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Abstract 

Urinary tract infections (UTIs) are one of the most common and costly infections in the world. UTIs 

can affect any part of the urinary tract: the urethra, bladder, ureters and, most seriously, the 

kidneys. UTIs can stay localized to the urinary tract or spread to the kidneys, abdomen and 

bloodstream. UTIs are most commonly seen in women and are typically caused by Escherichia coli. 

The pathogenesis of uropathogenic E. coli (UPEC) is a popular area of research and is increasingly 

well understood. Less commonly studied are other uropathogens such as P. aeruginosa. P. 

aeruginosa UTIs are more commonly seen in catheterized patients and the elderly, where both men 

and women are equally affected. P. aeruginosa UTIs in elderly patients are associated with high 

levels of morbidity and mortality. P. aeruginosa is an opportunistic Gram-negative pathogen that is 

frequently isolated in lung, eye and wound infections and is characterized by its large, adaptable 

genome and high levels of antibiotic resistance. Research into P. aeruginosa infections in the lungs of 

cystic fibrosis patients has found that P. aeruginosa can evolve into diverse lineages that make 

elimination with antibiotics extremely difficult. UPEC can usually be successfully treated with a 

course of antibiotics that relieve symptoms of UTI, but patients will often experience recurrence of 

UTI weeks or months later – sometimes with the same strain. UPEC researchers have attributed this 

to the ability of UPEC to invade the epithelium of the urinary tract where it can lie dormant in 

quiescent intracellular reservoirs protected from antibiotics and the immune system. The work 

aimed to investigate if phenotypic and genotypic diversity could occur in P. aeruginosa UTIs, 

determine if P. aeruginosa can invade epithelial cells of the urinary tract in a similar fashion to UPEC, 

and identify genes that help P. aeruginosa to act as an intracellular pathogen in the urinary tract. P. 

aeruginosa UTI samples were obtained from 5 elderly patients at the Royal Liverpool University 

Hospital. 40 isolates were taken from each patient sample and screened for phenotypic 

heterogeneity across measures of antibiotic resistance, hypermutability, auxotrophy and virulence 

factor production. Evidence of phenotypic heterogeneity was found and supported by genome 

sequencing of the most phenotypically diverse pairs of isolates from each of the 5 patient samples. 

Genotypic differences were found between pairs of isolates from 3/5 patients in the form of non-

synonymous SNPs. There was no evidence for a single UTI patient being colonized by multiple strains 

of P. aeruginosa. Gentamicin protection assays and confocal microscopy provided novel evidence of 

P. aeruginosa’s ability to invade bladder epithelial cells in an in vitro model. This ability was 

conserved across lab strains PAO1 and PA14 as well as clinical UTI isolates. Finally, a transposon 

directed insertion site sequencing (TraDIS) experiment was performed to identify genes that may be 

required for successful invasion of bladder epithelial cells. Experimental issues plagued multiple 

repeats of the TraDIS experiment but the results that were salvaged highlighted genes that could 



 
 

likely prove important in P. aeruginosa UTI pathogenesis and offer targets for treatment. This work 

highlights the need for a better understanding of P. aeruginosa UTI pathogenesis so that better 

strategies can be adopted for the treatment of P. aeruginosa UTI. 
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1 General Introduction 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative microorganism that is commonly found in soil, water, 

plants and humans. P. aeruginosa is known as an opportunistic pathogen because it rarely causes 

disease in healthy humans but will take advantage of compromised host immune systems and 

invade host tissues. P. aeruginosa is commonly isolated from burn wounds, urinary tract infections, 

respiratory infections (famously those affecting people with cystic fibrosis), keratitis (infection of the 

eye) and implanted medical devices. The propensity to infect immunocompromised patients, 

combined with high levels of inherent resistance to antibiotics, makes P. aeruginosa a leading cause 

of hospital acquired infections (also known as nosocomial infections) (Driscoll, Brody and Kollef 

2007). Hospital acquired infections caused by P. aeruginosa are associated with comparatively 

higher morbidity and mortality than other bacterial nosocomial infections (Harbarth et al. 2002; 

Osmon et al. 2004). The World Health Organization has highlighted P. aeruginosa as a multidrug 

resistant pathogen of the greatest concern along with Acinetobacter and Enterobacteriaceae species 

(WHO, 2017). Large databases of nosocomial infections show a worrying trend of increasing levels of 

antibiotic resistance among P. aeruginosa isolates (NNIS 2004; Gaynes and Edwards 2005). This 

highlights a need for alternative therapies for P. aeruginosa infections that will hopefully be 

discovered with a greater understanding of P. aeruginosa pathogenesis. 

