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Abstract  

 

Pseudomonas aeruginosa is a leading cause of nosocomial infection due to 

its inherent resistance to multiple classes of antibiotics and ability to readily form 

protective antibiotic-tolerant biofilms. P. aeruginosa has a vast number of 

regulatory systems as well as multiple interlinked hierarchical quorum sensing (QS) 

systems that allows tight control over its large genome. The PQS-dependent QS 

system utilises alkyl-quinolones (AQs) as autoinducers, including the Pseudomonas 

quinolone signal (PQS) and its immediate precursor, 2-heptyl-4-hydroxyquinoline 

(HHQ). PQS-dependent QS coordinates the production and release of virulence 

factors, secondary metabolites, rhamnolipids, microvesicles, and extracellular DNA, 

which are important for biofilm formation. The Twin-arginine transport (Tat) 

System translocates fully-folded proteins across the inner membrane and 

inhibition, mutation or deletion of the tat genes resulted in down-regulated PQS 

biosynthesis. The primary aim of this PhD was to understand why loss of the Tat 

system causes perturbation of pqs QS. This was studied in two ways, through a) 

transcriptome analysis and b) mutagenesis of each known Tat substrate to discover 

whether a single substrate could account for the phenotype. 

Comparison of tat mutant transcriptome with wild-type PAO1-DK revealed 

highly up-regulated genes involved in anthranilate degradation. Anthranilate is 

degraded and fed into tri-carboxylic acid (TCA) cycle for energy generation but is 

also used in the first step of AQ biosynthesis. Up-regulated anthranilate 

degradation as seen in the transcriptome data may account for the perturbation of 

pqs QS in tat mutants as the two are reciprocally regulated. Expression from 

promoters of the first two operons in the anthranilate degradation pathway (antABC 

and catBCA) and their respective regulators (antR and catR) was confirmed to be 

up-regulated upon deletion or mutation of the tat system using bioluminescent 

transcriptional reporters.  
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Perturbed pqs QS and up-regulated anthranilate degradation may be due 

to failed translocation of one or more of the effectors translocated by the Tat 

system. Deletion mutants of 34 Tat system substrates were screened for reduced 

pqsA expression and up-regulated antA expression. Both were observed in a petA 

mutant, which encodes the Rieske subunit of the cytochrome bc1 complex. cytB 

and cytC1 mutants similarly exhibited reduced pqsA expression and AQ production. 

PA14 DpetA mutants grew thin, flat, eDNA-deficient biofilms similar to PA14 

DtatABC, and these were partially restored to a mature biofilm phenotype upon 

complementation. Results suggested that failure to translocate PetA caused the cell 

to shift from producing secondary metabolites, many of which are controlled by 

PQS quorum sensing, to primary metabolic processes such as degradation of 

aromatic amino acids in order to conserve energy.  

The Tat pathway is an ideal target for novel antivirulence agents due to its 

involvement in export of virulence factors and of effectors involved in anaerobic 

respiration and osmotic stress response. Deletion of the tat system disrupts pqs 

QS and subsequently biofilm formation, which is often implicated in chronic or acute 

recurring P. aeruginosa infections. As such, the second aim of this PhD was to 

develop inhibitors of the Tat system. Analogues of the published small-molecule 

Tat inhibitor (2E)-3-[(4-methylphenyl)sulfonyl]acrylonitrile (also known as Bay 11-

7082) were screened for their activity against pqsA expression and pyoverdine 

production, and structure-activity relationships (SAR) were investigated. 

Replacement of the nitrile group with an amide (CONH2) functional group increased 

pqsA-inhibitory activity, but addition of an ethoxycarbonyl (COOEt) functional 

group had the opposite effect. By altering substituents on the phenyl ring, the 

combination 3-Cl, 4-F increased inhibitory activity for pqsA expression. All 

compounds exhibited some bacterial growth inhibition, except for those with an 

N,N-dimethylcarboxamide (CONMe2) functional group which had very little effect 
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on growth. Investigation of eukaryotic cell viability following incubation with Bay 

11-7082 and 4-Me-PhSACONH2 showed the latter was less cytotoxic. 

This work gives new insight into the effects of tat mutation upon the 

transcriptome of P. aeruginosa PAO1-DK, and shows that the slower growth, 

perturbed PQS-dependent quorum sensing, and thin, flat biofilm formation seen in 

tat mutants is likely due to failed export of the Rieske subunit of the cytochrome 

bc1 complex, PetA. SAR analysis of analogues of a known Tat inhibitor, Bay 11-

7082, should help advance knowledge for the development of inhibitors of pqsA 

expression and potentially also the Tat system.  

 

Publications 

Soh, E.Y.-C., Smith, F., Gimenez, M.R., Yang, L., Vejborg, R.M., Fletcher, M., et al. 

(2021) Disruption of the Pseudomonas aeruginosa Tat system perturbs PQS-

dependent quorum sensing and biofilm maturation through lack of the Rieske 

cytochrome bc1 sub-unit. PLOS Pathog 17: e1009425. 

 

See Appendix for full text.
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Abbreviations 

°C degrees Celsius 

% (v/v) percentage volume per total volume 

% (w/v) percentage weight per total volume 

AHLs N-acyl-homoserine lactones 

AQs 2-akyl-4-quinolones 

BLI b-lactamase inhibitor 

bp base pair 

cAMP Cyclic adenosinemonophosphate 

c-di-GMP  Cyclic-dimeric-guanosine monophosphate 

C4-HSL N-butanoyl-L-homoserine lactone 

CDC Centre for Disease Control and Prevention 

CF cystic fibrosis 

CFTR CF transmembrane conductance regulator  

CLSM confocal laser scanning microscopy  

CMDR Cell mask deep red (membrane stain) 

COOEt ethoxycarbonyl 

CONH2 amide 

CONMe2 N,N-dimethylcarboxamide 

COMe acetyl 

DEG differently expressed genes 

DNA deoxyribonucleic acid 

dH20 deionised H20 

dNTP deoxynucleoside triphosphate 

EC50 Half maximal effective concentration of compound 

eDNA extracellular DNA 

EPS exopolymeric substance 

g gram 

GO Gene ontology 

h hour 

HHQ 2-heptyl-4-quinolone 
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IC50 Half maximal inhibitory concentration of compound 

IM Inner membrane 

indel insertions and deletions 

LB Luria-Bertani broth 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

µg microgram 

µl microlitre 

µM micromolar 

MDR Multidrug resistant 

4-Me-PhSAN (2E)-3-[(4-Methylphenyl)sulfonyl]acrylonitrile 

mg milligram 

min minute 

mL millilitre 

n.f. Nuclease free (water) 

OD optical density 

3-oxo-C12-HSL N-(3-oxododecanoyl)-L-homoserine lactone  

PA Pseudomonas aeruginosa 

PAPI-1, PAPI-2 Pseudomonas aeruginosa pathogenicity islands 1, 2 

PCR polymerase chain reaction 

PBS phosphate buffered saline 

PBP Penicillin binding protein 

PDR Pan-drug resistant 

PMF Proton motive force 

PQS pseudomonas quinolone signal, 2-heptyl-3-hydroxy-
4-quinolone 

PVC polyvinylchloride 

QS quorum sensing 

RLU Relative light unit 

RPMI-1640 Roswell park memorial institute medium 1640 

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis 

TAE Tris-acetate-EDTA buffer 

Tat Twin-arginine translocation 
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TCA Tricarboxylic acid  

TF transcription factor 

SNP Single-nucleotide polymorphism 

SOC super optimal broth with catabolite repression 

v/v Volume per volume 

WGS Whole-genome sequencing 

w/v Weight per volume 

XDR Extensively-drug resistant 
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1.1 The genus Pseudomonas 

 

Pseudomonas is found in the proteobacteria phylum and the g-

proteobacteria class. It is a Gram-negative, non-sporulating, rod-shaped 

bacterium. Pseudomonas spp. are non-fermentative and oxidase-positive with a 

size of 0.5-1 µm width and 1-5 µm in length. There are around 200 different species 

of Pseudomonas listed in the Approved Lists of Bacterial names (Özen and Ussery, 

2012).  

Such a diverse genus occupies a wide variety of environmental niches. 

Pseudomonas species can be found growing in soil, water, washing machines, even 

the international space station, and can cause disease in plants, insects, animals 

and humans (Kumar and Anand, 2006; Kim et al., 2013). Pseudomonas syringae, 

a notable crop plant pathogen, is also found in non-agricultural niches and is 

actively involved in the water cycle. In fact, P. syringae has been found in snow, 

clouds, rain, and rivers and is currently hypothesised to act as an ice nucleus within 

clouds due to its well established ice-nucleation ability (Morris et al., 2008). Other 

well-studied examples of Pseudomonas species include the soil-dwelling bacterium 

Pseudomonas putida; and Pseudomonas aeruginosa, a notorious pathogen capable 

of acute and chronic infections of wounds, eyes, burns, bloodstream, and the cystic 

fibrosis lung. P. aeruginosa will be expanded upon in the following section as it is 

the main focus of this thesis. The versatility of Pseudomonas spp. has resulted in 

them becoming a useful tool. For example, P. putida is the most widely used 

Pseudomonas species industrially, P. medocina is used in industrial processes, P. 

alcaligenes is used for bioremediation of pollutants, and P. fluorescens is used in 

biocontrol (Jaeger and Reetz, 1998).  

Pseudomonas spp. exist in planktonic form but can also readily switch to 

a communal biofilm lifestyle. Biofilms are complex communities of cells attached to 
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a surface and contained in an extracellular polymeric matrix comprised of proteins, 

exopolysaccharides and DNA (Costaglioli et al., 2012). Pseudomonas aeruginosa is 

a prolific biofilm producer and production of a protective biofilm allows the bacteria 

to persist in otherwise hostile environmental conditions.  

 

1.2 Pseudomonas aeruginosa 

 

Pseudomonas aeruginosa is an opportunistic pathogen capable of infecting 

a wide range of hosts including plants, insects, animals and humans (Farrow and 

Pesci, 2007a). P. aeruginosa is a versatile human pathogen, that infects the blood, 

gut, eyes, and ears of immunocompromised individuals. It also causes persistent 

chronic infections in wounds and burns, and the cystic fibrosis lung.  

P. aeruginosa is ubiquitous in the environment, although it favours moist 

conditions, and is able to catabolise a variety of organic compounds. It grows well 

at temperatures up to 42°C. As a facultative anaerobe, P. aeruginosa has the ability 

to use nitrate and nitrite as alternate terminal electron acceptors when oxygen is 

limited. Because of this, it can grow under hypoxic conditions. P. aeruginosa cells 

are motile with a polar monotrichous flagellum (O’Toole and Kolter, 1998). Notable 

characteristics of P. aeruginosa are a grape-like odour due to aminoacetophenone 

production and a blue/green colour attributed to phenazine production. 

P. aeruginosa PAO1 has a large genome size of ~6.3 Mbp and reportedly 

the highest proportion of regulatory genes for a bacterial genome (Stover et al., 

2000). Strict regulation of such a large and complex genome allows adaptation to 

diverse environmental niches and survival under changing conditions. PAO1 was 

the first Pseudomonas strain to have its genome sequenced, and has 5,570 open 

reading frames (ORFs) with a GC content of approximately 65%. 
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Different strains of P. aeruginosa have been isolated over the years and 

are now regularly cultured in the laboratory. PAO1 is one of the most commonly 

used strains in laboratory research, it is a chloramphenicol-resistant derivative of 

the PAO strain first isolated from a chronic wound in Australia in 1954. The PAO 

strain was supplied worldwide for use in research laboratories and over the years 

insertions and deletions (indels) and single-nucleotide polymorphisms (SNPs) have 

resulted in diversification of its genome (Klockgether et al., 2010). Many sublines 

have now developed through microevolution of the strain which has led to the use 

of additional defining nomenclature such as PAO1-DK for the Denmark subline, or 

PAO1-N which originates from the University of Nottingham. Pseudomonas 

aeruginosa PA14 is another commonly used laboratory strain originally isolated 

from a burn wound and is far more virulent than PAO1, most likely due to two 

additional Pseudomonas aeruginosa pathogenicity islands and a ladS mutation 

(PAPI-1 and PAPI-2) carried on its genome (He et al., 2004; Mathee, 2018).  

 

1.3 Clinical Relevance of P. aeruginosa 

 

The ability to form biofilms on medical surfaces such as catheters, 

replacement joints or surgical equipment, plus resistance to disinfectants and many 

commonly used antimicrobials makes P. aeruginosa a common cause of nosocomial 

infection. The Infectious Disease Society of America (IDSA) has named 

P. aeruginosa as one of six highly dangerous microbes, the global leading causes 

of nosocomial infection. The six form the acronym ESKAPE pathogens, due to their 

virulence and ability to “escape” conventional antibiotic action (Azam and Khan, 

2019). It is considered a worldwide healthcare issue by the International 

Nosocomial Infection Control Consortium with the majority of infections occurring 

in healthcare settings. In 2017 P. aeruginosa was added to the WHO priority list 
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for research and development of new antibiotics (Azam and Khan, 2019). It causes 

deadly or life-threatening infections in immunocompromised and highly vulnerable 

individuals, for example those with AIDS, cancer, or receiving treatment in 

intensive care units (Kerr and Snelling, 2009; Moradali et al., 2017; Schultz et al., 

2020).  

Whilst P. aeruginosa is a notorious cause of nosocomial infections, it is also 

often associated with community-acquired infection of the cystic fibrosis (CF) lung. 

Chronic and recurring lung infections result in frequent hospital admissions and 

severely lower quality of life of people with cystic fibrosis. Mutations in the CF 

transmembrane conductance regulator gene (CFTR) gives rise to multisystem 

disease. The CFTR regulator is responsible for maintaining normal osmotic balance 

across epithelial cells by allowing the passage of electrolytes and chloride ions. In 

CF patients the mucus layer is abnormal and has a thick, dehydrated and sticky 

texture which is harder to clear from the lung. As a result, CF patients are highly 

susceptible to P. aeruginosa respiratory infections. Recurring P. aeruginosa lung 

infections are the main cause of morbidity and mortality in CF patients (Moradali 

et al., 2017). Between the age of 1 and 3 years, 30 – 50% of CF patients contract 

acute P. aeruginosa infections (Da Silva Filho et al., 2013). P. aeruginosa switches 

to a mucoid phenotype allowing it to persist in the lungs despite antibiotic 

treatment, causing chronic infections (Henry et al., 1992; Govan and Deretic, 

1996). These chronic infections are often reported between the ages of 3 and 16 

years old (Da Silva Filho et al., 2013). Around 70% of adults with cystic fibrosis 

carry debilitating persistant P. aeruginosa lung infections to the end of their lives 

(Moradali et al., 2017).  

There is no one course of treatment for P. aeruginosa infection, and 

efficacy depends upon many factors including stage of infection at which antibiotics 

are administered, route of administration, location of infection, antibiotic type, 

pharmacokinetics and metabolism of the antibiotic, dose, and whether antibiotic 
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action is time or concentration dependent (Langton Hewer and Smyth, 2017; 

Bassetti et al., 2018; Cigana et al., 2020). Eight categories of antibiotic are 

commonly used in a P. aeruginosa regimen, often in combination. These are 

covered in greater detail in Table 1.1. 

Antibiotic category Description Reference 

Aminoglycoside • tobramycin, gentamicin, 
amikacin and netilmicin 

• bind 16s rRNA in A-site of 
prokaryotic ribosomal 
subunits 

• prevent mRNA and tRNA 
interactions 

• inhibit protein translation  

(Noller, 
1991; 
Kotra et 
al., 2000; 
Bassetti et 
al., 2018). 

b-Lactam: penicillins • b-lactams bind penicillin 
binding proteins (PBPs), 
inhibit transpeptidation, 
arrest cell wall synthesis  

• ticeracillin, piperacillin 
• administered with b-

lactamase inhibitors (BLIs) 
clavulanic acid or 
tazobactam due to intrinsic 
and imported b-lactamase 
genes 

(Meyers et 
al., 1980; 
Papp-
Wallace et 
al., 2011; 
Bassetti et 
al., 2018) 

b-Lactam: cephalosporins • ceftazidime and cefepime 
• favoured as incidence of 

allergic reaction to 
cephalosporin is 1-3% in the 
general population and they 
can be used to treat patients 
with a penicillin allergy  

(Frère, 
1977; 
Richmond, 
1978; 
Chaudhry 
et al., 
2019; 
Yuson et 
al., 2019) 

b-Lactam: carbapenems • imipenem and meropenem (Bassetti 
et al., 
2018) 

Monobactam • aztreonam  
• monocyclic b-lactam ring  
• prevents cell wall synthesis 

through inhibition of 
transpeptidation, resulting in 
cell lysis 

(Pechère 
and 
Köhler, 
1999) 

Fluoroquinolone • Ciprofloxacin and 
levofloxacin 

• Binds DNA topoisomerase IV 
and DNA gyrase in complex 
with DNA 

(Blondeau, 
2004) 
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• DNA synthesis unable to 
proceed at the replication 
fork, DNA fragments 
resulting in cell death 

Fosfomycin • inactivates pyruvyl-
transferase involved in 
bacterial cell wall synthesis 

• leads to peptidoglycan 
fragmentation and cell lysis 

Kahan et 
al., 1979; 
Pachori et 
al., 2019) 

Polymixin • Polymixin B, Polymixin E 
(colistin)  

• cationic antimicrobial 
polypeptides that insert into 
bacterial membranes 

•  destabilising them and 
increasing permeability (Li et 
al., 2005) 

 

Table 1.1. Antibiotics used to treat P. aeruginosa infections. There are 8 
categories described, used either in combination or monotherapy. 

 

The development of drug-resistant, multi-drug resistant (MDR), 

extensively-drug resistant (XDR) and pan-drug resistant (PDR) strains has severely 

restricted treatment options. MDR is defined as resistance to one or more 

antibiotics in 3 or more classes, XDR is resistance to one or more antibiotic in all 

classes and PDR is resistance to all antibiotics (Bassetti et al., 2018).  

For successful eradication rapid administration of antibiotics is essential, 

and susceptibility testing is necessary to avoid unwanted selection (Bassetti et al., 

2018; Cigana et al., 2020). However, those who present with infection often need 

prompt treatment, this combined with a lack of rapid tests for antibiotic resistance 

means that patients are given broad-spectrum antibiotics which kill the host’s 

protective microbiome and allow P. aeruginosa to grow unimpeded by competition. 

Selection in favour of P. aeruginosa is due to its inherent multidrug resistance to 

commonly used antibiotics, as well as antibiotic tolerance through formation of 

persistent biofilms which reduce antibiotic susceptibility. Additional resistance to 

newer antibiotics can be acquired through horizontal gene transfer or mutation of 

specific genes (Martínez and Baquero, 2002; Niederman, 2006). 
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1.4 Antibiotic Resistance in P. aeruginosa  

 

Antimicrobial resistance (AMR) is the permanent increase in minimum 

inhibitory concentration (MIC) of an antibiotic, due to genetic changes such as 

acquisition of mobile genetic elements or mutation. AMR can be innate, acquired, 

or adapted and is not the same as antibiotic tolerance, which can be defined as 

transient changes to a phenotypic state that allows bacteria to survive antibiotic 

attack (Olsen, 2015). Resistance strategies can be found throughout natural 

environments due to the abundance of naturally-produced antibiotics which are 

secondary metabolites exported and used to survive against competing bacteria 

(Sengupta et al., 2013). Alexander Fleming, the discoverer of the first broad-

spectrum antibiotic penicillin, predicted emergence of resistance to penicillin as 

early as 1945 (Fleming, 1945). Once challenged with antibiotics in a clinical setting, 

growth of resistant strains unimpeded by competition occurs as sensitive bacteria 

are killed off. The infection then progresses with the antibiotic resistant strain 

predominating.  

In general, P. aeruginosa is inherently resistant to many commonly used 

antibiotics and employs all types of resistance mechanisms (Pechère and Köhler, 

1999; Normark and Normark, 2002). AMR can be sub-divided into three categories: 

innate (also known as intrinsic) resistance, acquired resistance and adaptive 

resistance (Pechère and Köhler, 1999; Normark and Normark, 2002). Each 

category is outlined below. 
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Innate  

Innate or intrinsic antimicrobial resistance is the natural resistance of the 

“wild-type” species, without genetic mutation. P. aeruginosa is intrinsically 

resistant to many commonly used antibiotics due to low membrane permeability, 

resistance-nodulation-division (RND) multidrug efflux (Mex) pumps, and a 

chromosomally-encoded b-lactamase AmpC (Langendonk et al., 2021). AmpC 

provides a constitutive low level of resistance to b-lactamase antibiotics by 

hydrolysis of the b-lactam ring (Juan et al., 2005). Expression of ampC can also be 

induced in response to cephalosporins and aminopenicillins, through disruption of 

a peptidoglycan recycling pathway or loss of PBP4 (Cavallari et al., 2013). 

The P. aeruginosa genome encodes 12 RND-type multidrug efflux pumps, 

which actively remove antibiotic agents from the cell preventing them from 

reaching their target (Stover et al., 2000). MexAB-OprM is a constitutively active 

efflux pump in wild-type P. aeruginosa causing a basal level of resistance to 

lincomycin, novobiocin, chloramphenicol, carbapenems, fluoroquinolones, 

macrolides, penicillins, tetracyclines and most b-lactams (Langendonk et al., 

2021). It also extrudes triclosan, a widely-used biocide, and sodium dodecyl 

sulfate, a common surfactant (Chuanchuen et al., 2003; Montaseri and Forbes, 

2016). The MexAB-OprM efflux system can contribute to the development of multi-

drug resistant strains (Goli et al., 2016).  

Low membrane permeability reduces antibiotic accumulation in the cell. 

There are relatively few porins in the outer membrane, the most common is OprF, 

and second most common, OprD (Trias et al., 1989; Chevalier et al., 2017). OprD 

allows entry of carbapenem antibiotics into P. aeruginosa, and its downregulation 

or mutation is implicated in adaptive and acquired resistance. Within biofilms 

copious packaging of outer-membrane vesicles with OprD occurs increasing 

tolerance to carbapenems. OMVs are formed through budding of the outer 

membrane and contain many periplasmic components (Langendonk et al., 2021). 
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Creation of OMVs with highly abundant OprD porins has two functions, it 

significantly lowers the presence of OprD within the outer membrane, and it draws 

in carbapenems to the OMV preventing accumulation within the cell (Park et al., 

2015; Chevalier et al., 2017). 

 

Adaptive  

 Adaptive antibiotic resistance involves transient changes to gene expression 

in response to environmental circumstances, and often involves global regulatory 

networks and quorum sensing pathways to coordinate a subset of genes involved 

in response to antibiotic attack. Once the environmental circumstances have 

changed, resistance is reversed. Many two-component sensing systems are 

involved in alteration of gene expression, including phoPQ, parRS, creCD, pmrAB, 

and cprRS (Fernández et al., 2012; Langendonk et al., 2021). Other adaptive 

mechanisms of response include changes to motility, biofilm formation, 

overexpression of ampC and genes coding for Mex-type efflux pumps (Walters III 

et al., 2003; Cavallari et al., 2013; McElroy et al., 2014; Sun et al., 2018; Coleman 

et al., 2020). 

Overexpression of efflux pumps in response to external stressors is a 

common adaptive mechanism seen in resistant strains. There are four clinically 

relevant RND pumps outlined below in Table 1.2. MexAB-OprM was mentioned 

earlier, and the antibiotic substrates of MexXY-OprM are aminoglycosides, 

erythromycin, tetracycline and cefepime (Masuda et al., 2000; Hocquet et al., 

2003). MexEF-OprN exports chloramphenicol, fluoroquinolones, tetracycline, 

imipenem and trimethoprim (Langendonk et al., 2021). MexCD-OprJ extrudes 

chloramphenicol, fluoroquinolones, tetracycline and erythromycin (Masuda et al., 

2000). Loss of transcriptional repressors is often the cause of upregulation. 
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RND Efflux 
Pump 

Antimicrobial 
Substrate 

Expression 

MexAB-OprM lincomycin 

novobiocin 

chloramphenicol 

carbapenems 

fluoroquinolones 

macrolides 

penicillins 

tetracyclines  

most b-lactams 

triclosan 

SDS 

Constitutive, mexR mutants have up-
regulated expression 

MexXY-OprM aminoglycosides 

erythromycin 

tetracycline  

cefepime 

Negative regulation by MexZ repressor, 
mexZ mutation leads to overproduction 

MexEF-OprN chloramphenicol 

fluoroquinolones 

tetracycline 

imipenem 

trimethoprim 

Positive regulation of expression by MexT, 
which is often inactive in wild-type PA 

MexCD-OprJ chloramphenicol  

fluoroquinolones 

tetracycline 

erythromycin 

Expressed in strains with mutations in the 
negative regulatory gene, nfxB. 

Table 1.2 Clinically relevant P. aeruginosa RND Efflux Pumps and their 
antibiotic substrates. Expression of each pump is also described (Langendonk et 
al., 2021). 
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Acquired 

Acquired antibiotic resistance occurs through advantageous mutations or 

horizontal transfer of antibiotic resistance genes on mobile genetic elements such 

as plasmids or transposons. In P. aeruginosa, enzymes for aminoglycoside 

alteration and novel b-lactamases are acquired through horizontal gene transfer, 

whereas decrease or modification of porins and antibiotic targets are due to 

chromosomal mutation, along with overexpression of efflux pumps and b-

lactamases (Langendonk et al., 2021). Mutations within DNA gyrase and 

Topoisomerase IV protect against fluoroquinolones, and methylation of 16S rRNA 

prevents aminoglycoside binding (Lee et al., 2005; Doi and Arakawa, 2007; 

Moradali et al., 2017). 

 

1.5 P. aeruginosa Virulence 

 

P. aeruginosa is able to survive and thrive in such diverse and adverse 

conditions due to its arsenal of responsive mechanisms that sense and regulate 

genes to respond to oxidative stress, antibiotic attack, iron depletion, starvation, 

heavy metals, salt, inflammatory cytokines, as well as changes in temperature, 

oxygen availability, and phosphate levels (Moradali et al., 2017). P. aeruginosa 

produces a vast array of virulence factors that allow cells to colonise different sites 

in the host body by evading defences, disrupting immune responses, scavenging 

for iron and vital nutrients, and growing in low oxygen conditions. Virulence factors 

are either cell-associated, such as pili and flagella, or secreted, and there is a wide 

variety including pyocyanin, exoproteases, siderophores and rhamnolipids. In 

addition, P. aeruginosa forms protective biofilms made of cell aggregates 

surrounded by an exopolymeric substance (EPS) that slows diffusion of reactive 
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oxygen species and antibiotics. Biofilms are important in establishing persistent, 

chronic infections. 

 

Motility 

Motility contributes to virulence by allowing cells to travel to and colonise 

favourable environments. Individual P. aeruginosa cells swim in liquid, swarm on 

semi-solid surfaces and twitch, glide or slide on solid surfaces. Swimming through 

liquid is possible by rotational changes in the flagellum, whereas swarming involves 

both flagella and type IV pili as well as overproduction of rhamnolipid-rich 

surfactants (Köhler et al., 2000; Kearns, 2010; Hook et al., 2019). Swarming cells 

tend to be hyper-flagellated and move in a coordinated manner, genes involved in 

swarming are under the control of las and rhl quorum sensing systems (see 

Section 1.6) (Köhler et al., 2000). Twitching, however, uses extension, 

attachment and withdrawal of type IV pili for coordinated cell movement (Skerker 

and Berg, 2001). Pili are vital for biofilm formation and pilA mutants were unable 

to form microcolonies instead producing only thin, flat, biofilms when grown on 

polyvinylchloride (PVC) plastic under static conditions (O’Toole and Kolter, 1998; 

Kühn et al., 2021). Motility allows cells to able swim to a surface, colonise it, and 

form a mature biofilm. 

 

Pyocyanin 

Phenazines are redox-active secondary metabolites secreted into the 

extracellular milieu with a number of beneficial functions. Pyocyanin is a phenazine 

produced by P. aeruginosa. It gives a characteristic blue-green colour to stationary-

phase cultures and colonies of P. aeruginosa. The virulence of pyocyanin-deficient 

mutants is much lower than wild-type (Recinos et al., 2012).  

Pyocyanin is a heterocyclic zwitterion that can permeate cell membranes 

easily, it is redox-active and cytotoxic to both prokaryotes and eukaryotes. After 
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diffusing into cells, pyocyanin produces intracellular superoxide through reaction 

with available NAD(P)H (Hassan and Fridovich, 1980; Reszka et al., 2004; Rada et 

al., 2008). Synthesis of pyocyanin with the phenazine biosynthetic pathway 

involves two almost identical operons phzA1-G1 and phzA2-G2 and the starting 

precursor chorismate (Recinos et al., 2012). PhzM and PhzS are also required for 

pyocyanin biosynthesis. Regulation of these genes is through quorum sensing, as 

well as the two-component signalling system GacA/GacS (see Section 

1.6)(Reimmann et al., 1997; Recinos et al., 2012).  

 

Elastase 

The most abundant exoprotease in the proteome is elastase B, also referred 

to as LasB (Cigana et al., 2021). A small (33 kDa) zinc metalloprotease, its 

expression is induced by cell-density dependent las quorum sensing through the 

response regulator LasR (Bever and Iglewski, 1988; Gambello and Iglewski, 1991). 

It is released via type II-dependent secretion, beginning with translocation across 

the inner membrane by the Sec system, then cleavage of its signal peptide in the 

periplasm. Eventually LasB is released to the extracellular milleu via the Xcp 

pathway (Galloway, 1991; Michel et al., 2011; Cigana et al., 2021). Elastase 

impairs host innate immunity and degrades elastin, fibronectin, mucins, and host 

cell barriers to aid infection (Saint-Criq et al., 2018; Li et al., 2019; Cigana et al., 

2021).  

 

Iron uptake  

Like most living cells P. aeruginosa requires iron for growth, it is an 

important transition metal commonly used in metalloproteins for oxidation-

reduction reactions. Iron can exist in one of two oxidation states. Fe3+ is the most 

abundant form in oxygenated environments but presents a problem for bacteria as 

it has low water-solubility and therefore is difficult to take up. Conversely, Fe2+ is 
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far more soluble but predominantly found in anaerobic environments (Cornelis and 

Dingemans, 2013). Iron is required for life, but too much iron is toxic to the cell. 

As such, P. aeruginosa implements a number of different iron uptake strategies 

alongside regulatory networks of the genes involved in order to control the influx 

of iron.  

Siderophores are secreted into the environment with the purpose of 

sequestering Fe3+. Pyoverdine and pyochelin are the two main siderophores in P. 

aeruginosa, pyoverdine is involved in iron scavenging and pyochelin is able to 

chelate additional transition metal ions such as Zn(II), Cu(II), Co(II), Mo(VI) and 

Ni(II) (Azam and Khan, 2019). Ferrisiderophores enter the cell using TonB-

dependent receptors, such as the FpvA receptor which takes up pyoverdine, and 

FptA, pyochelin (Cornelis and Dingemans, 2013). In addition, P. aeruginosa can 

import exogenous siderophores (xenosiderophores) giving it a competitive edge. 

Pyocyanin, along with its precursor phenazine-1-carboxylic acid (PCA), 

reduces host protein-bound Fe3+ to a more soluble Fe2+ oxidative state. Uptake of 

the reduced ions occurs via diffusion across the outer membrane and subsequent 

translocation of the inner membrane via the FeOABC system. PCA and pyocyanin 

can promote biofilm formation by reducing Fe3+ to the more bioavailable Fe2+ 

(Wang et al., 2011; Cornelis and Dingemans, 2013). 

Host iron is not freely available for uptake by invading pathogens, instead 

it is kept within a haem molecule or bound to transferrin or lactoferrin. P. 

aeruginosa is able to scavenge and uptake host haem from haem-containing 

proteins, with its Phu or Has systems. Haem is extremely hydrophobic and 

therefore is held within haemoproteins. The Phu TonB-dependent receptor directly 

extracts haem and transports it into the cell, whereas the Has receptor utilises an 

additional haemophore. 
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Rhamnolipids 

Rhamnolipids are glycolipid biosurfactants of which there are three types 

active at the surface in P. aeruginosa: 3-(3 hydroxyalkanoyloxy) alkanoic acids 

(HAAs) which are produced by RhlA, mono-rhamnolipids, formed through addition 

of rhamnose to HAA by RhlB, and di-rhamnolipids, generated by RhlC by adding a 

sugar moiety to mono-rhamnolipids (Kim and Lee, 2016). Rhamnolipids are 

important for maintaining the channels within mature biofilms used for the 

exchange of essential gas and nutrients with waste products (Azam and Khan, 

2019). Rhamnolipids are also required for proper swimming and twitching motility 

(Kim and Lee, 2016). 

 

Hydrogen cyanide 

P. aeruginosa produces the membrane-bound HcnABC enzyme which 

catalyses the formation of toxic hydrogen cyanide using CO2 and glycine as 

substrates (Castric, 1975; Pessi and Haas, 2000). HCN is an inhibitor of cytochrome 

c oxidase, and its role in virulence has been demonstrated through transposon 

insertion within the hcn genes, which eliminated killing of P. aeruginosa-infected C. 

elegans (Gallagher and Manoil, 2001). 

 

Biofilm formation  

Biofilms are surface-attached communities of microbes living in and 

surrounded by a hydrated extracellular polymeric substance (EPS) also called a 

biofilm matrix (Li et al., 2017). The P. aeruginosa matrix is a three dimensional 

scaffold in which cells are embedded, primarily in self-generated 

exopolysaccharides (alginate, Pel, Psl), extracellular DNA, proteins, and lipids 

(Hentzer et al., 2001; Allesen-Holm et al., 2006; Diggle et al., 2006; Ryder et al., 

2007). Biofilm matrices can constitute 90% of the total biomass and hold 
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proportionally large amounts of water which protects bacteria from desiccation 

(Moradali et al., 2017). In certain mature biofilms of Pseudomonas aeruginosa, 

such as those generated in a flow chamber, channels form to aid nutrients, gases 

and waste exchange (Kumar and Anand, 2006; Hall and Mah, 2017). The matrix 

fixes bacteria in positions very close to each other which allows for highly effective 

intercellular communication and generation of extracellular digestive systems by 

retaining secreted enzymes, metabolites and nutrients as a reservoir (Flemming 

and Wingender, 2010). Biofilms can be attached to biotic or abiotic surfaces and 

are associated with long-term chronic infections resistant to antibiotics, for 

example, the chronic infections of the cystic fibrosis (CF) lung (Moses et al., 2000; 

Hall and Mah, 2017). Researchers at the Centre for Disease Control and Prevention 

(CDC) found that 80% of chronic infections are caused by clinical isolates that 

readily form biofilms in a 96-well plate, plus one study showed 60% of chronic 

wound specimens contained biofilms that could be seen with light microscopy and 

scanning electron microscopy (Li et al., 2017). 

In essence biofilms enable bacteria to survive harsher environments than 

their planktonic counterparts. Bacteria within biofilms switch to a less virulent, 

more dormant state allowing them to evade detection by the host immune system. 

Biofilms form a protective barrier to keep cells separate from the unfavourable 

surrounding milieu, creating a micro-environment that shelters from oxidative 

stress, chemical attack, and phagocytosis by macrophages. During infection the 

biofilm matrix binds secreted antibodies, and hydrogen peroxide is unable to fully 

penetrate the biofilm due to secreted catalases (Fux et al., 2005; Moradali et al., 

2017). Growth within biofilms is slower which allows cells to persist despite nutrient 

limitation and build-up of metabolic waste, and during starvation eDNA can also be 

used as a nutrient source.  

The most prominent difference between planktonic and sessile, biofilm-

embedded, bacteria is the change in antibiotic susceptibility. P. aeruginosa is 1000-
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fold more tolerant to some antibiotics when growing in a biofilm than planktonic 

culture (Fux et al., 2005; Hengzhuang et al., 2011). Restricted diffusion of 

exogenous compounds within the matrix is a major factor here. In addition, 

negatively charged elements of the matrix, such as alginate and extracellular DNA, 

slow the diffusion of positive antibiotics such as aminoglycosides by binding to them 

(Walters III et al., 2003; Fux et al., 2005; Mulcahy et al., 2008). Unexpectedly, 

exposure to subinhibitory concentrations of some antibiotics actually induces the 

formation of thicker biofilms through alginate overproduction (Fux et al., 2005).  

The phenotypic switch from planktonic motile bacteria to sessile lifestyle 

involves expression changes of hundreds of genes and is coordinated by dynamic 

regulation at each level from transcription to post-translation. The motility to 

sessility switch is considered a response to environmental signals and is governed 

by many aspects including rising cellular cyclic-diGMP levels, phosphorylation by 

two-component regulatory systems, and quorum sensing signalling networks 

(Williams and Cámara, 2009; Mikkelsen et al., 2011; Valentini and Filloux, 2016).  

There are five stages to biofilm formation and development outlined in 

Figure 1.1. Firstly, bacteria reversibly attach to the surface using adhesins in 

response to numerous environmental signals. Then, when conditions are favourable 

this becomes irreversible attachment. During the third stage cells aggregate, grow, 

and create more EPS such as Pel and Psl, forming microcolonies. Next, 

microcolonies will join to form a macrocolony, the mature biofilm has a complex 

three-dimensional structure, often seen as a characteristic mushroom shape in P. 

aeruginosa. The final stage is dispersal, bacteria leave the mature biofilm to return 

to a planktonic lifestyle, then colonise elsewhere (Hall and Mah, 2017). 
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Virulence factor production is often an energetically costly process that is 

more effective with community involvement, therefore biosynthesis of virulence 

factors and the motility-sessility switch is often under the control of quorum sensing 

systems (Moradali et al., 2017). 

 

1.6 Global Gene Regulation via Quorum Sensing Systems 

 

P. aeruginosa has a relatively large genome size of 6.3 Mbp, in comparison, 

E. coli has a genome of 4.6 Mbp (Stover et al., 2000). With such a large genome, 

P. aeruginosa must keep tight control over its gene expression to remain 

competitive. As such, there are many regulatory proteins that allow it to be so 

metabolically versatile and survive in such a wide range of different environmental 

niches (Pang et al., 2019). Over 60 two-component regulatory systems are utilised 

by P. aeruginosa (Rodrigue et al., 2000). These typically consist of a 

transmembrane sensor kinase able to respond to one, or more than one stimuli, 

Figure 1.1. Stages of biofilm formation. Diagram shows attachment, cell-
cell adhesion, growth and maturation of the biofilm. P. aeruginosa is coloured 
blue and the EPS is coloured purple. Created in biorender.com 
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and a response regulator. The sensor kinase autophosphorylates in response to 

stimuli, the phosphoryl group is then transferred to the response regulator. The 

phosphorylated response regulator then activates expression of a number of genes 

required for the appropriate response to the stimulus. Two-component systems 

allow rapid adaption to changes in the environment and are involved in many 

physiological processes including chemotaxis, iron acquisition, pili production, 

adhesion, rhamnolipid and virulence factor production (Rodrigue et al., 2000). Over 

20 transcription factors (TFs) have been identified that are involved in virulence 

alone, with 347 directly targeted genes and thousands of others whose expression 

changed following TF deletion (Huang et al., 2019).  

Quorum sensing is the term for cooperative behavioural patterns seen in 

bacterial communities. Quorum sensing is a chemical messaging system employed 

by bacteria for intercellular communication,  enabling bacterial populations to 

collectively alter their gene regulation and subsequently their behaviour in a cell 

density-dependent manner and was first described in P. aeruginosa in 1995 (Latifi 

et al., 1995; Winson et al., 1995). Quorum sensing coordinates collective responses 

and is therefore beneficial for survival of the population.  

Quorum sensing signalling molecules (QSSMs) are produced by dedicated 

synthases and those synthesised by P. aeruginosa diffuse freely into and out of 

bacterial cells (Lee and Zhang, 2014). As the bacterial population grows, QSSMs 

accumulate in the extracellular space, making an excellent indicator of cell density. 

Once the threshold concentration of QSSMs is reached, they bind to specific 

receptors and induce a conformational change. The receptors are regulators of 

transcription and the receptor-signal complex goes on to affect expression of 

quorum sensing-controlled genes. Over 10% of P. aeruginosa genes are directly 

regulated by quorum sensing as simultaneous expression changes of these genes 

within a community of bacteria is the most beneficial to survival (Lee and Zhang, 

2014). For example, concerted production of virulence factors is metabolically 
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costly and should only occur when population is large enough to overcome the host. 

QS-controlled genes include those associated with stress response, altering the 

metabolic flux through various pathways, motility, lifestyle change to sessility, 

biofilm formation, production of virulence determinants and antibiotic resistance 

(Venturi, 2006; Williams and Cámara, 2009; Lee and Zhang, 2014).  

P. aeruginosa utilises three hierarchical interlinked quorum sensing 

systems (las, rhl and pqs) for population-dependent coordination of an overlapping 

subset of genes (Latifi et al., 1995; Ochsner and Reiser, 1995; Pesci et al., 1999). 

The las and rhl systems are LuxI/LuxR type systems, where the LuxI-type enzyme 

synthesises N-acyl-homoserine lactones (AHLs) signal molecule and a LuxR-type 

transcription factor (LasR and RhlR in P. aeruginosa) binds to the autoinducer, 

enabling transcriptional activation of the autoinducer biosynthesis genes lasI and 

rhlI respectively (Fuqua et al., 1994; Bassler, 1999). The elements of the third QS 

system, the pqs system, are described in the next sections. Each QS system 

produces its own autoinducer which binds to the regulatory factors LasR, RhlR and 

PqsR respectively to  induce expression of their biosynthetic operon (Brint and 

Ohman, 1995; Ochsner and Reiser, 1995; Cao et al., 2001; Huang et al., 2019). 

The autoinducer for las QS is N-(3-oxododecanoyl)-L-homoserine lactone, 

commonly abbreviated as 3-oxo-C12-HSL (Pearson et al., 1994). The RhlI synthase 

produces N-butanoyl-L-homoserine lactone (C4-HSL) (Winson et al., 1995). 

There is considerable interplay and crosstalk between the quorum sensing 

systems. PqsR can induce expression of rhlI, and the regulator LasR activates pqsR 

and pqsH whereas RhlR negatively effects pqsR and pqsABCDE/phnAB transcription 

as shown in Figure 1.2  (McKnight et al., 2000; Wade et al., 2005; Dubern and 

Diggle, 2008). Antagonistic interplay of pqsR expression through LasR and RhlR is 

mediated by the ratio of their coinducers 3-oxo-C12-HSL and C4-HSL (Stanley et 

al., 2001). Many virulence factors are often under the control of more than one of 

these QS systems, including pyocyanin and rhamnolipid biosynthesis, biofilm 
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formation, motility and elastase production (Pesci et al., 1999; Köhler et al., 2000; 

Diggle et al., 2003; Diggle et al., 2007). 

 

 

PQS-dependent quorum sensing 

The pqs quorum sensing system relies upon 2-akyl-4-quinolones (AQs) as 

the cognate QSSMs, of which over 56 are produced by the cell (Pesci et al., 1999; 

Lépine et al., 2004). The two major AQs used as autoinducers are the pseudomonas 

quinolone signal (PQS), 2-heptyl-3-hydroxy-4-quinolone, and its precursor HHQ, 

2-heptyl-4-hydroxyquinoline (Pesci et al., 1999; Déziel et al., 2004). Both PQS and 

HHQ are able to bind PqsR and induce expression of the pqsABCDE/phnAB operon, 

although HHQ is 100-fold less effective as a coinducer (Wade et al., 2005; Xiao, 

Déziel, et al., 2006).  

Figure 1.2. Schematic overview of the three quorum sensing regulatory 
networks in P. aeruginosa. The AHLs 3-oxo-C12-HSL and C4-HSL are 
synthesised by LasI and RhlR respectively. PQS is synthesised by the products 
of the pqsABCD operon and pqsH. Created in BioRender.com. 
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PQS is solubilised using the rhamnolipid biosurfactants which increases 

PQS activity (Calfee et al., 2005). Due to its low solubility in aqueous solution, it is 

generally considered that PQS is trafficked between cells while packaged in outer 

membrane vesicles (OMVs) (Florez et al., 2017).  

 

AQ biosynthesis 

Anthranilate is used by the cell as the precursor for PQS biosynthesis and 

is one of two substrates for the first gene product in the PQS biosynthetic operon, 

PqsA. The products of the PQS biosynthetic operon pqsABCD along with PqsE 

synthesise HHQ, which is then used as a substrate for the monoxygenase PqsH to 

create PQS (Gallagher et al., 2002; Dubern and Diggle, 2008; Soh et al., 2021). 

Another monoxygenase, PqsL, is required to produce AQ N-oxides such as 2-

hydroxy-2-heptylquinoline-N-oxide (HQNO) (Lépine et al., 2004). 

The PqsA substrate, anthranilate, is a core metabolite also used for 

tryptophan biosynthesis, and can be degraded and fed into the TCA cycle for energy 

production. Anthranilate is supplied via two pathways – the conversion of 

chorismate to anthranilate by anthranilate synthase and through tryptophan 

degradation within the kynurenine pathway  (Farrow and Pesci, 2007a). There are 

two anthranilate synthases in P. aeruginosa, TrpEG and PhnAB (Essar, Eberly, 

Hadero, et al., 1990). PqsR/PQS-regulated genes encoding the large and small 

subunits of anthranilate synthase are phnA and phnB respectively; they are located 

adjacent to pqsABCDE and are expressed together as an operon (Rampioni et al., 

2016). Their transcription is positively regulated by PqsR (Farrow and Pesci, 

2007a). The KynA, KynB and KynU enzymes of the kynurenine pathway is used to 

supply anthranilate for PQS biosynthesis during growth in rich medium, and the 

phnAB genes are used in minimal medium (Farrow and Pesci, 2007a). 
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1.7 Protein Translocation via the Twin Arginine Translocation 

(Tat) Pathway 

 

Overview of the Tat pathway  

The Tat system can be found throughout the microbial community and in 

the thylakoid membranes of chloroplasts (Berks, 2015). There is a high degree of 

variability in its use (Lee et al., 2006). The Tat pathway is so named because of 

the invariant arginine dipeptide found in the signal peptides required for targeting 

substrates to the Tat translocon. Signal peptides commonly have 3 domains, a 

positively charged N-terminal region, a core hydrophobic or H-region, and a polar 

C-terminal region. Signal peptides targeting the Tat system have the consensus 

sequence Ser/Thr-Arg-Arg-X-Phe-Leu-Lys (Palmer and Stansfeld, 2020). The Tat 

protein translocation pathway is the only system that transports fully folded 

proteins from the cytoplasm to the periplasm, providing a route out of the cell for 

proteins that require a ligand/ cofactor insertion or multiprotein assembly in the 

cytoplasm.  In the case of heteromeric proteins only one subunit is required to 

carry a Tat signal peptide for translocation (Urs a Ochsner et al., 2002). Tat 

translocation is not  an essential process in P. aeruginosa (Soh et al., 2021). 

In P. aeruginosa there are three integral membrane proteins that make up 

the Tat system: TatA, TatB, and TatC. These are encoded on a 6-gene operon 

between the genes for two proteins involved in histidine biosynthesis (HisI and 

HisE) and a hypothetical protein (PA5071) which may be involved in rRNA 

processing (Stover et al., 2000; Voulhoux et al., 2001). There is an E. coli TatD 

gene homologue encoded elsewhere on the genome but this is not thought to be 

required for Tat activity (Voulhoux et al., 2001). 
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Tat system assembly and function 

The Tat system is composed of TatA family and TatC family proteins. TatA 

monomers embed into the cytoplasmic face of the inner membrane with a single 

helix at their N-terminus (Palmer and Stansfeld, 2020). In P. aeruginosa two 

functionally distinct TatA family proteins exist, TatA and TatB (Sargent et al., 1999; 

Palmer and Stansfeld, 2020). Their transmembrane helix is considered short, it 

barely spans the width of the membrane (Rodriguez et al., 2013; Zhang et al., 

2014). TatC, in comparison, comprises 6 transmembrane helices and a “cap” 

protruding out into the periplasm (Ramasamy et al., 2013). Of the 6 helices, the 

final two are similar in length to that of TatA and TatB. Together they create a 

thinner membrane at this point (Rollauer et al., 2012; Ramasamy et al., 2013). 

Many theories as to the mechanism of assembly have existed over the 

years, but the current model is assembly upon binding substrate signal peptide, 

followed by disassembly when no longer in use (Palmer and Stansfeld, 2020). The 

Tat pathway cycles from resting state, to initiation of transport, reorganisation of 

the receptor complex to form a mature complex, substrate translocation, and 

complex disassembly to return to resting state (Figure 1.3).  

