was performed using edgeR. 
 
 

 



 

APPENDIX G: COPYRIGHT PERMISSION 

 

The panels used for assembling Figure 1.1 (The coordinated process of biofilm 

formation) were adapted from previously published papers. Information on the copyright 

permission, granted by the Copyright Clearance Center, are shown: 

The first panel, adapted from Wagner and Igleski (2008), comes from an open access 

article and therefore allows any non-commercial use of their content providing appropriated 

credits to the original authors. 

 

 

On the other hand, the second panel, from Mikkelsen et al. (2011), was adapted from a 

copyrighted protected figure. Permission to use this material in this thesis was granted and 

license details are shown. 
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