1.2 Physiology of the urinary tract 

The urinary tract is comprised of a series of long hollow tubes that start at the renal papillae and 

proceed through the renal pelvis, ureters and bladder before ending at the urethra.  The renal 

papillae are the thinnest, outermost branches of the renal tubular network which drain into larger 

tubules which progressively fuse together to form the renal pelvis. The renal pelvis narrows into the 

ureter at a site termed the ureteropelvic junction (UPJ). The ureters are muscular tubes that are 

typically 22-30 cm in length and descend through the retroperitoneum to the bladder.  The ureters 

pierce the exterior of the bladder at the ureterovesical junction (UVJ) and travel for 1.5-2cm 

diagonally within the bladder wall before emptying into the bladder lumen.  The 1.5-2 cm of the 

ureter that travels through the bladder wall is referred to as the intramural ureter and prevents 

vesicoureteric reflux (VUR) – where urine flows from the bladder up the ureters towards the kidneys 

(Hickling, Sun and Wu 2015).  
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Figure 1.1. Basic physiology of the urinary tract. The urinary tract starts at the ureteropelvic junction where the 

kidneys empty into the renal pelvis and down the ureters to the bladder. The ureters enter the bladder wall at 

the ureterovesical junction where they run within the bladder wall for 1.5-2cm before emptying into the 

bladder. Finally urine exits the bladder the urethra. Created with Biorender 

The bladder is tetrahedral in shape when empty and ovoid in shape when full. Smooth muscle and 

collagen layers make up the majority of the bladder structure while elastin plays a minor structural 

role (Macarak and Howard 1999). The top of the bladder is joined to the anterior abdominal wall by 

the urachus.  A small triangle of thickened muscle located between the ureteral orifices and the 

internal urethral orifice is known as the trigone (Viana et al. 2007).  The base of the bladder rests on 

the endopelvic fascia and pelvic floor musculature in males and on the anterior wall of the vagina in 

females. The junction of the bladder and urethra is termed the bladder neck and is surrounded by a 

layer of smooth muscle known as the involuntary internal-urethral sphincter. The internal-urethral 

sphincter plays a key role in the maintenance of continence. The internal-urethral sphincter is not as 

well developed in females.  

The urethra is approximately 13-20 cm long in males compared to 3.8-5.1 cm long in females.  The 

male urethra descends vertically through the prostate and then through the voluntarily controlled 

external-urethral sphincter before emptying via the (approximately 15 cm long) penile portion. The 

shorter female urethra runs along the anterior vaginal wall and passes through an external-urethral 
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sphincter before terminating at the external-urethral meatus between the clitoris and vagina.   The 

vaginal epithelium in healthy reproductive females is populated by lactobacilli. The lactobacilli 

produce lactic acid which defends against the establishment of uropathogenic bacteria by creating a 

low pH environment (Aldunate et al. 2015). 

The primary functions of the urinary tract are to transport, store and void urine.  This can be broken 

down into two stages: bladder filling and bladder voiding.  To fill the bladder, urine is peristaltically 

passed from the upper collecting system to the bladder via the ureters.  Atypical smooth muscle cells 

at the pelvicalcyeal border are believed to act as the pacemakers that initiate the spread of 

excitation along the smooth muscle cells of the ureter (Lang et al. 2006).  Excitation of smooth 

muscle propagates a wave of ureteral contractions that occur between 2 and 6 times a minute, in a 

healthy human, forcing a bolus of urine to the bladder. 

The bladder wall can be divided into the mucosal, muscular, and serosal and adventitial layers 

(Figure 1.2) (Merrill et al. 2016). The mucosal layer comprises transitional epithelial cells at the 

bladder/urine interface, the basal basement membrane, and the lamina propria (Merrill et al. 2016). 

Epithelial cells are not only a barrier to urine and pathogens, but also a sensory organ (Birder and 

Andersson 2013). The lamina propria consists of interstitial cells of Cajal (ICC), blood vessels and 

nerve terminals that are suggested to mediate inputs from epithelial cells and smooth muscle cells 

to maintain bladder function (Andersson and McCloskey 2014). The muscular compartment can be 

organized into three layers of smooth muscle that are collectively termed the detrusor (Merrill et al. 

2016). Finally, the muscle layers of the bladder are surrounded by the serosa on the superior and 

lateral surfaces of the bladder, while muscles at the retroperitoneal surface are surrounded by the 

adventitia –  loose connective tissue (Figure 1.2) (Merrill et al. 2016). 

Normal storage and voiding of urine in the bladder depends on sensory organs and neural signalling 

pathways (Andersson and Arner 2004). The intravesical pressure (internal bladder pressure) and the 

detrusor pressure (pressure exerted by bladder wall musculature) remain stable during bladder 

filling due to the bladder’s viscoelastic properties (Merrill et al. 2016).  Voiding is also prevented by 

inhibition of detrusor muscle contractions by the sympathetic nervous system and excitation of the 

smooth muscle surrounding the bladder neck.  When the bladder has reached capacity, tension in 

the bladder triggers stretch mechanoreceptors which activate Aδ and C fibres. Aδ and C fibres are 

sensory afferent nerves that send signals about bladder filling and noxious stimuli, respectively, to 

sacral spinal levels S2-4 via the pelvic, pudendal, and hypogastric nerves (Fowler, Griffiths and De 

Groat 2008). Signals travel along parasympathetic preganglionic neurons in the spinal column to the 

periaqueductal grey and finally the pontine micturition centre (both located in the brainstem). The 
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pontine micturition centre is activated, triggering relaxation of the internal-urethral sphincter. 