 

Figure 1.3. Cycling of Tat pathway assembly, translocation and 
disassembly. Each step is outlined in more detail below. Brieflly, the 
components exist in a resting state as TatBCA and TatA pool (a), upon 
interaction with substrate PMF-dependent recruitment and assembly of TatA 
monomers begins (b,c). Following translocation to the periplasm the Tat 
system disassembles and returns to resting state (d,e). 
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In its resting state, the Tat system comprises of  3 to 4 copies each of 

TatA, TatB and TatC monomers in equal proportions (Alcock et al., 2016; Palmer 

and Stansfeld, 2020). The initiation of transport primes the TatABC receptor 

complex for proton motive force (PMF)-dependent recruitment and oligomerisation 

of TatA from a TatA oligomer pool within the membrane (Berks, 2015). Binding of 

the Tat substrate signal peptide is thought to be the first step, and the twin arginine 

residues are recognised by a conserved region on TatC at the cytoplasmic face. 

Following initial binding, the signal peptide changes to a hairpin confirmation to 

bind further into the complex (Hamsanathan et al., 2017). The hydrophobic region 

of the signal peptide interacts with TatB, creating the hairpin conformation. This 

structural change stimulates a reorganisation and TatB is replaced by TatC, then 

TatA occupies the vacated binding site (Palmer and Stansfeld, 2020). TatB is 

thought to associate with TatC helix 6 in place of TatA, so effectively the two 

monomers have swapped their binding sites. In this activated state, PMF-

dependent TatA recruitment begins (Berks, 2015). 

Due to the lack of structural information, it is unclear if TatA 

oligomerisation forms a pore of fixed size, or if the size varies depending on the 

substrate. There are two hypotheses as to the mechanism of substrate 

translocation, either enough TatA monomers assemble to form a channel to fit the 

exact size of the substrate, or the influx of short transmembrane helices of TatA, 

TatB and TatC are able to weaken the bilayer for transient disruption that is enough 

to make it kinetically possible for a large 3D structure to cross in one direction to 

the periplasm (Palmer and Stansfeld, 2020). Following translocation, the signal 

peptide is cleaved and the pore dissociates and returns to resting state receptor 

complex.  

Effectors translocated via the Tat pathway may remain in the periplasm, 

insert into the inner membrane or go on to be secreted by the type II secretion 

system (T2SS). Gram-negative bacteria have a number of different protein 
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secretion systems which export a variety of effector proteins of different functions 

into the extracellular milieu, or directly into eukaryotic and prokaryotic cells 

(Filloux, 2011). The major pathway for T2SS is the Xcp general secretory pathway 

encoded by an 11 gene cluster, xcPQRSTUVWXYZ, and xcpA/pilD found elsewhere 

on the genome (Bally et al., 1991; Nunn and Lory, 1991; Stover et al., 2000; 

Filloux, 2004). It is unclear how substrates are targeted to the Xcp/secretin module 

for export in P. aeruginosa (Filloux, 2011). 

 

Tat signal peptides 

Substrates targeted for export via the Tat pathway carry a tripartite Tat 

signal peptide which consists of a positively charged N-terminal region, an often 

helical hydrophobic centre consisting of at least 12 amino acids and a polar C-

region (Gimenez et al., 2018; Palmer and Stansfeld, 2020). The N-terminal region 

contains two conserved arginine residues which form part of a SRRxFLK motif, 

giving the name “twin-arginine” translocation pathway. Both arginine residues are 

considered essential for effective translocation, however the other residues in the 

motif are only semi-conserved and not essential for protein transport. The structure 

ends in a cleavage site for signal peptidases (Dalbey and Wickner, 1985; Lüke et 

al., 2009). A basic amino acid is frequently found in the C-region and instead of 

aiding Tat recognition and transport, it is thought to function as a Sec-avoidance 

motif as the positive charge prevents recognition by the Sec machinery due to high 

similarity of both signal peptides (Bogsch et al., 1997; Gimenez et al., 2018). 

Depending on the bacterium, different types/numbers of proteins are 

exported via the Tat system. Some only have a few exported by this route, whereas 

others rely upon the system far more (Ball et al., 2016). There are 34 known 

substrates of the Tat system in P. aeruginosa (Ball et al., 2016). Many of these are 

important virulence factors involved in biofilm formation, cell survival and 

adaptation (Lee et al., 2006). For example, the Tat system is required for the export 
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of phospholipases, proteins involved in anaerobic respiration, motility, responding 

to osmotic stress, and pyoverdin-mediated iron uptake (Ochsner et al., 2002). The 

full list of Tat system substrates is covered in Chapter 4.  

 

Implications of P. aeruginosa Tat system in virulence 

A P. aeruginosa tat mutant was avirulent in a rat pulmonary infection 

model, and transposon insertion into tat genes resulted in reduced eDNA release, 

lower rhamnolipid and microvesicle production, perturbed PQS biosynthesis, and 

formation of thin, flat biofilms (Ochsner et al., 2002; Soh et al., 2021). This will be 

covered in extensive detail in Chapter 3 and Chapter 4.  

In addition, the Tat pathway exports a number of virulence factors involved 

in anaerobic respiration, motility, response to osmotic stress, pyoverdine-

dependent iron acquisition and phospholipases. As such, the Tat system would be 

an excellent target for development of novel inhibitors for antivirulence therapies 

due to its role in virulence.  
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1.8 Aims of This Study  

 

PQS-dependent quorum sensing is perturbed in tat system transposon 

mutants, expression of the biosynthesis operon is greatly down-regulated, and 

there are pleiotropic phenotypic changes including decreased eDNA release, flat 

biofilms, and decreased rhamnolipid and microvesicle production (Soh et al., 

2021). It is possible that one or more of the proteins transported by the Tat system 

could also be involved with PQS-dependent quorum sensing, thus providing a link 

between deletion of the Tat system and perturbation of PQS quorum sensing. 

 

Aims: 

• Study the effects of Tat deletion at a transcriptional level with RNAseq 

analysis and transcriptional bioreporters to identify expression changes that 

may cause perturbed PQS quorum sensing. 

• Test proteins translocated by Tat system for their relation to pqs QS. 

• Screen structural analogues of a known Tat inhibitor to determine structure-

activity relationship and improve potency of Tat inhibition. 
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Chapter 2:  Materials and Methods 
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2.1 Bacterial growth media and culture conditions 

 

Unless indicated otherwise all strains were grown in liquid lysogeny broth 

(LB) or grown on LB agar plates at 37°C. Liquid cultures were shaken at 250 rpm. 

LB was composed of 10 g/L tryptone, 10 g/L NaCl and 5 g/L yeast extract. For 

growth on agar plates, bacteriological agar was added to the LB at a concentration 

of 15 g/L. When required, the following antibiotics were added: Nalidixic Acid (Nal) 

at 15 µg/mL; tetracycline (Tc) at 150 µg/mL for use with P. aeruginosa, 15 µg/mL 

for E. coli; and gentamicin (Gm) at 10 µg/mL.  

M9 minimal medium was prepared so that 1 litre contained 200 mL M9 5X 

salt solution, 2 mL 1 M MgSO4, 20 mL 1 M succinate, 100 µl of 1M CaCl2, and 50 

mL 10% casamino acids dissolved in dH20 and the pH was adjusted to 7.2. 

Succinate was added immediately prior to inoculation, and casamino acids were 

not included in biofilm experiments.  

Congo red plates were used to show colony morphology as described by 

Mayer-Hamblett et al. (2014). Briefly, 10 g agar, 1 g of yeast and 1 g of casamino 

acids were dissolved in 850 mL of distilled H20 and autoclaved. Once cooled, 

100 mL of 10X M63 salts, 2.5 mL 1 M MgCl2, 1 mL of 0.1 M (NH4)2Fe(SO4)2.6H20, 

1 mL 40 mg/mL Congo Red, 1 M CaCl2, and 50 mL 1 M glucose. The final agar 

concentration is 1% (Mayer-Hamblett et al., 2014). 

 

Storage of Bacterial Strains 

 

Following overnight growth in 5 mL LB broth containing any necessary 

selective antibiotics, 750 µl of culture was added to 750 µl 50% (v/v) glycerol in 

sterile cryotubes (Starstedt) and stored at -80°C. 
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2.2 Bacterial strains and plasmids 

 

The following bacterial strains and plasmids were used during this study: 

 

Strain Description Reference 
E. coli   
E. coli S17-1 lpir Conjugative strain (Simon et al., 

1983) 
E. coli NEB®5α  For high-efficiency electrocompetent 

transformation. Derivative of 
DH5α™. Catalog number C2989K. 
T1 phage resistant and endA 
deficient. 
fhuA2Δ(argF-lacZ)U169 phoA 
glnV44 Φ80Δ (lacZ)M15 gyrA96 
recA1 relA1 endA1 thi-1 hsdR17. 

New England 
Biolabs 

P. aeruginosa   
PAO1-DK Denmark subline (Soh et al., 2021) 
PAO1-DK tatA::Tn5 Tn5 transposon insertion in tatA 

gene 
(Soh et al., 2021) 

PAO1-DK DpqsA deleted pqsA gene, unable to 
synthesise AQs 

(Soh et al., 2021) 

PAO1-DK DpqsA 
tatA::Tn5 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 

(Soh et al., 2021) 

PAO1-DK DtatABC deleted tatABC genes (Soh et al., 2021) 
PAO1-DK DantA deleted antA gene, unable to 

degrade anthranilate 
This study 

PAO1-DK DtatABC 
DantA 

deleted tatABC and antA genes This study 

PAO1-DK DpqsA 
DantA 

deleted pqsA and antA gene This study 

PAO1-DK 
miniCTX::’antA-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for antA 

This study 

PAO1-DK 
miniCTX::’antR-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for antR 

This study 

PAO1-DK 
miniCTX::’catB-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for catB 

This study 

PAO1-DK 
miniCTX::’catR-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for catR 

This study 

PAO1-DK 
miniCTX::’pqsA-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for pqsA 

This study 

PAO1-DK 
miniCTX::’hisI-lux 

Denmark subline of PAO1 carrying 
transcriptional reporter for hisI 

This study 

PAO1-DK tatA::Tn5 
miniCTX::’antA-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for antA 

This study 

PAO1-DK tatA::Tn5 
miniCTX::’antR-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for antR 

This study 

PAO1-DK tatA::Tn5 
miniCTX::’catB-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for catB 

This study 
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PAO1-DK tatA::Tn5 
miniCTX::’catR-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for catR 

This study 

PAO1-DK tatA::Tn5 
miniCTX::’pqsA-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for pqsA 

This study 

PAO1-DK tatA::Tn5 
miniCTX::’hisI-lux 

Tn5 transposon insertion in tatA 
gene, carrying transcriptional 
reporter for hisI 

This study 

PAO1-DK DpqsA 
miniCTX::’antA-lux 

deleted pqsA gene, unable to 
synthesise AQs, carrying 
transcriptional reporter for antA 

This study 

PAO1-DK DpqsA 
miniCTX::’antR-lux 

deleted pqsA gene, unable to 
synthesise AQs, carrying 
transcriptional reporter for antR 

This study 

PAO1-DK DpqsA 
miniCTX::’catB-lux 

deleted pqsA gene, unable to 
synthesise AQs, carrying 
transcriptional reporter for catB 

This study 

PAO1-DK DpqsA 
miniCTX::’catR-lux 

deleted pqsA gene, unable to 
synthesise AQs, carrying 
transcriptional reporter for catR 

This study 

PAO1-DK DpqsA 
miniCTX::’hisI-lux 

deleted pqsA gene, unable to 
synthesise AQs, carrying 
transcriptional reporter for hisI 

This study 

PAO1-DK DpqsA 
tatA::Tn5 
miniCTX::’antA-lux 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 
carrying transcriptional reporter for 
antA 

This study 

PAO1-DK DpqsA 
tatA::Tn5 
miniCTX::’antR-lux 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 
carrying transcriptional reporter for 
antR 

This study 

PAO1-DK DpqsA 
tatA::Tn5 
miniCTX::’catB-lux 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 
carrying transcriptional reporter for 
catB 

This study 

PAO1-DK DpqsA 
tatA::Tn5 
miniCTX::’catR-lux 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 
carrying transcriptional reporter for 
catR 

This study 

PAO1-DK DpqsA 
tatA::Tn5 
miniCTX::’hisI-lux 

deleted pqsA gene and Tn5 
transposon insertion in tatA gene 
carrying transcriptional reporter for 
hisI 

This study 

PAO1-DK DtatABC 
miniCTX::’antA-lux 

deleted tatABC genes carrying 
transcriptional reporter for antA 

This study 

PAO1-DK DtatABC 
miniCTX::’antR-lux 

deleted tatABC genes carrying 
transcriptional reporter for antR 

This study 

PAO1-DK DtatABC 
miniCTX::’catB-lux 

deleted tatABC genes carrying 
transcriptional reporter for catB 

This study 

PAO1-DK DtatABC 
miniCTX::’catR-lux 

deleted tatABC genes carrying 
transcriptional reporter for catR 

This study 

PAO1-DK DtatABC 
miniCTX::’hisI-lux 

deleted tatABC genes carrying 
transcriptional reporter for hisI 

This study 

PAO1-DK DantA 
miniCTX::’antA-lux 

deleted antA gene carrying 
transcriptional reporter for antA 

This study 
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PAO1-DK DantA 
miniCTX::’antR-lux 

deleted antA gene carrying 
transcriptional reporter for antR 

This study 

PAO1-DK DantA 
miniCTX::’catB-lux 

deleted antA gene carrying 
transcriptional reporter for catB 

This study 

PAO1-DK DantA 
miniCTX::’catR-lux 

deleted antA gene carrying 
transcriptional reporter for catR 

This study 

PAO1-DK DantA 
miniCTX::’pqsA-lux 

deleted antA gene carrying 
transcriptional reporter for pqsA 

This study 

PAO1-DK DtatABC 
DantA 
miniCTX::’antA-lux 

deleted antA and tatABC genes 
carrying transcriptional reporter for 
antA 

This study 

PAO1-DK DtatABC 
DantA 
miniCTX::’antR-lux 

deleted antA and tatABC genes 
carrying transcriptional reporter for 
antR 

This study 

PAO1-DK DtatABC 
DantA 
miniCTX::’catB-lux 

deleted antA and tatABC genes 
carrying transcriptional reporter for 
catB 

This study 

PAO1-DK DtatABC 
DantA 
miniCTX::’catR-lux 

deleted antA and tatABC genes 
carrying transcriptional reporter for 
catR 

This study 

PAO1-DK DtatABC 
DantA 
miniCTX::’pqsA-lux 

deleted antA and tatABC genes 
carrying transcriptional reporter for 
pqsA 

This study 

PAO1-DK DpqsA 
DantA 
miniCTX::’antA-lux 

deleted antA and pqsA genes 
carrying transcriptional reporter for 
antA 

This study 

PAO1-DK DpqsA 
DantA 
miniCTX::’antR-lux 

deleted antA and pqsA genes 
carrying transcriptional reporter for 
antR 

This study 

PAO1-DK DpqsA 
DantA 
miniCTX::’catB-lux 

deleted antA and pqsA genes 
carrying transcriptional reporter for 
catB 

This study 

PAO1-DK DpqsA 
DantA 
miniCTX::’catR-lux 

deleted antA and pqsA genes 
carrying transcriptional reporter for 
catR 

This study 

PAO1-DK DpqsA 
DantA 
miniCTX::’pqsA-lux 

deleted antA and pqsA genes 
carrying transcriptional reporter for 
pqsA 

This study 

PAO1-W DphzA1-G1 
DphzA2-G2 

Deleted phenazine biosynthetic 
operons, unable to make pyocyanin 

(Recinos et al., 
2012) 

PAO1-N DpvdD Unable to make pyoverdine Mark Perkins, 
University of 
Nottingham 

PAO1-N DpchEF Unable to make pyochelin Mark Perkins, 
University of 
Nottingham 

PAO1-N DpvdD 
DpchEF 

Unable to make pyoverdine and 
pyochelin 

Mark Perkins, 
University of 
Nottingham 

PA14 Common laboratory strain (Kukavica-Ibrulj 
et al., 2008) 

PA14 DtatABC Knockout of tatABC genes Kindly donated by 
Berengere Ize 
(Ball et al., 2016) 

PA14 DPA0144 Deletion mutant of a substrate of 
the Tat secretion system 

(Gimenez et al., 
2018) 
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PA14 DPA0365 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA0735 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA0844  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA1174  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA1601 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA1880 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2065 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2124 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2264 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2328 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2378 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2389 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2392  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2394  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2531 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2635 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA2699 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3222 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3319  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3392 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3713 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3768 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA3910 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4140 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4159  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4431 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4621 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4692 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 



 58 

PA14 DPA4812  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA4858 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA5327 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA5538  Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 DPA14_48450 Deletion mutant of a substrate of 
the Tat secretion system 

Gimenez et al., 
2018) 

PA14 
miniCTX::’pqsA-lux 

PA14 wild-type strain carrying pqsA 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::’pqsA-lux 

Deleted tatABC genes carrying pqsA 
transcriptional reporter 

This study 

PA14 DPA0144 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA0365 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA0735 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA0844 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA1174 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA1601 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA1880 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2065 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2124 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2264 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2328 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2378 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2389 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2392 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 
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PA14 DPA2394 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2531 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2635 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA2699 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3222 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3319 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3392 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3713 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3768 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA3910 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4140 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4159 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4431 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4621 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4692 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4812 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4858 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA5327 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 
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PA14 DPA5538 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA14_48450 
miniCTX::’pqsA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
pqsA transcriptional reporter 

This study 

PA14 
miniCTX::’antA-lux 

PA14 wild-type strain carrying antA 
transcriptional reporter 

This study 

PA14 
miniCTX::’antR-lux 

PA14 wild-type strain carrying antR 
transcriptional reporter 

This study 

PA14 
miniCTX::’catB-lux 

PA14 wild-type strain carrying catB 
transcriptional reporter 

This study 

PA14 
miniCTX::’catR-lux 

PA14 wild-type strain carrying catR 
transcriptional reporter 

This study 

PA14 
miniCTX::’pqsA-lux 

PA14 wild-type strain carrying pqsA 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::’antA-lux 

Deleted tatABC genes carrying antA 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::’antR-lux 

Deleted tatABC genes carrying antR 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::catB-lux 

Deleted tatABC genes carrying catB 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::’catR-lux 

Deleted tatABC genes carrying catR 
transcriptional reporter 

This study 

PA14 DtatABC 
miniCTX::’pqsA-lux  

Deleted tatABC genes carrying pqsA 
transcriptional reporter 

This study 

PA14 DPA0144 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA0365 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA0735 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA0844 
miniCTX::’antA-lux  

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA1174 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA1601 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA1880 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2065 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2124 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2264 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 
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PA14 DPA2328 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2378 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2389 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2392 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2394 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2531 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2635 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA2699 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3222 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3319 
miniCTX::’antA-lux  

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3392 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3713 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3768 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA3910 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4140 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4159  
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4431 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4621 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 
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PA14 DPA4692 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4812 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4858 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA5327 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA5538 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA14_48450 
miniCTX::’antA-lux 

Deletion mutant of a substrate of 
the Tat secretion system carrying 
antA transcriptional reporter 

This study 

PA14 DPA4429  Clean deletion of PA4429 Kindly donated by 
Berengere Ize, 
C.N.R.S, Marseille 

PA14 DPA4429 
miniCTX::’pqsA-lux 

Clean deletion of PA4429 carrying 
pqsA transcriptional reporter 

This study 

PA14 DPA4430  Clean deletion of PA4430 Kindly donated by 
Berengere Ize, 
C.N.R.S, Marseille 

PA14 DPA4430 
miniCTX::’pqsA-lux 

Clean deletion of PA4430 carrying 
pqsA transcriptional reporter 

This study 

PA14 DpetA-
miniCTX::petA 

Clean deletion of PA4431 (petA) 
complemented with petA on 
miniCTX vector 

Kindly donated by 
Berengere Ize, 
C.N.R.S, Marseille 

Table 2.1. List of bacterial strains used during this study. 

  



 63 

All vectors used are listed in Table 2.2. 

 

Plasmid Features Origin 
pMiniCTX::lux Inserts at neutral CTX site on pseudomonas 

chromosome. Contains a luxCDABE operon 
for bioluminescence, TcR 

(Calvo et 
al., 2000) 

pMiniCTX::antA’-lux Contains a luxCDABE operon under the 
control of antA promoter, TcR 

This study 

pMiniCTX::antR’-lux Contains a luxCDABE operon under the 
control of antR promoter, TcR 

This study 

pMiniCTX::catB’-lux Contains a luxCDABE operon under the 
control of catB promoter, TcR 

This study 

pMiniCTX::catR’-lux Contains a luxCDABE operon under the 
control of catR promoter, TcR 

This study 

pMiniCTX::pqsA’-ux Contains a luxCDABE operon under the 
control of pqsA promoter, TcR 

(Soh et 
al., 2021) 

pMiniCTX::hisI’-lux Contains a luxCDABE operon under the 
control of hisI promoter, the promoter for 
the tatABC operon, TcR 

This study 

pDM4 Suicide plasmid containing sacBR genes for 
sucrose sensitivity, GmR 

(Buscher 
et al., 
2005) 

pDM4DantA pDM4 plasmid containing antA flanking 
regions and deleted antA gene. For clean 
deletion of antA gene in Pseudomonas 
aeruginosa, GmR 

This study 

pSW002-Pc-TorA-
mTurquoise2 

For constitutive expression of Tat-secreted 
green-fluorescent protein mTurquoise2, TcR 

(Wilton et 
al., 2018) 

pminiCTX1::petA petA under the control of its own promoter  
in mini-CTX1 

(Soh et 
al., 2021) 

Table 2.2. Plasmids used during this study. 

 

2.3 Molecular biology 

 

The following oligonucleotides were used during this study:  

 

Oligonucleotide Sequence  
(5’ – 3’) 

Details Restriction 
site 

antA CTX UF TATAAGCTTTGCACA
TCGACTTCA 

Forward primer for 
cloning antA 
promoter region 

HinDIII 

antA CTX DR TATGGATCCCTGTTC
GAGGCTTCT 

Reverse primer for 
cloning antA 
promoter region 

BamHI 

antR CTX UF TATAAGCTTTGTGCT
GACGTGATA 

Forward primer for 
cloning antR 
promoter region 

HinDIII 
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antR CTX DR TATGGATCCATGGGT
CCTCATCAT 

Reverse primer for 
cloning antR 
promoter region 

BamHI 

catB CTX UF TATAAGCTTTGTCGC
AGATGCTTT 

Forward primer for 
cloning catB 
promoter region 

HinDIII 

catB CTX DR TATGGATCCTTTGGA
TCACGGCTT 

Reverse primer for 
cloning catB 
promoter region 

BamHI 

catR CTX UF TATAAGCTTCGGCAT
TCACGTTGT 

Forward primer for 
cloning catR 
promoter region 

HinDIII 

catR CTX DR TATGGATCCAAGTAG
CGCAGGTGA 

Reverse primer for 
cloning catR 
promoter region 

BamHI 

hisI CTX UF TATAAGCTTCTGAAC
ATCGAAGGC 

Forward primer for 
cloning promoter of 
hisIEtatABCPA5071 
operon 

HinDIII 

hisI CTX DR TATGGATCCGTTCCA
GTGAATCTC 

Reverse primer for 
cloning promoter of 
hisIEtatABCPA5071 
operon 

BamHI 

antA pDM4 +500 
UF 

TATTCTAGATGCAAC
ATCTCCTCC 

For creating an antA 
deletion 

XbaI 

antA pDM4 +500 
DR 

TATGAATTCCTGTTC
GAGGCTTCT 

For creating an antA 
deletion 

EcoRI 

antA pDM4 -500 
UF 

TATGAATTCGAGATC
ACCCACGAA 

For creating an antA 
deletion 

EcoRI 

antA pDM4 -500 
DR 

TATCTCGAGCAGGAA
CAGGGTCTT 

For creating an antA 
deletion 

XhoI 

pDM4 seq UF ACAGGAACACTTAAC
GGCTG 

Forward primer for 
sequencing insert in 
pDM4 

- 

pDM4 seq DR TGTCCCTCCTGTTCA
GCTACT 

Reverse primer for 
sequencing insert in 
pDM4 

- 

antA seq UF CAGGATCAGTCCCTT
GATCAG 

Forward 
Chromosomal 
Sequencing Primer 
for antA 

- 

antA seq DR GAGGCGAAGTCGAAG
TAGAAG 

Reverse 
Chromosomal 
Sequencing Primer 
for antA 

- 

Table 2.3. List of primers used during this study. 
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Amplification of DNA fragments by Polymerase Chain Reaction 

Polymerase chain reaction (PCR) was used to amplify specific fragments of 

DNA from either a plasmid DNA or genomic DNA template. PCR was carried out 

using both GoTaq® G2 Green Master Mix (Promega) and Q5® High-fidelity 2X 

Master Mix (NEB). The upstream and downstream oligonucleotides were stored at 

100 nM at -20°C, and a working stock was made from a 1/10 dilution in nuclease 

free (n.f.) water. 

For a 50 µl reaction, 100 ng template DNA was added to 25 µl of master 

mix and 5 µl of each working stock of the upstream and downstream 

oligonucleotide. N.f. water was added for a total volume of 50 µl and the reaction 

mixed gently with a pipette. The PCR thermocycling conditions changed depending 

on the size of the DNA fragment and the melting temperature (Tm) of the two 

oligonucleotides. A brief guide is as follows: 

 

Step DNA polymerase 
GoTaq® Q5® 

1 95°C 2 min 98°C 30 s 
2 95°C 30 s 98°C 10 s 
3 Tm-5°C 30 s Tm-5°C 30 s 
4 72°C 1 min/kb 72°C 30 s/kb 
5 72°C 5 min 72°C 2 min 
 

Reactions were then stored at 4°C if not used immediately. 
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Plasmid Extraction 

Plasmids were extracted from overnight 5 mL cultures grown in LB broth 

containing the plasmid-selective antibiotic. The Sigma-Aldrich GenElute™ Plasmid 

Miniprep kit was used to isolate plasmids following the manufacturer’s instructions 

and DNA was eluted into 50 µl n.f. water and stored at -20°C. A NanoDrop® 

spectrophotometer 1000 (Fisher Scientific) was used to measure the concentration 

and assess the purity of double-stranded DNA in the sample. 

 

Restriction Digest 

Approximately 1 µg DNA was digested with restriction endonucleases 

produced by either Promega or NEB as per the manufacturer’s instructions. 

 

Gel Electrophoresis and DNA purification 

Agarose gel electrophoresis was used to separate DNA fragments by their 

mass. Typically a 1% agarose gel was used, so that 1 g of agarose was dissolved 

in a total volume of 100 mL Tris-acetate-EDTA (TAE) buffer (0.04 M Tris-acetate, 

pH 8 + 1 mM ethylenediaminetetraacetic acid (EDTA)) and then 0.1 µl/mL 

Invitrogen™ Sybr™ Safe (Thermo Fischer Scientific) DNA stain was added. 10-50 µl 

DNA was loaded into each well and was run through the gel in TAE buffer at 90 V 

1 h. 

 

Ligation of DNA fragments with vector backbone 

A 20 µl reaction was made from 0.5 µl T4 DNA ligase (Promega), 2 µl 10X 

ligase buffer (Promega), the insert and vector DNA at a molar ratio of 5:1, and n.f. 

water for the remaining volume. Ligation was carried out over 16 h at 16°C in PCR 

thermocycler. Following ligation samples were dialysed 1 h using 0.025 µm 

nitrocellulose membrane filters (Merck Millipore Ltd.) floating on dH20 before 

electroporation into electrocompetent cells. 
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Preparation of electrocompetent E. coli cells 

Overnight culture of E. coli S17-1 lpir was added to 100 mL fresh LB at an 

OD600 of 0.05, this was then incubated for 6 h at 37°C, 200 rpm. The culture was 

split into 5 and cells were harvested by centrifugation at 5000 xg, 4°C for 20 min. 

Once the supernatant was discarded each pellet was resuspended gently in 20 mL 

10% (v/v) glycerol. This centrifugation-resuspension step was repeated thrice, 

each time resuspending the pellet in lower volumes of 10% (v/v) glycerol: 20 mL, 

5 mL, then 250 µl. Finally, 50 µl aliquots were prepared from the final resuspension 

and these were stored at -80°C. 

 

Preparation of electrocompetent P. aeruginosa 

The P. aeruginosa strain to be transformed was grown as a standard 

overnight 5 mL culture at 42°C, 200 rpm. Cells were harvested by centrifugation at 

5000 xg for 10 min at 4°C then washed in sterile dH2O three times before 

resuspending in a volume of 100 µl sterile dH2O. 

 

Transformation of plasmids into electrocompetent cells 

Solutions containing plasmid DNA were dialysed to remove salt on 0.025 nm 

pore filter membrane (Millipore) floating on dH20 for 1 h immediately prior to 

transformation into bacterial cells. 

All aliquots of electrocompetent cells were thawed and kept on ice before 

electroporation. For transformation of electrocompetent E. coli and P. aeruginosa, 

4-10 µl of plasmid DNA was added to a 50 µl aliquot of electrocompetent cells, 

mixed gently and electroporated in a 2 mm electroporation cuvette (Bio-rad) using 

a Bio-rad Micropulser at 12.5 kV/cm. Next, 950 µl pre-warmed LB or SOC 

outgrowth medium (NEB) was added and the cuvette incubated 1 h at 37°C, static. 

Finally, 50 µl was spread on a selective LB agar plate, the remaining cells pelleted 

and resuspended in 50 µl LB broth before spreading on a second plate. Transformed 

cells were selected for by antibiotic resistance encoded in the plasmid.  
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Conjugation into P. aeruginosa  

5 mL LB overnight cultures of recipient P. aeruginosa strains were grown at 

42°C to inactivate the restriction enzyme system which degrades foreign DNA. At 

the same time, donor E. coli S17-1 lpir strains were grown at 37°C shaking 250 

rpm. 500 µl of donor and recipient cultures were mixed and then washed in 1 mL 

fresh LB. Controls for individual strains were not mixed but prepared in the same 

manner. After 5 min of centrifugation at 6,000 xg samples were resuspended in 50 

µl LB and spotted onto dry LB plates. The plates were dried 15 min under a flame 

then incubated 30°C 6 h. After 6 h spots were resuspended in 1 mL LB and then 

50 µl of each was spread on an LB plate containing the nalidixic acid 15 µg/mL and 

the correct selective antibiotic for isolation of Pseudomonas strains carrying the 

intended plasmid. pDM4 carries a gentamicin resistance cassette and miniCTX::lux 

confers tetracycline resistance. 

 

 Colony PCR  

Clones growing on a selective agar plate following transformation or 

conjugation were patch-plated onto a numbered grid on a fresh selective agar 

plate. Following overnight incubation at 37°C, small sections of each clone were 

transferred to a PCR tube containing 12.5 µl GoTaq® G2 Green Master Mix 

(Promega), 5 µl of each oligonucleotide from 10 nM working stocks, and 2.5 µl 

nuclease free water. PCR thermocycling conditions are as follows: 

 

Step Temperature Time Return to step No of repeats 

1 95°C 10 min   
2 95°C 30 s   
3 58°C 30 s   
4 72°C 1 min/kb 2 30 
5 72°C 10 min   
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 Genomic DNA extraction 

Genomic DNA was extracted with the GenElute™ Bacterial Genomic DNA 

extraction kit (Sigma Aldrich) according to the manufacturer’s protocol, the DNA 

was eluted in nuclease free water and stored at -20°C. 

 

 Confirmation of DNA by sanger sequencing of DNA 

The concentration of DNA and purity of the sample was assessed with the 

NanoDrop® Spectrophotometer 1000 (Fisher Scientific). Sanger sequencing was 

carried out by Source Bioscience and the results analysed using Benchling 

(https://www.benchling.com ). 

 

2.4 Genetic modifications 

 

Deletion of antA with pDM4 suicide vector 

Knockout of antA was carried out using homologous recombination and the 

sucrose-sensitive suicide plasmid pDM4 (Figure 2.1a). in-frame deletion between 

bases 27 and 1,284 of the antA ORF was made using the suicide vector deletion 

system described by Buscher et. al. (2005)(Buscher et al., 2005). The 

oligonucleotides “antA pDM4 +500 UF” and “antA pDM4 +500 DR” (Table 2.3) 

were used to amplify the 783 bp upstream region, and “antA pDM4 -500 UF” and 

“antA pDM4 -500 DR”, the 665 bp downstream region. Homology arms were 

chosen to start just within the start and end of the open reading frame and extend 

out either side of the gene. These were cloned using specific primers which 

introduce a restriction endonuclease site on the end of each DNA fragment. Once 

digested and purified the DNA fragments were ligated together and into pDM4 in 

one step and the plasmid transformed into E. coli S17-1 lpir. Successful 

transformation was selected for using gentamicin resistance. Plasmids were 

extracted from each clone and the insertion of both homologous regions was 
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detected with PCR using the primers “pDM4 seq UF” and “pDM4 seq DR” which 

flank the multiple cloning site on the vector. A plasmid containing both inserts was 

confirmed with sanger sequencing. 

Conjugation of the pDM4DantA deletion plasmid into P. aeruginosa was 

carried out as described earlier. Clones growing on PIA agar containing gentamicin 

at 10 µg/mL were transferred to a numbered grid and grown overnight on LB Gm 

10 µg/mL plates. These contain a single-crossover insertion of the pDM4DantA 

plasmid at one of the homology regions on the bacterial chromosome. Double-

crossover homologous recombination events between duplicated sequences in the 

heterozygote were selected for by growth in LB 5% sucrose using the sacB gene. 

Each clone was used to inoculate overnight cultures of LB sucrose 5% (w/v) broth, 

after growth at 37°C 200 rpm a 1x10^6 dilution was plated onto LB sucrose 5% 

(w/v) agar and this sucrose selection process was carried out three times.  

Clones growing on LB sucrose 5% (w/v) agar were transferred to identical 

grid positions, first on LB agar then LB Gm 10 µg/mL agar and those that grew only 

on the former had undergone a double-crossover homologous recombination event 

and no longer contained the pDM4 vector backbone (Figure 2.1a). Sucrose 

selection of double-crossover events produces strains which carry either the wild-

type gene or in-frame deletion on the bacterial chromosome. Specific chromosomal 

oligonucleotides “antA seq UF” and “antA seq DR” were used to PCR amplify this 

region (Figure 2.1b). Those that carried the in-frame deletion produced a DNA 

fragment far shorter than the wild-type fragment. Creation of isogenic mutants was 

confirmed with whole genome sequencing in addition to PCR amplification of the 

antA region. 
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Figure 2.1. Construction of pDM4DantA deletion plasmid (a) and 
confirmation of deletion mutants (b). a) Oligonucleotides (green arrows) were 
used to amplify upstream and downstream regions of antA by PCR (green bands). 
These were ligated together on a gentamicin-resistant pDM4 suicide vector 
carrying a sacB gene. pDM4DantA was sequenced then conjugated into PAO1, 
PAO1 DtatABC and PAO1 DpqsA. Newly-acquired gentamycin resistance allows 
isolation of clones following single homologous recombination with the bacterial 
chromosome. Double homologous recombination events were selected for with the 
sacB gene, whose expression causes cell death upon growth in sucrose. Lastly, 
the chromosomal DantA deletion is shown. b) Confirmation of mutants by PCR 
amplification of the chromosomal antA gene using the primers “antA seq UF” and 
“antA seq DR”. DNA fragment is 3,119 bp for wild-type gene and 1,868 bp for 
DantA. 
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Creation of bioluminescent transcriptional reporters 

Transcriptional fusions were made between promoter regions of antA, antR, 

catB, catR and hisI and the luxCDABE operon and inserted into the bacterial 

chromosome at a neutral location with a miniCTX::lux plasmid vector as described 

by Diggle et al. (Diggle et al., 2007). Bioluminescence and cell density was 

measured in an automated luminometer-spectrophotometer as described by 

Fletcher et al. (Fletcher et al., 2007). 

Briefly, pminiCTX::lux vectors were amplified, extracted and purified from 

E. coli S17-1 lpir using Sigma Aldrich miniprep kits. The plasmid was then digested 

with HinDIII and BamHI (Promega), and the cut and uncut DNA fragments were 

resolved on a 1% agarose gel. For digestion of 1 µg plasmid DNA: 2 µl 10X Buffer 

E (Promega) was mixed with the DNA and 0.5 µl of each restriction endonuclease, 

then a total volume of 20 µl was reached with nuclease free water. Reactions were 

left at 37°C 3 h. The DNA fragment corresponding to cut vector was extracted and 

purified using Qiagen QIAEXII gel extraction kit and stored at -20°C. 

The promoter regions of the genes of interest were PCR amplified using Q5 

2X master mix (NEB), and the primers found in Table 2.3. For a 50 µl reaction, 

25 µl of Q5 2X Master mix was added to 23 µl nuclease free water, 1 µl PAO1 gDNA 

and 0.5 µl of each primer at 100 nM. The PCR thermocycling conditions are the 

same as above. DNA fragments corresponding to the promoter regions were 

extracted following resolution on a 1% agarose gel (Qiagen QIAEXII gel extraction 

kit), then digested with HinDIII and BamHI. Digested plasmid and insert DNA were 

ligated together with T4 DNA ligase (Promega) as above, using the ratio of 5:1 

insert:vector. Following a 1 h dialysis the samples were electroporated into E. coli 

S17-1 lpir and grown on LB tetracycline 10 µg/mL agar plates. 

Individual colonies were patch-plated onto new antibiotic-selective agar 

plates, and the plasmids from each were extracted. Plasmids were digested with 

HinDIII and BamHI, and following resolution on a 1% agarose gel, DNA fragments 
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matching the predicted size (see Table 2.4) confirmed the presence of new 

bioluminescent transcriptional reporters. 

 

Promoter Length of PCR product (bp) 
antA 518 
antR 1,006 
catB 412 
catR 455 
hisI 538 

Table 2.4. DNA fragment sizes following PCR amplification of antA, antR, 
catB, catR and hisI promoters. 
 

2.5 Phenotypic assays 

 

Pyocyanin 

Pyocyanin was quantified using an assay first described by Essar et 

al.(Essar, Eberly, Hadero, et al., 1990). P. aeruginosa cultures were grown 

overnight in 5 mL LB broth, then 1 mL was washed in fresh LB and used to inoculate 

25 mL LB at an OD600 of 0.05. Cultures were grown in 250 mL conical flasks, 37°C, 

shaking 200 rpm, for 8 h. In triplicate, 3 mL chloroform was added to 5 mL filter-

sterilised culture supernatant, mixed, and after formation the blue layer of 

chloroform was transferred to a fresh tube containing 1 mL of 0.2 M HCl. Each 

sample was vortex mixed and the subsequent pink layer containing 0.2 M HCl was 

transferred to a cuvette. Absorption at 520 nm was quantified and pyocyanin 

concentration in µg/mL was determined by multiplying results by the mass 

extinction coefficient, 17.072. 



 

Supernatant induction of pqsA bioluminescent reporter  

5 mL LB cultures of PAO1-DK miniCTX::pqsA’-lux and PAO1-DK DpqsA 

miniCTX::pqsA’-lux were grown 16 h, then 1 mL of each culture was pelleted, the 

supernatant was discarded and the pellet was resuspended in 1 mL LB. At the same 

time 5 mL LB cultures of PAO1-DK, PAO1-DK DtatABC, PA14 and PA14 DtatABC 

were grown 16 h overnight. These were centrifuged to pellet the cells and the 

supernatant was filter-sterilised with 0.22 µm pore filters to remove debris and 

sterilise the supernatant. Supernatants from each strain were then mixed with LB 

to a ratio of 1:2 LB:supernatant and inoculated to an OD600 of 0.01 with PAO1-DK 

DpqsA miniCTX::pqsA’-lux prepared earlier. 200 µl of each condition was added to 

a 96-well flat-bottom microtiter plate in triplicate and the plate was incubated in 

an automated spectrophotometer at 37°C, static. The cell growth (OD600) and 

luminescence (RLU) was recorded every 30 min for 24 h. Data were analysed with 

Microsoft Excel and Graphpad Prism 8. 

 

Liquid Chromatography-Tandem mass spectroscopy (LC-MS/MS) 

analysis 

Extraction of 2-alkyl-4-quinolone (AQ) and anthranilic acid from 

supernatants and LC-MS/MS was carried out by Nigel Halliday, School of Life 

Sciences, Centre for Biomolecular Sciences, University of Nottingham. Briefly, 

100 µl of each supernatant was diluted with 398 µl fresh LB and 2 µl internal 

standard (d4-PQS) for a 1:5 dilution. 500 µl acidified (0.1% acetic acid) ethyl 

acetate was added to each sample and the mixture vortex mixed for 2-3 min, then 

the organic phase was removed to a 2 mL microcentrifuge tube. This acidified ethyl 

acetate extraction step was repeated twice more, each time the organic phases 

were transferred to the same tube. Samples were stored at -20°C, then dried and 

resuspended in 100 µl methanol before analysis by LC-MS/MS. 
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2.6 Microtiter Assays 

 

Bioluminescence and optical density assay 

5 mL LB cultures of P. aeruginosa strains carrying the miniCTX::promoter-

of-interest-lux transcriptional reporters were grown overnight for 16 h. 1 mL of 

culture was pelleted in a microcentrifuge 13,000 xg 1 min, the supernatant 

discarded and the pellet resuspended in 1 mL LB. This was used to inoculate 1 mL 

LB to an OD600 of 0.01. Each well of a 96-well flat-bottom microtitre plate (black 

with transparent flat-bottom, GreinerOne) was filled with 200 µl of inoculated LB.  

Each strain or condition was measured in triplicate to give three technical repeats.  

For assays comparing gene expression in the presence and absence of 

anthranilic acid, overnight cultures washed in 1 mL LB were also used to inoculate 

1 mL LB containing 6 mM anthranilic acid (PAO1 strains) or 3 mM anthranilic acid 

(PA14 strains) in addition to 1 mL LB only. 

Microtitre plates were incubated in an automated luminometer-

spectrophotometer (TECAN infinite® F2000Pro) at 37°C, static, and the cell growth 

(OD600) and luminescence (relative light units, RLU) was recorded at 30 min 

intervals for 24 h. Data were analysed with Microsoft Excel® and Graphpad Prism 

8 software. 

 

Bay 11-7082 analogue IC50/EC50 assays 

Bay 11-7082 synthesised by Alex Truman (University of Nottingham) is 

referred to as TI1 throughout and subsequent analogues synthesised by Alex 

Truman are labelled TI2-TI30. For each assay, Bay 11-7082 analogues were 

dissolved in 10 µl DMSO at a range of concentrations between 1 mM and 0.45 µM. 

5 mL LB culture of PAO1-DK miniCTX::pqsA’-lux or PAO1-DK miniCTX::antA’-lux 

was grown at 37°C, 200 rpm for 16 h. 1 mL of overnight culture was washed in 1 

mL LB then used to inoculate fresh LB at OD600=0.05, of which 990 µl was then 
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added to 10 µl tat inhibitor. 200 µl cultures were grown in triplicate on a 96-well 

microtiter plate and an automated luminometer-spectrophotometer was used to 

measure cell growth (OD600) and luminescence (RLU) every 30 min for 24 h. 

Controls included were PAO1-DK DtatABC miniCTX::pqsA’-lux or PAO1-DK DtatABC 

miniCTX::antA’-lux, a DMSO-only control, and sterile LB. Data were analysed with 

Microsoft Excel and Graphpad Prism 8. 

 

Fluorescence and optical density assay 

5 mL overnight cultures of PAO1-DK, PAO1-DK DtatABC, and PAO1-DK 

DpqsA were grown in LB broth at 37°C, 200 rpm. 1 mL of each culture was washed 

then used to inoculate fresh M9 minimal medium supplemented with 20 mM 

succinate at an OD600 of 0.05. Bay 11-7082 analogues were added to 1 mL PAO1-

inoculated media at concentrations of 40 µM and 20 µM, then 200 µl was added in 

triplicate to the 96-well plate. Fluorescence (RFU) and growth (OD600) was 

measured every 30 min over 24 h. For pyoverdine, fluorescence was measured 

with an excitation wavelength of 405 nm and an emission wavelength of 460 nm. 

 

AlamarBlue cell viability assay 

AlamarBlue cell viability reagent (ThermoFisher Scientific) is a non-toxic 

indigo-coloured compound that undergoes a colour change to red due to the 

reducing environment of metabolically active cells. The reduced form is also highly 

fluorescent (ex. 560/ em. 590). 

Jurkat cells with >95% cell viability were diluted to 100,000 cells/mL in 

fresh media and 100 µl was added to each well of a 96 well tissue culture plate (flat 

bottom, clear) containing a range of concentrations of TI1 (4-Me-PhSAN) and TI6 

(4-Me-PhSACONH2) in triplicate. The plate was incubated overnight at 37°C, 5% 

CO2. After overnight growth 10% alamarBlue was added to complete media and 

incubated overnight at 37°C, 5% CO2. Fluorescence of reduced alamarBlue was 
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measured in an automated plate reader (ex. 560/ em. 590) and used to quantify 

cell viability. The experiment was carried out three times. 

 

2.7 Microscopy 

 

Biofilm formation 

P. aeruginosa strains were grown overnight in LB then 1 mL was harvested 

at 1000 x g for 1 min. Pellets were washed in 1 mL phosphate buffered saline 

(PBS), then harvested and resuspended in 1 mL M9 succinate minimal medium. 

Cells were used to inoculate fresh M9 succinate at an OD600 of 0.05 and 300 µl was 

added to each well of an 8-well glass bottom chamber (Ibidi). The chamber was 

placed in a box and incubated at 37°C, static for 48 h.  

 

Visualisation of biofilm components 

For visualisation of cell biomass and eDNA, spent media was carefully 

removed without disturbing the biofilm formed on the bottom of the slide, and 

replaced with fresh M9 medium containing 2.5 µg/mL CellMaskTM Deep Red plasma 

membrane stain (ThermoFisher Scientific) and 40 µM YOYO-1, an eDNA stain 

(ThermoFisher Scientific). Biofilms were imaged after 30 min incubation. 

 

Confocal microscopy 

Biofilms were imaged with a Zeiss inverted confocal laser scanning 

fluorescent microscope (Zeiss LSM70) and appropriate excitation/emission 

wavelengths for each channel (CMDR: 649 nm/666 nm, YOYO-1: 491 nm/509 nm, 

PI: 493 nm/636 nm, SYTO-9: 483 nm/503 nm). Images were processed with Zen 

imaging software (Carl Zeiss) and biomass, surface area and maximum biofilm 
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thickness for each channel was determined with Image J and Comstat 2 software 

(Heydorn et al., 2000). 

 

2.8 Bioinformatics 

 

 

Genomic analysis 

Genomic DNA was extracted from overnight cultures of PAO1-DK, PAO1-DK 

DantA, PAO1-DK DtatABC DantA, and PAO1-DK DpqsA DantA using GenElute 

Bacterial Genomic DNA kit (Sigma-Aldrich) according to the manufacturer’s 

protocol. Concentration and purity was assessed with the Nanodrop ND-1000 

(Nanodrop Technologies). DNA was sent to MicrobesNG for whole genome 

sequencing (WGS).  

 Libraries were prepared and quantified with the Kapa Biosystems Library 

Quantification Kit for Illumina on a Roche light cycler 96 qPCR machine. Libraries 

were sequenced on an Illumina instrument using a 250 bp paired end protocol. 

Reads were trimmed using Trimmomatic 0.30 with a sliding window quality cutoff 

of Q15 and their quality was assessed using in-house scripts and Samtools, 

BedTools, bwa-mem (Bolger et al., 2014). Contigs were aligned to PAO1-W 

reference genome using ABACAS version 1.3.1 

(http://abacas.sourceforge.net/index.html) to create a pseudogenome (Stover et 

al., 2000). These were visualised using BLAST ring image generator (BRIG) version 

0.95 and gene deletions were labelled (Alikhan et al., 2011).  
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Chapter 3:  The metabolic balance 

between PQS biosynthesis and 

anthranilate degradation is disrupted 

upon deletion of the Tat system 
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3.1 Introduction 

 

Mature Pseudomonas aeruginosa biofilm consists of clusters of growing cells 

contained within an extracellular polymeric matrix. The matrix is made up of 

exopolysaccharides (EPS), proteins, alginate, outer membrane vesicles, and 

extracellular DNA (eDNA), the latter of which is found at 5-fold greater 

concentrations than protein in PAO1 biofilms, and is 15-20-fold more abundant 

than carbohydrates (Matsukawa and Greenberg, 2004). eDNA is essential for 

biofilm function, structure, and migration by twitching motility (Turnbull et al., 

2016). P. aeruginosa forms mushroom-like microcolony structures when grown in 

a microfluidic-flow chamber in which eDNA acts as a cell-cell interconnecting matrix 

component key to structural integrity. In mature biofilms, eDNA is concentrated at 

the stalk, and addition of DNase I abolishes formation of large structures (Chiang 

et al., 2013; Tolker-Nielsen, 2015). The release of eDNA is thought to be through 

lysis of a subpopulation of cells, or in the case of human infections, can be 

incorporated into biofilms from lysed eukaryotic cells such as polymorphonuclear 

leukocytes (Chiang et al., 2013). Aside from its structural function, eDNA also acts 

to shield cells from aminoglycosides by chelating them with opposite charges on 

the DNA strand, increasing the resistance to tobramycin 1000-fold (Chiang et al., 

2013).  