Voluntary relaxation of the external urethral sphincter and involuntary contraction of the detrusor 

muscle, by activation of smooth muscle P2X purinoceptor 1 (P2X1) and muscarinic receptors (M2 and 

M3), complete the voiding process.  

 

Figure 1.2. Cell layers of the urothelium and bladder wall. Created with Biorender. Adapted from (Merrill et al. 

2016).
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1.3 Urothelium 

The luminal surface of the urinary tract is coated by multiple layers of epithelial cells collectively 

termed the urothelium.  In mammals, the urothelium can be divided into three cell layers: basal (in 

contact with the basement membrane), intermediate and superficial/umbrella (exposed to the 

lumen of the urinary tract) (Figure 1.2). Humans have multiple layers of intermediate cells, while 

rodents appear to have just one layer. Human urothelium has an estimated turnover rate of 

approximately 200 days and a transepithelial resistance of up to 78,000 Ω/cm2 making it a very 

effective barrier compared to other biomembranes (Hicks 1975; Lewis 1977).   

Large proteinaceous plaques spanning the superficial urothelium contribute greatly to the 

impermeability of the urothelium.  These proteinaceous plaques cover ~90% of the urothelium.  The 

plaques are most abundant in the bladder urothelium but are also present in the ureteral and 

proximal urethral urothelium, albeit at reduced rates. Large plaque regions are surrounded by 

particle free ‘hinge’ regions which allow the urothelium to expand and contract while maintaining 

impermeability. The plaques are made up of roughly 1000 smaller, hexagonally arranged 16-nm 

subunits. These 16-nm urothelial plaques are made up of 5 integral membrane proteins: uroplakin 

proteins (UP’s) Ia, Ib, II, IIIa and IIIb.  The UP’s form two concentric rings of 6 proteins each to form 

one hexagonal 16-nm subunit.  Heterodimers of UPIa/II and UPIb/IIIa (or IIIb) are formed before 

exiting the endoplasmic reticulum of the umbrella cells.  Two of the 16-nm subunits (in discoidal 

vesicles) join to form a fusiform vesicle which is localized to the apical cytoplasmic surface. The 

apical cytoplasmic membrane is very rich in fusiform vesicles.  The 16-nm subunit can transition 

between a fusiform state embedded in the luminal membrane and a hexagonal plate-like alignment 

on the membrane exterior depending on whether the bladder is contracted or dilated, respectively 

(Hickling, Sun and Wu 2015). In addition to uroplakins, the luminal umbrella cells of the urothelium 

are coated in glycosaminoglycans (Figure 1.2) which are believed to protect the urothelium from 

bacteria and irritants in urine (Baker, Shabir and Southgate 2014).  

The urothelium has a number of receptors that can detect pressure, bladder filling, changes in pH, 

inflammation, harmful chemicals, pain and neuroactive chemicals (Table 1.1). The types of receptors 

and ion channels present in the urothelium include purinergic receptors (extracellular signalling), 

adrenergic receptors (e.g. adrenaline), cholinergic receptors (acetylcholine), protease-activated 

receptors, acid-sensing ion channels, neurotrophin receptors, corticotropin-releasing factor (CRF) 

receptors, transient receptor potential (TRP) channels, neuropeptide receptors and chemokine 

(inflammation) receptors (Merrill et al. 2016). These channels and receptors allow the urothelium to 

respond to a variety of factors and could potentially play a role in urinary tract infections.
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Table 1.1. Properties of major TRP channels and purinergic (e.g. extracellular ATP, ADP) receptors in the lower urinary tract. Adapted from (Merrill et al. 2016). 

Channel or 

receptor 

Major activators Distribution Function 

TRPV (Transient receptor potential vanilloid-type channel) 

TRPV1 Heat (>43 °C), pH ≤5.9, fatty acids (such as anandamide), 

vanilloids (such as Capsaicin and RTX), and endocannabinoids 

Urothelium, Detrusor, C 

fibres 

Bladder distension, bladder hyper-reflexia, 

pain, and thermosensation 

TRPV2 Noxious heat (>52 °C), mechanical (such as stretch or 

swelling), THC, and 2-APB 

Urothelium, Detrusor, 

Bladder sensory nerves 

Urothelium mechanosensation, 

chemosensation, and thermosensation 

TRPV4 Moderate heat (>24 °C), hypotonic cell swelling, shear stress, 

phorbol esters (such as 4α-PDD), BAA, EETs, and synthetic 

compounds (such as GSK1016790A) 

Urothelium, Detrusor, 

Bladder sensory nerves 

Detrusor contractility, bladder distension, 

voiding dysfunction, detrusor sphincter 

dyssynergia, and pain 

TRPM (Transient receptor potential melastatin-type channel) 

TRPM7 Fluid flow, pH <6.0, and the δ opioid antagonist naltriben Urothelium Urothelium mechanosensation, and sheer 

stress 

TRPM8 Cold (8–25 °C), cooling compounds (such as geraniol, 

lemonol, and eucalyptol), menthol, icilin, lipidergic mediators, 

and PIP2 

Urothelium, Aδ fibres, 

and C fibres 

Bladder cooling reflex, voiding dysfunction, 

and pain 
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TRPA (Transient receptor potential ankyrin-type channel) 

TRPA1 Noxious cold (<17 °C), mechanical (such as stretch, or 

swelling), allyl isothiocyanate, and aldehydes (such as 

acrolein and cinnamaldehyde) 

Urothelium, Aδ fibres, 

and C fibres 

Detrusor contractility, urethral 

mechanosensation, and bladder hyper-

reflexia 

Purinergic receptor or channel 

P2X (1–7) ATP Urothelium, Detrusor, 

ICC, and Bladder sensory 

nerves 

Visceral mechanosensation, and Bladder 

sensory nerve sensitivity 

P2Y (1, 2, 4, 

and 6) 

ATP and nucleosides (ADP, UTP, and UDP) Urothelium, Detrusor, 

ICC, and Bladder sensory 

nerves 

Visceral mechanosensation, and Bladder 

sensory nerve sensitivity 

P1 Adenosine Urothelium, Detrusor, 

and Sub-urothelium 

Voiding threshold 

2-APB, 2-aminoethoxydiphenyl borate; 4α-PDD, 4α-phorbol 12,13-didecanoate; BAA, bisandrographolide; EETs, epoxyeicosatrienoic acids; ICC, interstitial 

cells of Cajal; P, purinergic; PIP2, phosphatidylinositol 4,5-bisphosphate; RTX, resiniferatoxin; THC, tetrahydrocannabinol; TRP, transient receptor potential; 

TRPA, transient receptor potential ankyrin-type channel; TRPM, transient receptor potential melastatin-type channel; TRPV, transient receptor potential 

vanilloid-type channel; UDP, uridine diphosphate; UTP, uridine triphosphate 
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1.4 Urothelium models 

The most commonly used models of urothelium in UTI research are immortalized human bladder 

cancer cell lines, normal human urothelial (NHU) cells (primary cells isolated from human ureters) 

and mice. Each model comes with advantages and disadvantages. Using mice is advantageous 

because we can study UTIs in the context of a living organism with an active immune response and 

see how UTIs develop over longer periods of time than are possible in in vitro cell culture models. 

However, mouse urothelium only has one layer of intermediate urothelial cells where the human 

urothelium has 3-5. Mouse bladders also function quite differently to humans. Mice urinate almost 

constantly whereas humans, and other large mammals, go through longer intervals of urine storage 

between urination episodes (Yang et al. 2014). Studying UTI in a mouse model also requires 

inoculation with a high number of bacteria that may produce results that are inconsistent with the 

lifestyle of bacteria in the human urinary tract (Winstanley 1993; Hung, Dodson and Hultgren 2009). 

On the other hand, cell culture models provide researchers with a great level of control over 

inoculation quantities and other environmental variables (Barber et al. 2016). Primary NHU cells 

stratify into multiple layers and express biomarkers consistent with those seen in the healthy urinary 

tract, however they are time consuming and tedious to isolate, require access to fresh human tissue 

and can only be used for a limited number of passages (Baker, Shabir and Southgate 2014). 

Immortalized human bladder cancer cell lines are readily available for purchase, easy to grow and 

can be used for up to 10 passages. However, cancer cell lines are genetically abnormal and typically 

exist as monolayers – failing to differentiate into the multiple layers seen in the healthy human 

urinary tract (Barber et al. 2016). Nonetheless, bladder cancer cell lines, such as the T24 and HTB-9 

(5637) cell lines, are probably the most common model for studying UTI pathogenesis and they have 

proved invaluable at elucidating certain mechanisms of uropathogenic E. coli (UPEC) pathogenesis 

(Martinez et al. 2000; Mulvey, Schilling and Hultgren 2001a). HTB-9 cells have been used in this 

thesis primarily because of their prominent use in UPEC invasion studies, and also because they 

were readily available and easily handled by a cell culture novice. Additionally, towards the end of 

this thesis, an exciting new cell line (HBLAK from Cell N Tec, Switzerland) was used that is able to 

stratify into differentiated layers mimicking the human urinary tract and can tolerate urine – 

something that HTB-9 and NHU cells are unable to do (Horsley et al. 2018). 