It was established that PQS signalling controls eDNA release in P. 

aeruginosa (Allesen-Holm et al 2006,Yang et al 2007). To further understand the 

regulatory mechanisms behind this and identify additional factors, a transposon 

screen for mutants defective in eDNA release was carried out by Tim Tolker-Nielsen 

and his colleagues (University of Copenhagen). Insertion mutants within genes of 

the pqs QS system had reduced eDNA release, and unexpectedly so did mutants of 

the Twin-arginine translocation (Tat) pathway.  
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The Tat protein export pathway is one of two type II secretion systems and 

is responsible for the export of at least 34 different substrates (Gimenez et al., 

2018). The tatABC operon is located in a 6 gene cluster (hisI-hisE-tatA-tatB-tatC-

PA5071) that begins with hisI and hisE, the latter of which is just 26 bp upstream 

of tatA, and ends with PA5071, a hypothetical protein (Voulhoux et al., 2001; 

Gimenez et al., 2018). The Tat system is the only secretion system to transport 

fully-folded and multimeric proteins into the periplasm. Often these must assemble 

in the cytoplasm where conditions are favourable, and insertion of a cofactor or 

metal ion is needed before translocation. The Tat system consists of three gene 

products, TatB and TatC form a membrane spanning complex that binds the signal 

peptide on substrates, and TatA oligomerises at this site to form a pore specific for 

the substrate crossing the membrane. Different substrates require different 

numbers of TatA due to variations in their size, shape and charge (Palmer and 

Berks, 2012). 

Biofilms of wild-type PAO1-DK and a tatA::Tn5 mutant were analysed by 

confocal laser scanning microscopy (CLSM). Wild-type growth formed 

microcolonies with characteristic mushroom-like structures, but tat mutant biofilms 

were thin, flat, and contained very little eDNA, similar to las mutant or PQS-

signalling disrupted biofilms (Soh et al., 2021). See Figure 3.1. 
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PQS-dependent quorum sensing in the tat mutant was investigated further. 

The tatA::Tn5 mutant has decreased pyocyanin, rhamnolipid, and outer membrane 

vesicle production, all of which are dependent upon pqs quorum sensing (Soh et 

al., 2021). Expression of pqsA is reduced by approximately 3-fold, and there is a 

~50% reduction of the alkyl-quinolones (AQs) PQS and HHQ following 8 h 

planktonic growth. Expression of pqsA cannot be induced by addition of exogenous 

PQS and HHQ, as it can in a DpqsA mutant. This is hypothesised to be due to 

impaired access of AQs to PqsR, reducing its activity. Administration of an inhibitor 

of the Tat system, Bay 11-7082, at concentrations of 20 µM and 40 µM also lowered 

pqsA expression (Soh et al., 2021). 

Figure 3.1. tat mutation affects biofilm formation. Biofilms of GFP-
tagged a) PAO1 wild-type, b) a tatA::Tn5 mutant, and c) a tatA::Tn5/ptatA 
complement strain were grown over 4 days in a flow chamber with FAB 
medium. Biofilms were stained with ethidium bromide and confocal laser 
scanning microscopy (CLSM) was used to visualise live cells (green 
fluorescence) and extracellular DNA (red fluorescence). Each picture shows 
a horizontal biofilm section as the main square, and a vertical cross-section 
to the right and below. 
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Similarly, pyocyanin production is dependent on proper function of pqs QS. 

PqsR, along with the inducers PQS and HHQ, mediates expression of the pyocyanin 

biosynthetic operons phzA1-G1 and phzA2-G2. The effector PqsE also induces 

expression of the pyocyanin biosynthetic operons. Secreted pyocyanin was 

decreased by ~3.5 fold in a tatA::Tn5 mutant, and ~7.2 fold in a DtatABC mutant. 

This was correlated with lower expression from both phzA1-G1 and phzA2-G2 

operons in both strains. The production of pyocyanin in PAO1-DK DpqsA is 

completely abolished, and could be restored by addition of exogenous PQS or HHQ. 

However, addition of PQS or HHQ to a PAO1-DK tat mutant did not return pyocyanin 

production to wild-type levels.  

Together these data suggest that PQS biosynthesis is modulated upon 

mutation or deletion of the Tat system, and this in turn has pleiotropic effects 

including reduced eDNA release and defective biofilms. Therefore, further 

understanding of the link between PQS signalling and the Tat system is needed. 

This study aims to look closer at the transcriptomic changes of a tat mutant as 

regulatory changes may point towards a mechanism for reduced PQS biosynthesis. 

First, work was carried out to establish that disruption to PQS-dependent quorum 

sensing is not unique to the PAO1-DK strain.  



 85 

3.2 Results 

 

It was important to establish that modulation of PQS-dependent quorum 

sensing by the Tat system is not just a specific to the PAO1-DK strain. Therefore, 

the effects of mutation or deletion of the Tat pathway on PQS biosynthesis and 

pyocyanin production were studied in PAO1-DK in parallel with PA14. Originally 

isolated from a wound, PAO1 has long been used in the laboratory. PA14 is a more 

recent research strain which was originally isolated from a burn wound patient. 

While both are capable of causing disease, PA14 has increased virulence and a 

broader host range (Kukavica-Ibrulj et al., 2008). Together they represent two 

main phylogenetic groups of P. aeruginosa (Muthukumarasamy et al., 2020). 

 

3.2.1.  PQS biosynthesis in the tat mutant of PAO1-DK and PA14  

It has previously been shown that PQS biosynthesis is perturbed upon 

mutation of the Tat system in PAO1-DK by using a bioluminescent transcriptional 

reporter carrying a promoter fusion of pqsA and the luxCDABE operon (Soh et al., 

2021). PQS export and OMV biogenesis is greater in PA14 than PAO1 when grown 

in LB media, and PA14 is considered a more virulent strain largely due to the 

presence of two pathogenicity islands PAPI-1 and PAPI-2, and a ladS mutation (He 

et al., 2004; Kukavica-Ibrulj et al., 2008; Florez et al., 2017). If perturbation of 

PQS biosynthesis as a result of mutation or deletion of the Tat system is shared 

among P. aeruginosa strains then it may prove an ideal target for novel 

antivirulence agents. The expression of pqsA was measured in PAO1-DK and PAO1-

DK DtatABC concurrently in order to confirm the published results and establish 

that the method was reproducible.  

The miniCTX::pqsA’-lux vector was conjugated into PAO1-DK, PAO1-

DK DtatABC, PA14, and PA14 DtatABC and the expression of pqsA was measured 

across 24 h growth in LB in an automated plate reader. As shown in Figure 3.2, 
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pqsA expression was reduced upon deletion of the Tat system in PA14 as well as in 

PAO1-DK. The maximum pqsA expression in PA14 DtatABC is ~40% of wild-type. 

 

The biosynthesis of the two main pqs QS signal molecules, HHQ and PQS, 

and the AQ N-oxide HQNO, is catalysed by the products of pqsABCDE, pqsH and 

pqsL (Rampioni et al., 2016). As expression of the pqsABCDE operon is reduced 

upon mutation or deletion of the Tat system, the concentration of alkyl-quinolones 

(AQs) should also be affected. To investigate this, HHQ, PQS, and HQNO were 

extracted and purified from the supernatants of cell cultures following 8 h and 16 

h growth in LB and semi-quantified by LC-MS/MS.  

 

 

 

Figure 3.2. Biosynthesis of PQS was down-reguated upon tat mutation 
or deletion in both PAO1 and PA14. Expression of pqsA, the first gene in 
the PQS biosynthetic operon was significantly reduced in a) PAO1 DtatABC 
and b) PA14 DtatABC when compared to wild-type level. Experiments were 
repeated in triplicate, t-tests were perfomed to show statistical significance. 
P<0.01. 
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PQS, its precursor HHQ and the AQ N-oxide, HQNO are all present in 

significantly lower concentrations than wild-type following 8 h growth of the PAO1-

DK and PA14 tat mutants in LB (Figure 3.3). 

Figure 3.3. LC-MS/MS quantification of AQs in wild-type and DtatABC 
mutants. Supernatants were collected after 8 h growth and AQ compounds 
were extracted from a) wild-type PAO1 and PAO1 DtatABC and b) wild-type 
PA14 and PA14 DtatABC, then semi-quantified by LC-MS/MS. Experiments were 
carried out in triplicate and t-tests were performed to show statistical 
significance. 
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After 16 h growth HHQ, PQS and HQNO production remained lower in the 

tat mutants of PAO1-DK and PA14 (Figure 3.4). 

 

 

Figure 3.4. HHQ, PQS and HQNO in culture supernatants following 16 h 
growth. Alkyl-quinolones extracted and semi-quantified with LC-MS/MS from 
a) PAO1 and PAO1 DtatABC and b) PA14 and PA14 DtatABC. Experiments were 
carried out in triplicate and statistical significance was determined by t-tests. 
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In addition to LC-MS/MS analysis, secreted AQs in culture supernatants 

were detected using a biosensor. The biosensor consists of the strain PAO1-

DK DpqsA, which is unable to synthesise its own AQs, and the promoter fusion 

miniCTX::pqsA’-lux inserted onto the chromosome. This acts as a bioluminescent 

reporter for exogenous AQs including HHQ and PQS, but not for AQ N-oxides such 

as  HQNO. Exogenous AQs bind the regulator PqsR, increasing PqsR binding affinity, 

and pqsA  expression is induced resulting in bioluminescence (Wade et al., 2005; 

Xiao, He, et al., 2006).  

The culture supernatants of PAO1-DK, PA14 and their respective tat 

mutants were filter sterilised following 16 h growth to remove all cell debris. After 

mixing with fresh LB at a ratio of 1:2 (supernatant:LB) they were then inoculated 

with the biosensor strain and pqsA expression was measured over 24 h. Figure 

3.5 shows the maximum pqsA expression was greater when the biosensor was 

grown in LB mixed with the wild-type supernatants of both PAO1-DK and PA14 than 

their respective tat mutants. This suggests higher wild-type HHQ and PQS 

concentrations. 

Figure 3.5. Induction of pqsA expression in PAO1 DpqsA by exogenous 
AQs produced by PAO1, PA14 and their respective tat mutants. Maximum 
gene expression over 24 h is plotted for a) PAO1 and PAO1 DtatABC supernatants 
mixed with fresh LB and b) PA14 and PA14 DtatABC supernatants mixed with 
fresh LB. t-tests were performed to show statistical significance. 
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3.2.2.  Pyocyanin production 

It has been demonstrated that pqs QS signal molecule biosynthesis is 

perturbed upon mutation or deletion of the Tat system (Soh et al, 2021). 

Downregulation of the biosynthetic operon is matched with lower production and 

secretion of the AQs. The PQS regulon is wide-reaching, deletion of pqsA from P. 

aeruginosa PAO1-N affects the transcription of 158 genes and addition of PQS 

significantly alters expression of 182 genes (Rampioni et al., 2010; Rampioni et 

al., 2016). Two nearly-identical operons phzA1-G1 and phzA2-G2 are responsible 

for the biosynthesis of the virulence factor pyocyanin. Addition of PQS increases 

pyocyanin, and mutation in the pqs biosynthesis genes causes a reduction in 

pyocyanin production (Diggle et al., 2003). To investigate the regulatory effects of 

disruption to pqs QS by deletion of the tat system in PA14, pyocyanin was extracted 

and quantified from culture supernatants. PAO1-W DphzA1-G1 DphzA2-G2 was 

used as a negative control as it does not produce pyocyanin. As such, values for 

PAO1-W DphzA1-G1 DphzA2-G2 were subtracted from the wild-type and DtatABC 

mutants to remove background noise. 

Figure 3.6 shows a significant reduction in pyocyanin in PAO1-DK DtatABC 

and PA14 DtatABC compared to wild-type concentrations. There is an ~75% 

reduction in pyocyanin in PAO1-DK DtatABC and ~25% reduction in PA14 DtatABC. 

PA14 produces ~5 fold more pyocyanin than PAO1-DK, as is well-established in the 

literature. Despite strain differences there was a significant reduction in pyocyanin 

production in a DtatABC mutant.  
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Section Summary 

These studies have provided clear evidence that PQS signalling is disrupted 

in a tat mutant and is the likely reason for reduced eDNA release, OMV production, 

rhamnolipid production and biofilms with deformed architecture (Soh et al, 2021). 

As this occurs in two common laboratory strains, each isolated from clinical 

samples, it may also hold true for clinical strains.  

 

***

Figure 3.6. Pyocyanin extracted from wild-type and DtatABC mutant 
culture supernatants. Pyocyanin production in wild-type and mutant 
strains after growth for 8 h in LB at 37°C, shaking 200 rpm. PAO1 DphzA1-
G1 DphzA2-G2 is unable to produce pyocyanin and was used as a negative 
control. Experiments were repeated in triplicate and t-tests were performed 
to show statistical significance. Mean values and SD are plotted. 
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3.2.3.  Characterisation of the tat mutant transcriptome 

Differences in the transcriptomic profiles of PAO1-DK and a tatA mutant 

unable to produce the Tat system may point to a possible mechanism by which 

mutation of the Tat system disrupts PQS signalling as well as highlight additional 

phenotypes affected. RNAseq was performed by Liang Yang and colleagues 

(Singapore Centre for Environmental Life Sciences Engineering) and the data was 

kindly given for analysis with the hope that it would give in-depth insight into the 

regulatory effects of tat mutation. Briefly, PAO1-DK and PAO1-DK tatA::Tn5 were 

grown in 24-well plates, 37°C shaking and cells were harvested at early stationary 

phase for RNA extraction (Appendix, Figure 7.1).  

There were 355 differentially expressed genes (DEG) in the tat mutant, 

whose difference in expression between wild-type and tat mutant was greater than 

log2(1) with a p value<0.05. These make up 6.37% of the P. aeruginosa PAO1-DK 

genome. Of the 355 genes, 166 were down-regulated and 189 genes were up-

regulated in the tat mutant. The full table of DEG can be found in the appendix, in 

Table 7.1 and Table 7.2.  

Differentially expressed genes with a magnitude of change greater than 2-

fold and an adjusted p value of <0.05 were considered statistically valid and are 

shown on the volcano plot in Figure 3.7. The most up-regulated genes are towards 

the right, the most down-regulated are towards the left, and the most statistically 

significant DEG are towards the top of the graph. The p value was adjusted to 

eliminate false discovery rate and is shown by a dotted line at -log10(Adjusted P-

value)=1.3. Only statistically significant changes to gene expression above the 

threshold value are shown. 
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Up-regulated Genes 

The pathways with the greatest upregulation are carbon utilisation and 

aromatic ring catabolism. The gene products of antA, antB, antC, catA, catB, catC, 

pcaI,  pcaJ and pcaF are sequentially used in the same catabolic process. This 

greatly enriched pathway degrades the aromatic compound anthranilate, a key 

central metabolite used as a precursor for both tryptophan biosynthesis and PQS 

biosynthesis (Costaglioli et al., 2012). The pathway is outlined in Figure 3.8. 

Figure 3.7. Volcano plot of differently expressed genes in PAO1-DK and 
a tat mutant. The X-axis shows changes to expression (log2(Fold Change)). 
The Y-axis shows statistical significance of the difference (-log10(Adjusted 
P-value)). Green dots represent up-regulated genes and blue dots show down-
regulated genes. Differentially expressed genes that are not significantly 
different (p>0.05) are not shown. Gene expression change smaller than the 
threshold of log2(fold change)=(1, -1) are not displayed. 
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Figure 3.7 shows the two operons with the highest upregulation are 

antABC, encoding anthranilate dioxygenase and anthranilate dioxygenase 

reductase, and catBCA which encode muconate cycloisomerase I, muconate delta-

isomerase, and catechol 1,2-dioxygenase. This pathway converts anthranilate to 

succinyl-CoA which is then fed into the TCA cycle for energy production as shown 

in  Figure 3.8 (Costaglioli et al., 2012). There is a minimum 50-fold upregulation 

Figure 3.8. The anthranilate degradation pathway. Anthranilate is an 
aromatic compound degraded to succinyl-CoA or Acetyl-CoA then fed into the 
TCA cycle for energy production. The enzymes directly involved in this pathway 
are AntABC, CatA, CatB and CatC, PcaD, PCaI, PcaJ, and PcaF. Figure based 
off Costaglioli et al. 2012. 
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of antA, antB and antC (Table 3.1). The gene products of antR and catR are the 

positive transcriptional regulators AntR and CatR. AntR utilises anthranilate as a 

coinducer for the expression of both antABC and catBCA operons, whereas CatR 

up-regulates expression of catBCA when cis, cis-muconate is bound (Parsek et al., 

1992; Kim et al., 2012). 

Table 3.1. Expression of genes involved in anthranilate degradation is 
up-regulated in the absence of a Tat protein export system. 

 

The highly up-regulated genes xylL, xylZ, xylY, xylX, and xylS are also 

involved in aromatic ring catabolism (Figure 3.8). Located on the opposite strand, 

they are adjacent to antC on the P. aeruginosa chromosome. KEGG (Kyoto 

encyclopedia of genes and genomes) pathway analysis revealed that these genes 

are part of the xylene degradation KEGG pathway and the benzoate degradation 

KEGG pathway (Kanehisa et al., 2008). The gene products of xylZ, xylY, xylX, and 

xylL catalyse the reaction of methylbenzoate to 3-methylcatechol and 

Feature Annotation Database 
Identifier 

Fold Change In 
Tat Mutant 

antA anthranilate dioxygenase large 
subunit 

PA2512 58.99 

antB anthranilate dioxygenase small 
subunit 

PA2513 56.85 

antC anthranilate dioxygenase 
reductase 

PA2514 50.74 

antR transcriptional regulator PA2511 12.79 
catA catechol 1,2-dioxygenase PA2507 247.89 
catB muconate cycloisomerase I PA2509 122.95 
catC muconolactone delta-isomerase PA2508 231.89 
catR transcriptional regulator PA2510 5.50 
pcaC ¡-carboxymuconolactone 

decarboxylase 
PA0232 8.85 

pcaD b-ketoadipate enol-lactone 
hydrolase 

PA0231 7.73 

pcaB 3-carboxy-cis,cis-muconate 
cycloisomerase 

PA0230 7.87 

pcaT dicarboxylic acid transporter PA0229 11.77 
pcaF beta-ketoadipyl CoA thiolase PA0228 37.34 
pcaJ probable CoA transferase, 

subunit B 
PA0227 39.15 

pcaI probable CoA transferase, 
subunit A 

PA0226 51.36 
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4-methylcatechol, the latter of which is a substrate of the overexpressed catA 

(Figure 3.8). Among the most enriched pathways are the pca genes, also involved 

in the degradation of aromatic compounds and carbon utilisation. Another 

significantly enriched pathway were genes involved in type III secretion (all psc 

genes, pop genes, exs genes, and pcr genes). 

Down-regulated Genes 

Enzymes involved in anaerobic respiration are among the most enriched 

down-regulated genes in a tat mutant. Nitric oxide (NO) reductase (NOR) and 

Nitrite reductase (NIR) are encoded by norCBD  and nirSMCFDLGHJEN genes 

respectively and are located together in the genome (Arai, 2011). Nitrite reductase 

catalyses the reduction of nitrite to NO (Figure 3.9). nirS (structural gene) and 

nirC (a monoheme cytochrome c) are down-regulated by a fold change of -3.22 

and -2.89 respectively but there is no change in expression of the genes for the 

regulators Anr and Dnr. NOR consists of NorB, a cytochrome b subunit, and NorC, 

a cytochrome c subunit (Arai, 2011). NorD is a possible denitrification protein, it is 

needed for creation of the active enzyme. Transcripts of norB, norC, and norD have 

a fold change of -16.19, -145.07 and -2.62 respectively. Both NIR and NOR accept 

electrons from the cytochrome bc1 complex via cytochrome c during anaerobic 

respiration (Arai, 2011). 

Figure 3.9. Anaerobic respiration pathway. During anaerobic respiration 
nitrogen oxides are used to accept electrons. NAR (nitrate reductase), NIR 
(nitrite reductase), NOR (nitric oxide reductase) and N2OR (nitrous oxide 
reductase). 
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Down-regulated genes also include those involved in oxidative processes 

and oxidative stress (sodM, hemO), general stress response (dnaK)(Hare et al., 

2011). The mexGHI operon, the products of which form an RND efflux transporter, 

is highly expressed in the wild-type but down-regulated ~3-fold upon tat mutation.  

Genes involved in iron chelation and response to low iron levels are 

significantly lower in a tat mutant. The biosynthetic pathways for the siderophores 

pyoverdin and pyochelin (pvd genes and pch genes respectively), ferric-pyoverdine 

import and iron dissociation (fpv genes), iron starvation (PA4469, fumc1, fagA), 

cell-surface signalling and import of heterologous siderophores (femI, femR, femA) 

are all repressed in a tat mutant (Llamas et al., 2008; Schalk and Guillon, 2013; 

Ganne et al., 2017). 

Interestingly, the transcription of two small regulatory RNAs prrF1 and prrF2 

is down-regulated. PrrF1 and PrrF2 repress antR and antABC expression under iron-

depleted conditions. They also repress transcription of bactoferritin bfrB, and 

probable bactoferitin PA4880 in low iron states, both of which have significantly 

lower expression in PAO1-DK DtatABC. (Oglesby et al., 2008).  

DEG can be characterised using the gene function classification system 

based on gene ontology (GO). This can be found at www.geneontology.org, and 

covers 3 areas: biological process, cellular compartment (location) and molecular 

function. Significantly enriched terms can be seen in Figure 3.10, Figure 3.11 

and Figure 3.12. Figure 3.10 shows that DEG were found for proteins covering 

all cellular compartments, from cytoplasm all the way across the cell envelope to 

extracellular locations.  
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Overall there were 254 biological processes listed, of which 117 were 

down-regulated and 136 were up-regulated (Figure 3.11). The most 

overexpressed GO biological processes were the genes involved in type III 

secretion, pathogenesis, oxidation-reduction and carbon utilisation through cellular 

catabolic processes. Genes involved in iron scavenging were mostly down-

regulated. For example, biosynthesis of siderophores pyoverdine and pyochelin, 

siderophore transport, iron acquisition, and regulation of iron transport all show a 

reduction in gene expression.  
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Figure 3.10. GO cellular compartments. Gene product locations of 
differentially expressed genes throughout the P. aeruginosa cell. Cytoplasm, 145 
DEG; cytoplasmic membrane, 83 DEG; periplasm, 20 DEG; outer membrane, 19 
DEG; extracellular space, 12 DEG.  
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Figure 3.11. GO biological processes of differentially expressed genes 
in PAO1 tat mutant compared with PAO1 wild-type. The x-axis shows 
number of genes, postitive numbers are up-regulated genes, down-regulated 
genes are negative numbers. The y-axis shows GO biological processes. 
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Of the 355 genes that were differentially expressed, only 52 GO molecular 

functions were assigned. Of these, 18 were down-regulated and 34 were up-

regulated (Figure 3.12).  

Figure 3.12. GO molecular functions of differentially expressed genes. 
The y-axis lists 39 GO terms and the x-axis shows the number of genes for 
each term that are expressed differentially in a PAO1 tat mutant compared to 
PAO1 wild-type. 
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Sulfate-transmembrane transporting ATPase activity and carboxy-lyase 

activity are among the most down-regulated GO molecular functions. 

Oxidoreductase activity, hydrolase activity, succinyl-transferase activity, N-

arginine succinyl-transferase activity, catalytic activity occur in 2 or more up-

regulated genes. 

There are 34 different proteins known to be exported by the Tat system in 

P. aeruginosa (Gimenez et al., 2018). Of these, 10 had altered expression in the 

tat mutant. The gene fdnG, the major subunit of formate dehydrogenase-O, was 

up-regulated and the genes oprH, PA2328, pvdR, pvdP, pvdN, PA2531, nosZ, 

PA3768, and PA4159 were all down-regulated. The PVD biosynthesis genes and 

nosZ, which is involved in denitrification, are likely down-regulated due to 

disruption to pqs QS (Rampioni et al., 2016). 

 

3.2.4.  Comparison of tat mutant and DpqsA mutant transcriptomes 

There are 355 differently expressed genes upon mutation of the tat 

operon. Many of these are regulated by PQS-dependent quorum sensing. Changes 

to gene expression in an isogenic pqsA mutant unable to synthesise AQs were 

compared with the modulated transcriptome of a tat mutant using published 

transcriptomic data of PAO1-N DpqsA vs wild-type PAO1-N (Rampioni et al., 2010; 

Rampioni et al., 2016). Deletion of pqsA in PAO1-N alters expression of 158 genes, 

2.8% of the Pseudomonas genome. Of these 54 are up-regulated and 104 are 

down-regulated, as seen in Figure 3.13a (Rampioni et al., 2010).  
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Figure 3.13b demonstrates the number of genes with shared altered 

expression upon mutation of either tat or pqsA in PAO1. Overall 6.34% of the genes 

up-regulated in the tat mutant are also up-regulated in a pqsA mutant, this 

Figure 3.13. Differently expressed genes of PAO1 WT vs pqsA mutant 
and PAO1 WT vs tat mutant. Proportions of up-regulated and down-
regulated genes (a) and venn diagram showing the number of genes with 
shared changes to expression (b). 
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increases to 15% of down-regulated genes. The tat mutant shares modulated 

expression of 37 genes with the pqsA mutant, all of which are listed in Table 3.2. 

Among the down-regulated genes in a pqsA and tatA mutant are those 

involved in pyochelin biosynthesis, its regulation and uptake (pchI, pchF, pchE, 

pchR, pchD, pchC, pchB, pchA), pyoverdin biosynthesis (PA2412, pvdH), antibiotic 

resistance (mexG, mexH, mexI, opmD, ampP) and iron starvation (PA4469, fumC1, 

fagA). The mexGHI operon is under the control of PqsE (Rampioni et al., 2016). A 

putative flavin-dependent monooxygenase, PA2274, and a protein involved in 

alkaline protease secretion, aprX are similarly down-regulated in both mutants 

(Rampioni et al., 2010). 

The genes catABC, PA0226, pcaF, are all up-regulated in an isogenic pqsA 

mutant and tatA mtuant. These are involved in carbon utilisation through 

catabolism of catechols. The transcriptional regulator xylS is also up-regulated. 

Transcription of xylS occurs from two start sites, Ps1 and Ps2. Ps2 is a constitutive 

promoter, however Ps1 is regulated and responds to the intracellular XylS 

concentration (Zwick et al., 2013). Similarly increased expression is seen in dctA, 

a C4-dicarboxylate transport protein, and  ddaR a transcriptional regulator 

controlling methylarginine hydrolysis (Valentini et al., 2011; Lundgren et al., 

2017). Interestingly, PA5071, the last gene in the operon containing the tatABC 

genes is up-regulated in both mutants. A BLASTN search revealed this gene 

sequence is unique to Pseudomonas aeruginosa however PA5071 is predicted to 

have ribosomal RNA methyltransferase activity. The rRNA processing gene ybiN is 

also up-regulated. 

Some genes have induced expression in a tat mutant which is reduced in 

a pqsA mutant. These include PA1218, a hypothetical protein, and subunits of the 

terminal electron acceptor cytochrome o ubiquinol oxidase, cyoA and cyoC. 
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Database 
Identifier 

Gene 
name 

Product name Fold Change vs PAO1 
pqsA 

mutant 
tat 

mutant 
PA0212 mdcE malonate decarboxylase gamma 

subunit 
3.288 -3.25 

PA0226 - probable CoA transferase, 
subunit A 

7.437 51.36 

PA0228 pcaF beta-ketoadipyl CoA thiolase 3.241 37.34 
PA1183 dctA C4-dicarboxylate transport 

protein 
2.986 2.04 

PA1196 ddaR Probabile transcriptional 
regulator 

1.516 2.60 

PA1218 - hypothetical protein -2.458 2.45 
PA1245  aprX hypothetical protein -1.515 -2.61 
PA1317 cyoA cytochrome o ubiquinol oxidase 

subunit II 
-2.258 2.12 

PA1319 cyoC cytochrome o ubiquinol oxidase 
subunit III 

-2.604 2.45 

PA1429 - probable cation-transporting P-
type ATPase 

1.702 2.90 

PA1837 - hypothetical protein -1.862 -2.50 
PA2033 - hypothetical protein -1.707 -17.90 
PA2169 - hypothetical protein -1.747 2.03 
PA2274 - hypothetical protein -17.122 -5.71 
PA2412 - conserved hypothetical protein -1.786 -28.57 
PA2413 pvdH L-2,4-diaminobutyrate:2-

ketoglutarate 4-aminotransferase 
-1.674 -7.06 

PA2506 - hypothetical protein 2.349 15.28 
PA2507 catA catechol 1,2-dioxygenase 3.125 247.89 
PA2508 catC muconolactone delta-isomerase 2.544 231.89 
PA2509 catB muconate cycloisomerase I 3.597 122.95 
PA2519 xylS transcriptional regulator XylS 2.077 12.06 
PA3718 - probable MFS transporter -2.242 -2.28 
PA3840 ybiN conserved hypothetical protein 1.71 3.55 
PA4205  mexG hypothetical protein -2.944 -3.73 
PA4206 mexH RND, efflux membrane fusion 

protein precursor 
-5.338 -3.14 

PA4207 mexI RND, efflux transporter -7.925 -3.21 
PA4208 opmD probable outer membrane protein 

precursor 
-20.813 -3.02 

PA4218 ampP probable transporter -4.928 -7.54 
PA4221 fptA Fe(III)-pyochelin outer 

membrane receptor precursor 
-7.076 -11.86 

PA4222 pchI probable ATP-binding component 
of ABC transporter 

-7.157 -9.45 

PA4225 pchF pyochelin synthetase -71.483 -11.95 
PA4226 pchE dihydroaeruginoic acid 

synthetase 
-139.217 -15.94 
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PA4227 pchR Transcriptional regulator PchR -8.728 -6.39 
PA4228 pchD pyochelin biosynthesis protein 

PchD 
-21.066 -14.81 

PA4229 pchC pyochelin biosynthetic protein 
PchC 

-1.611 -11.28 

PA4230 pchB salicylate biosynthesis protein 
PchB 

-27.171 -10.63 

PA4231 pchA salicylate biosynthesis 
isochorismate synthase 

-32.538 -9.26 

PA4469 - hypothetical protein -1.512 -35.32 
PA4470 fumC1 fumarate hydratase -1.657 -22.00 
PA4471 fagA hypothetical protein -1.598 -27.09 
PA4513 piuB probable oxidoreductase -2.34 -2.04 
PA5071 - conserved hypothetical protein 1.873 10.19 

Table 3.2. List of DEG in a pqsA mutant and a tat mutant when compared 
with PAO1 wild-type. 

 

3.2.5.  Expression of the twin-arginine transport system 

The P. aeruginosa Tat system is encoded on a 6 gene operon under the 

control of the hisI promoter shown in Figure 3.14. The gene products of hisIE are 

histidine biosynthesis enzymes phosphoribosyl-AMP cyclohydrolase and 

phosphoribosyl-ATP pyrophosphohydrolase respectively. These are followed by the 

three genes encoding the Tat system, tatABC. The final gene in the operon is 

PA5071, a conserved hypothetical protein predicted to be rRNA small subunit 

methyltransferase. 

Figure 3.14. Operon containing genes encoding the twin-arginine 
transport system. Gene products located in the cytoplasm are coloured 
green, those located in the cytoplasmic membrane are coloured yellow. 
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Transcriptome analysis with RNAseq of a tat mutant showed no change in 

hisIE expression. However, it is possible that mutation or deletion of the Tat system 

may have regulatory effects on its own expression. A bioluminescent transcriptional 

reporter for the promoter of the tatABC operon was constructed for further 

investigation. The reporter was then inserted onto the bacterial chromosome of 

PAO1-DK, PAO1-DK tatA::Tn5, and PAO1-DK DtatABC as well as the DpqsA mutant  

and DpqsA tatA::Tn5 double mutant. Expression from the promoter was measured 

across 24 h and the maximum expression for each strain can be seen in Figure 

3.15.  

Overexpression of hisI was seen in the tatA::Tn5 mutant, which confirms 

the increase in PA5071 transcription seen from RNAseq analysis. Expression of the 

tat genes was also up-regulated upon deletion of pqsA. Surprisingly, hisI was 

slightly down-regulated in a DtatABC mutant, and even further down-regulated in 

a DpqsA tatA::Tn5 double mutant despite being up-regulated in DpqsA and 

tatA::Tn5 single mutants. 

Figure 3.15. Maximum expression of the hisI-hisE-tatA-tatB-tatC-
PA5071 operon was elevated in DpqsA and tatA::Tn5 mutants but 
reduced in the double mutant and in PAO1 DtatABC. Strains were grown 
over 24 h in 200 µl cultures at 37°C. Expression was measured with a 
chromosomally-inserted miniCTX::hisI-lux promoter fusion. One-way ANOVA 
determined statistical significance. 
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Each mutant exhibited a modulated expression profile across 24 h growth 

(Figure 3.16). PAO1-DK DpqsA  and PAO1-DK DtatABC had the most similar 

expression profile to wild-type, as they both peaked at ~7 hours. The expression 

of hisI in PAO1-DK tatA::Tn5 and PAO1-DK tatA::Tn5 DpqsA did not have a clear, 

short, peak and once reached, it remained high for the rest of the sampling time. 

It appears that using a tatA transposon insertion affected expression of the tatABC 

operon to a greater extent than a deletion. 

 

Figure 3.16. Expression of the tat operon promoter (hisI’) remained 
elevated instead of exhibiting a transient peak when tatA was 
interrupted by a transposon irrespective of PQS deletion. Expression 
in wild-type PAO1, a DpqsA mutant, DtatABC deletion mutant and tat 
transposon mutant was measured by following luminescence and OD600 
every 30 min across 24 h growth in 96-well plates. Mean and SD are plotted 
for each timepoint.  
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Section Summary 

Genes involved in anthranilate degradation are up-regulated in a tat 

mutant to a greater degree than any other pathway. Many down-regulated genes, 

such as those involved in iron acquisition, are under the control of PQS QS 

regulation. PqsA, the first enzyme in the pqsABCD/phnAB operon is an anthranilate-

CoA ligase (Coleman et al., 2008). The up-regulated enzymes in the anthranilate 

degradation pathway consist of nearly the entire pathway, and follow the 

degradation of anthranilate up to the creation of succinyl-CoA which is fed directly 

into the Tri-carboxylic acid (TCA) cycle. This suggests that the reduction in PQS by 

the Tat mutant could be due to upregulation in precursor degradation. The genes 

involved in anthranilate degradation that are up-regulated in the PAO1-DK tat 

mutant can be found clustered together on the chromosome. 

 

***
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3.2.6.  Construction of bioluminescent transcriptional reporters to 

study expression of the anthranilate degradation pathway 

RNAseq data strongly suggested that when the Tat system is inactivated, 

genes within the anthranilate degradation pathway are up-regulated. In order to 

confirm these findings and further understand the expression of the anthranilate 

degradation pathway, bioreporters were created for real-time measurement of 

expression. A transcriptional fusion was created between each promoter region of 

the first two operons in the pathway (antABC and catBCA) and the luxCDBAE 

operon on a miniCTX vector. This vector inserts into a neutral location (CTX site) 

on the P. aeruginosa chromosome, and the lux operon is under the control of the 

promoter of interest (Appendix, Figure 7.2) (Michael K. Winson et al., 1998; Calvo 

et al., 2000). 

LuxCDE, a fatty acid reductase, synthesises tetradecanal, a substrate of 

the luciferase LuxAB and together with readily available reduced flavin 

mononucleotide and molecular oxygen luciferase catalyses the reaction that emits 

light at 490 nm wavelength (Meighen, 1991). As a result, the level of gene 

expression is measurable through bioluminescence and this method provides a 

simple, comparable assay for transcriptional regulation and expression.  

In addition to the antA and catB promoters, the promoters of their 

transcriptional regulators antR and catR were also cloned into the miniCTX::lux 

vectors (Appendix, Figure 7.3). In silico analysis of the upstream regions for each 

gene was carried out using Softberry BPROM s70 promoter tool to predict the start 

site and promoter sequence. Promoters for antA and antR have been published 

after they were determined experimentally (Kim et al., 2012). 
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3.2.7.  Anthranilate degradation is greater in tat pathway mutants 

To determine the effect of a tat mutation on the expression of the first two 

operons in the anthranilate degradation pathway (antABC and catBCA) and of their 

corresponding regulators (antR and catR), bioluminescent transcriptional reporters 

were inserted into the bacterial chromosomes and bioluminescence was measured 

over a period of 24 h. The expression of the anthranilate degradation pathway was 

studied in PAO1-DK and PA14, and Tat system mutants of each strain. 

PAO1-DK antA and antR expression was up-regulated ~3 fold in the tatA 

transposon mutant (Figure 3.17) and all genes of interst exhibited a modulated 

expression profile upon tat mutation. There was a delay in reaching the maximum 

gene expression for antA, antR, and catB which occured at 10 h, 12 h, and 6 h in 

PAO1-DK, and 13 h, 18 h and 11 h in a tat mutant. Induced expression of catB 

occured earlier than antA despite it being further down the anthranilate degradation 

pathway.  

The greatest expression was seen in the genes associated with the 

anthranilate degradation pathway, with antA expressed more than catB (Figure 

3.17).There was a ~2 fold increase in expression of catB upon mutation of the Tat 

system. The expression of catR was decreased slightly in the Tat mutant and there 

was no delay in expression. 
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Figure 3.17. Expression of antA, antR, catB and catR in wild-type 
PAO1 and a tat mutant. Activity of the miniCTX::lux promoter fusions was 
standardised over growth (OD600) of each strain.  Expression (RLU/OD600) 
was measured every 30 min over a 24 h period of growth in 96-well plates, 
37°C. Maximum gene expression is shown on the right of each graph. Mean 
and SD are shown, as is statistical significance determined by t-tests. 
Experiment was repeated three times and in triplicate. 
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Expression of the anthranilate degradation pathway over 24 h was very 

different in PA14 (Figure 3.18). Wild-type PA14 exhibited a steady increase in 

expression of antA and antR over 20 h before reaching its maximum expression. 

The maximum expression of catB occured at around 15 h and catR maximum 

expression was at 18 h. Upon deletion of the tatABC operon there was a 

characteristic delay in expression, and the expression from each promoter 

continued to rise over 24 h, and may continue to rise past that.  

PA14 DtatABC also exhibited upregulation from the antA and catB 

promoters (Figure 3.18). The increase in expression was not as great as that seen 

in PAO1-DK but was nonetheless significantly different, as established using a t-

test. Expression of antR and catR was reduced upon deletion of the Tat system.  

It is worth noting that expression of the antABC operon was higher in 

PAO1-DK than in PA14 and this difference was reversed for the catBCA operon, 

where expression was lower in PAO1-DK. This was likely due to natural variance 

between strains and their regulation of the genes being studied. The expression 

level of antR and catR is similar between both strains. 
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Figure 3.18. Expression of antA, antR, catB and catR in PA14 and 
PA14 DtatABC. Activity of the miniCTX::lux promoter fusions was 
standardised over growth (OD600) of each strain. Experiments were 
repeated in triplicate and t-tests determined statistical significance. 
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Growth of tat mutants over 24 h was slower compared to wild-type PAO1-

DK, and cultures did not reach the same final cell density in PA14 (Figure 3.19). 

They exhibited a characteristic growth defect. Differences between wild-type and 

tat mutant maximum growth reached after 24 h was found to be statistically 

significant by t-test (p=0.003).  

Figure 3.19. Growth of PAO1 and PA14 wild-type and tat mutants over 
24 h. Cultures were grown in LB in a 96-well plate and incubated 37°C. Growth 
(OD600) was measured every 30 min. Mean and SD are plotted in grey. 
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There are two anthranilate synthases in P. aeruginosa, TrpEG, which 

synthesises anthranilate as part of the tryptophan biosynthesis pathway, and 

PhnAB which synthesises anthranilate for PQS production. Anthranilate is also 

made through degradation of tryptophan by the products of kynABU (Palmer et al., 

2013). Anthranilate acts as a coinducer for antA expression (Kim et al., 2012). To 

determine anthranilate production in wild-type and tat mutants, Nigel Halliday 

(University of Nottingham) kindly used LC-MS/MS to semi-quantify the anthranilate 

extracted from culture supernatants. PAO1-DK cultures contained ~4 fold more 

anthranilate at 16 h growth compared with 8 h growth. In PA14 there was a ~5 

fold increase in anthranilate from 8 h to 16 h (Figure 3.20).  

 

A PAO1-DK DtatABC deletion mutant produced a ~3 fold higher 

concentration of anthranilate than wild-type PAO1-DK after 8 h growth (Figure 

3.20a). A similar difference was seen in PA14, which was ~2.5 fold greater in the 

Figure 3.20. LC-MS/MS quantification of anthranilate in culture 
supernatants. PAO1, PAO1 DtatABC, PA14, PA14 DtatABC, and the 
positive control PAO1 DpqsA were grown for a) 8 h and b) 16 h in LB, 37°C, 
shaking 200 rpm. Cells were harvested and anthranilate extracted from 
culture supernatants. Experiments were carried out in triplicate and mean 
±SD is shown for each. t-tests show significant differences between wild-
type and tat mutants for each timepoint. PAO1 DpqsA was found to be 
significantly different to PAO1 at both timepoints (p<0.01).  
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DtatABC mutant vs wild-type. Following 16 h growth, bacterial cultures were at 

stationary-phase (Figure 3.19) and antA expression was greatly up-regulated at 

16 h in the tat mutants of PAO1-DK and PA14 (Figure 3.17, Figure 3.18). Figure 

3.20b shows there was more anthranilate in wild-type culture supernatants 

compared with tat mutant after 16 h. Perhaps new anthranilate made in tat 

mutants is used or degraded immediately, so does not accumulate and is not 

released to the supernatant. 

 

3.2.8.  Anthranilate degradation is up-regulated in a DpqsA mutant and 

tatA::Tn5 DpqsA double mutant  

Transcriptomic analysis showed that catA, catB, and catC were up-

regulated in a PAO1-DK DpqsA mutant, as displayed in Table 3.2 (Rampioni et al., 

2010). It was hypothesised that PAO1-DK DpqsA and PAO1-DK tatA::Tn5 DpqsA 

mutants would exhibit modulated expression similar to that seen in a tat mutant 

as PQS biosynthesis is perturbed in a tat mutant. Deletion of pqsA resulted in 

increased expression of antA by ~5 fold, antR by ~4 fold and catB  by ~3 fold 

(Figure 3.21). Upregulation was greater compared with the tat mutant, which 

could be due to a greater accumulation of anthranilate due to completely abolished 

PQS biosynthesis. Deletion of pqsA resulted in slight downregulation of the catR 

promoter, which also occurs in the tat mutant.  

The expression of the anthranilate degradation pathway was measured in 

a tatA::Tn5 DpqsA double mutant to investigate if the previously seen upregulation 

in the single mutants is cumulative. The tatA::Tn5 DpqsA double mutant had 

significantly increased expression of antA, antR and catB when compared with wild-

type expression levels (Figure 3.21a,b,c). The increase in expression was not 

cumulative, upregulation in the double mutant was less than the upregulation seen 

in either the pqsA or tatA::Tn5 mutant. However, as with the single mutants, antA 
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expression is the greatest, followed by catB and antR expression, then catR has 

the lowest expression. Perhaps less anthranilate was produced in the DpqsA 

tatA::Tn5 double mutant compared with PAO1-DK DpqsA due to slower growth, 

and therefore expression of anthranilate degradation was slightly lower. 

Figure 3.21. Expression of the anthranilate degradation pathway in tat 
and pqsA mutants. Expression was measured in triplicate over 24 h growth 
in LB in 96-well plates, at 37°C. Luminescence was standardised by dividing 
by growth (OD600) and average maximum expression values are shown ± SD. 

antA antR 

catB catR 
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3.2.9.  Determining response of tat mutation to exogenously added 

anthranilate 

It was hypothesised that the differential expression of genes involved in 

anthranilate catabolism and PQS biosynthesis is due to altered intracellular 

anthranilate. We have seen that there is more anthranilate produced by a tat 

mutant after 8 h of growth (Figure 3.20). Anthranilate is a co-inducer of genes 

involved in anthranilate catabolism (Oglesby et al., 2008). Once bound to the 

transcriptional regulator AntR, expression from the antA promoter is increased 

while simultaneously inhibiting the activity of PqsR, an inducer of the pqsABCDE 

and phnAB operons and repressor of antA (Oglesby et al., 2008; Hammond et al., 

2015; Maura et al., 2016). Anthranilate is considered membrane permeable and 

exogenous anthranilate has been used to alter expression of antA previously 

(Farrow and Pesci, 2007b; Oglesby et al., 2008; Choi et al., 2011). Knowing this, 

expression of antA, antR, catB and catR of the tat mutant and tatA::Tn5 DpqsA 

double mutant in response to exogenous anthranilate was investigated and 

compared with the wild-type. If a tat mutant is able to respond in the same manner 

as the isogenic PAO1-DK wild-type strain, then this will support the theory that 

increased antA expression and reduced pqsA expression is due to increased 

endogenous anthranilate.  

Firstly, a suitable concentration of anthranilate was determined by testing 

for strong induction of the anthranilate degradation pathway in PAO1-DK and PA14 

without inhibiting cell growth. Strains were cultured in LB broth containing 

anthranilate at a range of concentrations (0-8 mM) and gene expression was 

measured using a chromosomally integrated antA’-lux promoter fusion (Figure 

3.22). Concentrations of anthranilate above 6 mM had inhibitory effects on growth 

of PAO1-DK (Figure 3.22) and all concentrations tested against PA14 exhibited 

some level of growth inhibition. The maximum population density achieved declined 

from 0-6 mM, and at 8 mM of anthranilate, growth was completely inhibited.  
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Figure 3.23 shows addition of anthranilate induced antA gene expression 

to a greater extent in PAO1-DK compared to PA14. PAO1-DK antA expression 

increased in a concentration-dependent manner until 6 mM exogenous anthranilate 

was reached. In PA14 expression was higher than the no-anthranilate control until 

6 mM, but the greatest expression was at 1 mM which then declined between 1 mM 

and 6 mM. The concentration chosen for future assays was 6 mM for PAO1-DK and 

3 mM for PA14. A concentration of 6 mM was chosen for PAO1-DK as it gave the 

highest value of antA maximum gene expression (Figure 3.23) without affecting 

the growth (Figure 3.22). PA14 required a compromise, so 3 mM anthranilate was 

chosen as it induced a large upregulation of antA without severely inhibiting the 

growth.  

 

 

 

Figure 3.22. Inhibitory effects of high concentrations of anthranilate 
on the growth of PAO1 and PA14. PAO1 (a) and PA14 (b) were grown in 
LB containing anthranilate at concentrations ranging from 0-8 mM and growth 
(OD600) was recorded. Experiments were carried out in triplicate and mean 
maximum growth ± SD is plotted. Individual values are shown as a) pink 
triangles and b) blue triangles. 
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As such, PAO1-DK and PA14 wild-type and DtatABC deletion mutants, as 

well as PAO1-DK DpqsA and PAO1-DK tatA::Tn5 DpqsA, were cultured in LB + 

anthranilate at 6 mM and 3 mM respectively, and the expression of antA, antR, 

catB  and  catR measured using bioluminescent transcriptional reporters. The 

results show that antA, antR and catB  were strongly up-regulated by exogenous 

addition of anthranilate in a tatA::Tn5 mutant, DpqsA mutant and tatA::Tn5 DpqsA 

double mutant (Figure 3.24).  

The greatest increase in expression of antA, antR and catB occured in 

PAO1-DK DpqsA, likely because accumulation of too much anthranilate is toxic 

(Aedekerk et al., 2005). These genes were also overexpressed in a tatA:: Tn5 

mutant. Surprisingly, the increase in expression of antA, antR and catB in response 

to increased intracellular anthranilate was less in PAO1-DK tatA::Tn5 DpqsA than 

in the single mutants. As it stands, tat mutants do not export a number of virulence 

factors and other proteins, and have a significant growth defect, so the difference 

Figure 3.23. Expression of antA is induced by exogenous anthranilate. 
PAO1 (a) and PA14 (b) carrying an antA::lux promoter fusion were grown in 
LB + anthranilate (0-8 mM) in triplicate over 24 h. Expression was measured 
with an automated plate reader and standardised by dividing by cell growth 
(OD600). Maximum gene expression at each concentration of anthranilate is 
plotted along with standard deviation. 
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in expression of antA, antR and catB upon tat mutation compared with pqsA 

mutation is likely due to this. This can be investigated further by screening mutants 

of substrates of the Tat system for similar phenotypes. 