1.5 Urinary tract infections 

Urinary tract infections include several clinical syndromes, such as cystitis (inflammation of the 

bladder), pyelonephritis (inflammation of the kidney) and renal or perinephric abscess (Cortes-

Penfield, Trautner and Jump 2017). These syndromes can be accompanied by bacteraemia (bacteria 

in the blood) or sepsis (debilitating immune response to bacteria in the blood) (Cortes-Penfield, 
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Trautner and Jump 2017). If doctors encounter these symptoms in a patient, they will take urine 

samples to check for bacteriuria (presence of more than 105 cfu ml-1 bacteria in urine) and pyuria 

(increased numbers of polymorphonuclear leukocytes in the urine) (Nicolle et al. 2005). Bacteriuria, 

with or without pyuria, in the absence of any other aforementioned clinical symptoms is known as 

asymptomatic bacteriuria (ASB) (Cortes-Penfield, Trautner and Jump 2017). Doctors are discouraged 

from administering antibiotics to patients experiencing ASB. A study of nursing home residents 

identified 25-50% of residents experiencing bacteriuria at any point in time (Nicolle 1997). After 

adjusting for comorbidities, elderly patients experiencing ASB do not suffer increases in mortality 

(Nicolle et al. 2005). Administering antibiotics to individuals with ASB does not lessen the likelihood 

of later complications and increases likelihood of acquiring antibiotic resistant UTI (Cai et al. 2015).  

One way of distinguishing between UTIs is to classify them as complicated and uncomplicated.  

Uncomplicated UTI’s occur in patients with normal, healthy urinary tracts.  Complicated UTIs occur in 

patients with structurally or functionally compromised urinary tracts, as seen in catheterized 

patients, and patients suffering from pyelonephritis (bacterial invasion of the kidney) among other 

conditions (Gonzalez and Schaeffer 1999). There are many anatomical abnormalities that can 

predispose one to a complicated UTI. Anatomical abnormalities of the urinary tract predispose one 

to UTIs by disrupting the normal act of urinating.  This could happen through obstruction to a part of 

the urinary tract or failure of the urinary tract to prevent vesicoureteral reflux and includes 

conditions such as Medullary Sponge Kidney, calyceal diverticula, bladder outlet obstruction and 

primary vesicoureteral reflux (Hickling, Sun and Wu 2015). Both complicated and uncomplicated 

UTIs are caused by Escherichia coli (Foxman 2010). The other most common organisms seen in UTI 

are Klebsiella pneumoniae, Enterococcus species, Group B Streptococcus, Proteus mirabilis, 

Staphylococcus saprophyticus and Pseudomonas aeruginosa (Foxman 2010). E. coli UTIs make up 

approximately 74% of all uncomplicated UTI, but a much smaller share of complicated UTI (Foxman 

2010). 

1.6 Risk factors for urinary tract infections 

Women are much more likely than men to experience UTIs due to a combination of anatomical, 

physiological, behavioural and hormonal factors. The lifetime risk for UTI is estimated at over 50% in 

women (Foxman et al. 2000).  Among 113 young women at the University of Michigan diagnosed 

with UTI, 26.6% had a recurrence within 6 months (Foxman 1990). There is no standard definition for 

recurrent UTI but it is typically defined as ≥2 episodes within 6 months (Aydin et al. 2015).  The vast 

majority of UTIs are caused by Escherichia coli. The source of the infecting E. coli can typically be 

traced back to the faecal flora of the affected patient (Larsen et al. 2014).  Women with recurrent 

UTIs are significantly more likely to have a shorter distance between their urethra and anus than 
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women without recurrent UTIs (Hooton et al. 1999). A study of premenopausal women found a 

significant association between recurrent UTI and vitamin D deficiency (Nseir et al. 2013). Maternal 

UTI has been identified as a risk factor for neonatal development of UTI (Khalesi et al. 2014). A study 

of 18-30 year old women identified maternal UTI history and an age of first UTI ⩽15 years as 

significant risk factors for recurrent UTI (Scholes et al. 2000). Studies disagree on whether an 

association exists between blood-group phenotypes and recurrent UTI. Multiple studies have found 

support for the idea that women with a non-secretor phenotype (as conferred by Lewis antigens) are 

more susceptible to recurrent UTI (Kinane et al. 1982; Lomberg et al. 1986; Sheinfeld et al. 1989).  

The secretor/non-secretor phenotype relates to whether individuals secrete their blood-type 

antigens into other bodily fluids, such as mucous membranes. The failure to find similar associations 

between blood-group phenotype and recurrent UTI in other studies could be overshadowed by 

more prominent behavioural risk factors such as sexual activity – especially when the study 

participants are women between the ages of 18 and 30 (Scholes et al. 2000). 

In premenopausal women, most UTIs are intercourse related (Nicolle et al. 1982). Bacteriuria was 

significantly less common in celibate women compared to sexually active women (Kunin and 

McCormack 1968).  A case-control study of 18-30 year old women identified recent 1-month 

intercourse, 12-month spermicide use and new sex partner in the past year as significant risk factors 

for recurrent UTI (Scholes et al. 2000). A longitudinal study of premenopausal women, 15 with 

recurrent UTI and 12 without, observed the majority of urinary tract infections occurred within 24-

hours of an intercourse episode (Nicolle et al. 1982). Multiple studies have identified spermicide use, 

usually in the form of spermicide coated condoms, as a major risk factor for UTI (Fihn et al. 1996, 

1998; Scholes et al. 2000). It is believed that spermicide use upsets the normal flora of the vaginal 

microbiome enabling colonization by uropathogens (Gupta et al. 1998). 

In postmenopausal women, the risk factors include previous UTI, cystocoele, urogenital surgery, high 

residual urine volume, incontinence, non-secretor status and oestrogen deficiency (Raz and Stamm 

1993; Franco 2005). Incidence of UTI increases in the elderly - 10% of women older than 65 and 30% 

of women older than 85 reported a UTI in the past year (Foxman et al. 2000; Eriksson et al. 2010). It 

can be useful to distinguish at-risk populations of postmenopausal women into healthy, non-

catheterized, non-institutionalized women and frail, catheterized and/or institutionalized women.  

While both groups see an increased risk of UTI, the underlying causes can differ. 

Oestrogen deficiency contributes  to urogenital atrophy and a decrease in vaginal glycogen (Cardozo, 

Benness and Abbott 1998; Dwyer and OʼReilly 2002).  Reduced vaginal glycogen, in turn reduces 

numbers of hydrogen peroxide producing Lactobacilli. Absence of H2O2-positive Lactobacilli is 
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associated with vaginal E. coli colonization (Gupta et al. 1998). Many studies have experimented 

with oestrogen replacement therapy both orally and intravaginally. Intravaginal oestrogen, in the 

form of creams or pessary devices had greater success at reducing recurrent UTI than oral oestrogen 

but failed to prove significantly more effective than antibiotics (Leckie 2010). A study of healthy 

postmenopausal women found that urinary incontinence, cystocele and postvoiding residual urine 

were significantly associated with recurrent UTI (Raz et al. 2000). Aside from oestrogen, the steroid 

hormone testosterone has also been studied in relation to UTI. A study of 278 men (mean age of 62) 

found a negative correlation between levels of testosterone and severity of UTI (as indicated by 

International Prostate Symptom Scores) (Chang, Oh and Kim 2009). Conversely, a mouse model of 

UTI suggested that testosterone could lead to more severe UTI (Olson, Hruska and Hunstad 2016). 

Male mice experienced more persistent bacteriuria, chronic inflammation, pyelonephritis and renal 

abscesses compared to female mice (Olson, Hruska and Hunstad 2016). Male mice experienced 

reduced symptoms after castration, but the severity of symptoms could be restored with exogenous 

testosterone (Olson, Hruska and Hunstad 2016). 

In institutionalized elderly populations, asymptomatic bacteriuria prevalence is 25-50% in women 

and 15-30% in men (Nicolle 1997) and UTI is the most common bacterial infection in residents of 

long term care facilities (Nicolle and Yoshikawa 2000). The primary reason for high incidence of UTI 

in institutionalized people is the frequency of chronic comorbid conditions in the patients.  A patient 

is said to have a neurogenic bladder when they suffer from bladder dysfunction caused by 

neurologic issues. A neurogenic bladder can present as urinary incontinence, frequency, urgency and 

retention – factors which predispose to UTI. A neurogenic bladder is strongly associated with 

neurodegenerative diseases dementia, Parkinson’s, Alzheimer’s and others which are common in 

elderly care institutions.  

Catheter associated UTI (CAUTI) and bacteriuria is the most common infection in hospitals and long-

term care facilities (Tsan et al. 2008; Hooton et al. 2010). Indwelling catheters were found to be a 

significant risk factor for development of UTI in a German nursing home. Patients with symptoms of 

dementia with indwelling catheters were the most likely to develop UTI while being bedridden was 

not associated with an increased risk of UTI (Engelhart et al. 2005). The possible link between UTI 

and dementia remains confusing. Some suspect that onset of UTI may cause episodes of delirium. 

However, health practitioners may be searching for UTI as a cause of delirium, find bacteriuria and 

wrongly attribute it as the cause of symptoms (Mayne et al. 2019). Insulin-treated diabetes, a 

condition that most often occurs in middle-aged and elderly adults, has been associated with a 

significantly increased risk of UTI (Jackson et al. 2004b). Patients with type 2 diabetes were also 
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found to have a significantly greater risk of developing a UTI (Hirji et al. 2012). The UTIs that affect 

diabetics are also more likely to display antibiotic resistance (Colodner et al. 2004). 