Figure 3.24. Exogenously supplied anthranilate induces expression of 
genes involved in anthranilate degradation pathway. Exogenous 
anthranilate causes an upregulation of a)antA, b)antR, c)catB, and d)catR, in 
all PAO1 strains. Experiment was carried out in triplicate and mean and SD are 
shown. Significant difference in maximum expression was determined by a t-
test. 
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PA14 and PA14 DtatABC mutants containing antA, antR and catB promoter 

fusions were also investigated for their response to anthranilate. When both strains 

were grown in 3 mM anthranilate, antA, antR and catB were all up-regulated 

(Figure 3.25a,b,c).  

Figure 3.25. Exogenous anthranilate induces expression of antA, antR, 
catB and catR in PA14 and the isogenic DtatABC mutant. Wild-type PA14 
and a DtatABC deletion mutant carrying promoter fusions of antA::lux, 
antR::lux, catB::lux and catR::lux were grown in LB and LB + anthranilate 3 
mM over 24 h at 37°C.  Gene expression was measured every 30 minutes in 
an automated plate reader. Strains were grown in triplicate and average 
maximum gene expression ± SD is shown. 
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PA14 DtatABC exhibited a greater increase in antA expression in response 

to 3 mM anthranilate when compared with wild-type PA14. Addition of anthranilate 

decreased expression of catR in the DtatABC mutant and the isogenic wild-type 

strain but this is not biologically significant (Figure 3.25). Lastly, the response of 

pqsA to a high concentration of anthranilate was investigated in PA14 and PA14 

DtatABC. Figure 3.26 shows there was a decrease of pqsA expression in both wild-

type and DtatABC mutant. 

Figure 3.26. Exogenous anthranilate represses expression of pqsA in 
PA14 and PA14 DtatABC. Wild-type PA14 and a DtatABC deletion mutant 
carrying a chromosomally integrated pqsA::lux promoter fusion were grown 
in LB and LB + anthranilate 3 mM. Gene expression was measured and 
average maximum expression in plotted with SD. Statistical significance was 
determined by t-tests. 
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Section Summary 

The complex QS-dependent and independent regulatory network 

governing antA and pqsA transcription is well-studied in the literature, and 

anthranilate is a key intermediate at a metabolic branch point between the TCA 

cycle, tryptophan biosynthesis, and PQS biosynthesis (Oglesby et al., 2008; 

Chugani and Greenberg, 2010; Choi et al., 2011; Kim et al., 2012; Wang et al., 

2020). Here we show that mutation or deletion of the twin-arginine transport 

system in PAO1-DK and PA14 induced expression of the first two operons in the 

anthranilate degradation pathway, antA and catB, along with their regulators antR 

and catR. This was also seen in a DpqsA mutant, and it was hypothesised that 

disruption of pqs QS in a tat mutant is the reason for reduced eDNA release and 

biofilm formation. However, anthranilate quantification in spent media revealed a 

difference between tat and pqsA mutant. Disrupted PQS biosynthesis gives 

characteristically high levels of extracellular anthranilate, yet the tat mutant culture 

supernatant contained less anthranilate than wild-type during stationary phase. 

This could be because pqsA expression still occurs in a tat mutant so anthranilate 

is used by the PQS biosynthetic machinery, in addition to the products of the highly 

up-regulated antABC catBCA operons. Anthranilate degradation genes were highly 

up-regulated in tat, pqsA and tat pqsA mutants at this point.  

Exogenous anthranilate may increase the intracellular concentration by 

diffusion into the cell, this would positively regulate expression of the antA, antR 

and catB genes in wild-type, tat, pqsA and tat pqsA mutants. Increase in 

anthranilate also causes downregulation of pqsA the first gene in the PQS 

biosynthetic operon. Additional investigation of the intracellular concentration of 

anthranilate with LC-MS/MS is needed before confirming this theory. 

 

*** 
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3.2.10. Construction of DantA mutant in PAO1-DK, PAO1-DK DtatABC 

and PAO1-DK DpqsA 

Anthranilate is a key metabolite used for PQS biosynthesis, tryptophan 

biosynthesis and energy production via the TCA cycle. As such, regulation of these 

pathways is under strict control for immediate response to changing environmental 

conditions and growth phases. To investigate the role of antA in relation to PQS-

dependent quorum sensing and biofilm formation an in-frame deletion between 

bases 27 and 1,284 of the antA ORF was made using the suicide vector deletion 

system (Buscher et al., 2005). Full details of the gene deletion are in Chapter 2. 

 

3.2.11. Genomic analysis of PAO1-DK, PAO1-DK DantA, PAO1-DK 

DtatABC DantA and PAO1-DK DpqsA DantA  

Next-generation whole genome sequencing (WGS) was carried out on wild-

type PAO1-DK and subsequent DantA mutants in order to confirm specific, clean 

deletion of the tatABC, pqsA and antA genes (Appendix, Table 7.3). Figure 3.27 

shows a visual comparison of each genome assembly created using blast ring image 

generator (BRIG). Blank regions indicate a gene deletion as the assembly had no 

BLAST match to the reference genome. Each genome was identical to the PAO1-

DK wild-type genome except for their individual tatABC, pqsA and antA deletion 

mutations. Any additional mutations shown were SNPs that are characteristic of 

the PAO1-DK subtype and different from the reference genome PAO1-W. They were 

seen in all of the WGS genomes. WGS confirms the clean deletion of the antA, 

tatABC and pqsA genes and any phenotypic changes associated with the strain are 

not from secondary mutations. 
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Trimmed reads were also assembled into contigs and genome assemblies by 

MicrobesNG and the quality of the data was assessed. There were no mismatches, 

and 75% coverage was achieved by 7 contigs for PAO1-DK, PAO1-DK DantA and 

PAO1-DK DtatABC DantA, and 9 contigs for PAO1-DK DpqsA DantA. 

Figure 3.27. Whole genome sequencing comparison of wild-type 
PAO1-DK, the DantA deletion mutant, PAO1-DK DtatABC DantA and 
PAO1-DK DpqsA DantA. PAO1-W was used as a reference genome and is 
indicated by the central thin black line. PAO1 GC content is visualised in 
the next ring, followed by the genomes sequenced by WGS. Deletions 
within the genome can be seen as a blank space as they do not have a 
BLAST match. The genes antA, tatABC and pqsA are labelled at their 
corresponding positions on the genome. 
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3.2.12. Effect of DantA deletion on growth in LB  

Anthranilate, as previously mentioned, is degraded and fed into the citric 

acid cycle to be used as an energy source and the genes responsible are up-

regulated during stationary/late-stationary phase through AntR- and RhlR-

dependent activation of transcription (Choi et al., 2011; Kim et al., 2012). 

Therefore, it was hypothesised that deletion of antA may affect planktonic growth 

of the bacteria. To test this, wild-type PAO1-DK and isogenic DantA, DtatABC, 

DpqsA mutants as well as DpqsA DantA, and DtatABC DantA double mutant strains 

were grown in LB for 24 h and OD600 was measured every half hour.  

Figure 3.28 shows that deletion of antA had no effect on growth of the 

strain in LB, there was no visible lag before reaching the same optical density. 

Deletion of DpqsA did not affect cell growth (Hazan et al., 2016) and PAO1-DK 

DpqsA DantA also had the same cell growth phenotype as wild-type. As seen earlier 

in the study, the DtatABC strain exhibited slower growth past 5 h which never fully 

reached wild-type OD600. Interestingly, this is almost completely abolished in the 

DtatABC DantA double mutant, which did not have a growth defect (Figure 3.28 ). 
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3.2.13. Deletion of antA, tatABC, or  pqsA has no effect on lux-

reporter light output 

To be sure that changes to luminescence are due to regulatory changes, 

and not lower activity of the luxCDABE gene products, transcriptional reporters 

carring the lux genes fused to a ptac constitutive promoter were introduced to the 

genome of PAO1-DK, PAO1-DK DantA, PAO1-DK DtatABC, PAO1-DK DpqsA, PAO1-

DK DtatABC DantA and PAO1-DK DtatABC DantA. Maximal light output as a function 

of growth (RLU/OD600) can be seen in Figure 3.29 and is largely unaffected by 

antA, pqsA or tatABC deletion. 

 

 

 

 

 

Figure 3.28. Deletion of antA restores growth in a tatABC mutant. 
Growth of 200 µl cultures at 37°C in a 96-well plate. Cell density (OD600) was 
measured at 30 min intervals. Three biological and three technical repeats 
were carried out. Mean ± SD is plotted. 
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3.2.14. Effect of DantA deletion on anthranilate degradation 

To determine how the biosynthesis and accumulation of anthranilate is 

affected by deletion of antA, anthranilate was extracted from culture supernatants 

at 8 h and 16 h timepoints. Figure 3.30 shows relative quantities of anthranilate 

for each DantA, DtatABC and DpqsA mutant semi-quantified by LC-MS/MS. 

Figure 3.29. Maximum expression from a constitutive ptac promoter in 
various mutants shows no change in luminescence. miniCTX::ptac’-lux 
vectors were integrated into the chromosome of each mutant and 
luminescence was recorded over 24 h growth in LB. Experiment was carried 
out in triplicate and average maximum gene expression ± SD is plotted. 
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Figure 3.30. LC-MS/MS semi-quantification of anthranilate extracted 
from culture supernatants. Top panel: LC-MS/MS semi-quantification of 
anthranilate extracted from culture supernatants after 8 h growth. Bottom 
panel: Anthranilate in culture supernatants of DantA, DtatABC and DpqsA 
mutants after 16 h growth semi-quantified by LC-MS/MS. Experiments were 
repeated in triplicate, mean and SD are shown. 
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Figure 3.30 shows following 8 h growth, the concentration of anthranilate 

present in the DantA mutant spent media was no different to wild-type. However, 

there were significant increases in the DtatABC mutant and DtatABC DantA double 

mutant. Anthranilate levels in the DpqsA mutant supernatant were ~22 fold greater 

than PAO1-DK wild-type, and ~30 fold higher than wild-type in the DpqsA DantA 

double mutant. This shows that mutation of either pqsA  or tatABC resulted in 

increased anthranilate levels in cell free culture supernatants. 

After 16 h, the concentration of anthranilate in culture supernatants was 

higher than wild-type in all mutants bar the DtatABC mutant (Figure 3.30b). 

PAO1-DK DantA and the DtatABC DantA double mutant both had ~4 fold increase 

in anthranilate, so it is likely the increase in the double mutant was due to antA 

deletion. Again, the highest concentration of anthranilate was found in culture 

supernatants of the DpqsA mutant and DpqsA DantA double mutants, with slightly 

more in the double mutant. 

An DantA mutant strain should be unable to degrade anthranilate, but still 

able to synthesise PQS and tryptophan. By introducing bioreporters the expression 

of the anthranilate degradation pathway and PQS biosynthesis was measured in 

PAO1-DK wild-type, DantA, DpqsA, DtatABC and the DpqsA DantA, DtatABC DantA 

double mutants. 

Figure 3.31a shows that deletion of antA up-regulated expression from 

the antA promoter by around 2.5 fold, likely as a response to increased intracellular 

anthranilate concentration. As seen previously, expression of antA was increased 

in a DpqsA mutant. When both antA and pqsA were deleted from the chromosome, 

expression from the antA promoter was ~4 fold greater.  
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Figure 3.31. Expression of the anthranilate degradation pathway upon 
deletion of antA and pqsA. Chromosomally integrated antA::lux, antR::lux, 
catB::lux, and catR::lux promoter fusions were introduced to PAO1 and 
isogenic mutants PAO1 DantA, PAO1 DpqsA, and PAO1 DpqsA DantA. Expression 
was measured every 30 min over 24 h in an automated plate reader and 
standardised by dividing luminescence with cell growth (OD600). Maximum 
expression reached by each strain is shown. Experiments were carried out 
three times in triplicate, mean ± SD is plotted. t-tests determined statistical 
significance. 
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Upregulation of antR is significantly increased in an DantA, a DpqsA, and 

an DantA DpqsA double mutant, probably due to increased intracellular anthranilate 

binding to AntR and upregulating its own expression. PAO1-DK DpqsA had the 

greatest increase in antR expression, ~5 fold higher than wild-type (Figure 

3.31b). The promoters for catB and catR were not expressed differentially in the 

DantA mutant, upregulation was observed only when pqsA was deleted in the wild-

type and DantA mutants (Figure 3.31c,d).  

Changes to expression of antA, antR, catB and catR when antA and tatABC 

were deleted can be seen in Figure 3.32 and Figure 3.33. Again, there was a 

~2.5 fold increase in expression of antA for PAO1-DK DantA, and even greater 

upregulation in the DtatABC mutant, and a further increase in the DtatABC DantA 

mutant to ~4 fold greater than wild-type expression levels (Figure 3.32a). Figure 

3.32b shows this greater upregulation was also seen at the antR promoter. 

Upregulation of the catB promoter occurred in a DtatABC mutant, there was no 

change in the DantA mutant. The catR promoter has statistically significant changes 

to expression but these were most likely not biologically significant (Figure 

3.32c,d). 
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Expression of antA over 24 h can be seen in Figure 3.33. Expression 

increased after ~ 7 h growth of PAO1-DK DpqsA and after ~8 h growth for wild-

type and the remaining mutants. Peak expression was reached at different times, 

PAO1-DK maximum expression was at 10 h, PAO1-DK DpqsA had a sustained peak 

Figure 3.32. Expression of the anthranilate degradation pathway in 
PAO1 and various antA and tatABC mutants. MiniCTX::lux promoter 
fusions containing antA, antR, catB and catR promoters transcriptionally fused 
to the luxCDABE operon were introduced to PAO1, an DantA mutant, a DtatABC 
mutant and a DtatABC DantA double mutant. Expression was measured by 
dividing luminescence by growth (OD600). Mean maximum expression is plotted 
with SD and statistical significance determined by t-tests. Each figure is 
representative of three technical repeats. 
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in expression from 8 h to 14 h, and deletion of antA caused a delay in peak antA 

expression in all strains. Growth of these mutants is shown in Figure 3.28. 

 

 

3.2.15. Expression of pqsA in DantA mutants 

It is clear from these results that deletion of DantA resulted in upregulation 

of the antA promoter. As AntA and PqsA both utilise anthranilate, expression of the 

pqsA operon was measured in the DantA mutants. It was hypothesised that pqsA 

expression would increase upon deletion of antA as more is available for AQ 

biosynthesis. Surprisingly, this was not the case. Figure 3.34 shows the maximum 

expression of pqsA over 24 h growth in LB, 37°C, measured by a pqsA’-lux 

bioluminescent transcriptional reporter. There was a ~2 fold downregulation of 

pqsA in the DantA mutant. As seen previously the expression of pqsA in a DtatABC 

mutant was ~4 fold lower than wild-type. Reduction in expression in a DtatABC and 

Figure 3.33. Expression of antA over 24 h in PAO1 DantA, DtatABC and 
DpqsA single and double mutants. Growth (OD600) and expression (RLU) 
was measured every 30 min and standardised by dividing luminescence by 
growth (OD600). Each strain was grown in triplicate and the experiment was 
repeated three times. Mean and SD is plotted. Expression of antA in each strain 
is shown as follows: PAO1 (pink), PAO1 DantA (red), PAO1 DtatABC (orange), 
PAO1 DpqsA (blue), PAO1 DtatABC DantA (yellow), and PAO1 DpqsA DantA 
(green). 
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DantA deletion mutant was further reduced in the double mutant; PAO1-DK 

DtatABC DantA has ~8 fold lower expression than wild-type.  

There was no significant difference between PAO1-DK DpqsA, PAO1-DK 

DtatABC DantA and PAO1-DK DpqsA DantA with respect to the expression of pqsA. 

This suggests that PQS biosynthesis is almost completely abolished in the DtatABC 

DantA double mutant. This could be confirmed with LC-MS/MS quantification of AQs 

in culture supernatants, as well as with the PAO1-DK DpqsA miniCTX::pqsA’-lux 

bioreporter. 

 

 

Figure 3.34. Expression of pqsA in DantA, DtatABC and DpqsA mutants. 
A pqsA::lux bioreporter was introduced to PAO1, and the PAO1 mutants DantA 
(red), DtatABC mutant (orange), DtatABC DantA (yellow), DpqsA and DpqsA 
DantA. Maximum expression over 24 h growth is plotted. Experiment was 
carried out in triplicate and mean and SD are plotted. Statistical significance 
was determined by one-way ANOVA test. 
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Lastly, pyocyanin production was assessed as an indicator of pqs QS activity 

as mutants of PQS biosynthetic operon pqsABCDE or pqsR exhibit significantly 

reduced pyocyanin production (Gallagher et al., 2002; Diggle et al., 2003). Figure 

3.35 shows total pyocyanin in cell culture supernatants following 8 h growth. As 

noted previously, deletion of the tat genes reduced pyocyanin production by ~3 

fold. PAO1-DK DpqsA also had decreased pyocyanin production. Deletion of antA 

has no effect on pyocyanin production after 8 h, possibly because despite reduced 

pqsA expression, levels of PQS are sufficient to induce pyocyanin biosynthesis. 

 

Figure 3.35. Total pyocyanin produced by PAO1, DantA, DtatABC and 
DpqsA mutants and various mutants.  PAO1 (pink), the PAO1 mutants 
DantA (red), DtatABC (orange), DpqsA (blue), DtatABC DantA (yellow), and 
DpqsA DantA (green) were grown for 8 h, 37°C, shaking 200 rpm. Cells were 
harvested and spent media was filter-sterilised. Pyocyanin was extracted and 
measured for each strain. Three biological repeats were analysed in parallel, 
mean and SD are plotted. One-way ANOVA was used to determine statistical 
significance relative to the wild-type. 
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3.3 Discussion 

 

 The disruption to PQS-dependent quorum sensing in mutants of the Tat 

secretion pathway was explored in depth by genome-wide transcriptional analysis 

through RNAseq and the results were validated with real-time expression of the 

modulated genes in the a tatA::Tn5 mutant. In addition, the effects of tat mutation 

was compared in both PAO1-DK and PA14, another common P. aeruginosa strain. 

Transcriptional studies were followed by deletion of the greatly up-regulated antA 

gene from PAO1-DK DtatABC as well as from wild-type PAO1-DK and a DpqsA 

mutant. The effect of these deletions was assessed through analysis of gene 

expression and of the biosynthesis of the quorum sensing signal molecule PQS. 

 Soh et al. showed that the pleitropic effects of a tat mutation in PAO1-DK 

were due to perturbed PQS biosynthesis (Soh et al., 2021). Dysregulation of pqsA, 

the first gene in the PQS biosynthetic operon, can be seen by a ~3 fold reduction 

of gene expression in PAO1-DK tat mutant. As a result pathways controlled by pqs 

QS, such as AQ biosynthesis, pyocyanin production, OMV release, and rhamnolipid 

production are all greatly reduced. PA14 DtatABC pqsA gene expression was 

significantly reduced, establishing that this is also a property associated with other 

P. aeruginosa  strains. Reduced pqsA expression accounts for the lower levels of 

secreted PQS, HHQ and HQNO, and lower induction of pqsA in the bioreporter 

PAO1-DK DpqsA miniCTX::pqsA’-lux by culture supernatants. Similarly pyocyanin 

production, which is decreased upon deletion of genes within the pqs biosynthetic 

operon, is significantly lower in both PAO1-DK DtatABC and PA14 DtatABC 

(Gallagher et al., 2002). 

Transcriptomic analysis revealed mutation of the tat pathway has wide-

reaching effects on P. aeruginosa gene expression. The PAO1-DK tat mutant had 
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355 differentially regulated genes involved in a variety of biological processes, of 

which 189 were up-regulated and 166 down-regulated.  

RNAseq revealed upregulation of 30 Type III Secretion System (T3SS) 

genes including the psc, pop, exs, and pcr operons. T3SS genes pcrV, pcrH, popB, 

popD, exsC, exsE, exsB, and pscE are induced by PQS, yet were up-regulated in a 

tat mutant despite severely reduced pqs quorum sensing (Rampioni et al., 2016). 

Transcription of T3SS genes is also controlled by ExsA, from the AraC/XylS-type 

transcriptional regulator family, and expression of exsA was up-regulated by 2.68 

fold in a tat mutant which may explain overexpression (Hauser, 2009). The T3SS 

is also regulated at the initiation of secretion level, by the proteins ExsC, ExsD and 

ExsE, all of which were induced upon tat mutation suggesting increased Type III 

Secretion. Induction of T3SS regulon expression by ExsA can be brought on 

through increase of intracellular cyclic AMP (cAMP) concentration by the inner 

membrane-bound adenylate cyclase CyaB. cAMP is sensed by the global regulator 

Vfr and together with ExsA and cAMP transcription is up-regulated. Expression of 

the T3SS is also controlled by the global regulatory network of RetS, LadS and the 

GacA/GacS two component system. The RetS/GacS signalling cascade up-regulates 

transcription of the sRNAs RsmY and RsmZ, and together with RsmA, a post 

transcriptional regulator, T3SS is positively regulated (Moscoso et al., 2011). 

However, these were not up-regulated in a tat mutant and are not exported via the 

Tat system so are unlikely to cause T3SS upregulation in a tat mutant (Hauser, 

2009; Gimenez et al., 2018).  

Initiation of the T3SS regulon is also induced by depleted Ca2+ 

concentration, which also requires the presence of glutamate (Hauser, 2009). 

Intracellular calcium is maintained at 0.1-0.2 µM even in the face of high 

extracellular concentrations by blocking the uptake of and pumping out calcium 

ions. Ion channels, F-type and P-type ATPases, and ion gradient-driven 

transporters are all used to maintain ion homeostasis. One such P-type ATPase, 
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PA1429, was identified as a probable Ca2+ export pump by Guragain et al. and was 

up-regulated in a tat mutant by 2.9 fold (Guragain et al., 2013). This may have 

caused lowering of intracellular [Ca2+] and together with glutamate could have 

triggered overexpression of the T3SS regulon in a tat mutant. 

The most down-regulated genes in a tat mutant were predominantly 

involved in anaerobic respiration (nir and nor genes), oxidative stress (sodM, 

hemO) and general stress (dnaK). P. aeruginosa prefers aerobic growth but is able 

to grow anaerobically using nitrogenous oxides as a terminal electron acceptor 

(Levy-Booth et al., 2014). The denitrification pathway proceeds through four 

reductase reactions, as outlined in Figure 3.9. Together they catalyse the process 

converting nitrous oxide to nitrogen (Levy-Booth et al., 2014). A PAO1 DtatC 

mutant was previously shown to have a growth defect under anaerobic conditions 

(Urs a Ochsner et al., 2002). NapA and NosZ are directly exported via the Tat 

system, also, nir, nor, nar and nos genes are reciprocally regulated by pqs QS 

which may contribute to the growth defect (Rampioni et al., 2016; Gimenez et al., 

2018). 

There was significant overlap between differentially expressed genes in a 

DpqsA mutant and a tat mutant. Both repressed pyoverdine and pyochelin 

biosynthesis, ferric-pyoverdine import (fpv genes), iron starvation (PA4469, fumc1, 

fagA), and PQS-regulated mexGHI transporter expression. PQS itself is an iron 

chelator and regulates various genes via iron-dependent and iron-independent 

pathways, as well as PqsR-independent pathways (Rampioni et al., 2016). There 

was significant disruption to the expression of genes involved in heterologous 

siderophore import. PQS-dependent quorum sensing is interlinked with the cellular 

response to iron, as PQS chelates iron within the environment. Repression of PQS 

biosynthesis upon tat mutation must therefore affect mechanisms controlling iron 

homeostasis (Diggle et al., 2007).  
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Not all of the genes within the pqs QS regulon had altered expression in a 

tat mutant, only 37 of a possible 158 genes had similar changes in expression. This 

was likely due to compensatory changes in the regulation of other PQS-controlled 

genes, plus, only one growth condition was used for transcriptomic analysis. 

The greatest upregulation of genes was of those involved in carbon 

utilization and aromatic ring catabolism, focusing on the core metabolite 

anthranilate. Anthranilate degradation proceeds through sequential reactions 

catalysed by the gene products of antABC, catBCA, and pcaCDBTFJI as shown in 

Figure 3.8 (Costaglioli et al., 2012). Genes in the antABC operon were enriched 

by ~55 fold and the catBCA operon, between ~120 and ~250 fold. Their regulators 

antR and catR were also up-regulated in a tat mutant,  as were the pca genes and 

xyl genes. The gene products of xylZ, xylY, xylX and xylL were up-regulated 

between ~12 and ~60 fold, together they transform methyl-benzoate into 3-

methylcatechol and 4-methylcatechol (Figure 3.8).  

Anthranilate is generated from chorismate by two different anthranilate 

synthases encoded on the genome, TrpEG and PhnAB, and by degradation of 

tryptophan via the kynurenine pathway with the products of the kynABU operon 

(Costaglioli et al., 2012). TrpEG is thought to produce anthranilate for tryptophan 

biosynthesis and PhnAB, for PQS biosynthesis, due to differing peak expression 

(Essar, Eberly, Han, et al., 1990). The trpEG genes are predominantly expressed 

during early stages of growth where there is low cell density, and repressed at 

high-cell density (Essar, Eberly, Hadero, et al., 1990). LasR positively regulates 

kynU, kynB and phnAB during log phase, and PhnAB production is also induced by 

the autoinducer PQS, as well as by the effector protein PqsE, as phnAB is part of 

the pqsABCDE/phnAB operon (Rampioni et al., 2010; Palmer et al., 2013; Rampioni 

et al., 2016). However, none of the genes involved in anthranilate production were 

differentially regulated in the RNAseq data.  
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Despite a large increase in transcription of genes that break down 

anthranilate and methyl-benzoate to make substrates of the citric acid cycle, there 

was very little change within expression of genes within the citric acid cycle and 

central carbon metabolism. The peripheral pathway gene ascA, which encodes 

acetyl-coA synthase was up-regulated 3.31 fold upon tat mutation, and within the 

TCA cycle, fumarate hydratase fumC1 was actually down-regulated ~22 fold. 

However, the other two genes fumA and fumC2 were not differentially expressed 

(Dolan et al., 2019). This may be because wild-type levels of each TCA cycle 

enzyme are able to cope with increased substrate concentration. Published RNAseq 

data showed that deletion of pqsA also results in upregulation of the catBCA genes, 

highlighting the reciprocal relationship of PQS biosynthesis and anthranilate 

degradation (Rampioni et al., 2010). PqsA catalyses the head-to-head 

condensation of anthranilate with b-keto-dodecanoate to create a precursor for PQS 

and up to 50 other AQs, see Figure 3.36  (Fletcher et al., 2007).  

 

Figure 3.36. AQ biosynthesis pathway in P. aeruginosa. PqsABCDE 
proteins synthesise HHQ, and together with PqsL, HQNO. HHQ is converted to 
PQS by PqsH. PqsE acts as a thioesterase for AQ biosynthesis but also acts as 
an AQ-independent effector protein with multiple gene targets including 
pyocyanin and rhamnolipid production. HHQ and PQS bind PqsR and cause 
autoinduction of the pqsABCDE operon. Figure taken from Soh et al. 2021. 
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Expression of antR and antA is tightly controlled by many different 

regulators and interwoven with quorum sensing systems due to the shared 

substrate with PQS biosynthesis. This is outlined in Figure 3.37. AntR directly 

activates antABC expression, with anthranilate as a coinducer that increases affinity 

for the antABC promoter (Oglesby et al., 2008). AntR also positively regulates 

catBCA expression (Oglesby et al., 2008; Djapgne et al., 2018). PqsR represses 

genes for anthranilate metabolism, preventing degradation of the substrate 

required for PQS biosynthesis. AntR and PqsR, the orange and blue regulators in 

Figure 3.37, work against each other for tight control of the antA and pqsA 

promoters. 

Figure 3.37. Model showing regulation of anthranilate metabolism 
genes (antABC, catBCA) and the AQ biosynthetic operon 
(pqsABCDEphnAB) by AntR, PqsR, RhlR, MpaR, and PrrF sRNAs.  
MpaR regulates anthranilate degradation indirectly through induction of PqsR 
and repression of RhlR transcription. PqsR represses AntR expression, and 
AntR positively regulates its own expression in addition to antABC and catBCA. 
PrrF1 and PrrF2 sRNAs promote AQ production under iron-deplete conditions 
by regulating antA and antR mRNA translation. T-bars indicate inhibiton, 
arrows indicate positive regulation. Solid lines and dashed lines show direct 
regulation and indirect regulation respectively. The structure of PrrFs was 
taken from Djapgne et al. 2018. Chemical structures are from pubchem.com. 



 144 

PrrF1 and PrrF2 are two small regulatory RNAs with 95% sequence 

similarity. They promote AQ production by redundantly inhibiting antABC and antR 

translation through binding to the 5’ untranslated region overlapping the translation 

start sight of each mRNA (Djapgne et al., 2018). Both PrrFs were down-regulated 

in a tat mutant (prrF1 was repressed 4.87 fold, and prrF2, 17.62 fold) which may 

be contributing factor to increased antA and antR expression.  

MpaR is a regulator from the GntR-type family, these regulators are often 

involved in critical metabolic processes (Wang et al., 2020). In this case, MpaR 

regulates PQS production and anthranilate metabolism. This is achieved through 

direct activation of pqsR expression as well as repression of rhlR as outlined in 

Figure 3.37, and deletion mutants have exhibited increased antABC transcription, 

biofilm formation and lower pyocyanin levels (Wang et al., 2020). 

 Expression of antA is under complex hierarchical control by other QS 

regulators and is growth-phase dependent Figure 3.37). During log phase of the 

growth cycle antA is repressed, and in late-stationary phase is activated by RhlR 

(Chugani and Greenberg, 2010; Kim et al., 2012). This antagonistic interplay 

between las and rhl QS is mediated by the transcriptional regulator AntR, which 

directly induces transcription, and PqsR, which directly represses antA transcription 

and is outlined in more detail in Figure 3.38 (Choi et al., 2011).  

Figure 3.38 shows a schematic model for the control of the 

pqsABCDE/phnAB promoter by its direct regulator, PqsR, and the antABC and antR 

promoters by their direct regulators, AntR and PqsR. Hypothesised regulation of 

each set of genes in wild-type P. aeruginosa, a DpqsA mutant and a tat mutant and 

a DantA mutant is shown for comparison. Only mutation or deletion of tat resulted 

in a growth defect, and this is likely due to failed export of one or more of the Tat 

pathway substrates. 
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The pqsA-E operon is co-regulated by QscR, RhlR, LasR, PqsR (MvfR), AmrZ, 

ExsA, GacA, GbdR, LasR, MexT, PchR, PhoB, and RsaL and altered activity or 

expression of these may have affected expression of pqs biosynthesis genes in the 

tat mutant, which in turn caused upregulation in anthranilate degradation (Huang 

et al., 2019).  

As antA and pqsA are both directly regulated by PqsR, the simplest 

explanation is that PqsR activity is reduced in a tat mutant, which prevents antA 

repression and pqsA expression during log phase (Figure 3.38). Soh et al. showed 

that addition of HHQ and PQS as PqsR co-inducers were unable to restore pqsA 

expression in a DpqsA tatA::Tn5 mutant (Soh et al., 2021). Neither expression of 

pqsR nor its localisation is affected by tat mutation, which suggests that access of, 

or response to, AQs by PqsR requires a functional tat pathway (Soh et al., 2021; 

Ye-Chen Soh, Thesis, University of Nottingham).  

As less anthranilate is used for AQ biosynthesis upon tat mutation it may 

accumulate within the cell, increasing the binding of AntR to the antA/antR 

promoter region and further inducing expression of anthranilate degradation genes. 

Figure 3.24 shows addition of anthranilate up-regulated antA, antR and catB and 

therefore increased endogenous anthranilate is likely to do the same. Further work 

should include LC-MS/MS quantification of intracellular anthranilate in PAO1-DK, a 

tat mutant, DpqsA mutant and DantA mutants, and their respective double mutants.  

Due to the wide range of differentially expressed genes discovered by 

RNAseq, and complex regulatory networks that govern pqsA expression, it is 

impossible to say which regulator(s) are responsible for changes to PqsR-mediated 

antA repression in a tat mutant. Continuation of this project could delete various 

regulatory genes of PqsR in a tat mutant, such as QscR, MpaT, and RhlR to see if 

pqsA expression is restored.  
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Figure 3.38.Schematic to illustrate hypothesised regulatory changes to antA, antR and pqsA expression in wild-type, DpqsA, 
tat, and DantA mutants. Regulation of antABC by PqsR appears to be a key factor in the altered expression of antA and pqsA in the tat 
mutant as it is the only regulator to directly bind to both promoters. Therefore, in a tat mutant PqsR activity is impacted, this may be due to 
inhibition of pqsA by other regulators, or reduced access to PqsR by cognate autoinducers as a result of failed export of one of the Tat 
substrates, or due to the growth defect. Deletion of pqsA resulted in upregulation of anthranilate degradation genes most likely in response 
to the overproduction of anthranilate, which cannot be used for AQ biosynthesis. PAO1 DantA produced anthranilate levels similar to wild-
type during log phase, and antA expression was no different. After 16 h growth anthranilate was increased in culture supernatants which 
suggests increased intracellular concentration, and with it, up-regulated expression at the antA and antR promoters despite antA deletion. 
Concentration is indicated by square brackets “[]”, AQs PQS and HHQ as blue pentagons, and anthranilate a red triangle. 
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Mutation or deletion of the tat pathway resulted in an obvious growth defect 

(Figure 3.19) which may be the cause of delayed peak antA and catB expression. 

Deletion of DantA did not affect growth, but nearly abolished the growth defect 

seen in the DtatABC mutant. Tryptophan is essential for growth, so perhaps there 

is a reduction in tryptophan due to upregulation of anthranilate degradation upon 

tat mutation. This hypothesis could easily be tested by extraction of tryptophan 

within cells and quantification with LC-MS/MS or by adding tryptophan to DtatABC 

culture to see if growth is restored (Sadok et al., 2017). Alternatively, deletion of 

antA in a DtatABC mutant prevents accumulation of toxic cis, cis muconate. 

 

Conclusion 

Tight control of the metabolite anthanilate is needed for the P. aeruginosa 

cell to respond to changing environmental conditions. Mutation or deletion of the 

tat pathway perturbs pqs QS as well as a number of other genes and prevents 

export of at least 34 known effectors. As a result, mutants of the Tat secretion 

system have slower growth, do not release eDNA or form mature biofilms, and 

have reduced microvesicles, rhamnolipids and PQS-controlled secondary 

metabolites such as pyocyanin (Soh et al., 2021). Deletion of antA from a DtatABC 

mutant exacerbates the loss of PQS-dependent quorum sensing likely because it 

results in further accumulation of the co-inducer anthranilate. Although the work 

here has demonstrated the wide-reaching transcriptional changes due to tat 

mutation, there is no obvious mechanistic link to PQS-dependent quorum sensing. 

The Tat system exports 34 different effectors, with final locations in the inner 

membrane, periplasmic space and extracellular milleu (Soh et al., 2021). 

Therefore, failed export of one or more of these proteins could be the link between 

tat mutation and perturbed pqs QS and additional work is needed to investigate 

this further.
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Chapter 4:  Identification of the Tat 

substrate primarily responsible for 

causing perturbation in 

PQS-dependent quorum sensing   
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4.1 Introduction 

 

A fully-functioning Tat system is vital for adaptation to environmental 

changes and effective virulence in P. aeruginosa (Ball et al., 2016; Gimenez et al., 

2018). Deletion of the Tat system has a significant impact on the exoproteome as 

well as gene expression (Ball et al., 2016).  Ball et al. found no difference in the 

exoproteome of PAO1 under nutrient rich conditions, instead Tat substrates were 

primarily exported under phosphate starvation, a condition known to stimulate 

virulence factor production (Ball et al., 2016).  

The genome of Pseudomonas aeruginosa has been screened several times 

in silico for potential Tat substrates and between 18 and 57 have been identified 

depending on the method used. Ball et al. experimentally identified 36 proteins as 

having direct or indirect dependence on a functional Tat system by comparing the 

extracellular proteome of wild-type PAO1 and Dtat mutant. Recently, Gimenez et 

al. have built upon this to create a library of 34 validated Tat substrates in the 

strain P. aeruginosa PA14 (Gimenez et al., 2018). Tat substrates were discovered 

through stringent in silico screening and utilisation of a novel E. coli-based amidase 

assay for in vivo validation. Briefly, signal peptides of Tat-transported AmiA and 

AmiC, two amidases, were deleted from E. coli. This mutant was unable to grow in 

SDS and readily form chains of cells. Putative P. aeruginosa Tat-signal peptides 

were fused to a mature AmiA coding sequence in lieu of the AmiA signal peptide, 

and then produced in trans the DamiAC mutant to see if wild-type phenotype could 

be restored. Single cells formed and were able to grow in SDS-containing media 

when the chimeric protein was exported via the Tat system, as cell wall 

biosynthesis is restored (Gimenez et al., 2018).  

The majority of PA Tat substrates are involved in adaptation to changing 

environments, virulence and pathogenicity. Secreted virulence factors, proteins 
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involved in iron acquisition, and proteins involved in energy metabolism make up 

13 of the 36 Tat substrates. The remaining substrates are primarily involved in an 

oxidation-reduction process. There are 6 exported proteins whose predicted 

biological process and predicted function are unknown. Each substrate is listed in 

Table 4.1 along with the function and database identifier. 

Transcriptome analysis with RNAseq and bioluminescent transcriptional 

reporter assays showed that deletion or mutation of the tatABC operon altered 

expression of genes whose protein product utilises anthranilate as a substrate. Due 

to the reciprocal relationship between anthranilate degradation and PQS 

biosynthesis, antABC was induced upon tat mutation and the pqsABCDE/phnAB 

operon was significantly down-regulated by approximately 3 fold in PA14 and 4 fold 

in PAO1-DK (Soh et al., 2021). In a Tat mutant cell growth was slowed, eDNA 

release was reduced, the PQS regulon was disrupted, and biofilm formation was 

almost completely abolished (Soh et al., 2021).  

The pleiotropic effects of the tat mutation were seen in both PAO1-DK and 

PA14, two commonly used laboratory strains that represent two main phylogenetic 

P. aeruginosa groups (Muthukumarasamy et al., 2020). This study has shown that 

PAO1-DK and PA14 can be used interchangeably when measuring effects of tatABC 

deletion on PQS quorum sensing and anthranilate degradation. The aim of this 

study was to ascertain why (i) PQS signalling is perturbed, and (ii) why the 

anthranilate degradation pathway is induced in a tat mutant.
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Mutant 
Number 

PA 
Number 

PA14 
Number 

Name and Function 

1 PA0144 PA14_01780 Nucleoside 2-deoxyribosyltransferase 
2 PA0365 PA14_04790  Hypothetical protein 
3 PA0735 PA14_54770  Hypothetical protein 
4 PA0844 PA14_53360  Hemolytic phospholipase C (PlcH) 
5 PA1174 PA14_49250  Nitrate reductase catalytic subunit 

(NapA) 
6 PA1601 PA14_43790  Aldehyde dehydrogenase 
7 PA1880 PA14_40200  Oxidoreductase 
8 PA2065 PA14_37790  Copper resistance protein (CopA) 
9 PA2124 PA14_37100  Dehydrogenase 
10 PA2264 PA14_35300  Putative sugar dehydrogenase 
11 PA2328 PA14_34510  Hypothetical protein 
12 PA2378 PA14_33900  Aldehyde dehydrogenase 
13 PA2389 PA14_33770  Hypothetical protein (PvdR) 
14 PA2392 PA14_33740  Tyrosinase (PvdP) 
15 PA2394 PA14_33720  Aminotransferase (PvdN) 
16 PA2531 PA14_31820  Aminotransferase 
17 PA2635 PA14_30040  Hypothetical protein 
18 PA2699 PA14_29230  Hydrolase 
19 PA3222 PA14_22560  Permease 
20 PA3319 PA14_21110  Non-hemolytic phospholipase C (PlcN) 
21 PA3392 PA14_20200  Nitrous-oxide reductase (NosZ) 
22 PA3713 PA14_16360  Spermidine dehydrogenase (SpdH) 
23 PA3768 PA14_15670  Metallo-oxidoreductase 
24 PA3910 PA14_13330  Phosphodiesterase/alkaline phosphatase 

(EddA) 
25 PA4140 PA14_10370  Cholesterol oxidase (ChoA) 
26 PA4159 PA14_10170  Iron-enterobactin transporter periplasmic 

binding protein (FepB) 
27 PA4431 PA14_57570  Cytochrome bc1 Rieske subunit (PetA) 
28 PA4621 PA14_61150  Oxidoreductase 
29 PA4692 PA14_62110  Sulphite oxidase subunit (YedY) 
30 PA4812 PA14_63605  Formate dehydrogenase-O, major subunit 

(FdnG) 
31 PA4858 PA14_64270  Hypothetical protein 
32 PA5327 PA14_70330  Oxidoreductase (SphC) 
33 PA5538 PA14_73040  N-acetylmuramoyl-L-alanine amidase 

AmiC 
34 Not 

conserved 
PA14_48450 Peptidyl-arginine deiminase (Agu2A’)* 

Table 4.1. Substrates exported by the P. aeruginosa Tat secretion 
pathway. Each substrate has been deleted in PA14 and the clean deletion 
mutants are numbered 1 to 34.*There is no ortholog of PA14_48450 in PAO1 
so the PA14 annotation is retained. Dr. Bérengère Ize, CNRS, Marseille donated 
the strains, which were created by Maxime Gimenez (Ball et al., 2016; 
Gimenez et al., 2018; Soh et al., 2021). 
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 Disruption of the Tat system can compromise cell membrane integrity, and 

mutation of Tat in E. coli resulted in an unstable outer membrane, periplasmic 

leakage, sensitivity to detergents, and formation of chains of up to 10 cells long 

(Stanley et al., 2001). However, mutation of tat in P. aeruginosa does not result in 

a chain-forming phenotype (Ball et al., 2016). Nevertheless, it is possible that 

mutation of tat may result in more subtle changes in the cell envelope.  

It is also possible that one or more of the effectors transported by the Tat 

system is required for PQS-dependent quorum sensing. Transcriptomic analysis of 

differently regulated genes outlined in Chapter 3 revealed that expression of 10 of 

the Tat substrate genes were expressed differently in a tat mutant (Appendix, 

Table 7.1 and Table 7.2). None of them were obvious candidates that might link 

Tat to PQS-dependent quorum sensing. With this knowledge, the work in this 

chapter aimed to screen the 34 P. aeruginosa Tat substrate deletion mutants 

(Table 4.1) for their impact on PQS biosynthesis and anthranilate degradation, as 

well as biofilm formation, virulence and resistance to antibiotics.  
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4.2 Results 

 

4.2.1. Screening of a deletion mutant library of Tat system 

substrates 

It was hypothesised that failure of P. aeruginosa cells to export a specific 

Tat substrate and its subsequent mislocalisation causes perturbation of PQS-

dependent QS. The Tat protein export pathway has a wide variety of substrates 

which differ in expression, final destination, and function. An initial delve into the 

literature did not reveal any obvious candidates linked to PQS biosynthesis or 

anthranilate degradation, so a subgroup could not be singled out for further 

analysis. As such, each of the 34 PA14 Tat substrate mutants were tested for PQS 

signalling-perturbed phenotypes.  

 

4.2.1.1. Expression of pqsA and antA 

Expression of pqsA and antA were measured across the substrate mutant 

library in order to narrow down the group of Tat system substrate mutants to a 

reduced number of lead substrates. The miniCTX::pqsA’-lux and miniCTX::antA’-

lux transcriptional reporters were integrated into each Tat system substrate mutant 

chromosome via conjugation and selection with tetracycline, and gene expression 

was measured over 24 h. 

Figure 4.1 shows that only 3 of the 34 mutants had significantly altered 

expression of pqsA, and of these only one (the PA4431 mutant) was significantly 

lower than wild-type PA14. Tat substrate mutants 1 and 21 exhibited increased  

pqsA expression when compared with wild-type. The mutations were in PA0144, a 

nucleoside deoxyribosyltransferase, and PA3392 which corresponds to nosZ, a 

nitrous oxide reductase. In the PA4431 mutant, number 27, pqsA expression was 

down-regulated to approximately one third of wild-type, which was similar to that 
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observed for the DtatABC mutant. The gene PA4431 encodes the Rieske iron-

sulphur subunit of cytochrome bc1, PetA), 

 

Figure 4.2 shows 8 of the 34 Tat substrate mutants had significantly higher 

antA expression compared with wild-type PA14. Mutants of Tat substrates 2 and 

27 had the greatest upregulation of antA, with RLU values of around 5x104. These 

are PA0365, a hypothetical membrane protein, and the previously mentioned 

PA4431 (petA). Both had ~2 fold increase in expression compared with wild-type 

PA14 and the difference was statistically significant with a p value of <0.0001. Tat 

substrate 4 is PA0844, or plcH, the gene for haemolytic phospholipase C. The 

remaining Tat substrate mutants with increased expression were 20,21,22,24 and 

25. In order, these are deletion mutants of PA3319 (non-haemolytic phospholipase 

C, plcN), PA3392 the nitrous-oxide reductase nosZ, PA3713 (spermidine 

Figure 4.1. Expression of pqsA in PA14, PA14 DtatABC, and deletion 
mutants of substrates exported via the Tat system. A miniCTX::pqsA’-
lux vector was introduced to the chromosome of each mutant and expression 
over 24 h was measured. Maximum expression was taken for each technical 
repeat and the mean±SD is plotted. The experiment was repeated 3 times. 
One-way ANOVA determined which strains had a statistically significant 
difference in expression compared to wild-type PA14. Mutants with 
significantly lower pqsA expression are shown in green and those with 
significantly higher pqsA expression are shown in red. 
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dehydrogenase, spdH), PA3910 (phosphodiesterase, eddA), and PA4140 

(cholesterol oxidase, choA).  

 

4.2.1.2. Altered pyocyanin production 

Production of the virulence factor pyocyanin is regulated by rhl and pqs 

quorum sensing systems. Biosynthesis is carried out by the products of two 

redundant seven-gene operons: phzA1-G1 and phzA2-G2 as well as the genes 

phzH, phzM and phzS (Mavrodi et al., 2001). Although the genes in each operon 

share 98% identity, their upstream regions differ and the regulation of their 

expression responds to contrasting environmental cues (Chugani et al., 2001; 

Higgins et al., 2018). This differential regulation becomes obvious when looking at 

lifestyle, as phzA1-G1 is up-regulated in planktonic growth and phzA2-G2 in colony 

biofilms (Recinos et al., 2012).  

Figure 4.2. Maximum expression of the antA promoter in PA14 and 
PA14 DtatABC compared with that in each of the 34 Tat substrate 
mutants. A miniCTX::antA’-lux vector was introduced to the chromosome of 
each mutant and expression over 24 h was measured. Maximum expression 
was taken for each technical repeat and the mean±SD is plotted. The 
experiment was repeated 3 times. One-way ANOVA determined which strains 
had a statistically significant difference in expression compared with wild-type 
PA14, these are shown in green. 
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Pyocyanin production via the phzA1-G1 operon is strongly up-regulated by 

pqs QS as cells transitioned to stationary phase (Déziel et al., 2005). Expression of 

phzA1-G1 was shown to be significantly reduced in a PAO1-DK tat mutant (Soh et 

al., 2021). As such, one assay for indication of normal PQS quorum signalling is to 

measure the concentration of pyocyanin in culture supernatants at 8 h growth. 

Using the method previously published, pyocyanin concentration was measured in 

wild-type and PA14 DtatABC culture supernatants to establish a significant 

difference in pyocyanin concentration (Essar, Eberly, Hadero, et al., 1990). Next, 

pyocyanin in all 34 Tat system substrate mutants was also measured both in 

biological and technical triplicates and the results can be seen in Figure 4.3. A 

phenazine mutant incapable of pyocyanin production was used as a control. 

 

 

 

Figure 4.3. Normalised pyocyanin in 8 h culture supernatants of Tat 
substrate deletion mutants. Pyocyanin extracted from wild-type PA14, PA14 
DtatABC and a phenazine-deficient strain was quantified and compared with 
pyocyanin production in each Tat substrate deletion mutant (1-34). One-way 
ANOVA test determined significant difference to PA14 (****=P<0.0001, 
***=P<0.001, **=P<0.01, *=P<0.05) and mutants with statistically lower 
pyocyanin are highlighted in green. 
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Pyocyanin was reduced to approximately one third of the wild-type 

concentration upon deletion of tatABC. The deletion mutant of Tat substrate 6, 

which corresponds to the aldehyde dehydrogenase gene PA1601, had the lowest 

level of pyocyanin with ~0.4 µg/mL. Mutants of Tat substrates 27, 28 and 33 were 

also found to have significantly lower concentrations compared with wild-type 

levels. These are deletion mutants of genes PA4431 (petA), PA4621 

(oxidoreductase) and PA5538 (amiC) respectively. The rest of the Tat substrate 

deletion mutants made concentrations of pyocyanin that were not significantly 

different from wild type PA14.  