1.7 Pseudomonas UTIs 

Although P. aeruginosa does not cause the largest proportion of UTIs, the UTIs that it does cause can 

be seriously damaging. P. aeruginosa seems to have the gravest impact on elderly and hospitalized 

patients, where it is commonly isolated and linked to morbidity and increased readmission to 

hospitals (Gomila et al. 2018). In a multinational study conducted at 20 hospitals across south 

eastern Europe, Turkey, and Israel, P. aeruginosa was the causative agent in 9.6% of complicated 

UTIs (Gomila et al. 2018). Independent risk factors for complicated P. aeruginosa UTI were male sex 

(OR 2.61, 95% CI 1.60–4.27), steroid therapy (OR 2.40, 95% CI 1.10–5.27), bedridden functional 

status (OR 1.79, 95% CI 0.99–3.25), antibiotic treatment within the previous 30 days (OR 2.34, 95% CI 

1.38–3.94), indwelling urinary catheter (OR 2.41, 95% CI 1.43–4.08), and procedures that 

anatomically modified the urinary tract (OR 2.01, 95% CI 1.04–3.87). Independent risk factors for 

multi-drug resistant P. aeruginosa complicated UTI were age (OR 0.96, 95% CI 0.93–0.99) and 

anatomical urinary tract modification (OR 4.75, 95% CI 1.06–21.26). 23.7% of patients with 

complicated P. aeruginosa UTI were readmitted to hospital after treatment compared with 15.8% of 

patients infected with other uropathogens such as E. coli, Klebsiella pneumoniae and Proteus 

mirabilis (Gomila et al. 2018). The authors of the study concluded that patients with P. aeruginosa 

typically had a severe baseline condition (e.g. bedridden, catheterized, active chemotherapy) but did 

not experience increased mortality compared with patients affected by other uropathogens (Gomila 

et al. 2018). These results highlight the opportunistic nature of P. aeruginosa, preying on the urinary 

tracts of the weak and elderly, and the serious consequences of P. aeruginosa UTI. 

A study of 62 P. aeruginosa UTI patients at a single Spanish hospital found mortality at 30 days was 

17.7% and at 90 days was 33.9% (Luis et al. 2017). The mean age of patients was 75 years and 51% 

were male (Luis et al. 2017). One of the factors associated with reduced survival at 30 days was 

inadequate antibiotic treatment (Luis et al. 2017). This is where patients were initially treated with 

an antibiotic that the P. aeruginosa isolate was not susceptible to according to antimicrobial 

susceptibility tests. In a European study on nosocomial UTI spanning 29 countries and 228 hospitals, 

P. aeruginosa was isolated in 6.9% of patients (Bouza et al. 2001). P. aeruginosa isolates were more 

frequently isolated in non-EU countries (e.g. Turkey, Serbia, Russia). In non-EU countries, P. 

aeruginosa UTI isolates exhibited resistance rates of 72% to gentamicin, 69.2% to tobramycin and 

40% to amikacin (Bouza et al. 2001). These results highlight the high potential for mistreatment of P. 

aeruginosa UTIs. P. aeruginosa is inherently resistant to some of the antibiotics commonly used to 



13 
 

treat UTI. P. aeruginosa also has the potential to acquire even greater resistance upon exposure to 

antibiotics due to its large genome and propensity to form antibiotic resistant biofilms. 

1.8 Current state of UPEC research 

Uropathogenic E. coli causes 80-90% of urinary tract infections and therefore is the most heavily 

researched uropathogen (Foxman 2014). The wealth of research into UPEC has led to a greater 

understanding of the pathogenesis of E. coli in the urinary tract. A current review of UPEC literature 

helpfully breaks down UPEC pathogenesis into the following stages: (a) colonization of the 

periurethral, vaginal and urethral areas; (b) planktonic growth and ascension into the bladder lumen; 

(c) interaction with the host urothelium; (d) biofilm formation; (e) invasion of host urothelium and 

replication in intracellular bacterial communities (IBCs) or preservation of small numbers of bacteria 

in quiescent intracellular reservoirs (QIRs); (f) kidney colonization and/or host tissue damage with 

increased risk for septicaemia (Terlizzi, Gribaudo and Maffei 2017). Colonization of the genitourinary 

tract is believed to occur when E. coli is introduced from a reservoir in the intestine or from dormant 

bacteria in QIRs from previous infections (Mulvey, Schilling and Hultgren 2001a; Larsen et al. 2014). 

UPEC’s ability to invade the host urothelium makes it harder to eliminate with antibiotics and gives it 

a safe place to replicate in IBCs (Blango and Mulvey 2010a). Researchers have identified a variety of 

virulence factors that help UPEC to colonize the urinary tract, these include pilli adhesins (FimH), 

flagella, lipopolysaccharide, outer-membrane proteins, toxin secretion systems, iron-uptake systems 

and stress tolerance systems among others (Terlizzi, Gribaudo and Maffei 2017). How these 

virulence factors aid UPEC in the context of UTI is discussed in greater detail in later chapters 

(Chapter 4.1.1). UTI caused by P. aeruginosa can be even more difficult to eliminate with antibiotics 

than UPEC UTI (Ironmonger et al. 2015). The difficulty in treating P. aeruginosa UTI could be rooted 

in intrinsic antibiotic resistance, phenotypic diversity (as seen in CF lung infections) or the ability to 

invade host urothelium (as seen in UPEC). All three hypotheses offer interesting areas for further 

research. 