 

Section Summary 

Expression studies using a chromosomally integrated pqsA transcriptional 

reporter showed that only deletion PA4431 (petA) gave significantly reduced pqsA 

expression. The severity of pqsA downregulation seen in petA was almost identical 

to that of the DtatABC mutant. Similarly, pyocyanin production was significantly 

reduced in a petA mutant. All other strains with decreased pyocyanin production 

were eliminated as candidates in the pqsA screen, which showed no difference in 

expression of the PQS biosynthetic operon. In addition, expression measured with 

miniCTX::antA’-lux showed that petA was up-regulated, as observed in PA14 

DtatABC. Cross examination using three different screens showed that the best 

candidate for a link between deletion of the Tat system and perturbed PQS 

biosynthesis was petA. 

 

*** 
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4.2.2. The pleiotropic effects of PA4431 deletion are similar to tat 

mutation  

 

As demonstrated earlier, deletion of petA resulted in the only Tat substrate 

mutant with repressed PQS biosynthesis, pyocyanin production, and up-regulated 

anthranilate degradation compared with the isogenic wild-type PA14. The gene 

petA encodes the Rieske subunit of the cytochrome bc1 complex, an integral part 

of the electron transfer chain. Cyt bc1 is also known as ubiquinol cytochrome c 

oxidase, or complex III (Xia et al., 2013). It is found in various organisms, located 

in the inner membrane of mitochondria and cytoplasmic membrane of prokaryotes. 

In addition to its core contribution to cellular electrochemical potential, it is a key 

part of photosynthetic apparatus in purple bacteria. In P. aeruginosa the complex 

consists of three redox subunits: cytochrome b, which contains two hemes, 

cytochrome c, with one haem, and the Rieske subunit, also known as the iron-

sulphur protein (ISP) that co-ordinates a 2Fe-2S cluster, as shown in Figure 4.4 

(Xia et al., 2013). They are encoded by petB (PA4430), petC (PA4429), and petA 

(PA4431) respectively. PetA was chosen as the lead candidate for further study and 

complementation of DpetA was assessed to see if the wild-type phenotype could be 

restored. 

Cyt bc1 is involved in aerobic respiration as well as respiration under 

anaerobic conditions in the presence of nitrite (Hasegawa et al., 2003). It is needed 

to transfer electrons from the low-potential membrane quinone pool to high-

potential cytochrome c when in aerobic conditions and to nitrite reductase during 

anaerobic respiration. During this process, protons are translocated across the 

membrane, adding to the proton motive force (Xia et al., 2013). 
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The Rieske subunit is a well-known example of a Tat substrate that retains 

its signal peptide as a membrane anchor following export in P. aeruginosa. The 

iron-sulphur cluster is coordinated by 2 histidine and 2 cysteine residues in other 

organisms, and is used to transfer electrons from cyt b to cyt c1 as demonstrated 

in Figure 4.4 (Ferraro et al., 2005). The extracellular domain is connected to the 

membrane spanning region by a flexible linker region which aids movement 

between the two cytochrome subunits and subsequent transfer of electrons (Xia et 

al., 2013).  

Figure 4.4. Schematic diagram of the cytochrome bc1 complex unit. 
Membrane-spanning cytochrome b (pink), cytochrome c1 (purple) and the 
Rieske subunit (blue) make up the cytochrome bc1 complex of the electron 
transport chain. Protons are removed from the cytoplasm through reduction of 
ubiquinone at the Qi site. Electrons are transferred from the ubiquinol pool to 
cytochrome c during aerobic conditions and protons are transported to the 
periplasm contributing to the proton-motive force. Created using 
BioRender.com 

periplasm 

cytoplasm 

IM 
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Cytochrome bc1 is ubiquitous and well-studied, there are high-resolution 

atomic structures from a range of organisms capturing various intermediate states 

of the reaction. Despite this, there are no structures based on x-ray crystallography 

for the P. aeruginosa cytochrome bc1 complex. There is no current published link 

between the Rieske subunit of the cytochrome bc1 complex and PQS-dependent 

quorum sensing so the phenotype of the DpetA mutant was further investigated. 

In silico structure, function, and conservation prediction of PA14_57570 (PetA of 

PA14) is covered in the Appendix, Figure 7.4, Figure 7.5, Figure 7.6, and Figure 

7.7. 

 

4.2.2.1. PQS biosynthesis is lower in the DpetA mutant and 

partially restored upon genetic complementation 

As previously shown, pqsA expression was reduced in PA14 DpetA and the 

maximum expression reached was very similar to that seen in PA14 DtatABC 

(Figure 4.1). The growth and pqsA expression over 24 h is shown in Figure 4.5. 

The tat mutant had a clear growth defect, as did petA (Figure 4.5a). Despite 

growth in rich media cells did not reach the same optical density as wild-type PA14. 

Similarly, wild-type pqsA expression increased rapidly from 4 h to 9 h, during 

exponential phase, before falling at a slower rate. PA14 DtatABC and PA14 DpetA 

exhibited a similar pqsA expression profile, which had a much slower increase in 

pqsA expression compared with wild-type, between 4 h and 24 h. At the 4 h 

timepoint the growth rate slowed severely. 
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As maximal pqsA expression was ~3 fold lower in the DpetA mutant 

compared with the wild-type, production of AQ signalling molecules was also 

investigated. Cultures were grown in LB broth at 37°C with good aeration. Samples 

were collected at two timepoints, 8 h and 16 h, which were chosen to cover late 

exponential and late stationary phase. The AQs HHQ, PQS and HQNO were 

extracted and semi-quantified by LC-MS/MS. 

Figure 4.5. Growth (a) and pqsA expression in (b) of PA14, a PA14 tat 
deletion mutant and a petA deletion mutant over 24 h. Cultures were 
grown in triplicate over 24 h, OD600 and luminescence (RLU) were measured 
every 30 min. Expression of pqsA was standardised to the growth  (RLU/ 
OD600). Three independent experiments were carried out with similar results. 



 162 

 Figure 4.6 shows a clear difference in AQ production between wild-type 

and both mutants after 8 h. HHQ is the precursor to PQS, and was ~8 fold lower in 

both DtatABC and DpetA mutants. Following complementation of the DpetA 

mutation, HHQ production increased to ~5 fold lower than wild-type but was not 

fully restored. Wild-type levels of PQS were ~3 fold higher than the DpetA mutant 

and ~1.5 fold higher than PA14 DpetA-CTX::petA. However the PQS levels 

produced by the DtatABC mutant strain were not statistically lower than wild-type 

PA14 due to a broad spread of values. HQNO production was ~2 fold lower upon 

deletion of DtatABC and ~3 fold lower in the DpetA mutant strain. Complementation 

of the petA mutant raised HQNO levels to ~1.5 fold lower than wild-type, partially 

restoring the phenotype.  

  

  

Figure 4.6. AQs extracted from culture supernatants of PA14, PA14 
DtatABC, PA14 DpetA and PA14 DpetA-CTX::petA at 8 h and 
semiquantified with LC-MS/MS. PQS, its precursor HHQ, and HQNO 
extracted from 8 h culture supernatants of PA14 (black), PA14 DtatABC 
(green), PA14 DpetA (teal) and the petA complemented strain (blue). t-tests 
determined statistically significant differences compared to wild-type PA14. 
Data represent mean values + SD. p>0.05 (ns), p<0.05 (*), p<0.01 (**), 
p<0.001 (***). 
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Following 16 h growth the difference between AQ production in wild-type 

and mutant strains became more pronounced, as seen in Figure 4.7. 

 

Higher levels of AQs were produced at the 16 h timepoint than at 8 h. HHQ 

production was reduced ~9-fold in both the DtatABC and DpetA mutants. This 

significant decrease in HHQ production was fully restored to wild-type level when 

petA was complemented back in the PA14 DpetA-CTX::petA strain. PQS was ~3 

fold lower than wild-type in the DtatABC and DpetA mutant strains and again was 

almost fully restored in the petA complemented strain. Figure 4.7 shows HQNO 

production was ~2 fold lower than wild-type in the DtatABC and DpetA mutants and 

once again was almost fully restored in the DpetA mutant upon complementation 

with miniCTX-petA. There was no difference in production of all three AQs when 

DtatABC mutant and the DpetA mutant are compared.  

PQS-dependent quorum sensing has regulatory control over pyocyanin 

production by upregulating expression of the phzA1-G1 operon (Recinos et al., 

2012; Higgins et al., 2018). As noted, tat mutation and petA deletion causes a 

Figure 4.7. LC-MS/MS semi-quantification of AQs in culture 
supernatants from PA14, PA14 DtatABC, PA14 DpetA and PA14 DpetA-
CTC::petA following 16 h growth in LB. t-tests were used to show 
significant differences between wild-type PA14 levels and DtatABC mutant 
(green), DpetA mutant (teal) and petA complement (blue). Data represent 
mean values + SD. P>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***). 
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decrease in pyocyanin. The petA mutation was complemented with a miniCTX 

vector and pyocyanin was extracted and quantified from culture supernatants to 

determine whether complementation restored pyocyanin to wild-type levels. 

Figure 4.8 shows a partial restoration after 8 h growth, as there appeared to be 

more pyocyanin in the petA complement than in the DpetA strain. Statistical 

analysis with t-tests determined that PA14 and PA14 DpetA-CTX::petA were 

significantly different at this timepoint (p<0.05). 

 

 

 

 

 

 

Figure 4.8. Pyocyanin production by P. aeruginosa at 8 h in PA14, a 
DtatABC mutant, a DpetA mutant and the petA complemented strain. 
Experiment was carried out with biological and technical triplicates and graph 
shows the mean ± SD. 
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4.2.2.2. Anthranilate production in a DpetA mutant 

 

LC-MS/MS was used to detect and semi-quantify anthranilate in culture 

supernatants following 8 h and 16 h growth (Figure 4.9). As seen previously, 

deletion of the tatABC operon in PAO1-DK resulted in an increase in anthranilate 

after 8 h planktonic growth but after 16 h growth there was significantly less than 

wild-type. In PA14 we see the same pattern – anthranilate production by PA14 

DtatABC was ~2 fold greater during late exponential phase but ~3 fold less than 

wild-type PA14 during stationary phase. A petA deletion caused a ~2 fold increase 

in anthranilate after 8 h growth compared with wild-type PA14. This increase was 

less than the tatABC mutant however. There was almost no anthranilate in 16 h 

culture supernatants of PA14 DpetA, significantly less than what was found in PA14 

DtatABC. Complementation of petA deletion did not appear to restore the wild-type 

phenotype at 8 h growth, but anthranilate levels were not significantly different 

from wild-type after 16 h planktonic growth, so it appears there is a time delay on 

full complementation which was also observed for AQ production. 

 

Figure 4.9. Semi-quantification of anthranilate production by PA14, 
PA14 DtatABC, PA14 DpetA, PA14 DpetA-CTX_petA following 8 h and 16 
h growth in LB. Test was carried out with biological triplicates three times. 
Mean and SD are plotted. t-tests determined statistical significance from wild-
type PA14 value. 
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4.2.2.3. Expression of rhlA in a DpetA mutant 

Rhamnolipids are biosurfactants found in the EPS matrix of P. aeruginosa 

biofilms and play a role in initialisation of biofilm microcolony formation, surface-

associated migration, and biofilm dispersal (Flemming and Wingender, 2010). Their 

biosynthesis depends on the RhlAB proteins which can also be induced by PQS 

(Diggle et al., 2003). Soh et al. has shown that rhlAB expression was reduced in 

PAO1-DK tatA and PAO1-DK DtatABC mutants and consequently, the levels of 

rhamnolipids produced were lower (Soh et al., 2021).  

Here, expression of rhlAB was quantified in the DpetA mutant to determine 

whether this is also affected by mislocalisation of the Rieske subunit. To achieve 

this, miniCTX::rhlA’-lux was integrated into the chromosome of PA14, PA14 

DtatABC  and PA14 DpetA, and rhlA expression measured across 24 h growth. 

Changes to expression in response to different concentrations of exogenous PQS 

was also investigated. 

Figure 4.10 shows that with no additional PQS, maximum rhlA expression 

was ~3 fold lower in both mutants. In addition, the response to 60 µM exogenous 

PQS was greater in wild-type PA14. Addition of PQS did not affect growth in all 

strains, yet the expression of rhlA was induced to varying degrees. Indeed, rhlA 

was up-regulated in wild-type to an RLU/OD600 of ~3 x 105, starting at around 8 h 

as cells entered stationary phase. PA14 DtatABC rhlA expression did not respond 

to PQS as readily as the wild-type and steadily increased in a linear fashion to ~1 

X 105 (RLU/OD600). Expression of rhlA in the DpetA mutant was similar to that 

observed in the tat mutant, once again suggesting that mislocalisation of this Tat 

substrate is responsible for the pleiotropic effects of tat mutation on PQS signalling. 
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Figure 4.10. Expression of rhlA and growth of PA14 in (a), PA14 
DtatABC (b) and PA14 DpetA (c). Expression over 24 h was measured by 
bioluminescence from a chromosomally-inserted miniCTX::rhlA’-lux 
transcriptional reporter. The experiment was performed in triplicate. 



 168 

To be sure that light output was not affected by deletion of DpetA, a 

miniCTX-lux vector containing a constitutive ptac promoter transcriptionally fused 

to the luxCDABE operon was introduced to the chromosome of PA14, PA14 DtatABC 

and PA14 DpetA. Maximum gene expression across 24 h growth is shown in Figure 

4.11. The measurement of constitutive expression was unchanged by petA 

mutation, therefore differences in luminescence seen in pqsA and antA 

transcriptional reporter assays is due to changes in the promoter regulation and 

not a consequence of disruption of luminescence.  

 

 

4.2.2.4. Tat system function with DpetA deletion 

Pyoverdine (PVD) is a fluorescent siderophore used in iron acquisition and 

although there is variation between strains, the overriding structure comprises of 

three parts: a fluorescent dihydroquinoline-type chromophore, a peptide chain 

between 6-12 residues long, and a side chain bound to the chromophore that is 

often derived from the Krebs cycle (Schalk and Guillon, 2013). PVD biosynthesis 

Figure 4.11. Constitutive ptac promoter expression in a DtatABC mutant 
and DpetA mant shows lux output is not affected by gene deletion. Assay 
was carried out in triplicate and mean with SD is displayed. miniCTX::ptac’-lux 
was introduced to each strain and grown over 24 h in LB. Bioluminescence was 
measured every 30 min and the maximum gene expression (RLU/OD600) is 
plotted above. 
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begins in the cytoplasm, close to the inner membrane, with creation of a non-

fluorescent precursor. This is then transported across the IM to the periplasm where 

a fatty-acid membrane anchor is cleaved off. Finally, the fluorescent chromophore 

is formed by condensation of two residues, catalysed by PvdO, PvdN and PvdP. 

PvdP and PvdN are exported to the periplasm via the Tat system, and as a result a 

strain carrying DtatABC deletion does not produce the fluorescent chromophore 

(Figure 4.12). Mature pyoverdine fluoresces with an excitation wavelength of 405 

nm and emission wavelength 460 nm in its iron-free state and as a result 

fluorescence can be used to assess Tat function in iron-depleted media.  

The Tat system requires a PMF in order to oligomerise TatA subunits for 

translocation, but deletion of the Rieske subunit may cause a drop in PMF as the 

cytochrome bc1 complex is a central part of the electron transport chain (Liang et 

al., 2020). Diminishing respiratory flux was reported in E. coli upon deletion of 

cytochrome bd (Beebout et al., 2021). As such, pyoverdine fluorescence was used 

to determine whether the Tat system remains functional in the PA14 DpetA mutant 

(Figure 4.12). 

Figure 4.12. Mature pyoverdine production is abolished in a tat mutant 
but retained in petA mutant. Each strain was grown over 24 h in RPMI 
medium and fluorescence (excitation l 405nm/emission l 460 nm) was 
measured at 30 min intervals. Fluorescence intensity was normalised to cell 
growth by dividing relative fluorescence by OD600. Experiment was carried out 
in triplicate. 
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Pyoverdine fluorescence was measured over 24 h growth in RPMI medium. 

There was a clear difference between all the strains. PA14 DtatABC did not fluoresce 

more than the basal level ~200 RFU/OD600. In contrast, wild-type PAO1-DK 

produced a maximum fluorescence of 1.8x103 RFU/OD600 due to mature PVD 

production. Fluorescence in PA14 DpetA was reduced to 50% of wild-type PA14, 

suggesting that the Tat system is still functional as pyoverdine is produced. Lower 

levels of pyoverdine could be due to the energy/growth deficit in the cell, which is 

restored in the complemented mutant, in addition PVD production is under the 

control of pqs QS. Complementation of the DpetA mutation with petA in trans 

increased pyoverdine fluorescence to near wild-type levels. t-tests showed that the 

pyoverdine phenotypes of each strain was statistically different to PA14. 

 

4.2.2.5. Cytochrome b and cytochrome c1 mutant phenotypes are the 

same as the petA mutant phenotype. 

The Rieske subunit, PetA, is one of three subunits comprising the 

cytochrome bc1 complex, but it is the only subunit translocated via the Tat export 

pathway. Cytochrome b (DpetB) and cytochrome c1 (DpetC) deletion mutants were 

compared with a petA mutant to determine whether the pleiotropic effects of 

mutating tat were solely down to mislocalisation of the Rieske subunit, or whether 

the same disruption can be reproduced by deletion of other cytochrome bc1 

complex subunits.  

Figure 4.13 shows that petB and petC deletion resulted in growth 

reduction, similar to that of the DtatABC and DpetA mutants. In addition, pqsA 

expression was reduced to ~50% of wild-type levels, and LC-MS/MS semi-

quantification of 8 h culture supernatant AQs revealed major reductions in HHQ, 

PQS and HQNO production. 
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Section Summary 

 Deletion of petA from PA14 results in similar pleiotropic effects to those of 

a tat mutant, which can be mostly restored through complementation using a mini-

CTX::petA vector. Therefore, it is likely that PetA, the Rieske subunit of the 

cytochrome bc1 complex, is primarily responsible for the link between tat mutation 

and disruption of PQS-dependent quorum sensing. 

*** 

Figure 4.13. Growth (a), pqsA expression (b), and semi-quantification 
of AQs (c) in PA14, DtatABC and DpetA, DpetB and DpetC mutants. 
Deletion of each subunit of the cytochrome bc1 complex yields the same growth 
defect as the tat mutant, as well as down-regulated pqsA expression and AQ 
production, measured using LC-MS/MS after 8 h growth. Experiments were 
repeated in triplicate, mean and SDs are displayed. 
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4.2.3. Biofilm formation by the DpetA mutant in comparison with 

wild-type and DtatABC mutant 

 

In P. aeruginosa the formation and maturation of biofilms is tightly 

controlled by QS systems, including PQS dependent QS. PQS regulates the release 

of extracellular DNA to promote biofilm formation (Allesen-Holm et al., 2006; Yang 

et al., 2007; Haussler and Becker, 2008). During biofilm development small 

amounts of eDNA are present at the beginning which is then followed by a large 

release of extracellular DNA at a later stage (Tolker-Nielsen, 2015). Extracellular 

DNA is a key component of biofilms as it provides structural integrity, promotes 

cell-cell adhesion and acts as a nutrient source during starvation (Allesen-Holm et 

al., 2006; Mulcahy et al., 2008). It is the most abundant polymer within the matrix 

- in PAO1 biofilms for example, there are 500 mg for every 100 mg of protein 

(Matsukawa and Greenberg, 2004).  

Due to the disruption of PQS biosynthesis in the tat and DpetA mutants, 

the impact on biofilm formation was investigated. It has already been established 

that eDNA is decreased in a tatA mutant, and that subsequent biofilms are thin and 

flat when grown under microfluidic conditions (Soh et al., 2021). Here, biofilm 

growth was studied under static conditions and the impact of the DpetA deletion 

was investigated.  

 

P. aeruginosa PAO1-DK and DtatABC mutants have distinct biofilm 

morphologies 

 

Biofilms were grown in 8-well glass bottom chambers under static 

conditions using M9 minimal medium supplemented with succinate as the sole 

carbon source. After 48 h spent medium was removed before staining with the 
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green fluorescent YOYO-1 and red fluorescent cell mask deep read (CMDR). YOYO-

1 is a double-stranded DNA stain and cannot penetrate through the cell envelope 

to stain intracellular DNA, making it an ideal tool to visualise eDNA. CMDR is a 

plasma membrane stain and both dyes were added 30 min before imaging. Figure 

4.14 shows a set of images of PAO1-DK and PAO1-DK DtatABC mutant. Each image 

is representative of the strain which was grown in triplicate. Images show relative 

localisation of eDNA and cells in the field of view, and 3D images with each 

fluorescent channel overlayed are also included. 

Visual analysis of the biofilms clearly shows significantly less eDNA in the tat 

mutant than in the wild-type, and it was distributed evenly through the biofilm – 

whereas eDNA could be seen in a concentrated layer on top of the wild-type PAO1-

DK biofilm. In addition, cell density appeared to be far lower and the overall biofilm 

thickness was also reduced in the tat mutant. Quantitative analysis with COMSTAT2 

software confirmed this. The maximum wild-type thickness was ~60µm but only 

~15 µM upon deletion of tat. 

There was significantly greater biomass of both eDNA and cell membranes 

in wild-type PAO1-DK compared with PAO1-DK DtatABC mutant biofilms. The 

PAO1-DK wild-type had an average cell membrane biomass of 11.4 µm3/µm2 

whereas the tat mutant had less than half of that at 4.1 µm3/µm2. The greatest 

difference, however, was in extracellular DNA release. PAO1-DK biofilms had more 

eDNA than cell membrane biomass, at 16.3 µm3/µm2. In contrast PAO1-DK tat 

mutants had only 0.7 µm3/µm2 eDNA. This is a ~23 fold reduction in eDNA 

production, and its distribution was identical to cell membrane and eDNA surface 

area, suggesting the PAO1-DK tat mutant did not make a biofilm under these 

conditions. 
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Figure 4.14. Representative images of PAO1 and PAO1 DtatABC 
biofilms following 48 h static growth (a). Biofilms were stained with CMDR 
(cell membranes) and YOYO-1 (extracellular DNA) to visualise specific aspects. 
COMSTAT2 analysis with ImageJ shows significant differences of biomass (b), 
maximum biofilm thickness (c) and surface area (d) between PAO1 and PAO1 
DtatABC biofilms determined by t-tests. 
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4.2.4.1.  PA14 DpetA mutant biofilms 

PA14 and PAO1-DK both readily formed biofilms under static growth 

conditions. Each strain has distinct biofilm formation pathways, during reversible 

attachment stage PAO1 cells were shown to attach to surfaces much faster than 

PA14, they favoured c-di-GMP mediated EPS production which assisted nearby cells 

in their own attachment (Lee et al., 2020). Lee et al. also showed that PA14 

displayed an alternative colonisation strategy, cAMP was used to control motility 

and progeny were adapted for surface attachment (Lee et al., 2020). Once 

attached, more PAO1 progeny remained on the surface compared with PA14 (Lee 

et al., 2020). 

Due to similarities in tat mutant phenotypes established earlier in this 

study, it was considered likely that the PA14 tat mutant would form biofilms with 

similar defective architecture as that observed for PAO1-DK DtatABC. Disruption to 

PQS QS severely impacts extracellular DNA release – a prominent step in biofilm 

formation (Allesen-Holm et al., 2006). As PQS production and pqsA expression are 

both severely reduced in the PA14 DtatABC and DpetA mutants, it was thought they 

would also present similarly defective biofilms.  

When grown in liquid broth, a PAO1 DpetA mutant had slower growth and 

did not undergo autolysis (Hazan et al., 2016). Orthologous mutants in other 

bacteria such as Shewanella oneidensis also had reported aerobic growth defects 

(Luo et al., 2013). Following 48 h growth, biofilms were stained once again with 

YOYO-1 and CMDR and analysed with confocal laser scanning microscopy (CLSM). 

Figure 4.15 shows images of PA14 and tat mutant, tat substrate mutant (petA), 

and petA complemented biofilms. PA14 DpetA was complemented with the wild-

type gene under the control of its own promoter on a miniCTX vector integrated 

into the chromosome. Each biofilm is shown in 3D with separate fluorescent 

channels and an overlay.  
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Figure 4.15. Static biofilms of PA14, a DtatABC mutant, DpetA mutant 
and complemented DpetA mutant (a) following 48 h growth. CMDR (cell 
membrane) and YOYO-1 (eDNA) stains were added prior to imaging. 
Quantitative analysis of eDNA and cell membrane biomass (b), surface area 
(d) and maximum biofilm thickness (c) was carried out with COMSTAT2 
software and ImageJ.  
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Qualitative analysis revealed thick, eDNA-rich biofilms were formed by 

PA14 wild-type and the DpetA complement. In contrast the tat mutant and DpetA 

mutant had very similar biofilm architectures - sparse and thin with far less eDNA 

and cells. Unlike PAO1-DK DtatABC however, PA14 DtatABC did form a biofilm albeit 

a very thin and sparse one, as indicated by the raised eDNA biomass. 

Each biofilm was analysed with COMSTAT2 software to quantify biomass, 

surface area and thickness. Figure 4.15b,c,d shows the results of this analysis 

along with representative images of each biofilm. Biomass of cell membranes and 

eDNA was found in relatively equal proportions in every strain. Noticeably, the 

eDNA and cell membrane biomass each decreased by ~5 fold in the DtatABC mutant 

as well as in the DpetA mutant. This was found to be statistically significant with a 

p value of less than 0.0001.  

Complementation of the petA deletion resulted in an increase of cells and 

eDNA but this was still significantly less than wild-type less levels. Qualitative 

analysis of the PA14 DpetA-CTXpetA biofilms showed that the increase in eDNA and 

cells results in formation of typical wild-type biofilm structures compared with the 

sparse biofilms of the mutants. This observation is reflected in the measurements 

for maximum thickness. Wild-type biofilms formed around 50 µm thick, whereas 

the tat mutant and tat substrate mutant biofilms only reached an average thickness 

of 12.81 µm and 11.59 µm respectively. When the petA mutation was 

complemented, biofilms were on average 21.35 µm thick, however this is not 

significantly different from the mutant.  

The same pattern was seen for biofilm surface area. Wild-type had a 

surface area of around 8x106 µm2 for both eDNA and cell membranes. The tat 

mutant and tat substrate mutant surface areas were around 2x106 µm2 for eDNA 

and cell membranes, and the complement had only a partially restored phenotype 

to 4x106 µm2. It is worth noting that wild-type biofilms showed far more variability 

in all 3 variables than mutant and complement biofilms. 
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To further investigate eDNA production in the DpetA mutant, DNA release in 

planktonic cultures was investigated. Extracellular DNA was precipitated out of 

filter-sterilised supernatants and quantified using a nanodrop spectrophotometer. 

The results were compared for PA14 wild type, DtatABC mutant and the petA 

complemented strain. Figure 4.16 shows that eDNA production was ~3 fold lower 

in both the tat and DpetA mutants when cells were harvested at 8 h. This significant 

reduction in eDNA is similar to growth under static biofilm conditions but not as 

pronounced. It appears there was less eDNA in the wild-type culture at 16 h than 

at 8 h, likely due to continued degradation by the extracellular DNAses EddB and 

EndA (Mulcahy et al., 2010; Cherny and Sauer, 2019). Complementation of DpetA 

gave a slight increase in eDNA and t-test determined this was not significant from 

DpetA at 8 h, but eDNA levels were restored upon petA complementation at 16 h. 

 

Figure 4.16. Extracellular DNA quantified from planktonic cultures 
after (a) 8 h growth and (b) 16 h. PA14, PA14 DtatABC, PA14 DpetA and a 
strain carrying the complemented DpetA mutation were grown in LB broth and 
harvested at two timepoints. Extracellular DNA was measured in triplicate, 
mean and SD are shown. 



 179 

 

Section Summary 

Biofilms are surface-attached communities of cells embedded in a matrix 

made up of extracellular material. The matrix often dominates biofilms, in some 

cases only 10% of the biofilm dry weight consists of cells (Flemming and 

Wingender, 2010). The P. aeruginosa matrix contains extracellular polymeric 

substances (EPS) including polysaccharides and eDNA that provides a scaffold for 

biofilm architecture, rhamnolipids, outer membrane vesicles (OMVs) and proteins. 

Work during this study has shown major differences in static biofilm architecture 

between wild-type P. aeruginosa biofilms and their subsequent tat and petA mutant 

biofilms. The latter were thin, flat and sparse, with fewer cells and reduced eDNA. 

 

*** 
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4.3 Discussion 

 

It was hypothesised that failure to export one of the 34 known Tat 

substrates caused perturbed PQS biosynthesis and induced anthranilate 

degradation. To explore this hypothesis, a library of deletion mutants for each Tat 

substrate was screened for reduced expression of pqsA and induced antA, as well 

as their ability to produce pyocyanin.  

Screens of Tat substrate deletion mutants revealed that deletion of petA, 

also known as PA14_57570 in PA14 and PA4431 in PAO1-DK, resulted in very 

similar pleiotropic phenotypes to the tatABC mutant. Expression of pqsA, rhlA and 

pyocyanin biosynthesis were all significantly reduced, alongside characteristic antA 

overexpression. After 8 h growth, anthranilate present in DpetA culture 

supernatants was significantly higher than wild-type PA14 which corresponds with 

the peak in pqsA expression that was absent in the tat mutant (Figure 4.5). After 

16 h growth, anthranilate in culture supernatants was significantly lower in the tat 

mutant and almost non-existent in the petA mutant as antA overexpression is well 

underway.  

There was partial restoration of phenotype when the DpetA deletion was 

complemented with petA under the control of its native promoter, located in the 

upstream 500 bp region, on a miniCTX vector. At 16 h LC-MS/MS quantification of 

anthranilate showed full restoration of phenotype. Results suggest that petA is 

primarily responsible for the dysregulation of PQS-dependent QS and anthranilate 

degradation.  

PetA is the Rieske subunit of the cytochrome bc1 complex and is the only 

subunit exported via the Tat system. The cytochrome bc1 complex is an integral 

part of the respiratory chain contributing to the generation of electrochemical 

potential across the membrane through proton translocation (Xia et al., 2013). 

Briefly, the cytochrome bc1 complex oxidases quinols and reduces metalloprotein 

electron carriers. In P. aeruginosa this is a c-type cytochrome (Thöny-Meyer, 
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1997). It is a homodimer, each unit consisting of 3 subunits – cytochrome b, 

cytochrome c1, and an iron-sulphur protein called the Rieske subunit. The latter is 

a substrate of the Tat pathway, it retains the Tat signal peptide following 

translocation and this is used as a membrane anchor. The Rieske subunit 

coordinates a cluster of 2Fe-2S ions with conserved histidine and cysteine residues. 

P. aeruginosa has a highly branched electron transport chain, and 15 of the 

17 dehydrogenases produced take electrons from various substrates and transfer 

them to ubiquinone, which in turn is oxidised by Cyt bc1. The remaining 2 

dehydrogenases either directly reduce cytochrome c or reduce nitrate reductases. 

Electrons are transferred from Cyt bc1 to cytochrome c before reduction of terminal 

oxidases (Liang et al., 2020). There are five total terminal oxidases, cytochrome c 

is oxidised by either aa3 oxidase, cbb3 oxidase 1 or cbb3 oxidase 2 (Arai, 2011). 

The ubiquinol pool can be directly oxidised by CYO (cytochrome bo3 quinol oxidase) 

or CIO (cyanide-insensitive oxidase).  

Despite the availability of cytochromes CYO and CIO that enable bypassing 

cyt bc1, this study has shown that deletion of each of the cytochrome bc1 subunits 

results in a phenotype similar to the tat mutant (Figure 4.13). PA14 petA, petB 

and petC deletion mutants all had slower growth, down-regulated pqsA expression 

and significantly reduced levels of HHQ, PQS and HQNO. Reliance on only 2 of 5 

total terminal oxidases to oxidise quinol and maintain the electron transport chain 

may explain why a DPA4431 mutant can still grow, albeit at a much slower rate. 

RNAseq analysis reported in Chapter 3 shows upregulation of subunits cyoA and 

cyoC by 2.12 and 2.45 fold respectively. In addition, genes encoding both subunits 

of CIO are up-regulated 2.44 fold (cioA) and 2.70 fold (cioB), perhaps to 

compensate for an inaffective Cyt bc1 complex. 

Growth defects in cytbc1 subunit mutants has previously been reported in 

P. aeruginosa and S. oneidensis (Luo et al., 2013; Hazan et al., 2016). HQNO has 

long been established as an inhibitor of cytochrome bc1, acting at the Qi site of 

cytochrome b, the location of quinol reduction (Figure 4.4). Inhibition of the Qi 
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site generates reactive oxygen species by disrupting the flow of electrons and 

causing electron leakage. HQNO-cyt b inhibition is so severe that it is able to cause 

programmed cell death and cell lysis in P. aeruginosa, dependent upon a fully 

functioning Qo site (Hazan et al., 2016). Cell lysis releases eDNA and promotes 

biofilm formation. Deletion of petA or cytochrome b not only results in reduced 

growth, as observed in this study, but also insensitivity to exogenous HQNO and 

reduced cell lysis (Hazan et al., 2016).  

The tat, petA, petB and petC mutants produce far fewer quantities of AQs, 

including HQNO (See Figure 4.6, Figure 4.7, Figure 4.13). Thus, these mutants 

lack the ability to induce HQNO-mediated autolysis as they can neither produce 

enough inhibitor nor the complete cytochrome bc1 complex required. As such, a 

major mechanism for eDNA release is missing from the mutants. 

Given the previously established reduction in eDNA release and formation 

of thin, flat biofilms of tat mutants under microfluidic growth conditions (Soh et al., 

2021), this study sought to understand the role of petA in biofilm production. 

Quantification of biomass, surface area and maximum thickness of static biofilms 

shows petA mutant biofilms are eDNA deficient, sparse and flat. Formation of 

mature biofilm was partially restored by complementation.  Microfluidic biofilm 

growth and subsequent treatment with tobramycin showed antibiotic sensitivity as 

a result of tat mutation, this is also likely to be the case for DpetA mutation as 

tolerance to aminoglycoside antibiotics is in part mediated by binding with eDNA 

(Soh et al., 2021). Indeed, deletion of petA, petB, and petC resulted in increased 

MICs to the aminoglycosides kanamycin, gentamicin, tobramycin and amikacin in 

planktonic growth in LB (Shen et al., 2021). 

Currently there are no published findings measuring anthranilate 

degradation in cytochrome mutants, or any data to suggest a link between the two. 

Here, this study has shown that anthranilate degradation is up-regulated in 

mutants of the rieske subunit of the cytochrome bc1 complex during later stages of 

growth, likely due to perturbed biosynthesis of PQS and other AQs. 
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Conclusion 

The current hypothesis is that disruption to the electron transport chain at 

the Cyt bc1 complex causes P. aeruginosa to try to conserve energy for primary 

metabolism and growth, by shutting down processes such as secondary metabolite 

and virulence factor production. PAO1 DpetA, PAO1 DpetB and PAO1 DpetC strains 

have lowered ATP compared with wild-type, which supports this hypothesis (Shen 

et al., 2021). Shutting down secondary metabolite and virulence factor production 

can be achieved through prevention of pqsA autoinduction as the PQS regulatory 

network controls genes in multiple secondary metabolite biosynthetic pathways and 

over 50 AQs, which use anthranilate and tryptophan as precursors (Déziel et al., 

2004; Rampioni et al., 2016; Soh et al., 2021). As a result of accumulating 

anthranilate, its degradation is induced. However, the regulatory mechanism 

involved remains unclear.  



 184 

 

 

 

 

 

Chapter 5:  Screening analogues of the 
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5.1. Introduction 

 

P. aeruginosa utilises sophisticated hierarchical QS systems to regulate the 

expression of its genes in a population density-dependent manner. PQS-dependent 

QS regulates expression of an arsenal of virulence determinants as well as biofilm 

maturation. Antivirulence drugs targeting quorum sensing could be used as an 

alternative therapeutic strategy for difficult to treat, antibiotic resistant, P. 

aeruginosa infections as they prevent coordination of virulence factor release and 

progression of disease.  

The Tat secretion system would be an ideal target for novel antivirulence 

drugs; its localisation within the cell envelope is relatively accessible, also inhibition 

of the Tat system would have a broad impact including failed export of Tat-targeted 

virulence factors, perturbed PQS QS, reduced pyocyanin and pyoverdine 

production, and severely reduced biofilm formation. Deletion of Tat modulates 

other PQS QS independent genes as outlined in Section 3.2.3, so the Tat system 

offers a broader target than the PQS system alone. In addition, virulence of a tat 

mutant is nearly entirely attenuated in a rat chronic pulmonary infection model 

(Urs a Ochsner et al., 2002; Vasil et al., 2012). The Tat secretion system is not 

found in animals or humans so inhibitors targeted to the Tat pathway with high 

specificity may cause attenuation of pathogenicity with minimal adverse side 

effects, providing such molecules are not cytotoxic or mutagenic (Palmer and 

Stansfeld, 2020). Inhibitors toxic to animals will still prove useful laboratory tools 

for further investigation of the Tat system. As there are currently no high-resolution 

structures of the Tat system or any of its subunits, in silico drug design and 

molecular modelling with lead compounds is not a possibility (Vasil et al., 2012). 
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Three high-throughput screens for inhibitors of the Tat pathway have been 

published and are outlined in Table 5.1. Further details on each screen are given 

below.  

Bacterial 
spp.  

Number of 
compounds 
screened 

Number 
of Tat 

inhibitors 

Assays used to 
screen for Tat-

specific 
inhibition 

Reference 

P. aeruginosa >80,000  

2 

PLC activity 

Pyoverdine 
production 

Copper resistance 

Growth with 
choline as sole 
carbon and 
nitrogen source 

Tat titration 

(Vasil et al., 
2012) 

P. aeruginosa ~39,000 3 PLC activity 

Pyoverdine 
production 

PLC dose-response 

Elastase activity to 
rule out T2SS 
inhibition 

(Massai et al., 
2019) 

E. coli ~389,500 0 spTorA-mCherry-
SsrA Tat-targeted 
fluorescent protein 
(FP) 

dose-response 
testing 

in vitro Tat 
transport assay 

oxonol VI 
fluorescence 

(Bageshwar 
et al., 2016) 

Table 5.1. High-throughput screens for inhibitors of the Tat system 
found in the literature. Three screens of small molecular weight compound 
libraries have been published, two were carried out using P. aeruginosa and 
utilised Tat-translocated phospholipase C (PLC) activity as their main screen 
for Tat inhibition. One screen carried out in E. coli utilised a novel Tat-
translocated fluorescent protein, spTorA-mCherry-SsrA. 
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The five published Tat-specific inhibitors are shown in Table 5.2.  

Tat inhibitor Structure PLC IC50 (µM) Reference 

(2E)-3-[(4-
methylphenyl)sulfonyl] 

acrylonitrile 

(Also called Bay 11-
7082) 

 

- (Vasil et al., 
2012) 

N-phenyl-maleimide 

 

 

 - (Vasil et al., 
2012) 

TAT-3 

 

 21.7 (Massai et al., 
2019) 

TAT-4 

 

 27.1 (Massai et al., 
2019) 

TAT-5 

 

 29.3 (Massai et al., 
2019) 

Table 5.2. Published Tat system inhibitors and the available structures. 
(2E)-3-[(4-methylphenyl)sulfonyl]acrylonitrile and N-phenyl-maleimide were 
discovered by Vasil et al. 2012. The latter three compounds were confirmed as Tat 
inhibitors by Massai et al. 2019. 
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Two high-throughput screens of compound libraries used phospholipase C 

(PLC) activity as an initial screen for hits (Vasil et al., 2012; Massai et al., 2019). 

Briefly, a colour change of the chromogenic PLC substrate p-nitrophenylphosphoryl 

choline (NPPC) only occurs when PLC is translocated across the inner membrane 

via the Tat system and secreted into the extracellular milieu by the general 

secretion pathway. As such it can be used as part of a colorimetric assay for Tat, 

and T2SS, inhibition. 

As highlighted in Table 5.2, a variety of additional assays have been used 

to confirm Tat specificity of hit compounds following initial high-throughput 

screening of compound libraries. Vasil et al. screened >80,000 small-molecular 

weight compounds for potential inhibitors of the protein export pathway in P. 

aeruginosa by measuring PLC activity. A total of 122 hits were discovered, these 

were narrowed down to two Tat-specific inhibitors with secondary screening. N-

Phenyl maleimide and (2E)-3-[(4-Methylphenyl)sulfonyl]acrylonitrile, more 

commonly known as Bay 11-7082, (Table 5.2) were shown to directly affect Tat 

function through additional assays based on pyoverdine production, copper 

resistance and growth using choline as the sole carbon and nitrogen source, all of 

which require proteins translocated by the Tat pathway (Vasil et al., 2012).  

While these additional assays highlighted similar phenotypes to a tatC 

mutant, a Tat titration assay of hit compounds was also carried out in parallel to 

eliminate false positives. Briefly, the Tat system was encoded on an arabinose-

inducible plasmid and introduced to a DtatABC mutant. Overexpression of the Tat 

system in the presence of the hit compound revealed true Tat antagonists when 

the overall inhibitory effects were reduced in the up-regulated vs wild-type strain 

(Vasil et al., 2012). A second PLC-export-based P. aeruginosa screen of ~39,000 

compounds found 3 potential candidates for Tat inhibitors and 1 inhibitor of Type 

II secretion (Massai et al., 2019)(Table 2). Tat inhibitors were verified with a 

fluorescence assay testing Tat-dependent export of pyoverdine maturation proteins 
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PvdP and PvdN, and inhibition of T2SS was ruled out using the T2SS-secreted 

elastase activity-based assay. 

Bageshwar et al.(2016) developed a novel small-molecule inhibitor screen 

in E. coli. This was based around a Tat-exported fluorescent protein (FP), spTorA-

mCherry-SsrA, that is rapidly degraded when Tat function is compromised. The 

spTorA-mCherry-SsrA FP was chosen as its fluorescence emission does not overlap 

with intrinsic fluorescence of LB broth, and it has an N-terminal TorA signal peptide 

directing it for export via the Tat secretion pathway. The C-terminal SsrA tag 

promotes ClpXP/ClpAP protease degradation of the pre-protein in the cytoplasm. 

Approximately 51,600 compounds from a local library and 337,881 compounds 

from National Institutes of Health (NIH) molecular libraries small molecules 

repository (MLSMR) were screened. None of the hits from the primary assay passed 

subsequent dose-response testing and additional biochemical assays (Bageshwar 

et al., 2016). Nevertheless, this provides an excellent framework for development 

of a direct Tat inhibitor screen as it focuses on direct rather than indirect inhibition 

of the Tat system as a primary high-throughput screen, and provides a living cell 

assay that could be used for early assessment of Tat export inhibition in real-time. 

The Bay 11-7082 compound (Table 5.2) was selected as the focal point 

for structure-activity relationship (SAR) analysis in this study as it is a small 

molecule inhibitor shown to target the Tat system. PAO1-DK miniCTX::pqsA’-lux 

grown in 40 µM of Bay 11-7082 had reduced expression of pqsA by ~30% (Soh et 

al., 2021). Not only does this demonstrate the potency of Bay 11-7082, it also 

further confirms that it targets the Tat system since a reduction in pqsA expression 

is also seen in a Tat mutant (Soh et al., 2021). The aim of the work described in 

this chapter was to test structural analogues of the published Bay 11-7082 

compound for inhibition of pqsA expression as a surrogate reporter for Tat inhibition 

in order to establish a structure-activity relationship (SAR) for Bay 11-7082 and to 

discover analogues with increased potency. 



 190 

5.2. Results 

 

5.2.1. Screening of Bay 11-7082 analogues for increased activity 

Two key aims of this study were to develop and test novel Tat inhibitors 

as antivirulence drugs. Using Bay 11-7082 (Table 5.2) as a hit compound, 

structural analogues were synthesised by Alex Truman (University of Nottingham).  

To develop a novel high-throughput screen that would show direct Tat 

inhibition,  the aim was to utilise Tat-targeted export of a constitutively-expressed 

spTorA-mTurquoise2 fluorescent protein and measure changes in fluorescence to 

assess inhibition as outlined in Figure 5.1 (Wilton et al., 2018). Unfortunately, the 

screen was not sensitive enough for use in an automated plate reader, so pqsA 

expression was chosen as an indirect screen for Bay 11-7082 analogues and SAR 

analysis. Bay 11-7082 does not inhibit light output of the constitutive 

miniCTX::tac’-lux reporter fusion at 20 µM and 40 µM, and neither does DMSO at 

the concentrations used in the screen (Soh et al., 2021). 
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Soh et al. showed that addition of the Bay 11-7082 compound at 

concentrations of 20 µM and 40 µM reduced pqsA expression by ~30% compared 

with the control (Soh et al., 2021). This reduction in expression was accompanied 

by a delay in peak expression of approximately 3 h (Ye-Chen Soh, Thesis, 

University of Nottingham). Continuing on from this work, the response of the antA 

Figure 5.1 Schematic showing design of fluorescent protein screen for 
inhibition of the Tat system. The plasmid pSW002-Pc-TorA-mTurqoise2 is 
introduced to P. aeruginosa via conjugation (a). mTurqoise2 carrying the TorA 
Tat signal peptide is constitutively expressed and exported to the periplasm 
where it accumulates (b). Deletion or inhibition of the Tat export pathway 
abolishes translocation of mTurqoise2 and the protein is degraded in the 
cytoplasm (c). Created with BioRender.com. 
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operon to increasing concentrations of the Bay 11-7082 (TI1) compound 

synthesised by Alex Truman was also investigated. Figure 5.2 shows 

downregulation of pqsA with an IC50 of 27.41 µM (a) and upregulation in antA 

expression with an EC50 of 20.46 µM (b). Both pqsA expression and antA expression 

were chosen for screening of the TI1 analogues as their respective downregulation 

and upregulation can be seen in a tat mutant so this provides an indirect 

preliminary screen. 

 

 

Figure 5.3 shows the structure of Bay 11-7082 (2E)-3-[(4-

methylphenyl)sulfonyl]acrylonitrile (4-Me-PHSAN) and highlights the two sites that 

were modified to create new analogues. Position 3 and/or 4 of the phenyl ring were 

variably substituted with methyl, bromine, fluorine, chlorine, and acetamido 

groups, to generate new variants. Another set of analogues were synthesised 

where the nitrile functional group of TI1 was modified with CONH2 (amide), COOEt 

(ethoxycarbonyl), CONMe2 (N,N-dimethylcarboxamide), COMe (acetyl), a pyridine 

ring, and a phenyl ring with fluorine, chlorine and nitrile substituents. In total 30 

analogues were synthesised by Alex Truman (University of Nottingham) for SAR 

Figure 5.2. Activity of Bay 11-7082 (TI1) against antA (EC50 20.46) and 
pqsA expression (IC50=27.41). Screens were carried out in triplicate and 
the concentration at which there is 50% effective (EC50) or inhibitory activity 
(IC50) was calculated. These are indicated by a dotted grey line on the x-axis, 
and their 95% confidence limits are also shown by grey boxes either side. 
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studies and the first 16 including TI1 were screened for both their IC50s for pqsA 

inhibition and their EC50s for antA expression (Table 5.3). Compounds 17-30 were 

tested for their activity against pqsA and antA expression at 20 µM and 40 µM, then 

selected Bay 11-7082 analogues were screened for their ability to inhibit 

pyoverdine (PVD) production.  

Analogues of TI1 with new modifications or substitutions were screened 

with the aim to identify new structure with increased activity as well as for SAR 

studies. All the new analogues and their structures are listed in Table 5.3. 

 

 

 

Figure 5.3. Inhibitors screened using pqsA expression to determine 
IC50. Bay 11-7082 structure was modified either at positions 3 and/or 4 of the 
phenyl ring (within blue circle) or at the nitrile site (within pink circle). The 
Bay 11-7082 compound will be referred to as Tat inhibitor 1 (TI1) or 4-Me-
PhSAN which is an abbreviation of (2E)-3-[(4-
Methylphenyl)sulfonyl]acrylonitrile. 
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Table 5.3. Structural Analogues of the Tat inhibitor compound TI1. Compounds were synthesised by Alex Truman. IC50 is the 
concentration at which there was 50% reduction in pqsA expression between the upper and lower limits of the dose-response curve, 
and EC50, the concentration at which there was a 50% increase in antA expression. PVD fluorescence was measured at excitation 
wavelength 405 nm and emission wavelength 460 nm. Growth was measured at OD600. Columns titled “% pqsA expression” and “% 
PVD fluorescence” at 20 µM/ 40 µM list the maximum values calculated at 20 µM (left sub-column) and 40 µM (right sub-column) 
on a normalised dose-response curve with 100% defined as the mean value for PAO1-DK miniCTX::pqsA’-lux + DMSO, and PAO1-
DK + DMSO respectively. 

Tat 
inhibitor  
analogue  

(TI) 
number 

Compound Molecular 
weight 

Structure IC50  
pqsA 
(µM) 

EC50  
antA 
(µM) 

% pqsA 
expression at  

20 µm/ 

40 µm 

% PVD 
fluorescence 

at  

20 µm/ 40 µm 

TI1 Bay 11-7082 

4-Me-PhSAN 

207 

 

27.4 20.5 74.5 52.3 58.6 10.9 

TI2 4-F-PhSAN 211 

 

30.3 23.2 66.0 54.4 - - 

TI3 3-Cl,4-Me-
PhSAN 

241.7 

 

50.7 50.03 69.8 66.1 - - 
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TI4 3-Cl,4-F-PhSAN 245.7 

 

5.8 19.0 38.8 30.7 68.4 20.7 

TI5 4-AcNH-PhSAN 250.3 

 

38.2 68.4 73.8 56.8 - - 

TI6 4-Me-
PhSACONH2 

225.3 

 

4.8 31.6 45.5 40.01 56.4 37.6 

TI7 4-Me-
PhSACOOEt 

254 

 

107.9 NA 68.9 60.5 77.1 77.8 

TI8 PhSACONH2 211 

 

5.6 2.9 44.5 27.5 52.0 34.8 

TI9 PhSACOOEt 240.3 

 

102.5 45.5 89.3 72.7 92.5 80.7 
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TI10 4-F-PhSACONH2 229.2 

 

15.8 8.1 50.6 33.7 - - 

TI11 4-F-PhSACOOEt 258 

 

NA 55.4 79.8 57.4 - - 

TI12 4-Cl-
PhSACONH2 

245.7 

 

11.2 5.4 56.5 38.3 - - 

TI13 4-Cl-
PhSACOOEt 

274.7 

 

NA 27.0 91.4 90.9 - - 

TI14 4-Br-PhSAN 272 

 

28.0 21.8 44.9 40.2 - - 

TI15 4-Cl-
PhSACONMe2 

273.3 

 

56.4 NA 92.1 76.0 86.2 72.9 
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TI16 4-F-
PhSACONMe2 

257 

 

83.5 NA 100 81.4 86.2 77.1 

TI17 4-Cl-PhSC6H4-
4-Cl 

313.2 

 

-  - 62.7 42.3 - - 

TI18 PhS-2-Py 245.3 

 

- - 47.1 38.5 - - 

TI19 PhSC6H4-3-Cl 278.8 

 

- - 58.0 43.8 - - 

TI20 4-F-PhSC6H4-
4-F 

280 

 

- - 65.6 51.3 - - 

TI21 PhSC6H4-2-Cl 278.85 

 

- - 66.5 47.0 - - 

TI22 PhSC6H4-4-CN 269 

 

- - 72.9 45.0 - - 

S

O

O
N
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TI23 PhSCOMe 210 

 

- - 54.5 34.4 - - 

TI24 4-Me-PhSCOMe 224 

 

- - 61.6 35.7 - - 

TI25 PhSC6H4-4-F 262 

 

- - 58.7 32.8 - - 

TI26 PhSC6H4-4-Cl 278.8 

 

- - 56.2 41.8 - - 

TI27 4-Me-PhSC6H4-
4-F 

276.3 

 

- - 64.3 43.6 - - 

TI28 PhSC6H4-2-F 262 

 

- - 75.5 46.3 - - 
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TI29 4-Cl-PhSC6H4-
4-CN 

303.8 

 

- - 66.7 49.3 - - 

TI30 4-F-PhSC6H4-
4-CN 

287 

 

- - 76.1 53.1 - - 
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5.2.2. Growth is inhibited at high concentrations of TI1 

TI1 was added to LB to create a set of 20 different concentrations spanning 

a 1000-fold range. As PAO1-DK grew at each concentration, OD600 and pqsA 

expression was followed and is displayed in Figure 5.4 and Figure 5.2 

respectively.  

 

 

As shown in Figure 5.4, increasing TI1 concentrations from 0 µM to 39 

µM caused a delay in growth but the same OD600 was reached. The final OD600 of 

the DMSO control was not reached at higher concentrations of TI1, such as 88 µM 

and 198 µM. At concentrations 444 µM and 1000 µM there was no growth. As noted 

in earlier chapters, deletion of the Tat system caused a growth defect due to failed 

translocation of PetA. Therefore, slower growth can be expected when Tat is 

inhibited. However, at concentrations higher than 39 µM the growth defect 

becomes far more pronounced than seen in a DtatABC mutant (Figure 3.19) and 

may be due to secondary targets of the TI1 within the cell.  This could be 

Figure 5.4. Growth in LB of PAO1 miniCTX::pqsA’-lux in 17 µM, 39 µM, 
88 µM, 198 µM, 444 µM and 1000 µM TI1. Each coloured line represents a 
different concentration of TI1 from 1000 µM to 17 µM, and a no-TI1 control 
consisting of PAO1 miniCTX::pqsA’-lux + DMSO. Each time point is indicated 
by a grey dot. 
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investigated further by quantifying the growth of a tat mutant at a range of TI1 

concentrations. 

 

5.2.3. Growth inhibition at high concentrations of Bay 11-7082 

analogues TI1-TI14 

Similarly to TI1, Bay 11-7082 analogues TI2 – TI14 reduced growth with 

increasing concentrations and this is shown in Figure 5.5 and Figure 5.6. Growth 

of PAO1-DK in TI1-TI6 is shown in Figure 5.5, all analogues displayed some level 

of growth inhibition with increased concentration. 3-Cl,4-Me-PhSAN (TI3) and 4-

AcNH-PhSAN (TI4) were the least active against growth, as PAO1-DK reached the 

same final OD600 as the PAO1-DK + DMSO control when grown in 640 µM TI13. 

Figure 5.6 shows growth inhibition of PAO1-DK when grown in TI7-TI14. 

Replacement of the methyl group at position 4 of TI1 with a halogen (fluorine or 

chlorine) and of the nitrile function with an ethoxycarbonyl (COOEt) group lowered 

the growth inhibitory properties of the Bay 11-7082 analogues TI11 (Figure 5.6e) 

and TI13 (Figure 5.6g). 
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Figure 5.5. Growth in LB of PAO1 miniCTX::pqsa'-lux in a range of 
concentrations of a)TI1, b)TI2, c)TI3, d)TI4, e) TI5, and f) TI6. Growth 
in 1000 µM, 444 µM, 198 µM, 88 µM, 39 µM, 17 µM and 0 µM (DMSO only) of 
TI1 and TI6 is shown. Growth in 640 µM, 320 µM, 160 µM, 80 µM, 40 µM, 20 
µM and 0 µM (DMSO only) of TI2-TI5 is shown. Grey circles indicate timepoints 
when OD600 was measured. The chemical structure for each compound is 
displayed in the top left corner of each graph. 
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Figure 5.6. Growth in LB of PAO1 miniCTX::pqsA'-lux in a range of 
concentrations of a)TI7, b)TI8, c)TI9, d)TI10, e) TI11, and f) TI12, 
g)TI13 and h) TI14. Growth in 1000 µM, 444 µM, 198 µM, 88 µM, 39 µM, 17 
µM and 0 µM (DMSO only) of TI7-TI14 is shown. Grey circles indicate 
timepoints when OD600 was measured. The chemical structure for each 
compound is displayed in the top left corner of each graph. 
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5.2.4. Reduced growth inhibition is observed using Bay 11-7082 

analogues bearing a CONMe2 functional group 

Bay 11-7082 analogues TI15 (4-F-PhSACONMe2) and TI16 (4-Cl-

PhSACONMe2) did not exhibit severe growth inhibition. Figure 5.7 shows growth 

curves for PAO1-DK miniCTX::pqsA’-lux in the presence of TI15 (a) and TI16 (b) 

at 39 µM, 17 µM and 1 mM.  

 

 

 

Figure 5.7. Growth in LB of PAO1 miniCTX::pqsA’-lux is not severely 
reduced by Tat inhibitor 15 (a) and Tat inhibitor 16 (b). 
Concentrations of 1 mM, 39 µM and 17 µM were selected to demonstrate a 
lack of growth inhibition that can be seen in Tat inhibitors 1-14. Experiments 
were repeated in triplicate and a DMSO control was included. 
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At the highest concentration of TI15 tested, 1 mM, growth of PAO1-DK 

reached an OD600 of 0.63. compared with no growth at 1 mM TI1. TI16 had no 

effect on growth at any of the concentrations tested. The lack of growth inhibition 

suggests that these compounds directly inhibit pqsA expression instead of the Tat 

system, as deletion of the tatABC operon causes a noticeable growth defect. This 

could be through competitive inhibition of PqsR, the pqsA regulator. Table 5.3 lists 

the IC50s for inhibition of pqsA expression as 56.3 and 83.5 uM respectively, which 

is higher than TI1. It appears that addition of a CONMe2 function reduced the 

potency of the compound, whether as an inhibitor of the Tat system or as an 

inhibitor or pqsA expression. TI16 was the least active compound tested. 

 

5.2.5. Potency of TI1 was increased by 3-Cl, 4-F phenyl ring 

substituents and reduced by 3-Cl,4-Me or 4-AcNH substitutions 

Chemical modifications at the positions 3 and/or 4 of the phenyl ring of  

TI1 were tested for their effect on compound activity against pqsA expression. 

Figure 5.8 shows the results of the IC50 screens and IC50s are listed in Table 5.3. 

The concentration range of pqsA’-lux inhibitor analogues used in the assay was 

enough to cover lack of activity to complete inhibition. Intervals between dilutions 

provided sufficient measurements to obtain dose response curves. 
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Figure 5.8. Dose response curves for TI1 and analogues TI2-5 and TI14 
bearing different phenyl ring substituent groups. All compounds used 
have the same CN function, only substituent groups of the phenyl ring varied. 
Concentrations of TIs ranging from 1 mM to 0.45 µM were tested for their 
activity against pqsA expression. Dotted line represents the IC50 and grey area 
either side the 95% confidence limits. IC50 is written above each graph. 
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Each IC50 determined for TI1 analogues with chemical modifications at the 

positions 3 and/or 4 of the phenyl ring (TI1-5 and TI15) are presented in Figure 

5.9. Multiple comparisons with TI1 using a one-way Anova test showed lower 

activity for TI3 (3-Cl,4-Me-PhSAN) and TI5 (4-AcNH-PhSAN) compared with TI1. 

However, inhibitory activity was increased ~6-fold in TI4 (3-Cl,4-F-PhSAN) by 

replacing the methyl group at position 4 with fluorine and introducing a chlorine 

substituent at position 3 of the phenyl ring. 

 

 

Figure 5.9. Inhibition of pqsA expression is influenced by phenyl ring 
substituents. PAO1 miniCTX::pqsA’-lux was grown in a broad concentration 
range of TI1 analogues TI2-5 and TI14. The IC50 for each is plotted with 
standard deviation indicated by error bars. Significance determined by one-
way Anova test is indicated by ns=not significant (p>0.05), ****=significant 
with p<0.0001. Chemical structures are shown below each Tat inhibitor to 
illustrate how altering the ring substituents affects pqsA inhibitory activity. 
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5.2.6. Evaluation of nitrile group variants and their effect on activity 

Having evaluated analogues with different substituent groups of the phenyl 

ring with respect to changes in activity, the focus was shifted to modifications of 

the nitrile function (Figure 5.10). Each Bay 11-7082 analogue was screened 

against pqsA expression to calculate an IC50 and these are plotted by functional 

group type in Figure 5.10. This illustrates clear differences in activity with respect 

to nitrile group variants. 

 

Figure 5.10. Comparison of IC50 for inhibition of pqsA’-lux expression 
by TI1-TI16. (a) TI1 structure with highlighted modification sites and (b) 
IC50s  categorised according to nitrile variants. CONDiMe is also referred to 
as CONH2. Horizontal line indicates the median IC50 for each analogue class. 
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 Figure 5.10 shows that Bay 11-7082 analogues with a CONH2 (amide) 

functional group improved the potency pqsA inhibition for all analogues tested (TI6, 

TI8, TI10, TI12), irrespective of additional phenyl ring substitution. Figure 5.11 

shows dose-response curves for each of the CONH2-containing compounds. TI6 and 

TI8 had IC50 concentrations at around 5 µM and ~6-fold higher potency than TI1.  

TI10 and TI12 contain a fluorine (TI10) and chlorine (TI12) substitution at 

position 4 on the phenyl ring in addition to an amide functional group. The IC50 

concentrations for TI10 and TI12 were 15.84 µM and 11.16 µM respectively, and 

therefore a ~2-3 fold higher potency than TI1. While an amide functional group 

greatly improved activity against pqsA expression, addition of a halogen at position 

4 on the phenyl ring (TI10, TI12) had the opposite effect and reduced the activity 

of the TI1 analogues with a CONH2 functional group. 
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Addition of a COOEt group to the TI1 in place of the nitrile group in 

combination with altered phenyl ring substitution gave the analogues TI7, TI9, 

TI11, and TI13. The COOEt functionality reduced the pqsA inhibitory activity, as 

seen by the increased IC50s displayed in Figure 5.12. IC50s could only be 

Figure 5.11. Dose-response curves of TI1 analogues TI6, TI10, TI12 
and TI8 incorporating a CONH2 functional group together with different 
phenyl ring substituent groups. PAO1 miniCTX::pqsA’-lux was grown in 
concentrations of each compound ranging from 0.45 µM to 1000 µM and pqsA 
expression was measured. Maximum pqsA expression at each concentration is 
plotted ±SD from three technical repeats. Dotted line indicates the IC50 
concentration and the grey box indicates 95% confidence limits. 
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determined for TI7 and TI9 with the pqsA screen. These were 107.9 µM and 

102.5 µM respectively, approximately 3-fold higher than that of TI1. TI11 and TI13 

did not reach a plateau within the range of concentrations tested, so their IC50s 

could be determined. 

 

 

Figure 5.12. Replacement of the CN functionality with COOEt to 
generate analogues TI7, TI9, TI11 and TI13, increased IC50 for pqsA 
expression. PAO1 miniCTX::pqsA’-lux was grown in concentrations of each 
compound ranging from 0.45 µM to 1000 µM and pqsA expression was 
measured. Each screen was carried out in triplicate and data are plotted as 
mean maximum pqsA expression ± SD after 24 h growth at each concentration 
of Tat inhibitor. Chemical structures of each compound are included. IC50s are 
indicated by a dotted line and 95% confidence limits, by a grey shaded area. 
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There were significant delays in peak pqsA expression as inhibitor 

concentrations increased. Figure 5.13a shows a representative graph where 

PAO1-DK miniCTX::pqsA’-lux was grown in LB containing the Bay 11-7082 

analogue, TI9. A peak shift to the right of the graph could in part be due to growth 

inhibition, either due to Tat inhibition or through inhibition of other pathways. 

However, it is unlikely slower growth is the sole reason for such a severe peak shift 

as there is an ~3 h delay pqsA expression at 39 µM TI9 but growth was unaffected 

at this concentration of TI9 (Figure 5.13b). In contrast, TI1 analogues TI15 and 

TI16 incorporate a CONMe2 function in place of the nitrile group, and substitution 

of a chlorine (TI15) or fluorine (TI16) group at position 4 on the phenyl ring. 

Analogues with a CONMe2 group did not cause a delay in peak pqsA expression 

(Figure 5.14) or inhibit growth (Figure 5.7). Dose-response curves are shown in 

Figure 5.15. TI15 and TI16 have very little effect on growth, they may directly 

inhibit pqsA expression instead of inhibiting the Tat system, as a growth defect is 

expected upon Tat inhibition due to failure to export the Rieske subunit. However, 

TI15 and TI16 could be true Tat inhibitors but with such a weak activity it may be 

enough for the Rieske subunit to be secreted enough to maintain growth.  

Figure 5.14 shows despite inhibitor concentrations of 1000 µM, the 

maximal expression of pqsA occurred at the same timepoint, ~7 h. Therefore, it 

follows that the peak delay of TI1 analogues TI1-TI14 is either caused by direct 

inhibition of processes associated with cell growth or by altered transport of the 

Rieske subunit, PetA, that then results in a delay in growth. 
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Figure 5.13. Effect of TI9 on pqsA expression at concentrations ranging 
from 0.5 µM to 1000 µM. PAO1 miniCTX::pqsA’-lux was grown in LB + TI9 
at a range of concentrations and pqsA expression measured every 30 min over 
24 h is plotted above. Experiment was carried out in triplicate. In (a) maximal 
expression can be seen to shift towards the right of the graph as concentration 
increases, indicating a delay. 
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Figure 5.14. Peak expression of pqsA is unaltered when grown in the 
presence of TI15 and TI16, analogues with a CONMe2 functional group. 
TI15 and TI16 have similar pqsA expression profiles at concentrations ranging 
from 0.45-1000 µM. The measurements were taken every 30 min and peak 
expression occurs at ~7 h and then steeply declines to ~14 h where it plateaus.  
Experiment was carried out in triplicate. 
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5.2.7. pqsA inhibitory activity of analogues TI17-TI30 at 20 µM and 

40 µM 

The IC50s for TI2-TI16 were determined via inhibition of a pqsA expression 

as outlined above and listed in Table 5.3. In addition, the TI1 analogues TI17-

TI30 were also synthesized by Alex Truman (University of Nottingham) and tested 

with a high-throughput screen at concentrations of 20 µM and 40 µM for their 

inhibitory activity against pqsA expression to gain further insights into the SAR 

(Table 5.3). Results were normalised for PAO1-DK miniCTX::pqsA’-lux expression 

(Figure 5.16).  

All inhibitors caused a reduction in pqsA expression at 20 µM and 40 µM 

and TI18, TI23, TI24 and TI25 appeared to be more potent (Figure 5.16). The% 

pqsA expression was 47.1% at 20 µM and 38.5% at 40 µM for TI18, which had an 

unsubstituted phenyl ring and a pyridine ring functional group substituent. TI1% 

pqsA expression was 74.5% at 20 µM and 52.3% at 40 µM. By comparison, TI4 

had the lowest % pqsA expression at 20 µM and 40 µM of TI1-TI30, at 38.8% and 

Figure 5.15. Dose-response curves for TI15 and TI16 which have a 
CONMe2 functional group. PAO1 miniCTX::pqsA’-lux was grown in LB 
containing TI15 (a) and TI16 (b) at concentrations ranging from 0.45 µM to 
1000 µM and maximum expression of three technical repeats was recorded. 
The mean value is shown ±theSD. The vertical dotted line represents the IC50 
and grey shading, the 95% confidence interval. 
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30.7% respectively. TI23 and TI24 both have an acetyl in place of the nitrile 

function, and TI23 had unsubstituted phenyl ring while TI24 has the 4-Me 

substituent as in TI1. The % pqsA expression was 54.5% at 20 µM and 34.4% at 

40 µM of TI23, and 61.6% at 20 µM and 35.7% at 40 µM of TI24. The derivative 

TI25 had a phenyl ring with a fluorine substitution at position 4 and this increased 

the activity compared to TI1 as evidenced from pqsA expression which was 58.7% 

at 20 µM and 32.8% at 40 µM compared with TI1. Derivatives TI18, TI23, TI24 and 

TI25 where the nitrile group is replaced with a pyridine ring, acetyl group, and 4-F 

substituted phenyl ring increased the activity compared with TI1, however, none 

of these replacements made the compound as potent at pqsA inhibition as the 

amide analogues: TI6, TI8, TI10 and TI12 (Figure 5.11 and Table 5.3). 

 

 

Figure 5.16. Normalised pqsA expression for PAO1 miniCTX::pqsA’-lux 
in response to analogues TI17-TI22 at 20 µM or 40 µM . TI1 (Bay 11-
7082) is included for comparison. All compounds showed similar pqsA’-lux 
inhibitory activity. Experiments were carried out in triplicate and means plotted 
with error bars indicating standard deviation. Chemical structures are shown 
above each analogue. 



 217 

5.2.8. Upregulation of antA expression in response to TI1 and 

analogues 

As noted in the previous chapters, inhibition or deletion of the Tat system 

or pqsA resulted in upregulation of antA expression. Therefore, TI1 analogues were 

also tested for their ability to up-regulate antA, and EC50s were calculated where 

possible. In this case, the EC50 is the effective concentration that results in 50% 

increase in antA expression. Figure 5.17 shows the comparison of pqsA screen 

IC50s and antA screen EC50s.  

 

 

 

Figure 5.17. Comparison of IC50 and EC50 concentrations for TI1-6, TI8-
TI10, TI12 and TI14. Individual dose-response curves plotting maximum pqsA 
expression versus maximum antA expression at 0.45 µM to 1000 µM. Analogues 
TI7, TI15, and TI16 are not displayed as an E50 could not be derived from the 
available data. TI11 and TI13 are not displayed as they did not generate an IC50 
value for inhibition of pqsA expression. Purple symbols are compounds with a 
CN group, light blue indicates a CONH2 group, and TI9, which has a COOEt 
functionality, is coloured teal. 
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For the most part, IC50 concentrations were very similar to EC50 

concentrations. TI1 analogues are coloured by functional group in Figure 5.17, 

and it is clear that incorporation of an amide group increased activity in both pqsA 

and antA screens. The most potent compounds included TI8, TI12, and TI10 – all 

of which had an amide group. TI4 was also more active than TI1 in both screens, 

it had a nitrile function and two halogens, chlorine at position 3 and fluorine at 

position 4 on the phenyl ring. In comparison, TI5, TI3 and TI9 are far less potent. 

Figure 5.18 shows representative examples of antA EC50 dose-response 

curves using the results for TI4 and TI5, two compounds with higher (a) and lower 

(b) activity than TI1 which has an EC50 of 20.46 µM (Figure 5.2). 

 

 

Figure 5.18. Dose-response curve for activation of antA following 
growth in response to TI4 (a) and TI5 (b). EC50 values were calculated 
(dotted line) and 95% confidence limits are shown as a shaded grey area. 
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5.2.9. Exploiting pyoverdine (PVD) production as a screen for TI 

compound inhibitory activity  

Pyoverdine is a siderophore synthesised in the cytoplasm and matured to 

contain a green-fluorescent chromophore in the periplasm before it is released 

externally (Hannauer et al., 2012). There are many steps to pyoverdine production, 

some of the final reactions involve the pyoverdine maturation proteins PvdP and 

PvdN which are exported via the Tat system. Complete inhibition or deletion of the 

Tat system abolishes mature pyoverdine production and with it, the intense green 

fluorescence in the culture supernatant (Ball et al., 2016). This provides a simple 

fluorescence-based assay for assessment of Tat system inhibition.  

However, PVD production is also under the control of pqs QS, so this screen 

cannot distinguish between Tat inhibition and pqsA inhibition. Figure 5.19 shows 

fluorescence of pyoverdine in wild-type cultures grown in M9 minimal medium + 

succinate compared with that of a pqsA mutant and pyoverdine-deficient tatABC 

mutants. PVD biosynthesis was completly abolished in the tat mutant and reduced 

by ~60% upon perturbation of PQS biosynthesis. Nevertheless, measurement of 

PVD production in the TI1 analogues was still useful for SAR analysis as some were 

more active against PVD production than others as listed in Table 5.3 and shown 

in Figure 5.20. 
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Selected compounds were chosen for the PVD assay; TI4, TI6, and TI8 for 

their increased potency against pqsA expression, TI7 and TI9 for their largely 

reduced activity against pqsA expression, and TI15 and TI16 for their lack of growth 

inhibitory properties as well as weak pqsA inhibition. Concentrations were tested 

at 20 µM and 40 µM and compared with TI1. The results are shown in Figure 5.20. 

Each value was normalised to the % of PAO1-DK fluorescence (ex. 405 nm/ em. 

460 nm) as an indirect measurement of pyoverdine concentration. 

Figure 5.19. PVD production in PAO1, PAO1 DpqsA and PAO1 DtatABC 
mutant. Maximum fluorescence of PAO1, PAO1 DpqsA and PAO1 DtatABC 
mutant cultures at wavelengths of 405 nm (excitation) and 460 nm (emission). 
Data show mean values and error bars indicates standard deviation. 
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All compounds inhibited pyoverdine fluorescence to some degree, but TI1 

was the most active. Aside from TI1, reduction in pyoverdine production was 

greater for compounds TI4, TI6 and TI8 – which have an amide group. Despite a 

greater ability to decrease pqsA expression and increase antA expression, TI4, TI6 

and TI8 were not more active than TI1 with respect to inhibition of PVD production. 

This may suggest they target pqsA expression rather than the Tat system. TI7, 

TI9, TI15 and TI16 were very weak inhibitors of PVD production, and they have 

high IC50 and EC50 values against pqsA and antA expression as shown in Table 5.3. 

Additional assays measuring factors that are not regulated via pqs QS are needed 

Figure 5.20. Normalised PVD production of PAO1 grown in iron-limited 
M9 + succinate medium containing 20 µM or 40 µM and TI1, TI4, TI6, 
TI7, TI8, TI9, TI15 or TI16. Fluorescence (ex. 405 nm/em. 460 nm l) of 
the PAO1 + DMSO control was used to determine 100% PVD production and 
fluorescence values for the Bay 11-7082 analogues at 20 µM (green) and 40 
µM (blue) were normalised to this number. Chemical structures are shown 
below each Bay 11-7082 analogue. Experiment was carried out in triplicate 
and the mean is plotted with SD indicated by a bar. 
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to measure Tat inhibition in order to distinguish between compounds that are Tat 

rather than pqsA inhibitors. 

 

5.2.10 Jurkat T cell viability in the presence of TI1 and TI6 

TI1 has been reported as being both immunomodulatory and cytotoxic 

(Massai et al., 2019). If a compound is to be used as an antivirulence agent, it 

must have very low toxicity in mammalian cells. The TI1 analogue with the greatest 

activity, TI6 (4-Me-PhSACONH2), was chosen for eukaryotic cell cytotoxicity 

assessment. 

AlamarBlue is a non-toxic indigo-coloured compound that turns red when 

in a reducing environment, such as that of metabolically active cells. Once reduced 

the compound is highly fluorescent with an excitation wavelength (l) of 560 nm  

and emission at 590 nm. Following overnight incubation of Jurkat T cells with TI1 

and TI6, fluorescence was quantified (Figure 5.21). TI1 killed the positive control 

at a concentration of ~7.8 µM, whereas at this concentration, TI6 there was an 

80% reduction in cell viability suggesting that TI6 it was marginally less cytotoxic. 

This indicates that use of an amide functional group reduced cell toxicity in addition 

to increasing potency.  
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Figure 5.21. Alamar blue cell viability assay with Jurkat T cells. 
Experiment was carried out in triplicate with four technical repeats. Graph is a 
typical result showing cell viability of Jurkat T cells following 24 h incubation 
with TI1 (a) and TI6 (b). Cell viability falls to zero at 7.8 µM of TI1 and 15.6 µM 
TI6. 
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5.3. Discussion 

 

In this study TI1, which was discovered as an inhibitor of the Tat system, 

was selected as a hit compound for SAR analysis - a key process in lead drug 

compound development (Vasil et al., 2012). To identify the potent pharmacophores 

(a medicinal chemistry approach), a small library of analogues were synthesised 

by Alex Truman (University of Nottingham) and their comparative activity was 

assayed by measuring pqsA expression, antA expression and PVD production. 

Ideally, high compound potency would be reached through low nanomolar 

concentrations. 

The current hypothesis for the TI1 mode of action is thought to be covalent 

reaction of the nitrile group with Cys23 of TatC, as it is known to react with cysteine 

and there is only one such residue in the TatABC machinery (Massai et al., 2019). 

However, this cysteine is buried within the protein so it is unclear whether TI1 is 

able to reach its target. Moreover, TI1 does not inhibit the E. coli Tat pathway and 

it was thought this was due to absence of the uncoupled cysteine residue 

(Bageshwar et al., 2016; Massai et al., 2019). SAR analysis following inhibition of 

pqsA expression showed that the potency of TI1 can be increased up to 6-fold by 

replacing the reactive nitrile group with an amide. This demonstrates that TI1 is 

unlikely to inhibit Tat via covalent modification of a cysteine in TatC. 

Of the 30 compounds tested, 5 had an IC50 lower than TI1 for pqsA 

expression inhibition. Mono phenyl ring substitutions did not increase the potency 

of TI1 analogues, but di- substitution with chlorine and fluorine at positions 3 and 

4 of the phenyl ring reduced the IC50 by ~6-fold. Replacement of the nitrile function 

of TI1 (4-Me-PhSAN) with an amide to give TI6 (4-Me-CONH2) increased potency 

with a far more active IC50 of 4.8 µM compared with 27.4 µM for TI1 with respect 

to the inhibition of pqsA expression. However, PVD fluorescence at 40 µM was 
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higher for 4-Me-CONH2 than 4-Me-PhSAN, suggesting 4-Me-CONH2 is a better pqsA 

inhibitor than TI1 but less antagonistic towards PVD production. As such, 4-Me-

CONH2 may target pqsA and not the Tat system. All analogues with an amide 

functional group in place of the nitrile functional group were more active against 

pqsA expression than 4-Me-PhSAN, but not more active against PVD production. 

Replacement of the amide functional group with an N,N-

dimethylcarboxamide (CONMe2) functional group converted TI10 (4-F-CONH2) and 

TI12 (4-Cl-CONH2) to TI15 (4-Cl-CONMe2) and TI16 (4-F-CONMe2), significantly 

reducing their activity as inhibitors of pqsA expression. To illustrate the point, the 

IC50 of 4-F-CONH2 increased from 11.2 µM to 83.5 µM for 4-F-CONMe2. However, 

compounds with a CONMe2 group did not inhibit growth of PAO1-DK and therefore 

may not be true Tat inhibitors, alternatively they may very weakly inhibit the Tat 

pathway so that enough Rieske subunit is translocated to maintain growth. 

Replacement of the nitrile group with ethoxycarbonyl (COOEt) created the least 

active compound series with regards to pqsA inhibition and PVD production. 

Probably, the ester group withdraws electrons away from the phenyl ring and is 

larger than CN and CONH2 which may affect binding to its target. 

In general, replacement of the nitrile group with a phenyl ring halogenated 

at position 4 with either chlorine (C6H4-4-Cl) or fluorine (C6H4-4-F) increased 

activity against pqsA expression, as seen in Table 5.3. Conversely, replacing the 

nitrile group with C6H4-4-CN had very little effect on pqsA expression at 20 µM 

and 40 µM. Compounds with a pyridyl or an acetyl group instead of the nitrile 

displayed greater increases in inhibitory activity against pqsA expression. 

One key finding was that inhibition of pqsA expression mirrored inhibition 

of growth. This may be due to Tat inhibition, as a DtatABC deletion mutant has a 

growth defect (Figure 3.19). To distinguish between growth inhibition due to Tat 

inhibition and growth inhibition due to inhibition of other essential processes, a 

PAO1-DK DtatABC mutant should be grown in a range of concentrations of the TI1 
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analogue library and OD600 measured. If further growth inhibition is seen in addition 

to the growth defect of a tat mutant then the Bay 11-7082 analogue is likely to 

have other targets within the cell. 

TI1 has strong cytotoxic and immunomodulatory effects and it has been 

suggested that it has multiple targets within eukaryotic cells (Lee et al., 2012; 

Massai et al., 2019). As only inhibition of pqsA expression and pqs QS-controlled 

PVD production by the TI1 analogues was investigated they may have alternative 

targets to the Tat system such as PqsR, the transcriptional activator for pqsA, which 

would then reduce expression of the PQS biosynthetic operon. TI1 analogues may 

be competitive inhibitors of the native ligands, PQS and HHQ for the ligand binding 

site of PqsR.  

This should be assessed further by quantifying pqsA expression while 

adding increasing concentrations of exogenous PQS to a culture of PAO1-DK DpqsA 

miniCTX::pqsA’-lux at a fixed concentration of TI1 or a TI1 analogue. If it is a 

competitive inhibitor of PqsR, then a reduction in pqsA inhibition should be seen 

and the dose-response curve should shift to the right when compared with the 

dose-response curve in the absence of a TI1 analogue. In addition, in silico  docking 

of compounds with the PqsR ligand binding site should give a calculated docking 

score – this would be useful to predict possible PqsR binding. 

Additional secondary assays are essential to determine whether TI1 

analogues inhibit the Tat pathway or have alternative targets. As TI1 has been 

established as an inhibitor of the P. aeruginosa Tat system, analogues may also 

inhibit the same Tat secretion machinery as they are structurally similar. However, 

due to time restraints only pqsA expression, antA expression which has a reciprocal 

relationship with pqsA, and PQS-controlled PVD production was investigated during 

this PhD (Vasil et al., 2012). Therefore, it is imperative that screens utilising non-

pqs QS controlled Tat substrates are carried out to show Tat, not pqsA, inhibition 

by Bay 11-7082 analogues.  
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The colorimetric assay that follows hydrolysis of the chromogenic PLC 

substrate p-nitrophenylphosphorylcholine (NPPC) is well established as an indirect 

Tat inhibitor screen in P. aeruginosa (Table 5.1) and should be used in future 

screens of TI1 analogues. These analogues could also be screened by measuring 

growth with choline as the sole carbon and nitrogen source – this is perturbed upon 

deletion or inhibition of the Tat system, likely due to failed translocation of the 

choline oxidase (Vasil et al., 2012). Transcriptomic analysis published by Rampioni 

et al. showed that PA2124, haemolytic phospholipase C (PlcH), and non-haemolytic 

phospholipase C (PlcN) are not under the transcriptional control of pqs QS so these 

assays should help confirm whether or not Tat system is targeted by the TI1 

analogues (Rampioni et al., 2010). 

Translocation of the Tat substrate does not utilise energy from ATP 

hydrolysis, instead recruitment of TatA monomers upon substrate binding to TatBC 

requires membrane potential across the cytoplasmic membrane (Dy) and removal 

of the PMF causes dissociation of TatA oligomers (Alcock et al., 2013). Inhibition of 

Dy by TI1 analogues would indirectly inhibit Tat transport of PVD, PA2124, PlcH 

and PlcN used in other secondary assays. Therefore, an additional screen could be 

carried out to rule out Dy inhibition. BacLightTM Bacterial Membrane Potential Kit 

(ThermoFisher Scientific) can be used to test PMF, it utilises a green fluorescent 

dye DiOC2(3)  that accumulates in the cytoplasm of cells with a greater Dy,  and 

self-associates causing a fluorescence shift to red (Maiden and Waters, 2020). This 

provides a measurable fluorescence-based assay for Dy inhibition, and could be 

used in combination with TI1 analogues to eliminate any compounds that indirectly 

cause Tat inhibition by Dy inhibition.  

This chapter has provided SAR data for TI1 analogues and shown that the 

mode of action of TI1 is unlikely to be through covalent reaction with Cys23 of 

TatC, as previously thought. Further screens are needed to ascertain direct Tat 

inhibition by the TI1 analogues, and mode-of-action. 
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Chapter 6:  Conclusions and Outlook 
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Antimicrobial resistance (AMR) is a rapidly accelerating global threat and 

MDR, XDR and PDR hospital-acquired infections are on the rise. AMR reduces the 

efficacy of clinical treatment, resulting in longer hospital stays, reduced quality of 

life and increased mortality. Resistance arises through evolution under a selective 

pressure and has far-reaching consequences - AMR is estimated to cause 10 million 

deaths by 2050 across the globe (O’Neill, 2016). P. aeruginosa is one of the global 

leading causes of antibiotic-resistant nosocomial infections. Development of novel 

bactericidal and bacteriostatic antibiotics has slowed in recent years, in contrast to 

antibiotic resistance which is rapidly rising. The latest new class of antibiotics was 

discovered in the 1980s, nearly thirty years ago (World Health Organisation, 2014). 

There is a strong need for novel therapeutic strategies that do not have the severe 

consequences brought about by resistance.  

Targeting virulence is a promising alternative to conventional antibiotic 

therapy, selective pressure is weaker than common bactericidal/bacteriostatic 

antibiotics. Antivirulence drugs could be used in conjunction with common 

antibiotics to resensitise bacteria (Rezzoagli et al., 2020). pqs QS plays an 

important role in P. aeruginosa pathogenicity as it co-ordinates release of many 

virulence determinants and the formation of biofilm at a population level, thereby 

making it an excellent target for novel antivirulence drugs. The Tat protein export 

pathway has recently been a target for novel antivirulence drug development in E. 

coli and P. aeruginosa due to its importance in pathogenicity, tat mutants exhibit 

slower growth and reduced virulence. 

Tat system mutants of P. aeruginosa exhibited decreased eDNA release, 

rhamnolipid, and microvesicle production and would not respond to exogenous PQS 

(Soh et al., 2021). Further investigation revealed that PQS-dependent quorum 

sensing was perturbed in tat mutants and this was mediated through down-

regulated pqsA expression. Perturbation of pqs QS was linked to failed export of 

one of the substrates of the Tat system, PetA. A deletion mutant of petA displayed 
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reduced PQS biosynthesis and induced antA expression, both of which are seen in 

a tat mutant.  

PetA is one of three subunits of the cytochrome bc1 complex, and harbours 

a 2Fe-2S “Rieske”cluster that transfers electrons from cyt b to cyt c1 (Xia et al., 

2013). petA mutants in P. aeruginosa displayed impeded growth and insensitivity 

to inhibitors of the cyt bc1 complex such as HQNO, which has been implicated in a 

mechanism for self-poisoning and eDNA release (Hazan et al., 2016). Similar 

defects in PQS signalling are seen in cytB and cytC1 mutants (Soh et al., 2021). 

LC-MS/MS semi-quantification of HQNO revealed lower production in tat mutants, 

therefore it is likely that reduced eDNA release is due to a missing or severely 

reduced mechanism for autolysis within the population. 

In Chapter 3 the impact of Tat deletion upon the transcriptome was 

explored. RNAseq data showed the greatest upregulation was within genes involved 

in aromatic amino acid catabolism – in particular, antABC and catBCA, the first 

operons in the anthranilate degradation pathway. Anthranilate is degraded and fed 

into the TCA cycle for energy production. Therefore, perhaps anthranilate within 

the cell is diverted from PQS biosynthesis (thus secondary metabolite and virulence 

factor production) and towards primary metabolism in a petA-deficient strain in 

order to conserve energy. Key findings are outlined in Figure 6.1.
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Figure 6.1. Schematic diagram showing key changes within a tat mutant (b) compared with wild-type P. aeruginosa (a) 
uncovered during this PhD. It is still unclear what mechanistic link connects failure to export the PetA subunit with PqsR-controlled 
pqsA expression, however it was shown that upon tat mutation pqsA expression was severely down-regulated and unable to respond 
to exogenous PQS (Soh et al., 2021). Likely in response to rising anthranilate concentration, AntR-mediated upregulation of antABC 
and catBCA occurred, thus anthranilate was used for energy production via the TCA cycle and not pqs QS-controlled expression of 
genes involved in secondary metabolite production such as phenazine biosynthesis. ROS generation occurs in petA mutants and 
membrane potential (Dy) may be reduced as a result of an interrupted electron transport chain (Hazan et al., 2016). Other virulence 
factors such as phospholipases, and effectors involved in motility, biofilm formation, iron acquisition, response to osmotic stress and 
anaerobic respiration and  are no longer exported upon deletion of the tat system and this may also have wide-reaching effects on 
the cell. 
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The antA gene is regulated by rhl and pqs quorum sensing systems, as well 

as at a post-transcriptional level by the small regulatory RNAs PrrF1 and PrrF2 

which are involved in iron homeostasis (Figure 3.37). MpaR, a GntR-family 

regulator that modulates carbon metabolism, and rhl QS, indirectly controls antA 

expression through PqsR (Wang et al., 2020). Further studies should investigate 

the apparent restored growth phenotype in a DtatABC DantA double mutant, as this 

would suggest that growth is reduced when antA is overexpressed in a Tat mutant. 

In addition, the regulation of antA and pqsA needs investigation and site-directed 

mutagenesis of upstream regions, or deletions of global regulators, may help 

determine which regulators are driving the change in expression seen in a tat and 

petA mutant. This should highlight which regulators are causing perturbed PQS 

biosynthesis and suggest another level of control between carbon metabolism for 

energy production and quorum sensing. It would be interesting to see if the TCA 

cycle components and their substrates have altered levels upon tat mutation, 

RNAseq data showed that TCA cycle enzymes were not expressed differently so it 

is likely that the components are able to cope with any increased substrate. 

Autoinducers PQS and HHQ may be unable to access PqsR in a tat mutant 

and therefore unable to up-regulate pqsA expression. The bacterial membrane in 

E.coli is altered upon mutation of tat due to failed export of the N-acetylmuramoyl-

L-alanine amidases AmiA and AmiC, this causes chains of cells to form as well as 

generates sensitivity to SDS (Gimenez et al., 2018). While neither of these 

phenotypes occur in P. aeruginosa tat mutants, there may be a subtler effect upon 

the membrane due to failed export of its substrates that prevents proper 

distribution of PQS within the cell envelope. PQS intercalates with the outer 

membrane to create OMVs which are important in trafficking of said QS signal 

molecules (Florez et al., 2017). To investigate if PQS localisation requires a 

functional the Tat system, PQS distribution across the inner and outer membrane 

leaflets should be determined in PAO1-DK, PA14, and their respective tat mutants. 
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The petA mutants could also be investigated. Firstly, the inner and outer membrane 

of P. aeruginosa should be separated by ultracentrifugation in a sucrose density 

gradient, as described recently (Florez et al., 2017). PQS should be extracted from 

samples taken across the gradient using acidified ethyl acetate and quantified using 

high resolution LC-MS/MS. A difference in PQS distribution between the outer and 

inner membranes of wild-type and tat mutants will highlight if there is a change to 

cell membrane distribution that might account for the loss of PQS autoinduction as 

a result of the tat mutation. 

Microcolonies of Tat mutants grown in a flow cell had increased sensitivity 

to tobramycin, thought to be due to the inability to form thick, eDNA-rich, mature 

biofilms (Soh et al., 2021). This highlights the Tat system again as a promising 

target for novel inhibitors, as biofilms are implicated in long-term chronic AMR 

infections (Moses et al., 2000; Hall and Mah, 2017). In theory, administration of a 

Tat inhibitor as an antibiofilm drug may resensitize chronic infections to common 

antibiotics, thus reducing morbidity and mortality in those with long-term infections 

such as CF patients.  

Notable examples of antibiofilm compounds in recent research include 

ajoene, which can be extracted from garlic and is a potent QS inhibitor (Martin et 

al., 2021). Ajoene prevented rhamnolipid production, one of the most important 

virulence factors required for maintainance of biofilms, and in a mouse pulmonary 

infection model challenged with a clinical P. aeruginosa isolate ajoene increased 

bacterial clearance compared to the untreated placebo group (Jakobsen et al., 

2012). Furanones are able to inhibit QS and reduce biofilm formation,  they were 

also shown to increase bacterial clearance in a murine pulmonary infection model 

(Wu et al., 2004). Recently, both gallium and furanone C-30 were shown to act as 

adjuvants by increasing the sensitivity of P. aeruginosa to colistin, ciprofloxacin, 

meropenem and tobramycin (Rezzoagli et al., 2020; Martin et al., 2021). 
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Abolishing virulence and slowing, but not arresting, growth are key aims 

when searching for alternative strategies to combat AMR crisis. The P. aeruginosa 

Tat system inhibitor Bay11-7082 was discovered in one high-throughput screen, 

but was later reported as immunomodulatory and cytotoxic (Vasil et al., 2012; 

Massai et al., 2019). Nevertheless, structure-activity relationship determination is 

a beneficial endeavour as it may lead to a more active compound that generates 

less of an immunogenic response. Indeed, replacement of a nitrile functional group 

with CONH2 increases activity of the compound by ~6 fold. Continued SAR testing 

may provide combinations of functional groups and substituents of the phenyl ring 

that increase activity further, or decrease the activity significantly, which could be 

used to inform future decisions on which analogues to synthesise for increased 

activity.  

Based on the available data it is currently unclear whether Bay 11-7082 

analogues directly inhibit the Tat system or if they target pqsA expression through 

direct interation with PqsR, so future screens should be carried out to distinguish 

between the two. For example, an assay following the colour change of NPPC upon 

hydrolysis by Tat-exported PLC will show Tat inhibition compared with pqsA 

inhibition, as the generation of a bright yellow colour only occurs upon PLC export, 

and PLC production is not under the control of pqs QS (Rampioni et al., 2010). 

Further screens to show Tat inhibition could include growth on agar containing the 

Bay 11-7082 analogue and choline as the sole carbon and nitrogen source, as ChoA 

is required for this and is Tat-exported. Copper is a cofactor in many enzymes but 

can be toxic at high concentrations by oxidisation of proteins and generation of 

ROS, as a result P. aeruginosa exports CopA, the copper resistance protein. Copper 

resistance is a sign of a functional Tat system and therefore can be used as an 

additional screen to confirm Tat inhibition by Bay 11-7082 analogues. In silico 

docking of TI1-TI30 chemical structures can be carried out using the known 

structure of PqsR, focusing on the active site, to show likelihood of competitive 
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inhibition of the PqsR regulator in case the analogues are active against PqsR as 

well as/instead of the Tat system. 

The Tat system is well studied in E. coli and many structures have been 

determined through x-ray crystallography at various stages of the Tat protein 

export cycle (Alcock et al., 2013; Alcock et al., 2016; Palmer and Stansfeld, 2020). 

However, no structure has ever been determined for translocation. If the Bay 11-

7082 analogues are are cytotoxic, they may still be useful biochemical probes for 

in vitro studies and may even help with structure determination. In summary, the 

Tat system is now an even more important target for development of novel 

antivirulence adjuvants as it is linked with PQS signalling, which controls biofilm 

and virulence at a population-wide level. This work aimed to further understand 

the mechanistic link between Tat system deletion and perturbation of PQS-

dependent signalling, and for the first time has shown that this is through failed 

export of a subunit of cytochrome bc1 in the electron transport chain (Soh et al., 

2021).  

Key Findings 

1. 189 up-regulated genes and 166 down-regulated genes upon mutation of 

tat. Greatest upregulation was within aromatic amino acid degradation, 

namely antABC and catBCA operons. 

2. antA and catB were induced by exogenous anthranilate, suggesting tat 

mutants have increased intracellular anthranilate concentration due to 

perturbed pqs QS and reduced AQ production. 

3. Failed export of the PetA component of Cytochrome bc1 is likely the primary 

cause of pqsA and antA dysregulation and of the growth defect seen in tat 

mutants. 

4. SAR of Bay 11-7082 showed mode-of-action is unlikely to be through 

covalent reaction of the nitrile group with a cysteine residue in TatC, and 

compound activity can be increased by replacement of CN with CONH2. 
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Appendix 

 

ORF 
Gene 
name 

Normalised Expression Values 
Fold 

change WT 1 WT 2 Tat 1 Tat 2 

PA0041a 
 

10.25 21.25 37.5 52.5 2.69 

PA0044 exoT 1003.7
5 

688.25 3572.5 4296.25 5.01 

PA0046 
 

2.75 2.25 8.75 17.25 4.52 

PA0154 pcaG 41.25 46.75 86.75 97 2.04 

PA0200 
 

475.25 849 1407.75 2510 3.08 

PA0226 
 

26.25 18.75 1184.75 1055 51.36 

PA0227 
 

16 28.75 879.25 920.5 39.15 

PA0228 pcaF 43.25 52.5 1920.25 1647.5 37.34 

PA0229 pcaT 65.5 56.25 823.25 609.25 11.77 

PA0230 pcaB 85.75 71.5 741.25 506.25 7.87 

PA0231 pcaD 50.75 41.75 407.5 301.5 7.73 

PA0232 pcaC 70.25 67.75 637 602.5 8.85 

PA0233 
 

61.25 50.75 135 101.5 2.07 

PA0235 pcaK 10 13.25 64.75 64 5.37 

PA0242 
 

21.5 27 49 63.75 2.22 

PA0244 
 

14.75 7.5 33.25 24.75 2.56 

PA0245 aroQ2 12.25 10 30 29.25 2.55 

PA0247 pobA 25.75 22.75 174.5 141.5 6.44 

PA0679 hxcP 9.5 8.5 20.75 19.5 2.20 

PA0713 
 

127.25 134 368.5 380 2.88 

PA0714 
 

33.25 29.75 59.25 73.5 2.06 

PA0887 acsA 841.25 850.25 2611 2650.25 3.31 

PA0895 aruC 432.5 396.25 1019.5 944 2.45 

PA0896 aruF 153 170 412.25 430.25 2.59 
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PA0897 aruG 146.25 182.25 532 531 3.14 

PA0898 aruD 115.25 124.5 496.25 459.25 3.91 

PA0899 aruB 355.5 407.5 1045 983 2.71 

PA0918 
 

91.75 96.75 276.25 269 2.80 

PA1172 napC 312 214.25 905.5 791.5 3.31 

PA1173 napB 131.5 93 359.75 327.75 3.05 

PA1174 napA 2310.2
5 

1831 4559.75 4741 2.49 

PA1183 dctA 24.5 31.5 61.25 57.75 2.04 

PA1196 ddaR 126 148.25 334.5 378 2.60 

PA1212 
 

55.5 55.75 117.75 124 2.13 

PA1214 
 

106 91 185 262.25 2.22 

PA1215 
 

102.75 91 192.5 211.75 2.06 

PA1216 
 

207 212.25 527.75 556 2.53 

PA1218 
 

182.25 188 428.25 490.5 2.45 

PA1317 cyoA 72.75 63.75 158 141 2.12 

PA1319 cyoC 24.25 36.5 70.75 84.25 2.45 

PA1414 
 

4852 5271.25 10089 10334.2
5 

2.35 

PA1429 
 

503 483 1384.25 1424 2.90 

PA1435 
 

34 45 108 119.25 2.78 

PA1546 hemN 2475.7
5 

2355.75 5003.75 5003.75 2.33 

PA1551 
 

1812 1592.5 3268.75 3060.75 2.00 

PA1557 ccoN2 889 897.75 1897 1753 2.12 

PA1604 
 

238.25 223.5 513.75 579.5 2.32 

PA1673 
 

484 459.25 1638.75 1525.5 3.42 

PA1690 pscU 34.5 22.75 80.5 88.25 2.89 

PA1691 pscT 24 16.5 55.75 58.25 2.83 

PA1692 
 

12.75 10.5 76.75 67.5 6.03 

PA1693 pscR 46.25 46.75 134 199.75 3.55 
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PA1694 pscQ 98.75 60.25 385.25 342.25 4.65 

PA1695 pscP 131 68.75 436.25 315 3.76 

PA1696 pscO 25.75 13.25 75 79.25 4.06 

PA1697 
 

149.75 104 413.5 419.25 3.30 

PA1698 popN 126.25 65.75 249 294.25 2.81 

PA1699 pcr1 45.5 27.25 93.25 132.5 3.05 

PA1700 pcr2 23.75 7.5 35.5 42.75 2.55 

PA1701 pcr3 25 17.25 78.75 75.5 3.63 

PA1702 pcr4 5.75 4.25 14.75 16.5 3.19 

PA1703 pcrD 219.75 170.5 506.25 488.25 2.53 

PA1705 pcrG 58.5 39.75 252 296 5.56 

PA1706 pcrV 632.5 435.75 2114.25 2267.5 4.28 

PA1707 pcrH 215.25 201.5 949.75 1401.5 5.74 

PA1708 popB 1369.2
5 

935 5566.75 6533 5.67 

PA1709 popD 785 493 3361.5 3840.75 6.11 

PA1710 exsC 732 589.75 1685.75 1993.5 2.89 

PA1711 exsE 127.75 83.75 444.25 376.5 3.89 

PA1712 exsB 152.25 108.25 535.25 541 4.07 

PA1713 exsA 159.75 173.75 412.25 489.75 2.68 

PA1714 exsD 627.5 425.25 1996.75 2175.5 4.09 

PA1715 pscB 46.25 26.75 264.25 197.25 6.30 

PA1716 pscC 194.25 142.75 606 603.5 3.60 

PA1717 pscD 65.5 40 178.25 224.25 3.76 

PA1718 pscE 43.25 34.25 157.5 229.75 5.01 

PA1719 pscF 42.25 40 252.25 286.5 6.50 

PA1720 pscG 16.75 15.5 77.25 88.25 5.07 

PA1721 pscH 26.5 18.25 75 97.75 3.89 

PA1722 pscI 18.75 19 96.75 108.75 5.37 

PA1723 pscJ 22 29.25 101.5 104.5 3.88 
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PA1724 pscK 6.75 5.5 11.75 20.25 2.66 

PA1725 pscL 30.5 19 73.75 66 2.79 

PA1789 
 

1307 1256 3556.5 3489.5 2.99 

PA2111 
 

20.5 29 79 52.75 2.53 

PA2119 
 

616.5 612.75 1367.5 1277.5 2.20 

PA2136 
 

10.75 13 25 25.5 2.07 

PA2169 
 

68 40.5 116.25 108 2.03 

PA2170 
 

6.75 2.75 19 16.5 3.99 

PA2171 
 

187.75 194.25 732 656.25 3.64 

PA2172 
 

159 158.75 356.25 406.75 2.40 

PA2173 
 

54.5 56.75 146.25 110 2.25 

PA2173a 
 

16.5 27.25 52.5 39.75 2.02 

PA2191 exoY 187.25 112.75 511.75 505.25 3.35 

PA2378 
 

778.25 601 1602 1656 2.46 

PA2379 
 

186.5 165.5 464.5 395.75 2.44 

PA2422 
 

11.75 9.5 27.25 21.75 2.25 

PA2445 gcvP2 108 127.25 497.75 520.25 4.27 

PA2446 gcvH2 12.25 19.25 50.75 71.25 3.60 

PA2490 
 

9.75 13 26 25 2.15 

PA2501 
 

102.75 117.25 224.75 247.75 2.07 

PA2505 opdT 13.75 15 47.75 44.5 3.06 

PA2506 
 

5.75 6.75 97.75 99.5 15.28 

PA2507 catA 21.25 16 4495 4341 247.89 

PA2508 catC 6.75 5.75 1382.25 1523.75 231.89 

PA2509 catB 9.5 10 1274.5 1198 122.95 

PA2510 catR 35.75 23.25 180 155.5 5.50 

PA2511 antR 141.5 105.25 1544 1564.25 12.79 

PA2512 antA 791.5 643.5 45223.5 45223.5 58.99 

PA2513 antB 163.25 127.25 7830.5 7231.75 56.85 
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PA2514 antC 216.5 182.25 8777 9429.25 50.74 

PA2515 xylL 90.75 65.75 4741 4448.5 61.94 

PA2516 xylZ 34.5 20.75 1149.75 1172.5 43.60 

PA2517 xylY 6.75 8.75 237 221 28.67 

PA2518 xylX 33.5 30 385.5 396.25 12.41 

PA2519 xylS 53 40.75 595.75 532.5 12.06 

PA2682 
 

107 97.75 1819 1816.5 17.80 

PA2683 
 

60.25 62.5 423.25 439.75 6.95 

PA2729 
 

26.5 17.5 54.5 43.75 2.27 

PA2753 
 

98.75 88 601 610.75 6.41 

PA2759 
 

121.25 90 455.75 412.25 4.13 

PA2762 
 

89.25 70.5 208 183.25 2.39 

PA2867 
 

1019.5 848 2026.75 1692.5 2.07 

PA3032 snr1 442.75 460.5 1256 1372.25 2.96 

PA3126 ibpA 2130.2
5 

2199.25 4102.75 3772 2.02 

PA3233 
 

78.75 78 246.75 251 3.04 

PA3234 
 

282.75 298.5 666 665 2.31 

PA3236 betX 118.25 141.25 296 324.25 2.39 

PA3278 
 

89.25 90 180.75 239.75 2.27 

PA3305.
1 

phrS 9211 11931.7
5 

20170 25927.7
5 

2.61 

PA3309 
 

6110.2
5 

5605.75 14938.7
5 

14675.5 2.90 

PA3337 rfaD 350.25 436 1078.75 1477.25 3.34 

PA3432 
 

3.5 6.75 22.75 16.5 3.59 

PA3531 bfrB 188.75 144 2225.25 2390.25 14.35 

PA3572 
 

709.75 810.5 1967.25 2091.25 2.77 

PA3613 
 

1427.5 1250.25 2829.75 2927.25 2.32 

PA3840 
 

109.25 91 337.5 368.5 3.55 
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PA3841 exoS 1713.2
5 

1147.75 6533 7515.75 5.62 

PA3842 spcS 165.5 93.25 550.5 508.5 4.03 

PA3877 narK1 27.5 39.5 105.25 140.25 3.54 

PA3928 
 

279.5 348.75 684.75 905.5 2.57 

PA3929 cioB 551.75 574 1393.25 1595 2.70 

PA3930 cioA 1260.5 1343.25 2876.5 3117.5 2.44 

PA4067 oprG 12208.
5 

12504.2
5 

25927.7
5 

23364.7
5 

2.49 

PA4236 katA 7231.7
5 

6110.25 12504.2
5 

13408.2
5 

2.28 

PA4289 
 

103.5 96.5 223.25 210.25 2.12 

PA4290 
 

185 222.5 601.25 612 2.89 

PA4328 
 

459.5 411.75 914.75 846.25 2.08 

PA4366 sodB 7719 6533 14675.5 13002.7
5 

2.30 

PA4542 clpB 4656.2
5 

4852 9779.5 9211 2.26 

PA4571 
 

312.5 291.25 841.25 827 2.84 

PA4587 ccpR 733.5 648.25 3454 3572.5 5.54 

PA4610 
 

84.25 73 225.75 205 2.66 

PA4761 dnaK 8874.2
5 

9121 15904.2
5 

16423.5 2.07 

PA4809 fdhE 59 50.75 121.25 133.25 2.28 

PA4810 fdnI 80.5 72.5 297.25 302.5 3.86 

PA4811 fdnH 420.5 351 1403.75 1260.5 3.56 

PA4812 fdnG 1855 1648.75 5029 5029 3.17 

PA4880 
 

338.25 295.25 1654.5 1369.25 4.90 

PA4898 opdK 11.25 8.25 20 25.5 2.25 

PA4899 
 

64.25 68.75 457.75 546.75 7.43 

PA4900 
 

11 19 92.5 93 5.89 

PA4921 choE 127.25 92.5 237 220.25 2.03 
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PA5027 
 

1577.5 1340.25 3140.5 2876.5 2.25 

PA5054 hslU 826.25 892.25 1933.75 1920.25 2.35 

PA5071 
 

22 20.75 214.25 225.75 10.19 

PA5083 dguB 9.25 9.75 24 19.25 2.26 

PA5170 arcD 2199.2
5 

2151 6770.25 7830.5 3.67 

PA5180 
 

120 136 584.75 513.75 4.22 

PA5181 
 

1017.2
5 

1046.5 6192.25 6110.25 6.51 

PA5181.
1 

 
20.75 27.5 64.5 71 2.69 

PA5232 
 

609.25 535.25 1262.75 1282 2.27 

PA5381 
 

30.5 25.5 80.5 61.5 2.46 

PA5391 
 

1.25 2 16 10 8.06 

PA5396 
 

180 195.25 541 503.75 2.70 

PA5397 
 

28.25 31.25 72.75 76.75 2.44 

PA5398 dgcA 204.5 225.5 532.5 515.75 2.36 

PA5399 dgcB 78 64.5 157.25 165.25 2.19 

PA5400 
 

30.5 30 67 63 2.07 

PA5401 
 

17.5 14 29.75 39 2.18 

PA5410 gbcA 168.75 171.25 428.25 399.75 2.42 

PA5415 glyA1 112.25 87.75 274.5 249 2.56 

PA5416 soxB 92.25 83.5 222 208 2.40 

PA5417 soxD 15.5 12.25 30.75 36 2.42 

PA5418 soxA 235.75 219 525.5 516 2.24 

PA5419 soxG 34.5 18.25 64.75 60.5 2.36 

PA5421 fdhA 333.75 301.5 615 665 2.05 

PA5460 
 

55.75 60.25 147.25 131.75 2.34 

PA5475 
 

1651.5 1595 3867.25 3473 2.47 

Table 7.1. Up-regulated genes in PAO1-DK DtatA mutant. 
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ORF 
Gene 
name 

Normalised Expression Values 
Fold 

change WT 1 WT 2 Tat 1 Tat 2 

PA0149 
 

36.5 57.75 10.75 11.75 -4.16 

PA0209 mdcB 194.5 224.75 68.75 63.75 -3.32 

PA0210 mdcC 53.25 67.25 12 24.75 -3.29 

PA0211 mdcD 368.25 488.75 142.5 159 -2.89 

PA0212 mdcE 427.75 403 133.25 121.25 -3.25 

PA0213 
 

137.75 124 50.75 47.25 -2.70 

PA0214 
 

270 317 106.5 130.25 -2.51 

PA0215 madL 157 138 62.5 49.5 -2.67 

PA0216 madM 127.75 139.25 52 43.25 -2.84 

PA0280 cysA 143.25 180 59.25 53.5 -2.96 

PA0281 cysW 86.5 127.25 51.75 49.5 -2.15 

PA0282 cysT 46.75 55.5 18.75 26.25 -2.28 

PA0283 sbp 126.25 178 53.5 68 -2.59 

PA0284 
 

23.5 34.5 10.75 9.5 -2.83 

PA0435 
 

22.5 25 10.75 10.5 -2.23 

PA0470 fiuA 376 442.5 124.25 112.25 -3.46 

PA0471 fiuR 513 555.5 42 34.25 -14.14 

PA0472 fiuI 422.25 498 20.75 23.75 -20.55 

PA0517 nirC 19 17 6.75 5 -2.89 

PA0519 nirS 629.75 568.75 181.5 192.25 -3.22 

PA0523 norC 630.75 620.75 4.25 3.5 -145.07 

PA0524 norB 257.25 332.5 17.5 18.25 -16.19 

PA0525 norD 62.25 46.75 19 22.75 -2.62 

PA0526 
 

29.75 18 4.5 3.5 -5.58 

PA0672 hemO 676 934.25 16.25 17.25 -46.14 

PA0707 toxR 43.25 27.5 13.75 19.25 -2.17 

PA0800 
 

27 36.5 6.75 9.5 -3.82 
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PA0801 
 

219.5 200.25 107 94.25 -2.13 

PA0802 
 

29.75 31.75 8 10.75 -3.31 

PA0929 pirR 238.25 255 37.5 46.75 -5.96 

PA0930 pirS 153.5 172.75 57.75 73.5 -2.54 

PA1035 
 

303.75 280.75 136 119.25 -2.31 

PA1134 
 

20 24.25 9 10.75 -2.32 

PA1178 oprH 25927.7
5 

25927.7
5 

10193.7
5 

8874.2
5 

-2.18 

PA1245 aprX 3197.25 3886.5 1330 1183 -2.61 

PA1299 ygcN 50.25 74.25 12.25 9.5 -5.78 

PA1300 
 

178 270.5 4.5 3.5 -53.53 

PA1301 
 

312.5 468.75 11 9.5 -37.41 

PA1363 
 

55.5 72.75 32.25 32.5 -2.03 

PA1364 
 

40.5 31.75 15.5 17.5 -2.17 

PA1365 
 

235.25 261.75 102.75 112.75 -2.39 

PA1837 
 

178 232.75 82.25 89 -2.50 

PA1838 cysI 511 659.5 263.5 287.75 -2.13 

PA1909 
 

27 22.75 18 5.75 -2.17 

PA1911 femR 194.5 193 23.25 12.75 -11.01 

PA1912 femI 190.25 238.25 4 14.75 -22.01 

PA1913 
 

110.25 126.25 55.75 52.5 -2.23 

PA2033 
 

923 1278.75 53.25 68.75 -17.90 

PA2034 
 

221.75 262 36.5 22.75 -8.40 

PA2204 
 

129 160.5 49.5 54.5 -2.87 

PA2274 
 

662 564 126 91.75 -5.71 

PA2327 
 

321.5 311 136.75 141.25 -2.27 

PA2328 
 

476 591 196.25 200.75 -2.72 

PA2329 
 

452.75 540 181.5 200 -2.64 

PA2330 
 

939.25 1017.25 312.5 332 -2.97 

PA2331 
 

1418.5 1654.5 459.25 517.5 -3.07 
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PA2384 
 

244.5 203.25 8.25 11 -23.81 

PA2385 pvdQ 414 364.5 33.75 34.75 -11.31 

PA2386 pvdA 1638.75 1200.75 66 49.25 -24.44 

PA2387 fpvI 125 124.75 57.75 52.5 -2.30 

PA2389 pvdR 132 94.25 29.75 25.25 -4.27 

PA2390 pvdT 189.75 122.25 40.5 57.5 -3.23 

PA2391 opmQ 101.25 80 26.5 21.5 -3.80 

PA2392 pvdP 388.25 290.25 43.75 30 -9.29 

PA2393 pvdM 242.5 218 33.25 30.75 -7.30 

PA2394 pvdN 311 317.75 25 22.25 -13.53 

PA2395 pvdO 173.25 143.75 12.75 14.5 -12.11 

PA2396 pvdF 370 366 87 93.75 -4.07 

PA2397 pvdE 266 284.25 87 110.25 -2.84 

PA2398 fpvA 1041.5 1102.5 236.5 246.75 -4.46 

PA2399 pvdD 3008.25 2611 422.25 422.5 -6.34 

PA2400 pvdJ 1809 1672.75 241.5 252.25 -6.94 

PA2402 
 

4921 4185 376 414.5 -10.68 

PA2403 fpvG 411 326.5 81.5 70.5 -4.92 

PA2404 fpvH 186.5 140.75 14.75 13.75 -11.58 

PA2405 fpvJ 100.75 79.5 11.25 11.25 -8.20 

PA2406 fpvK 60.25 44 14.75 11.75 -3.99 

PA2407 fpvC 85.25 94.25 20.25 21.75 -4.39 

PA2408 fpvD 55.75 50.75 6.75 1 -14.21 

PA2409 fpvE 64 70.25 13.75 13 -5.24 

PA2410 fpvF 156.25 155 32.5 47.75 -3.91 

PA2411 
 

468.5 366.5 21.5 21.75 -19.19 

PA2412 
 

254 195.25 5.75 9.75 -28.57 

PA2413 pvdH 443.75 339 58.75 53.25 -7.06 

PA2424 pvdL 4142.5 3104.5 162 161.25 -21.16 
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PA2425 pvdG 97 86.5 5.25 8.25 -14.49 

PA2426 pvdS 997.5 1078.75 40.5 22.5 -33.55 

PA2427 
 

150 147.75 2.5 8.5 -25.65 

PA2466 foxA 208.5 233 111 81.25 -2.40 

PA2467 foxR 236 296 36.5 43.25 -6.68 

PA2468 foxI 691.25 1008.5 69.75 83.25 -11.24 

PA2531 
 

49.5 34.75 15.5 20.75 -2.28 

PA2686 pfeR 378.25 475.25 33.75 66.75 -8.62 

PA2687 pfeS 128.25 146.25 43.5 53.25 -2.89 

PA2881 
 

25.5 22 6.75 12 -2.50 

PA3094 
 

280.75 245.5 141.25 127.75 -2.00 

PA3391 nosR 141.25 108.25 24.5 30.5 -4.57 

PA3407 hasAp 216.75 276 98.5 87 -2.74 

PA3409 hasS 39.75 42.25 7 13.25 -4.15 

PA3410 hasI 13.75 26.5 9.5 4.75 -3.05 

PA3411 
 

3.5 11.25 1.5 0 -12.00 

PA3525 argG 722 705.5 284.75 295.25 -2.42 

PA3530 bfd 942.75 912.75 66.75 55.75 -15.14 

PA3553 arnC 76.25 67.25 25.25 44.25 -2.08 

PA3558 arnF 17 16.75 3 5 -3.63 

PA3718 
 

133 141.5 65.5 59.5 -2.28 

PA3719 armR 42.75 40.25 7.75 10.5 -4.43 

PA3720 
 

163 181.75 51 44 -3.72 

PA3721 nalC 333 326.25 164.5 152 -2.09 

PA3768 
 

529.25 551.75 178 172.75 -3.14 

PA3814 iscS 3754.75 4039.5 1794.25 1660.2
5 

-2.05 

PA3815 iscR 872.75 896.25 253 241.25 -3.56 

PA3899 fecI 117.25 196.75 7.25 11.25 -17.83 

PA3900 fecR 59.25 60 11.75 6.75 -6.77 
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PA4141 
 

13002.7
5 

14938.7
5 

5271.25 5938.5 -2.15 

PA4158 fepC 37 48.5 13 18.25 -2.72 

PA4159 fepB 37 55.5 4.25 12.75 -5.34 

PA4205 mexG 2611 2744.5 671.5 672.25 -3.73 

PA4206 mexH 3454 2813.75 1005 823.25 -3.14 

PA4207 mexI 3180.25 2735.25 886.5 805.5 -3.21 

PA4208 opmD 1301.25 1130.5 391.75 385.25 -3.02 

PA4218 ampP 1340.25 1634.5 205.75 187.75 -7.54 

PA4219 ampO 842.5 1058.5 115 111.75 -8.33 

PA4220 fptB 437.75 599.25 68.25 61.5 -8.23 

PA4221 fptA 10334.2
5 

13002.7
5 

871.75 867.5 -11.86 

PA4222 pchI 1825.5 1865.25 210.75 176.75 -9.45 

PA4223 pchH 2296.75 2780.25 260 248.5 -9.62 

PA4224 pchG 2427.25 3039.25 226.5 229 -11.49 

PA4225 pchF 18575.2
5 

23364.7
5 

1611.5 1485.5 -11.95 

PA4226 pchE 14020.2
5 

16865 895 889 -15.94 

PA4227 pchR 463.5 479.5 75 77 -6.39 

PA4228 pchD 6953 8300 518.25 447 -14.81 

PA4229 pchC 1493 1811 145.5 148.25 -11.28 

PA4230 pchB 1660.25 2105.5 194.5 158.75 -10.63 

PA4231 pchA 9078.75 10334.2
5 

944 939.25 -9.26 

PA4356 xenB 328 367.25 156 189.5 -2.00 

PA4357 yhgG 118.75 116.25 61.5 49 -2.17 

PA4370 icmP 3249.25 3690.5 925.5 1011.5 -3.29 

PA4371 
 

181.5 205.5 75.75 65.5 -2.86 

PA4443 cysD 496.25 532 225.75 250 -2.21 
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PA4467 
 

459.5 542.25 41.5 39.75 -12.55 

PA4468 sodM 980.5 1208 43.75 54.25 -22.12 

PA4469 
 

373.5 447 11.75 12.25 -35.32 

PA4470 fumC1 2151 2566 107.5 101.5 -22.00 

PA4471 fagA 367.25 656.5 17.25 21.25 -27.09 

PA4513 piuB 129.25 141.5 63 74.25 -2.04 

PA4514 piuA 599.25 711 233.5 214.25 -2.97 

PA4515 piuC 207.5 239 58.5 45.25 -4.49 

PA4516 
 

157.5 188 40.5 55.5 -3.70 

PA4570 
 

1005 1512.5 48.5 27 -33.66 

PA4675 chtA 255 232.75 99.25 97.75 -2.55 

PA4704.
1 

prrF1 103.5 65.25 18.5 17 -4.87 

PA4704.
3 

prrF2 104.25 29.25 6 2.25 -17.67 

PA4707 
 

98 110.25 43.25 57 -2.11 

PA4708 phuT 658 763.25 116.5 90 -6.95 

PA4709 phuU 490 552 29.75 29 -18.21 

PA4710 phuR 636.25 918.5 122.75 100.5 -7.00 

PA4895 
 

47.25 57 3.75 4.75 -12.34 

PA4896 
 

105.25 160.75 12.75 7 -14.23 

PA5068 tatA 445 464.25 0.5 0.5 -3640.53 

PA5069 tatB 133.25 192.5 0.5 0.5 -1332.74 

PA5070 tatC 88.25 105.75 0.5 0.75 -790.93 

PA5217 
 

849 854.75 238.25 212.25 -3.77 

PA5507 
 

34.5 33.25 11.75 14.5 -2.68 

PA5530 
 

56.75 70.75 27.5 30 -2.30 

PA5531 tonB1 674.75 701.5 128.75 110.25 -5.76 

Table 7.2. Down-regulated genes in PAO1-DK DtatA mutant.
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Figure 7.1. Example of cell harvest for RNAseq. Typical growth curve 
and sampling point of P. aeruginosa isolates. Grown in 24 well plate with 
LB miller media until early stationary phase (black arrow indicates typical 
sampling point). Then cultures were harvested for RNA extraction. 
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Figure 7.2. Bioluminescent transcriptional reporter in P. aeruginosa 
carrying an antA’::lux promoter fusion. a) schematic representation of 
miniCTX::antA’-lux on the bacterial chromosome, b) transcription from the 
promoter of interest creates bacterial luciferase (LuxAB) and fatty acid reductase 
(LuxCDE) and cells emit light c) bioluminescent clones growing on an LB + Tc 
125 µg/mL plate, 37°C, 16 h. 
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Figure 7.3. Construction of transcriptional reporters to measure 
anthranilate degradation pathway expression. DNA fragments separated 
on a 1% agarose gel by electrophoresis following a) PCR amplification of the 
antA, antR, catB and catR promoter regions, b) digestion of the promoter 
regions and miniCTX::lux vectors with BamHI and HinDIII, c) digestion of  
tetracycline-resistant vector miniCTX::antA’-lux, miniCTX::antR’-lux, 
miniCTX::catB’-lux, miniCTX::catR’-lux and d) gentamycin resistant 
miniCTX::antA’-lux, miniCTX::antR-lux, miniCTX::catB’-lux, miniCTX::catR’-
lux. The red asterix indicates clones carrying the bioreporters selected for 
conjugation into P. aeruginosa.  



 270 

 

Table 7.3. Quality assessment of genome assemblies. QUAST by centre for 
algorithmic biotechnology (CAB) was used to assess the quality of genome 
assemblies created by MicrobesNG. Full coverage was achieved of every genome 
and there were zero mismatches. 

 

 

In silico analysis of PetA 

There is currently no crystal structure for the Pseudomonas aeruginosa PetA 

protein. A search of the protein data bank (PDB: https://www.rcsb.org) revealed no 

structures for Pseudomonas aeruginosa cytochrome bc1 complex or its constituent 

subunits. In bovine and chicken cytochrome bc1, the position of the iron-sulphur 

cluster region is not fixed (Xia et al., 2013). The extrinsic domain of the rieske 

subunit has been captured in refined crystal structures in distinctly different loci, 

perhaps its flexibility allows it to bridge the gap to cytochrome c. Domain mobility 

is necessary for electron-shuttling as mutation of residues attempting to immobilise 

the domain inactivated it (Xia et al., 2013). Due to the strong sequence similarity 

between prokaryotic and mitochondrial cytochrome bc1 complexes, it is likely this 

is the case for the Rieske subunit of P. aeruginosa. Computer-based structure 

predictions are fast becoming accurate and reliable. As such, in silico analysis of 

PetA from P. aeruginosa PA14 was carried out to better understand its structure 

and function (Yang and Zhang, 2016).  



 271 

 

To better understand the Rieske subunit, a predicted 3D model was created 

with the amino acid sequence of PA14_57570 and functional estimations based on 

its structure and the position of specific amino acid residues were made.  

The model was generated using the Iterative Threading Assembly 

Refinement (I-TASSER) program. I-TASSER predicts protein structure by starting 

with a suitable structural template found from the protein data bank (PDB) and 

repeating fragment assembly simulations until a full length atomic model is 

generated (Roy et al., 2010; Yang et al., 2014; Yang and Zhang, 2015). Biological 

functions are then predicted by threading the predicted 3D model through the 

database BioLIP. Of the experimentally determined X-ray crystal structures stored 

in the PDB, the best template alignments were sections of the Rhodobacter 

capsulatus cytochrome bc1 complex, bovine cytochrome bc1, and the cytochrome 

bc1 complex of the soil bacterium Paracoccus denitrificans.  

The most likely predicted model can be seen in Figure 7.4a. PA14_57570 

is a relatively small protein with the molecular weight calculated as 20.83 kDa 

(www.bioinformatics.org). Only the Tat signal peptide (pink) is predicted to be as 

membrane associated; the conserved twin arginine motif (based on S/TRRxFLK) is 

shown in red (Gimenez et al., 2018). C-score rates the confidence of the model 

between -5 and 2 and is used to assess quality. The predicted model for 

PA14_57570 has a C-score of -1.32. The Tm score is a standard for measuring the 

structural similarity between two structures and is 0.55±0.15 where 0 is no 

structural similarity and 1 is a perfect match. The predicted functional ligand 

binding domain is highlighted in Figure 7.4b and a list of predicted residues can 

be seen in Figure 7.4c and it suggests that the Rieske cluster is located on the 

interface of PetA, rather than buried within the structure.  
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Following generation of a putative 3D structure, this study sought to 

identify the level of conservation within the PA14_57570 protein, as well as specific 

residues that are conserved between orthologs. Evolutionary conservation of 

specific residues indicates an important structural or functional role within the 

protein. This analysis aimed to highlight potential ligand binding domains and 

residues important for proper electron transfer. Conserved regions may also include 

those areas needed for coordination with other subunits in the cytochrome bc1 

complex.  

Figure 7.4. Predicted model and ligand-binding domain of 
PA14_57570. A 3D model was generated using ITASSER and visualised in 
PyMol as a ribbon (a) showing the location of the Tat signal peptide (pink) and 
published conserved residues of the signal peptide in greater detail (red, 
labelled). The predicted ligand is a 2Fe2S cluster and visualisation of predicted 
ligand-binding domain (b) shows two Cys and two His residues in more detail 
(orange) as literature states such residues coordinate the ligand. Residues 
predicted to be involved in ligand binding (c) by COACH and COFACTOR are 
listed in (c). 
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Conserved residues were identified by carrying out a multiple sequence 

alignments and each position given a conservation score. The results were 

visualised using PyMOL. The process can be seen in Figure 7.5. Briefly, a search 

of the database www.pseudomonas.com gave 534 sequences for orthologs of 

PA14_57570. These were saved as a .fasta file and edited manually to remove 

duplicate entries. The remaining number of orthologs was 512. The multiple 

sequences were then assessed with CLUSTALW for their alignment to the 

PA14_57570 sequence and to detect homology within the sequence family 

(Thompson et al., 1994; Larkin et al., 2007). 

OUWhRORg VeTXeQceV
cROOecWed: 534

[ZZZ.SVeXdRPRQaV.cRP]

MXOWLSOe VeTXeQce
aOLgQPeQW

[CLUSTALW]

DXSOLcaWe VeTXeQceV
UePRYed: 22

3D MRdeO SUedLcWed
[I-TASSER]

SeTXeQce cRQVeUYaWLRQ
caOcXOaWed aQd PaSSed WR

SURWeLQ
[PURWSNLQ]

VLVXaOLVaWLRQ Rf SURWeLQ
VeTXeQce cRQVeUYaWLRQ 

[P\MOL]

SeTXeQce cRQVeUYaWLRQ
caOcXOaWed aQd PaSSed WR

SURWeLQ 
[CRQSXUf]

Figure 7.5. Flow chart showing process of mapping sequence 
conservation to 3D structure of PetA. In silico analysis began by collecting 
ortholog peptide sequences of PetA from PA14. Duplicate sequences were 
removed and multiple sequence alignment was carried out with CLUSTALW. A 
3D model was generated with I-TASSER and sequence conservation was 
determined with both ProtSkin and ConSurf. In both cases the conservation 
was maped to the 3D structure and visualised with PyMOL.  
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The evolutionary conservation of the sequence was estimated with Consurf 

using the multiple sequence alignment and PA14_57570 amino acid sequence 

(Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016). As seen in 

The evolutionary conservation of the sequence was estimated with Consurf using 

the multiple sequence alignment and PA14_57570 amino acid sequence 

(Ashkenazy et al., 2010; Celniker et al., 2013; Ashkenazy et al., 2016). As seen in 

Figure 7.6, the query sequence is coloured according to the generated 

conservation scores. 

 

 

 

 

 

 

 

 

 

 

 

 

Consurf predicted different functional residues to I-TASSER with the 

exception of residue His155, Ser157 and Pro170. In fact, the I-TASSER-predicted 

Figure 7.6. Conservation of residues within the PetA sequence as 
determined by Consurf. Phylogeny of the sequence family was determined with 
ConSurf and each residue of the query sequence was given a score to represent 
conservation within the P. aeruginosa homologs. Exposed/buried residues were 
also predicted, as were functional and structural residues. 
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ligand-binding residues are considered structural by the Consurf neural-network 

algorithm due to their location within the 3D structure.  

Visualisation of conserved residues was achieved using PyMOL to map onto 

the 3D structure generated by I-TASSER. Figure 7.7 shows the highest level of 

conservation is grouped at the predicted ligand-binding domain, and the remaining 

peptide has considerable variance across the orthologue group. The Tat signal 

peptide is also conserved.  

 

 

Figure 7.7. 3D model of PetA (PA14_57570) visualised with PyMol. 
Conservation of each residue within the Pseudomonas ortholog group is 
visualised as a dark pink to blue colour scale: highly conserved (dark pink), 
average (white) and phylogenetically variable (blue). 
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Supporting Information 

 

Table S1. Strains and plasmids used in this study. 

 

Strains/Plasmids Relevant Characteristics Source/Reference 

E. coli   

S17-1λpir  Conjugative strain for suicide plasmids [1] 

P. aeruginosa 
  

PAO1 Wild-type P. aeruginosa strain Copenhagen collection 
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PAO1 CTX::pqsA'-lux PAO1 with a chromosomal miniCTX::pqsA'-
luxCDABE fusion 

[2] 

PAO1 CTX::rhlA'-lux PAO1 with a chromosomal miniCTX::rhlA'-
luxCDABE fusion 

This study 

PAO1 CTX::phzA1'-lux PAO1 with a chromosomal miniCTX::phzA1'-
luxCDABE fusion integrated into the 
chromosomal CTX attachment site 

[3] 

PAO1 CTX::phzA2'-lux PAO1 with a chromosomal miniCTX::phzA2'-
luxCDABE fusion 

[3] 

PAO1 CTX::pqsR'-lux PAO1 with a chromosomal miniCTX::pqsR'-
luxCDABE fusion 

This study 

PAO1 CTX::tac-lux PAO1 with a chromosomal miniCTX::tac'-
luxCDABE fusion 

This study 

PAO1 ΔpqsA pqsA in-frame deletion mutant; AQ-negative [2] 

PAO1 ΔpqsA 
CTX::pqsA'-lux  

PAO1 ΔpqsA with a chromosomal 
miniCTX::pqsA'-luxCDABE fusion 

[2] 

PAO1 ΔpqsA 
CTX::rhlA'-lux 

PAO1 ΔpqsA with a chromosomal 
miniCTX::rhlA'-luxCDABE fusion 

This study 

PAO1 tatA tatA Himar 1 mariner transposon insertion 
mutant 

This study 

PAO1 ΔtatABC tatABC in-frame deletion mutant This study 

PAO1 ΔpetA petA in-frame deletion mutant This study 

PAO1 tatA ΔpqsA PAO1 tatA with a pqsA in-frame deletion This study 

PAO1 tatA CTX::pqsA'-
lux 

PAO1 tatA with a chromosomal miniCTX::pqsA'-
luxCDABE fusion 

This study 

PAO1 tatA CTX::rhlA'-
lux 

PAO1 tatA with a chromosomal miniCTX::rhlA'-
luxCDABE fusion 

This study 

PAO1 tatA 
CTX::phzA1'-lux 

PAO1 tatA with a chromosomal 
miniCTX::phzA1'-luxCDABE fusion 

This study 

PAO1 tatA 
CTX::phzA2'-lux 

PAO1 tatA with a chromosomal 
miniCTX::phzA2'-luxCDABE fusion 

This study 

PAO1 tatA ΔpqsA 
CTX::pqsA'-lux 

PAO1 tatA ΔpqsA with a chromosomal 
miniCTX::pqsA'-luxCDABE fusion 

This study 

PA14 Wild-type P. aeruginosa strain This study 

PA14 ΔpetA petA in-frame deletion mutant This study 

PA14 
ΔpetA::(CTX1::petA) 

petA with a chromosomal miniCTX1::petA 
insertion, TcR 

This study 

PA14 ΔcytB cytB  in-frame deletion mutant This study 

PA14 ΔcytC1 cytC1 in-frame deletion mutant This study 

   

Plasmids   

pBBR1MCS-5 Broad host range vector, GmR [4] 

pBBR1MCS-
5::pqsABCD 

pBBR1MCS-5 carrying the pqsABCD operon [5] 
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pBT20 Himar I mariner mini-transposon delivery 
vector 

[6] 

pKNG101 Suicide vector, SmR, oriR6K, oriTRK2, mobRK2, 
sacBR+ 

[7] 

pKNGΔcytB Suicide plasmid for cytB deletion, SmR This study 

pKNGΔcytC1 Suicide plasmid for cytC1 deletion, SmR This study 

pKNGΔpetA Suicide plasmid for petA deletion, Sm This study 

pME3087 ColE1 suicide vector for allelic replacements, 
TcR 

[8] 

pME3087::tatABC Suicide plasmid for tatABC deletion, TcR This study 

pME6032::pqsR6H pME6032 carrying a functional, hexahistidine C-
terminally tagged pqsR gene 

[9] 

pmini-CTX1 mini-CTX delivery vector for integration of 
constructs at the attB site of P. aeruginosa 
chromosome; TcR 

[10] 

Pmini-CTX1-petA petA under the control of its own promoter in 
mini-CTX1 

This study 

pminiCTX-lux Promoter probe vector containing luxCDABE, 
TcR 

[11] 

pminiCTX::phzA1’-lux phzA1 promoter region fused to luxCDABE in 
pminiCTX-lux 

[3] 

pminiCTX::phzA2’-lux phzA2 promoter region fused to luxCDABE in 
pminiCTX-lux 

[3] 

pminiCTX::pqsA'-lux pqsA promoter region fused to luxCDABE in 
pminiCTX-lux 

[2] 

pminiCTX::pqsR’-lux pqsR promoter region fused to luxCDABE in 
pminiCTX-lux 

This study 

pminiCTX::rhlA'-lux rhlA promoter region fused to luxCDABE in 
pminiCTX-lux 

This study 

pminiCTX::tac-lux tac promoter fused to luxCDABE in pminiCTX-
lux 

This study 

pRK2013 Conjugative helper plasmid, ColE1 origin, Tra+, 
mob+, KmR 

[12] 

pTatA pUCP22 carrying tatA; ApR This study 

pUCP22 E.coli -Pseudomonas shuttle vector [13] 

pUCPpqsE pUCP18 containing pqsE; ApR [14] 

 

References for Table S1 

1. Simon R, Priefer U, Puhler A. A broad host range mobilization system for in vivo genetic 
engineering: transposon mutagenesis in Gram-negative bacteria. Nature Biotechnology. 
1983; 1:784-91. 

2. Diggle SP, Matthijs S, Wright VJ, Fletcher MP, Chhabra SR, Lamont IL, Kong X, Hider 
RC, Cornelis P, Cámara M, Williams P. The Pseudomonas aeruginosa 4-quinolone signal 
molecules HHQ and PQS play multifunctional roles in quorum sensing and iron 
entrapment. Chem Biol. 2007; 14:87-96. 
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Table S2. Oligonucleotide primers used in this study 

 

Name Sequence (5’-3’, restriction sites underlined) 

TnM1 GTGAGCGGATAACAATTTCACACAG 
TnM2 ACAGGAAACAGGACTCTAGAGG 
TnMseq CACCCAGCTTTCTTGTACAC 
FtatA GGAATTCCCCTGAACCTACACATTGCCA 
RtatA GGGGTACCCCATTCCGAACATCGATGGCTA 
Tat3D-UF TATGAATTCAATCTATTGGTCGCGTTC 
Tat3D-UR TATGGATCCAAAAATGCCCATGTCGTA 
Tat3D-DF TATGGATCCACCCGCCAGTGAACCTGC 
Tat3D-DR TATTCTAGACGCGCAGCTTGTCGACCT 
S.PA4431UF CAGGTCGACGGATCCCCGGGGGTACTGGCAAGATTTCCAT 
S.PA4431DR TATGCATCCGCGGGCCCGGGGGAGATCAGGAAGTCACCGC 
S.PA4431DF  GACTGAATGTGATCGGCGTGGACCAGGAG 
S.PA4431UR CGCCGATCACATTCAGTCGTCTCCCATCA 
S-4431CTXFor TCCCCCGGGCTGCAGGAATTCTTCGACGCTTGCTGAAAA 
S-4431CTXRev GATAAGCTTGATATCGAATTCTCAGGCTTTCTCCTGGTC 
S.PA4430UF CAGGTCGACGGATCCCCGGGCCGTTCGTAGGGTCATGGTT 
S.PA4430DR  TATGCATCCGCGGGCCCGGGACCACCTGTACCTGCTTGCA 
S.PA4430DF  GAGAAAGCCTGATGAAAAAGCAATTCGCT 
S.PA4430UR  TTGCTTTTTCATCAGGCTTTCTCCTGGTC 
S.PA4429UF CAGGTCGACGGATCCCCGGGATCGCGTTCCATCCGTACTA 
S.PA4429DR TATGCATCCGCGGGCCCGGGTCGCTGAGGAAATATGCCTT 
S.PA4429DF TGGCTGATGTAACCCGCACGTTGGTCTTC 
S.PA4429UR  TGCGGGTTACATCAGCCAGTCACCCTTTC 
rhlA CTX UF TATAAGCTTTGCCAAAAGCCTGAC 
rhlA CTX DR TATGGATCCTTGCAAACCGATACC 
pqsR CTX UF TCCAGCGAATTCGATACGCAACCGCCG 
pqsR CTX DR GATGACCTGCAGGAACATGTTCACGTG 

tac CTX UF AAACTCCTCGAGCATCAAATGAAACTG 

tac CTX DR GAGCTCGAATTCTGTTTCCTGTGTGAA 
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Table S3. P. aeruginosa PA14 Tat substrate mutants used in this study 

 

Mutant 
Number PA Number/Name Function 

1 PA0144 Nucleoside 2-deoxyribosyltransferase 

2 PA0365 Hypothetical protein 

3 PA0735 Hypothetical protein 

4 PA0844 Hemolytic phospholipase C (PlcH) 

5 PA1174 Nitrate reductase catalytic subunit (NapA) 

6 PA1601 Aldehyde dehydrogenase 

7 PA1880 Oxidoreductase 

8 PA2065 Copper resistance protein (CopA) 

9 PA2124 Dehydrogenase 

10 PA2264 Hypothetical protein 

11 PA2328 Hypothetical protein 

12 PA2378 Aldehyde dehydrogenase 

13 PA2389 Hypothetical protein (PvdR) 

14 PA2392 Tyrosinase (PvdP) 

15 PA2394 Aminotransferase (PvdN) 

16 PA2531 Aminotransferase 

17 PA2635 Hypothetical protein 

18 PA2699 Hydrolase 

19 PA3222 Permease 

20 PA3319 Non-hemolytic phospholipase C (PlcN) 

21 PA3392 Nitrous-oxide reductase (NosZ) 

22 PA3713 Spermidine dehydrogenase (SpdH) 

23 PA3768 Metallo-oxidoreductase 

24 PA3910 Phosphodiesterase/alkaline phosphatase (EddA) 

25 PA4140 Cholesterol oxidase (ChoA) 

26 PA4159 Iron-enterobactin transporter periplasmic binding protein 
(FepB) 

27 PA4431 Cytochrome bc1 Rieske subunit (PetA) 

28 PA4621 Oxidoreductase 

29 PA4692 Sulphite oxidase subunit (YedY) 

30 PA4812 Formate dehydrogenase-O, major subunit (FdnG) 

31 PA4858 Hypothetical protein 

32 PA5327 Oxidoreductase (SphC) 
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33 PA5538 N-acetylmuramoyl-L-alanine amidase AmiC* 

34 PA14_48450 Peptidyl-arginine deiminase (Agu2A’)** 

Annotations are based on predictions from the website www.pseudomonas.com or are 
inferred from sequence homology. Functional predictions by Gimenez et al. (2018) Scientific 
Reports 11950. doi: 10.1038/s41598-018-30393-x. 

*Annotated as AmiA on Pseudomonas PA14 genome but sequence is closer to that of AmiC. 

**No conserved gene found in PAO1, so retains the PA14 annotation. 

Fig. S1 Biochemical basis of AQ biosynthesis. PqsA catalyses the formation of 
anthraniloyl-CoA that is condensed with malonyl-CoA by PqsD to form 2-
aminobenzoylacetyl-CoA (2-ABA-CoA). The latter is converted to 2-
aminobenzoylacetate (2-ABA) via the thioesterase functionality of PqsE. The PqsBC 
heterodimer condenses 2-ABA with octanoyl-CoA to generate HHQ.  PQS is formed 
through the oxidation of HHQ by PqsH.  For AQ N-oxides such as 2-heptyl-4-
hydroxyquinoline N-oxide (HQNO), 2-ABA is oxidized to 2-HABA by the alternative 
mono-oxygenase PqsL and then condensed with octanoyl-CoA by PqsBC to form 
HQNO.  PqsBC can accept acyl-CoAs of different acyl chain lengths to generate 
diverse AQs and AQ N-oxides.  
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Fig. S2 The Tat inhibitor Bayer 11-7082 has no effect on light output at 20 or 40 
µM from a constitutive P. aeruginosa CTX:ptac’-luxCDABE chromosomal reporter 
fusion. The co-solvent DMSO, had no effect at 0.8% on the lux reporter fusion 
either. Data are presented as maximal light output as a function of growth 
(RLU/OD600). Experiments were repeated in triplicate at least twice. 

 

Fig. S3 Deletion of the tatABC genes does not influence pqsR expression. The data 
show that there are no differences in the expression of a chromosomal CTX::pqsR’-
luxCDABE fusion in the P. aeruginosa wild type compared with the ΔtatABC mutant 
Data are presented as maximal light output as a function of growth (RLU/OD600). 
Experiments were repeated in triplicate at least twice. 
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Fig. S4.  HHQ and PQS do not accumulate intracellularly in a tatA ΔpqsA double 
mutant harboring the  plasmid-borne pqsABCD genes in the absence of 
autoinduction. Semi-quantitative analysis by LC-MS/MS of PQS (A) and HHQ (B) 
extracted from whole cells of P. aeruginosa wild type and the tatA ΔpqsA mutant 
without (control) or with (+pqsABCD) the pqsABCD biosynthetic genes provided 
via pBBR1MCS-5::pqsABCD. Cells were harvested at 8 h and 16 h respectively. 
Experiments were repeated in triplicate. 

Fig. S5.  Exogenous rhamnolipids do not enhance PQS-dependent expression of 
pqsA in a tatA ΔpqsA mutant. PQS (40 µM) was added with or without purified 
rhamnolipids (50 µg/mL) to a pqsA mutant or a tatA ΔpqsA mutant carrying 
chromosomal pqsA’-lux fusions. Maximal light output as a function of growth 
(RLU/OD600) is presented. Experiments were repeated in triplicate at least twice. 
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Fig. S6. Rhamnolipid biosynthesis gene rhlA shows altered expression profiles in 
P. aeruginosa PA14 ΔtatABC and ΔpetA mutants compared with wild type and fail 
to respond to exogenous PQS.  Bioluminescence from a chromosomal rhlA’-lux 
fusion as a function of growth (RLU/OD) over time when introduced into (A) the 
PA14 wild type, (B) ΔtatABC and (C) ΔpetA mutants in the absence or presence of 
exogenous PQS (20 µM). 

 

Fig. S7. Deletion of petA in P. aeruginosa PA14 results in a reduction in the eDNA 
content of biofilms.  Biofilms of wild type PA14, the ΔtatABC and ΔpetA mutants 
and the genetically complemented PA14 mutant (ΔpetA::(CTX::petA)) were 
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grown cultured statically and stained for eDNA with YOYO-1.  (A) Confocal 
fluorescence microscopy images and (B) eDNA quantification. Experiments were 
repeated in triplicate at least twice. ***p < 0.001, **p < 0.01. 

 

 

Fig. S8 Comparison of pqsA expression in P. aeruginosa PAO1 wild type, DtatABC 
and DpetA mutants. Experiments were repeated in triplicate at least twice. ***p < 
0.001, **p < 0.01, and *p < 0.05; n.s. not significant. 
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Fig. S9.  Growth, pqsA expression and AQ production in wild type P. aeruginosa 
PA14 compared with DcytB (PA4429) and DcytC1 (PA4430), DpetA and DtatABC 
mutants. ***p < 0.001, **p < 0.01, and *p < 0.05; n.s. not significant. 

 

Fig. S10. Comparison of cellular ATP levels in P. aeruginosa PA14 wild type, 
DtatABC, and DpetA. Experiments were repeated in triplicate at least twice. 
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Abstract

Extracellular DNA (eDNA) is a major constituent of the extracellular matrix of Pseudomonas

aeruginosa biofilms and its release is regulated via pseudomonas quinolone signal (PQS)

dependent quorum sensing (QS). By screening a P. aeruginosa transposon library to iden-

tify factors required for DNA release, mutants with insertions in the twin-arginine transloca-

tion (Tat) pathway were identified as exhibiting reduced eDNA release, and defective biofilm

architecture with enhanced susceptibility to tobramycin. P. aeruginosa tat mutants showed

substantial reductions in pyocyanin, rhamnolipid and membrane vesicle (MV) production

consistent with perturbation of PQS-dependent QS as demonstrated by changes in pqsA

expression and 2-alkyl-4-quinolone (AQ) production. Provision of exogenous PQS to the tat

mutants did not return pqsA, rhlA or phzA1 expression or pyocyanin production to wild type

levels. However, transformation of the tat mutants with the AQ-independent pqs effector

pqsE restored phzA1 expression and pyocyanin production. Since mutation or inhibition of

Tat prevented PQS-driven auto-induction, we sought to identify the Tat substrate(s) respon-

sible. A pqsA::lux fusion was introduced into each of 34 validated P. aeruginosa Tat sub-

strate deletion mutants. Analysis of each mutant for reduced bioluminescence revealed that

the primary signalling defect was associated with the Rieske iron-sulfur subunit of the cyto-

chrome bc1 complex. In common with the parent strain, a Rieske mutant exhibited defective

PQS signalling, AQ production, rhlA expression and eDNA release that could be restored by

genetic complementation. This defect was also phenocopied by deletion of cytB or cytC1.

Thus, either lack of the Rieske sub-unit or mutation of cytochrome bc1 genes results in the
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perturbation of PQS-dependent autoinduction resulting in eDNA deficient biofilms, reduced

antibiotic tolerance and compromised virulence factor production.

Author summary

Pseudomonas aeruginosa is a highly adaptable human pathogen responsible for causing

chronic biofilm-associated infections. Biofilms are highly refractory to host defences and

antibiotics and thus difficult to eradicate. The biofilm extracellular matrix incorporates

extracellular DNA (eDNA). This stabilizes biofilm architecture and helps confer tolerance

to antibiotics. Since mechanisms that control eDNA release are not well understood, we

screened a P. aeruginosa mutant bank for strains with defects in eDNA release and discov-

ered a role for the twin-arginine translocation (Tat) pathway that exports folded proteins

across the cytoplasmic membrane. Perturbation of the Tat pathway resulted in defective

biofilms susceptible to antibiotic treatment as a consequence of perturbed pseudomonas

quinolone (PQS) signalling. This resulted in the failure to produce or release biofilm com-

ponents including eDNA, phenazines and rhamnolipids as well as microvesicles. Further-

more, we discovered that perturbation of PQS signalling was a consequence of the

inability of tat mutants to translocate the Rieske subunit of the cytochrome bc1 complex

involved in electron transfer and energy transduction. Given the importance of PQS sig-

nalling and the Tat system to virulence and biofilm maturation in P. aeruginosa, our find-

ings underline the potential of the Tat system as a drug target for novel antimicrobial

agents.

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that causes a wide range of human

infections including lung, urinary tract and wound, bacteremia and infections associated with

medical devices [1]. It is notorious for its tolerance to antimicrobial agents, a property that is

largely a consequence of its ability to form biofilm communities [1,2]. Bacterial exoproducts

including cell surface appendages, extracellular polymeric substances, biosurfactants and sec-

ondary metabolites all contribute to P. aeruginosa biofilm formation and maturation [3–7].

Apart from exopolysaccharides such as Psl, Pel and alginate, the extracellular polymeric

matrix of P. aeruginosa biofilms incorporates proteins, rhamnolipids, membrane vesicles

(MVs) and extracellular DNA (eDNA) [5,8–10]. Rhamnolipid biosurfactants are required dur-

ing the initial stages of micro-colony formation and are involved in the migration-dependent

formation of the caps of mushroom-shaped micro-colonies formed in flow-cell grown biofilms

[10]. They also aid the maintenance of channels between multicellular structures within bio-

films and contribute to biofilm dispersal [5]. With respect to the biofilm micro-colonies that

characteristically form in flow-chambers fed with glucose minimal medium, eDNA is present

at high concentrations in the outer layers of microcolonies in young biofilms. However, in

mature biofilms, eDNA is primarily located in the stalks at the borders between micro-colony

caps and stalks [8].

The release of eDNA occurs via the lysis of a sub-population of bacterial cells [10–14]. It is

involved in attachment, aggregation and stabilization of biofilm microcolonies. eDNA can act

as a nutrient source, chelate metal cations and confer tolerance to antibiotics such as the poly-

myxins and aminoglycosides [10,12,13]. eDNA also binds other biopolymers
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(exopolysaccharides and proteins) stabilizing biofilm architecture and conferring protection

against adverse chemical and physical challenges [12,13]. By intercalating with eDNA, second-

ary metabolites such as phenazines enhance biofilm integrity [12,15]. Pyocyanin for example

can contribute to DNA release through the formation of reactive oxygen species such as hydro-

gen peroxide that damage cell membranes [12]. Although the mechanism(s) responsible for

eDNA release has not been fully elucidated both eDNA and MVs can be generated via explo-

sive cell lysis mediated via a cryptic prophage endolysin encoded within the R- and F-pyocin

gene clusters [14].

In P. aeruginosa, rhamnolipids and pyocyanin production, eDNA and MV release, and

hence biofilm development, are all controlled by quorum sensing (QS) [1,8,16]. Consequently,

P. aeruginosa mutants with defects in this cell-to-cell communication system form aberrant,

flat undifferentiated biofilms [10]. In P. aeruginosa, the QS regulatory network consists of a

hierarchical cascade incorporating the overlapping Las, Rhl and PQS pathways that employ N-

acylhomoserine lactones (AHLs) and 2-alkyl-4-quinolones (AQs) as signal molecules

[1,16,17]. All three QS systems contain auto-induction loops whereby activation of a dedicated

transcriptional regulator by the cognate QS signal molecule induces expression of the target

synthase such that QS signal molecule production can be rapidly amplified to promote co-

ordination of gene expression at the population level.

P. aeruginosa produces a diverse family of AQs and AQ N-oxides [18] of which 2-heptyl-

3-hydroxy-4-quinolone (the Pseudomonas Quinolone Signal, PQS) and its immediate precur-

sor 2-heptyl-4-hydroxyquinoline (HHQ) are most closely associated with PQS signalling [17]

(Fig 1). Most of the genes required for AQ biosynthesis (pqsABCDE) and response (pqsR/
mvfR) are located at the same genetic locus although pqsH and pqsL are distally located [17].

The biochemical basis for AQ and AQ N-oxide biosynthesis is summarized in S1 Fig. PqsA

catalyses the formation of anthraniloyl-CoA that is condensed with malonyl-CoA by PqsD to

form 2-aminobenzoylacetyl-CoA (2-ABA-CoA) [19,20]. The latter is converted to 2-amino-

benzoylacetate (2-ABA) via the thioesterase functionality of PqsE [21]. The PqsBC heterodi-

mer condenses 2-ABA with octanoyl-CoA to generate HHQ [22,23]. PQS is formed through

the oxidation of HHQ by PqsH [24] while formation of the AQ N-oxides such as 2-heptyl-

4-hydroxyquinoline N-oxide (HQNO) requires the alternative mono-oxygenase PqsL [25].

The PqsE protein has dual functions; while it is not essential for AQ biosynthesis, it is required

for the AQ-independent production of several factors that contribute to biofilm maturation

including pyocyanin, rhamnolipids and lectin A [26]. While activation of RhlR-dependent

genes depends on PqsE [27], the AQ-independent, thioesterase-independent mechanism by

which PqsE acts has not yet been elucidated [17,21].

The pqs system is subject to positive autoinduction, since the LysR-type transcriptional reg-

ulator PqsR (MvfR), binds to the promoter region of pqsABCDE (PpqsA) triggering transcrip-

tion once activated by HHQ or PQS [28–30] (Fig 1). Therefore, by analogy with other QS

systems, HHQ and PQS can both act as autoinducers by generating a positive feedback loop

that accelerates their biosynthesis and co-ordinates a population-wide response. However, in

contrast to HHQ which only regulates the pqsABCDE operon [17], PQS is a ferric iron chelator

[31] that not only drives AQ biosynthesis via PqsR but also the expression of genes involved in

the iron-starvation response and virulence factor production via PqsR-dependent and PqsR-

independent pathways [17]. In addition, PQS can act as a cell-sensitizing pro-oxidant [32] and

is required for MV production via a direct physical interaction with lipopolysaccharide (LPS)

within the outer membrane [33]. The packaging of PQS within MVs also provides a means for

trafficking this hydrophobic QS signal within a P. aeruginosa population [34].

With respect to biofilm development, PQS signalling is of particular interest because pqsA
biosynthetic mutants fail to produce eDNA, rhamnolipids, pyocyanin and MVs, and form thin
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defective biofilms containing little eDNA [8, 27,33,35]. The mechanism involved in PQS-

mediated DNA-release in biofilms is not understood but has been suggested to be linked to

phage induction causing cell lysis [8,36–40]. Although explosive cell lysis releases eDNA in

biofilms and generates MVs through vesicularization of shattered membrane fragments, pqsA
mutants are not defective for explosive lysis [14] and therefore this phenomenon is unlikely to

account for PQS-dependent eDNA release.

In the present study we sought to identify additional factors involved in eDNA release by

screening a transposon (Tn) mutant library for eDNA-release defective mutants. Apart from

pqs biosynthetic mutants, we obtained Tn insertion mutants within the twin-arginine translo-

cation (Tat) pathway that exhibited reduced levels of eDNA release, fail to produce rhamnoli-

pids or pyocyanin and form defective, eDNA- poor, antibiotic susceptible biofilms. Since

mutation or deletion of tat resulted in altered AQ production, reduced pyocyanin, rhamnoli-

pid and MVs, and as the tat mutants were refractory to exogenously supplied PQS, the aber-

rant biofilm phenotype observed could be accounted for by perturbation of PQS

autoinduction. By screening a library of P. aeruginosa Tat substrate mutants, we identified the

Rieske sub-unit of the cytochrome bc1 complex as the Tat substrate required for PQS-depen-

dent QS and hence eDNA release and biofilm maturation.

Results

Transposon mutagenesis screen for P. aeruginosa mutants exhibiting

reduced DNA release

To identify P. aeruginosa genes that contribute to eDNA release, a mariner Tn mutant library

was generated in strain PAO1. Approximately 10,000 mutants grown in microtitre plates were

Fig 1. The PQS signalling pathway in P. aeruginosa. The PqsABCDE proteins synthesize HHQ, which is converted

to PQS by PqsH and also HQNO in conjunction with PqsL. Both HHQ and PQS are released by the cells into the

extracellular environment and are taken back up by neighboring cells. Autoinduction occurs when either HHQ or PQS

binds to PqsR and amplifies expression of the pqsABCDE operon. The pqsE gene product has dual functions

contributing to AQ biosynthesis as a thioesterase and also via an AQ-independent, thioesterase-independent

mechanism for e.g. pyocyanin, rhamnolipid and lectin production as well as biofilm maturation. The conversion of

HHQ to PQS confers additional functionalities since PQS unlike HHQ induces microvesicle formation and is a potent

iron chelator.

https://doi.org/10.1371/journal.ppat.1009425.g001
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assayed for reduced eDNA release using propidium iodide (PI) to quantify eDNA because it is

unable to penetrate live bacteria and its fluorescence is enhanced 30-fold on binding DNA

[41]. From the initial screen, 84 Tn insertion mutants were selected and re-screened to elimi-

nate strains with double Tn insertions and to confirm their eDNA phenotype. For each of the

remaining 34 mutants exhibiting reduced eDNA, the regions flanking each Tn insertion were

sequenced and the corresponding genes identified. For most of the eDNA-release deficient

mutants, the Tn insertions were located within genes required for AQ biosynthesis (pqsC and

pqsH) or regulation (pqsR) (Fig 2) These data confirm our previous work that first uncovered

a role for PQS signalling in eDNA release [8].

Apart from the pqs mutants, two mutants were obtained with insertions in the tatA and

tatB genes respectively (Fig 2) that code for components of the twin-arginine translocation

(Tat) system. Tat exports folded proteins out of the cytoplasm and across the cytoplasmic

membrane in an ATP-independent manner [42]. It was originally named with respect to the

presence of an Arg-Arg motif in the signal sequence of Tat-exported products (sometimes

called Tat substrates) [42,43]. In P. aeruginosa the Tat translocase complex consists of three

proteins (TatA, B and C) [43]. TatB and TatC form the receptor complex for Tat substrate pre-

cursors whereas TatA functions as the main facilitator for protein translocation across the

membrane [42]. In P. aeruginosa diverse proteins involved in phosphate and iron metabolism,

virulence and energy transduction are exported to the periplasm, or secreted via the Tat export

system and tat mutants exhibit pleiotropic phenotypes [44,45]. Fig 2 shows that genetic com-

plementation of the P. aeruginosa tatA mutant with a plasmid-borne copy restored eDNA

release.

Fig 2. Transposon mutant screen for P. aeruginosa strains defective for eDNA release. P. aeruginosa wild-type and

mutant strains were grown for 24 h in 96 well microtiter plates containing ABTG medium, after which the relative

levels of eDNA in the cultures were determined using a PI binding assay. The means and standard deviations of eight

replicates are shown.

https://doi.org/10.1371/journal.ppat.1009425.g002
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The Tat pathway contributes to biofilm development and tobramycin

susceptibility in P. aeruginosa
Since eDNA makes an important contribution to biofilm development and architecture

[10,12,13], biofilm formation by the P. aeruginosa tatA mutant in flow-chambers was investigated.

After 4-days growth, the P. aeruginosa wild-type and complemented tatA/pTatA mutant formed

biofilms with mushroom-shaped structures whereas the tatA mutant formed thin, flat biofilms

(Fig 3A). In addition, eDNA was observed primarily in the stalks of the mushroom-shaped struc-

tures in the wild-type whereas tatA mutant biofilms contained no stalks and little extracellular

DNA. Consistent with this flow-cell biofilm phenotype, exposure of the biofilms formed by each

of the three strains to tobramycin showed that the tatA mutant biofilm was more sensitive to

tobramycin than either the wild-type or tatA/pTatA mutant biofilm (Fig 3B). Since eDNA binds

positively charged antibiotics and as exogenously provided DNA increases aminoglycoside toler-

ance by integrating into P. aeruginosa biofilms, the increased sensitivity to tobramycin is likely to

be a consequence of the reduction in eDNA within the biofilm extracellular matrix [46,47].

P. aeruginosa tatA mutants are defective in the production of

rhamnolipids, pyocyanin and MVs

Since rhamnolipids, pyocyanin and MVs are all important components of P. aeruginosa bio-

films, their production was quantified in the tatA Tn insertion mutant and in a ΔtatABC

Fig 3. P. aeruginosa tat mutants form defective biofilms with increased susceptibility to tobramycin. CLSM

images showing four-day-old biofilms formed in flow chambers of the gfp-tagged P. aeruginosa wild-type (a), tatA
mutant (b) and genetically complemented tatA mutant (c). In (A) biofilms were stained for total biomass with Syto9

(green) and for eDNA with ethidium bromide (red). In (B) biofilms were treated with tobramycin and the medium

was supplemented with propidium iodide prior to CLSM such that dead cells appear red while live cells appear green.

Each panel shows one horizontal optical section two flanking vertical optical sections. Bars, 20 μm.

https://doi.org/10.1371/journal.ppat.1009425.g003
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deletion mutant. Fig 4A and 4B show that tat mutants produce substantially less pyocyanin

and rhamnolipid than the parent or tatA complemented strain. Furthermore, MV levels (Fig

4C) were reduced by ~50% in the tatA mutant compared with the wild type and could be

restored by genetic complementation.

Inactivation of the Tat pathway by mutation or small molecule-mediated

inhibition perturbs PQS signalling

The reductions in eDNA release, rhamnolipids, pyocyanin and MVs noted in the tat mutant

as well as its biofilm phenotype are comparable with those observed for P. aeruginosa strains

with mutations in pqs genes such as pqsA, the first gene in the AQ biosynthetic pathway (see

Figs 1 and 4 and [8, 40]). These data therefore suggested that the tat mutant biofilm phenotype

was likely, at least in part, to be due to a defect in PQS signalling. To investigate the impact of

the tatA mutation on the expression of pqsA, a CTX::pqsA’-lux fusion was introduced into the

chromosomal CTX site of both the wild type and tatA mutant. Fig 5A shows that pqsA expres-

sion in the tatA mutant is reduced ~4 fold compared with the wild type strain and restored by

genetic complementation of the mutant. In agreement with these data, the Tat inhibitor, Bayer

11–7082, identified by Vasil et al [48] reduced pqsA expression in the wild type PAO1 strain

by ~4 fold consistent with the reduction noted for the CTX::pqsA'-lux fusion in the tatA
mutant (Fig 5B). Bayer-11 7082 had no effect on growth or light output in P. aeruginosa
expressing the lux genes from a derepressed lac promoter (S2 Fig). In addition, the concentra-

tion of PQS in whole culture extracts of P. aeruginosa after growth in LB medium as deter-

mined by LC-MS/MS was respectively ~56% lower in the tatA mutant compared with the wild

type and complemented tat mutant (Fig 5C). Since pqsA expression and hence AQ production

is also PqsR/MvfR-dependent, we compared the expression of pqsR in the ΔtatABC with the

parent strain but found no difference (S3 Fig).

Exogenous PQS does not restore PQS signalling in a P. aeruginosa tatA
mutant

QS systems are characteristically autoinducible such that exogenous provision of the cognate

signal molecule usually induces expression of the signal synthase and hence activation of

downstream target genes [49]. When the tatA mutant was provided with exogenous PQS,

eDNA release did not increase (Fig 2). To investigate this finding further, either PQS or HHQ

was exogenously supplied to the wild type, tatA mutant or the complemented tatA mutant

strains carrying chromosomal pqsA’-lux fusions. The data presented in Fig 6A show that the

response of the tatA mutant to PQS or HHQ respectively at 5 or 20 μM with respect to pqsA
expression was at least 2-fold lower than the controls. Since both wild type and tatA mutant

still produce AQs endogenously, the experiments were repeated in the P. aeruginosa ΔpqsA
and tatA ΔpqsA mutants since no AQs are produced in these genetic backgrounds. Fig 6B

shows that the response to both PQS and HHQ is substantially reduced (e.g. ~3 fold at 5 μM

PQS) in the absence of tatA in the P. aeruginosa tatA ΔpqsA double mutant. This reduced

response to PQS could be due either to reduced uptake or the inability to respond to the exoge-

nous QS signal molecule.

To determine the consequences of perturbed PQS signalling on the expression of the rham-

nolipid (rhlA) and pyocyanin biosynthetic genes (P. aeruginosa has two, almost identical

redundant 7 gene phenazine biosynthetic operons termed phzA1-G1 and phzA2-G2; [50]), the

corresponding miniCTX-lux promoter fusions for rhlA and phzA1 respectively were con-

structed and introduced onto the chromosomes of the wild type, ΔpqsA and tatA ΔpqsA
mutants respectively. Fig 7A shows the expression profiles of rhlA’-lux as a function of time.
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Fig 4. Production of pyocyanin (A), rhamnolipids (B) and MVs (C) are reduced in P. aeruginosa tat mutants. (A)

Pyocyanin levels are shown in the P. aeruginosa wild type, ΔpqsA, tatA, and tatABC deletion mutants and the tatA
mutant complemented with plasmid-borne tatA. The impact of exogenous PQS (40 μM) on the tatA and ΔtatABC
mutants is also shown. Insert panel shows the absence of green pigment in the tatA mutant compared with the wild

type and complemented tatA mutant. (B) Rhamnolipid production in the tatA and ΔtatABC mutants compared with

PLOS PATHOGENS Tat, quorum sensing and biofilms in P. aeruginosa
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Both the wild type and ΔpqsA mutant show an ~2 fold increase in rhlA expression when sup-

plied with exogenous PQS (20 μM) and share similar profiles over the growth curve. In con-

trast, the rhlA’-lux fusion in the tatA mutant does not show the same expression profile or

response to exogenous PQS as the wild type and ΔpqsA mutant strains. The rhlA’-lux expres-

sion profile in the tatA mutant supplied with exogenous PQS is however clearly restored when

the mutation is complemented by pTatA (Fig 7A).

AQ-dependent QS is required for phzA1 expression [27,50]. Exogenous PQS increased

phzA1’-lux expression by ~4 fold in both wild type and ΔpqsA mutant backgrounds (Fig 7B).

However, the tatA ΔpqsA double mutant responded comparatively poorly to PQS (Fig 7B).

Constitutive expression of pqsABCD does not restore AQ biosynthesis in a

tat mutant

Since mutation of tatA resulted in reduced pqsA expression, it was possible that the auto-

induction of PQS biosynthesis via PqsR (MvfR) is compromised. To uncouple the autoinduc-

tion of AQ production, the pqsABCD genes were introduced into the P. aeruginosa ΔpqsA and

ΔpqsAΔtatA mutants respectively on a plasmid (pBBRMCS5::pqsABCD) constitutively

expressing pqsABCD [51]. Fig 8 shows that PQS, HHQ and HQNO are present in the culture

medium of the ΔpqsA mutant transformed with pBBRMCS5::pqsABCD. However neither the

cell free supernatant (Fig 8) nor whole cells of the tatA ΔpqsA double mutant transformed

with pBBRMCS5::pqsABCD contained or accumulated intracellular AQs (S4 Fig). These data

suggested that in a tat mutant background, the lack of AQs is not a consequence of an AQ

transport defect, but is due to the inability to fully activate AQ biosynthesis at the appropriate

time/population density. In the absence of an auto-inducible pqs system in a tat mutant back-

ground, the defect in AQ biosynthesis and hence PQS signalling appears to be more severe.

Reduced rhamnolipid production does not account for defective PQS

signalling

In P. aeruginosa biofilms, rhamnolipids provide protective shielding against neutrophils

[52,53] and contribute to the effectiveness of PQS signalling by increasing the solubility and

bioactivity of PQS [54]. In Fig 4B, we showed that rhamnolipid production was substantially

reduced in the P. aeruginosa tat mutant background. To determine whether the perturbation

of PQS signalling in the tat mutants was a consequence of reduced rhamnolipid production,

we investigated the impact of exogenous rhamnolipids on pqsA expression. S5 Fig shows that

the addition of purified rhamnolipids (10 or 50 μg/ml) to the tatA ΔpqsA mutant with or with-

out PQS (40 μM) had little effect on PQS signalling indicating that the defect in the tat mutants

was not simply due to the loss of rhamnolipid production and an inability to solubilize PQS.

PqsE restores pyocyanin in the tat mutants

Although PqsE is not essential for AQ biosynthesis, it is an effector protein required for the

production of pyocyanin, rhamnolipids and biofilm maturation and its function is indepen-

dent of PQS, HHQ or PqsR [27,55]. Consequently, the expression of PQS -dependent exopro-

ducts such as pyocyanin can be restored in a pqsA negative (and hence AQ-negative) mutant

by expressing a plasmid-borne copy of pqsE. In the tatA ΔpqsA double mutant, phzA1

the wild type, ΔpqsA mutant and tatA complemented with plasmid-borne tatA. (C) Comparison of MV production in

the tatA mutant, complemented tatA mutant and in a double tatA ΔpqsA mutant compared with the wild type strain.

Experiments were repeated in triplicate at least twice. ���p< 0.001, ��p< 0.01; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1009425.g004
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Fig 5. Mutation of tatA or exposure to the Tat inhibitor Bayer 11–7082 inhibits pqsA expression and AQ

production. (A) Mutation of tatA or (B) treatment with Bayer 11–7082 supplied at either 20 μM or 40 μM reduces the

maximal expression of a P. aeruginosa PAO1 chromosomal pqsA’-lux promoter fusion without affecting growth. (C)

LC-MS/MS analysis of PQS production by P. aeruginosa PAO1 wild type compared with the tatA mutant and

complemented tatA mutant. Experiments were repeated in triplicate at least twice. ���p< 0.001; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1009425.g005
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expression (Fig 7B) and pyocyanin production (Fig 9) were respectively restored by pqsE
expression indicating that the tat mutation does not affect PqsE functionality.

Identification of the Tat substrate responsible for perturbation of PQS

signalling

Recently Gimenez et al [45] experimentally validated the Tat-mediated export of 34 P. aerugi-
nosa gene products predicted to have Tat signal peptides. To determine which of the exported

Tat substrates was responsible for perturbation of PQS signalling, allelic replacement mutants

were constructed in P. aeruginosa strain PA14 for each substrate. Before introducing the

Fig 6. Exogenous AQs do not restore pqsA expression in P. aeruginosa tatA (A) or tatA ΔpqsA (B) mutants.

Exogenous PQS or HHQ was added at 5 μM or 20 μM to (A) wild type, the tatA mutant and complemented tatA
mutant or (B) ΔpqsA, ΔpqsA tatA or tatA ΔpqsA mutant complemented with tatA. Maximal light output from the

chromosomal pqsA’-lux fusion was recorded as a function of growth (RLU/OD600). Experiments were repeated in

triplicate at least twice. ���p< 0.001, ��p< 0.01, and �p< 0.05; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1009425.g006
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Fig 7. Rhamnolipid (rhlA) and pyocyanin biosynthetic (phzA1) genes show altered expression profiles in P. aeruginosa tat
mutants and fail to respond to exogenous PQS. (A) Light output from a chromosomal rhlA’-lux fusion as a function of growth

(RLU/OD) over time when introduced into the wild type, pqsA and tatA mutants or complemented tatA mutant in the absence or

presence of exogenous PQS (20 μM). (B) Maximal light output from a chromosomal phzA1’-lux fusion as a function of growth

(RLU/OD600) when introduced into the wild type, ΔpqsA, or ΔpqsA tatA mutants in the absence or presence of exogenous PQS (10
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or 40 μM) or plasmid-borne pqsE or the pUCP18 vector control. Experiments were repeated in triplicate at least twice. ���p< 0.001,
��p< 0.01, and �p< 0.05; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1009425.g007

Fig 8. AQ biosynthesis is not restored in a tatA ΔpqsA double mutant by plasmid-borne pqsABCD in the absence

of autoinduction. Semi-quantitative analysis by LC-MS/MS of PQS, HHQ and HQNO production by P. aeruginosa
pqsA and tatA ΔpqsA mutants respectively without or with the pqsABCD biosynthetic genes provided in trans via

pBBR1MCS-5::pqsABCD. Experiments were repeated in triplicate at least twice.

https://doi.org/10.1371/journal.ppat.1009425.g008
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pqsA’-lux fusion onto the chromosomal CTX site of each Tat substrate mutant, we first con-

firmed that PQS signalling in a PA14 ΔtatABC mutant was perturbed in a similar manner to

that observed for PAO1, the genetic background used so far in the study (Fig 10A). Determi-

nation of the maximum expression of pqsA’-lux for each of the 34 Tat substrate mutants (Fig

10A) revealed that although a number of mutants exhibited reduced light output, the greatest

reduction was observed for deletion of PA14_57570 (equivalent to PA4431 in PAO1, here des-

ignated petA following the nomenclature of orthologues described in other species). This gene

codes for the Rieske subunit of the cytochrome bc1 complex that is involved in electron trans-

fer and respiration under aerobic conditions and is also required for P. aeruginosa growth

under anaerobic conditions in the presence of nitrite, nitric oxide or nitrous oxide [56].

To confirm that the ΔpetA mutant in common with the P. aeruginosa tat mutants exhibited

similar defects as a consequence of perturbed PQS signalling, we compared their AQ produc-

tion (Fig 10B), rhlA expression, and eDNA release in biofilms (S6 and S7 Figs). Comparison

of PQS, HHQ and HQNO production in PA14 with the ΔpetA mutant and the strain with a cis
complementation of the petA mutation at the CTX site confirmed the loss and increase in AQ

production (Fig 10B). Similar results were obtained for pqsA expression in a PAO1 ΔpetA
mutant (S8 Fig). In P. aeruginosa PA14, the rhlA expression profiles for the parent and

ΔtatABC deletion mutant in the absence or presence of exogenously supplied PQS were similar

to those of strain PAO1 (compare S6 Fig with Fig 7A). Confocal microscopy images of biofilm

formation by P. aeruginosa PA14 under static growth conditions shows that in common with

the ΔtatABC mutant, ΔpetA mutant biofilms lack the eDNA content observed in the wild type

and complemented mutant (S7 Fig) demonstrating that PetA is the primary Tat substrate

required for PQS-dependent eDNA release. Since PetA is one of the three electron transfer

proteins that constitute the cytochrome bc1 complex we also investigated whether mutation of

cytB and cytC1 genes (PA4429 and PA4430 respectively) perturbed PQS-signalling. S9 Fig

shows ΔcytB and ΔcytC1 mutants also exhibited reduced pqsA expression and AQ production

indicating that a fully functional cytochrome bc1 is essential for PQS-dependent QS. Given the

importance of cytochrome bc1 for energy transduction and growth, we also compared aerobic

growth and ATP production in the P. aeruginosa wild type with that of the tat and petA
mutants. S9 Fig shows that there is a similar small reduction in growth for mutants compared

Fig 9. PqsE restores pyocyanin production in P. aeruginosa tat mutants. Production of pyocyanin by the wild type

compared with the tatA and ΔtatABC mutants transformed with plasmid-borne pqsE or the empty vector.

Experiments were repeated in triplicate at least twice. ���p< 0.001.

https://doi.org/10.1371/journal.ppat.1009425.g009
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with the wild type. Consistent with these observations, ATP levels were reduced by ~35% in

the Δtat and ΔpetA mutants respectively compared with wild type (S10 Fig). This finding sug-

gested that in P. aeruginosa strains carrying mutations in tat or cytochrome bc1 the energy

required to synthesize secondary metabolites such as the AQs is diverted to maintain primary

metabolism.

Discussion

To gain further insights into eDNA release, a P. aeruginosa Tn mutant library was screened

and two groups of mutants exhibiting reduced eDNA release were identified. The first of these

contained Tn insertions in pqsC, pqsH and pqsR. Mutations in pqsC or pqsR in common with

pqsA both abrogate AQ biosynthesis while pqsH mutants are unable to produce 3-hydroxy-

AQs such as PQS but maintain production of AQs and AQ N-oxides such as HHQ and

HQNO respectively [17, 54]. These data suggest that eDNA release is likely to require

Fig 10. Tat substrate screen for P. aeruginosa PA14 mutants with defects in pqs signaling uncovers a role for the cytochrome bc1 Rieske sub-unit. (A) Comparison

of peak pqsA expression in each of 34 Tat substrate mutants (S3 Table) transformed with a CTX::pqsA’-lux fusion compared with the PA14 wild type (white bar) and the

ΔtatABC mutant (black bar). The bars represent mutants where pqsA expression is higher (green bar) or lower (grey bar) or the same (grey bar) as the wild type. PA14

mutant 27 (pink bar) has the lowest pqsA expression and carries a deletion in PA14-57570 (petA), the Rieske subunit of cytochrome bc1. (B) Production of PQS, HHQ

and HQNO after 16 h growth by P. aeruginosa PA14, the ΔtatABC and ΔpetA mutants and the genetically complemented PA14 mutant (ΔpetA::(CTX::petA)).
���p< 0.001, ��p< 0.01, and �p< 0.05; n.s. not significant.

https://doi.org/10.1371/journal.ppat.1009425.g010
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PQS/HHQ rather than the effector protein PqsE. This is because although pqsE mutants in

common with pqsA mutants form poor biofilms, pqsE pqsA double mutants could not be com-

plemented by pqsE alone to restore biofilm development [26]. This contrasts with pyocyanin

and lectin A for example, as production of both can be restored by PqsE in the absence of AQ

biosynthesis [26]

The Tn insertions in the second group of P. aeruginosa eDNA release mutants were in tatA
and tatB [42,43]. In P. aeruginosa, proteins exported by the Tat system are most frequently ter-

minally localized in the periplasm, but some (e.g. phospholipase C) can be transported across

the outer membrane by the Xcp type II secretion system, thereby becoming extracellular [43].

Using prediction algorithms for Tat substrates, 44 putative P. aeruginosa PA14 Tat signal pep-

tides have been identified and of these, 34 confirmed experimentally [45]. These include phos-

pholipases, and proteins involved in pyoverdine-mediated iron-uptake, respiration, osmotic

stress defence, motility, and biofilm formation [44, 45]. However, none of these are known to

be involved in AQ biosynthesis, transport or PQS signal transduction.

The formation of flat, eDNA deficient, tobramycin-sensitive biofilms and the reduction in

rhamnolipid, pyocyanin and MV production by the P. aeruginosa tatA mutant are consistent

with the pqsA mutant biofilm phenotype [8] and implied the existence of a link between Tat

export and PQS signalling. Since transcriptomic studies of PQS signalling in P. aeruginosa
have not provided any evidence that the Tat export system is QS controlled [17,26], we consid-

ered it likely that mutation of the tat genes resulted in perturbed PQS signalling. This observa-

tion could also account, at least in part, for the reduced virulence of P. aeruginosa tat mutants

in a rat pulmonary infection model [44]. For both P. aeruginosa PAO1 and PA14 strains pqsA
expression and AQ production were reduced in the respective tat mutants while exogenous

provision of either PQS or HHQ failed to fully restore pqsA expression in a tatA ΔpqsA
mutant. The consequences of perturbed PQS signalling are clearly apparent in the altered

expression profiles of the rhlA’-lux and phzA1’-lux fusions. Thus disruption of Tat clearly

impairs the ability of P. aeruginosa either to fully induce PQS-dependent QS or to respond

fully to exogenous PQS.

Since pyocyanin can be produced in the absence of PQS by ectopic expression of pqsE [26],

it was possible that the tat phenotype was either a consequence of the inability of PQS/HHQ to

activate the pqsABCDE operon via PqsR to generate sufficient PqsE protein or because the

activity of PqsE depends on a functional Tat system. However, introduction of a plasmid-

borne copy of pqsE into the tat mutants fully restored pyocyanin production suggesting that

the tat mutant phenotype is not due to the inability of PqsE to function but rather a failure of

the PQS auto-induction circuitry to produce sufficient PQS/HHQ to efficiently activate

pqsABCDE.

To uncover a direct link between Tat and PQS signalling, we screened a bank of Tat sub-

strate mutants for reduced pqsA expression and identified PetA as primarily responsible for

the PQS signalling defect. As PetA is one of the three protein sub-units that constitute the cyto-

chrome bc1 complex, we also showed that a similar PQS signalling defect was apparent in cytB
or cytC1 mutants. Since growth of both the tat and cytochrome bc1 subunit mutants was

reduced compared with the wild type (S9 Fig), our working hypothesis is that shutting down

secondary metabolism and virulence factor production would aid conservation of energy for

primary metabolism and growth. This shutdown could be efficiently achieved by preventing

PQS autoinduction since it co-ordinates the expression of multiple genes involved in second-

ary metabolite production [17] including the biosynthesis of over 50 different AQs [54] that

are heavily-dependent on tryptophan/anthranilate and fatty acid metabolic pathways. How

PQS ‘shutdown’ is achieved at the molecular level in the tat mutants is not yet apparent but

given that tat ΔpqsA double mutants do not respond to exogenous PQS, it may involve uptake
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into the cell and/or access to the response regulator PqsR(MvfR). At present there is little

information on the mechanism by which PQS gains intracellular access although PQS is

known to induce MV formation via a direct interaction with LPS and to be trafficked within

MVs [33,34]. This is consistent with the reduction in MV production that we observed in the

tat and pqsA mutants.

As shown in Figs 1 and S1, PQS biosynthesis generates a diverse series of AQs including

the N-oxide, HQNO, a well known cytochrome bc1 inhibitor [57]. HQNO binds to the qui-

none reduction (Qi) site of the cytochrome bc1 complex disrupting the flow of electrons result-

ing in the leakage of reducing equivalents to oxygen [57]. This results in the generation of

reactive oxygen species that cause P. aeruginosa cell death and autolysis favouring biofilm for-

mation and antibiotic tolerance [57]. Rieske subunit and cytochrome bc1 mutants do not

undergo autolysis and are insensitive to exogenous HQNO [57]. Similarly, P. aeruginosa pqsL
mutants that are unable to produce HQNO also fail to undergo autolysis [57]. Our data also

show that in common with the tat mutants, the petA as well as cytB and cytC1 mutants all pro-

duce lower levels of HQNO. This suggests that lack of eDNA in the tat mutant biofilms is

because the cells do not undergo limited autolysis [57] as they lack the self-poisoning mecha-

nism that depends on both an intact cytochrome bc1 and sufficient HQNO [57]. Thus, lack of

the Rieske sub-unit export is primarily responsible for the Tat-mediated perturbation of PQS-

dependent QS, the loss of virulence factor production, biofilm eDNA and the tobramycin tol-

erance of P. aeruginosa biofilms. Given the importance of PQS signalling and the Tat system to

virulence and biofilm maturation in P. aeruginosa, our findings underline the potential of the

Tat system as a drug target for novel antimicrobial agents.

Materials and methods

Bacterial strains and growth conditions

The P. aeruginosa and E. coli strains used are listed in S1 Table and were grown in LB or

ABTG [8] at 37˚C unless otherwise stated. P. aeruginosa biofilms were cultivated at 30˚C in

flow-chambers irrigated with FAB medium [58] supplemented with 0.3 mM glucose or in M9

medium with succinate (for static biofilms). Selective media were supplemented with ampicil-

lin (Ap; 100 μg ml-1), gentamicin (Gm; 60 μg ml-1), or streptomycin (Sm; 100 μg ml-1). PQS,

HHQ and 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) were synthesized and characterized

in house as described before [30, 59] and dissolved in methanol before being added to growth

media at the appropriate concentration.

Mutant construction, screening and validation

A P. aeruginosa PAO1 Tn mutant library was constructed using the Mariner Tn vector pBT20

as previously described [60]. Transconjugants carrying Tn insertions were picked from the

selective plates and inoculated into microtiter plates containing ABTG medium [61] supple-

mented with propidium iodide (PI) and the level of red fluorescence quantified. Mutants pro-

ducing reduced levels of eDNA were selected and the sequences flanking the Tn insertion

identified by arbitrary PCR essentially as described by Friedman and Kolter [62] but using the

specific primers TnM1 and TnM2 (S2 Table). DNA Sequencing was performed by Macrogen,

Seoul, Korea with primer TnMseq (S2 Table). An in-frame P. aeruginosa tatABC deletion

mutant was generated by allelic exchange using the oligonucleotide primers Tat3D-UF, Tat3-

D-UR, Tat3D-DF and Tat3D-DR (S2 Table) to introduce the up- and down- stream regions

of the tatABC locus into the suicide vector pME3087 to generate pME3087::tatABC (S1

Table). The latter was introduced into P. aeruginosa via conjugation with E. coli S17-1 λpir fol-

lowed by enrichment for tetracycline-sensitive cells as described by Ye et al [63]. The ΔtatABC
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deletion in P. aeruginosa PAO1 was confirmed by PCR and sequence analysis. To generate the

PA14 ΔpetA mutant, 500 bp upstream and downstream of the gene were amplified using

respectively primers S.PA4431upFor/S.PA4431upRev and S.PA4431downFor/S.PA4431down-

Rev listed in S2 Table. The PCR product was cloned in pKNG101 suicide vector by one-step

sequence and ligation-independent cloning (SLIC) [64] and sequenced. The resulting plasmid,

pKNGΔpetA, maintained in the E. coli CC118λpir strain, was then mobilized in P. aeruginosa
strains. The mutant, in which the double recombination events occurred, was confirmed by

PCR analysis. A similar strategy was used to construct allelic replacement mutants for each of

34 validated Tat substrates as well as the cytB and cytC1 mutants [45]. These strains are sum-

marized in S3 Table and their validation will be described in detail elsewhere. For the genera-

tion of the petA cis-complemented strain, PA14ΔpetA::(CTX1::petA), the petA genes along

with a 500 bp fragment corresponding to the putative promoter region for the petA gene were

PCR amplified using S-4431CTXFor/S-4431CTXRev and cloned by SLIC into the mini-CTX1

vector yielding pminiCTX1-petA. Transfer of this plasmid in P. aeruginosa ΔpetA strain was

carried out by triparental mating using the conjugative properties of the helper plasmid

pRK2013. The recombinant clones containing the mini-CTX inserted at the attB locus on the

P. aeruginosa genome were selected on tetracycline-containing PIA generating PA14ΔpetA::

(attB::petA).

Construction of a tatA complementation plasmid

The tatA gene was amplified by PCR using primers FtatA and RtatA (S2 Table), introduced

into pUCP22 (S1 Table) and electroporated into the P. aeruginosa tatA and tatA ΔpqsA
mutants. Transformants were selected on LB plates containing 200 μg ml-1 carbenicillin.

Bioluminescent reporter assays

To investigate the impact of the tat mutation and Tat inhibitor Bayer 11–7082 [48] on PQS sig-

nalling, transcriptional fusions between the promoter regions of pqsA, pqsR, rhlA, phzA1 and
phzA2 and the luxCDABE operon were constructed using the miniCTX-lux plasmid as previ-

ously described [17]. In addition, a constitutively bioluminescent reporter using a miniCTX::

tac-luxCDABE promoter fusion was constructed as a control for Bayer 11–7082. Biolumines-

cence as a function of bacterial growth was quantified in 96 well plates using a combined

luminometer- spectrometer.

Semi-quantification of cellular ATP was carried out using the BacTiter-GloTM Microbial

Cell Viability Assay (Promega). Briefly, the P. aeruginosa PA14, ΔtatABC mutant and ΔpetA
mutant were grown in LB broth for 8 h, diluted 1000-fold with fresh media and mixed with

equal volume of BacTiter-GloTm reagent in a 96-well plate. After a 5 min incubation period,

luminescence for each well was recorded in an automated plate reader.

Cultivation of biofilms

Biofilms were grown in flow-chambers with individual channel dimensions of 1 x 4 x 40 mm

as described previously [65]. One hour after inoculation, with bacteria, the growth medium

flow (0.2 mm/s corresponding to laminar flow with a Reynolds number of 0.02) was started.

When required, eDNA in biofilms was stained with 1 μM ethidium bromide prior to micros-

copy. Tobramycin (10 μM) was added to the biofilm medium after 4 days of cultivation. After

24 h of tobramycin treatment, propidium iodide (10 μM) was added to the flow cells to visual-

ize the dead cells via confocal laser scanning microscopy. P. aeruginosa PA14 and petA mutant

biofilms were grown under static conditions over 48 h at 37˚C on glass slides (Ibidi)
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incorporating 300 μl chambers. After 48 h incubation, spent medium was removed and the

biofilm eDNA stained with YoYo-1 (40 μM).

Microscopy and image processing of flow cell biofilms

All images of flow-chamber-grown and static biofilms were captured with a confocal laser

scanning microscope (CLSM) equipped with detectors and filter sets for monitoring green

fluorescent protein, Syto9, propidium iodide, and ethidium bromide. Images were obtained

using a 63x/1.4 objective or a 40x/1.3 objective. Simulated 3-D images and sections were gener-

ated using the IMARIS software package (Bitplane AG, Zürich, Switzerland).

AQ, pyocyanin, rhamnolipid and MV analysis

The AQs (PQS, HHQ and HQNO) were quantified by LC-MS/MS after extracting cell free

supernatants or whole bacterial cell cultures in triplicate with acidified ethyl acetate or metha-

nol respectively as described by Ortori et al [59]. Pyocyanin was extracted with chloroform

and quantified spectrophotometrically [26]. Rhamnolipids were quantified indirectly using the

orcinol method [35]. For PQS solubilization experiments, rhamnolipids were purified as

described by Muller et al [66]. MVs were harvested by ultracentrifugation, the pellets resus-

pended in 10mM HEPES buffer and the lipid content quantified using FM4-64 essentially as

described previously [67]. MV production was normalized by dividing the lipid fluorescence

units by CFU values determined by dilution plating. Assays were performed in triplicate at

least twice.

Statistical analysis

Significance for differences between wild type and isogenic mutants was determined by two-

tailed t-tests where ����p< 0.001, ���p< 0.001, ��p< 0.01, and �p< 0.05 and n.s., not

significant.

Supporting information

S1 Fig. Biochemical basis of AQ biosynthesis. PqsA catalyses the formation of anthraniloyl-

CoA that is condensed with malonyl-CoA by PqsD to form 2-aminobenzoylacetyl-CoA

(2-ABA-CoA). The latter is converted to 2-aminobenzoylacetate (2-ABA) via the thioesterase

functionality of PqsE. The PqsBC heterodimer condenses 2-ABA with octanoyl-CoA to gener-

ate HHQ. PQS is formed through the oxidation of HHQ by PqsH. For AQ N-oxides such as

2-heptyl-4-hydroxyquinoline N-oxide (HQNO), 2-ABA is oxidized to 2-HABA by the alterna-

tive mono-oxygenase PqsL and then condensed with octanoyl-CoA by PqsBC to form HQNO.

PqsBC can accept acyl-CoAs of different acyl chain lengths to generate diverse AQs and AQ

N-oxides.

(TIF)

S2 Fig. The Tat inhibitor Bayer 11–7082 has no effect on light output at 20 or 40 μM from

a constitutive P. aeruginosa CTX::tac’-luxCDABE chromosomal reporter fusion. The co-

solvent DMSO, had no effect at 0.4 or 0.8% on the lux reporter fusion Data are presented as

maximal light output as a function of growth (RLU/OD600). Experiments were repeated in

triplicate at least twice.

(TIF)

S3 Fig. Deletion of the tatABC genes does not influence pqsR expression. The data show

that there are no differences in the expression of a chromosomal CTX::pqsR’-luxCDABE fusion
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in the P. aeruginosa wild type compared with the ΔtatABC mutant Data are presented as maxi-

mal light output as a function of growth (RLU/OD600). Experiments were repeated in triplicate

at least twice.

(TIF)

S4 Fig. HHQ and PQS do not accumulate intracellularly in a tatA ΔpqsA double mutant

harboring the plasmid-borne pqsABCD genes in the absence of autoinduction. Semi-quan-

titative analysis by LC-MS/MS of PQS (A) and HHQ (B) extracted with methanol from whole

cell cultures of P. aeruginosa wild type and the tatA ΔpqsA mutant without (control) or with

(+pqsABCD) the pqsABCD biosynthetic genes provided via pBBR1MCS-5::pqsABCD and har-

vested at 8 h and 16 h respectively. Experiments were repeated in triplicate.

(TIF)

S5 Fig. Exogenous rhamnolipids do not enhance PQS-dependent expression of pqsA in a

tatA ΔpqsA mutant. PQS (40 μM) was added with or without purified rhamnolipids

(50 μg/ml) to a pqsA mutant (grey bars) or a tatA ΔpqsA mutant (pink bars) carrying chro-

mosomal pqsA’-lux fusions. Maximal light output as a function of growth (RLU/OD600) is

presented. Experiments were repeated in triplicate at least twice.

(TIF)

S6 Fig. Rhamnolipid biosynthesis gene rhlA shows altered expression profiles in P. aerugi-
nosa PA14 ΔtatABC and ΔpetA mutants compared with wild type and fail to respond to

exogenous PQS. Bioluminescence from a chromosomal rhlA’-lux fusion as a function of

growth (RLU/OD) over time when introduced into (A) the PA14 wild type, (B) ΔtatABC and

(C) ΔpetA mutants in the absence or presence of exogenous PQS (20 μM).

(TIF)

S7 Fig. Deletion of petA in P. aeruginosa PA14 results in a reduction in the eDNA content

of biofilms. Biofilms of wild type PA14, the ΔtatABC and ΔpetA mutants and the genetically

complemented PA14 mutant (ΔpetA::(CTX::petA)) were grown cultured statically and stained

for eDNA with YOYO-1. (A) confocal fluorescence microscopy images and (B) eDNA quanti-

fication. Experiments were repeated in triplicate at least twice. ���p< 0.001, ��p< 0.01.

(TIF)

S8 Fig. Comparison of pqsA expression in P. aeruginosa PAO1 wild type, ΔtatABC and

ΔpetA mutants. Experiments were repeated in triplicate at least twice. ���p< 0.001,
��p< 0.01, and �p< 0.05; n.s. not significant.

(TIF)

S9 Fig. Growth, pqsA expression and AQ production in wild type P. aeruginosa PA14 com-

pared with ΔcytB (PA4429), ΔcytC1 (PA4430) ΔpetA and ΔtatABC mutants. ���p< 0.001,
��p< 0.01, and �p< 0.05; n.s. not significant.

(TIF)

S10 Fig. Comparison of cellular ATP levels in P. aeruginosa PA14 wild type, ΔtatABC and

ΔpetA. Experiments were repeated in triplicate at least twice.

(TIF)

S1 Table. Strains and plasmids used in this study.

(DOCX)

S2 Table. Oligonucleotide primers used in this study.

(DOCX)
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S3 Table. P. aeruginosa PA14 Tat substrate mutants used in this study.

(DOCX)
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