 

1.9 Direction for research into P. aeruginosa UTIs 

P. aeruginosa UTIs are a big problem for elderly populations, where they inflict high levels of 

mortality (Luis et al. 2017). UTI patients infected with P. aeruginosa see higher rates of readmission 

to hospital than patients suffering from other uropathogens (Gomila et al. 2018). P. aeruginosa 

isolates from UTI patients have higher rates of antimicrobial resistance than other uropathogens 

(Ironmonger et al. 2015). Research on P. aeruginosa in other infection sites (namely the lungs of 

cystic fibrosis patients) has highlighted the ability of P. aeruginosa to evolve, adapt and diversify 
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within the host (Ashish et al. 2013; Winstanley, O’Brien and Brockhurst 2016). Coupled with intrinsic 

antibiotic resistance, this community diversity can make it very difficult to completely clear a P. 

aeruginosa infection from a suffering patient. As we know that P. aeruginosa can be difficult to 

eliminate from the urinary tract, it would be interesting to investigate whether there is genotypic or 

phenotypic diversity within P. aeruginosa communities infecting the urinary tract. If diversity is 

found, it could have important implications for how we treat UTI caused by P. aeruginosa. UPEC 

research has highlighted how UPEC’s ability to invade the host urothelium can make it more difficult 

to eradicate and could provide a reservoir for recurrent UTI. Therefore, I will also investigate 

whether P. aeruginosa could act as an intracellular pathogen in the urinary tract. Without an 

accurate understanding of the P. aeruginosa communities causing UTI, we could be treating them 

inappropriately and creating worse outcomes for patients. 

1.10 Research questions 

Throughout this thesis, I plan to address the following research questions: 

Is there diversity in P. aeruginosa populations causing urinary tract infections? 

What consititues a typical P. aeruginosa UTI? 

Is there within-patient diversity of P. aeruginosa UTI populations? 

Where does P. aeruginosa reside during urinary tract infections? 

Can P. aeruginosa invade bladder epithelial cells? 

How does the host immune system respond to P. aeruginosa UTI isolates? 

Which P. aeruginosa genes are important for adherence, invasion and persistence in the urinary 

tract? 
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2 Materials and methods 

2.1 Sterilization of solutions and equipment 

All glassware and media were autoclaved at 121°C for 15 minutes.  Heat sensitive solutions were 

filter sterilized using 0.22 μm pore filters. 

2.2 Bacterial strains 

Lab strains of Pseudomonas aeruginosa were obtained from frozen 5% v/v glycerol in lysogeny broth 

(LB) (Fisher Scientific, 12780052) stocks in the -80°C freezers of the Craig Winstanley laboratory at 

the Institute of Infection and Global Health. Lab strains of Escherichia coli were obtained from frozen 

50% v/v glycerol LB stocks in the -80°C freezers of Rachel Floyd’s laboratory at the Liverpool 

Women’s Hospital. 

 Clinical isolates were obtained from five elderly urinary tract infection patients at the Royal 

Liverpool University Hospital from mid-stream urine samples. The clinical microbiology lab at the 

Royal Liverpool University Hospital streaked urine samples on BD Chrome Orientation agarplates and 

determined infecting species by MALDI-TOF. For this study we were only interested in collecting 

bacterial samples where P. aeruginosa was the only identified organism. BD Chrome Orientation 

plates were collected from the hospital within 48 hours and brought to the Institute of Infection and 

Global Health. Samples were collected over the course of 3 months. No ethical approval was needed 

for collection of bacterial samples because no human material was collected. Bacterial samples from 

a single UTI patient were streaked on Pseudomonas selective agar (Oxoid) and frozen stocks were 

created for 40 distinct colonies per UTI patient. 

2.3 Bacterial culture 

Bacteria were streaked from frozen -80°C stocks on to LB agar (Fisher Scientific, 10081163) and 

grown overnight at 37°C. For liquid cultures, colonies from LB agar streak plates were used to 

inoculate 5 ml LB broth in glass universals which were then grown overnight at 37°C shaking at 180 

rpm. 

2.4 Antibiotic susceptibility test 

Antimicrobial susceptibility tests were conducted by disk diffusion in accordance with EUCAST 

guidelines (EUCAST.org, 2018). Colonies were picked from overnight growth on LB agar and adjusted 

to a 0.5 McFarland standard (OD600 of 0.08-0.12) in a 0.85% (w/v) sodium chloride solution.  

Adjusted cultures were spread on Mueller-Hinton agar (Sigma, 70192) plates and treated with 

antibiotics discs (Oxoid) containing gentamicin (10 μg), meropenem (10 μg), ciprofloxacin (5 μg) and 

piperacillin/tazobactam (30/6 μg) for 16 hours at 37°C.  Zone diameters were measured and 
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referenced to EUCAST breakpoints for sensitivity and resistance. Experiments were performed in 

technical and biological triplicates. 

2.5 Hypermutability assay 

Hypermutability was tested by inoculating LB agar containing 300 μg ml-1 rifampicin with 10 μl of 

~109 cfu ml-1 overnight cultures at 37°C for 24 hours. PAO1 and PAO1∆mutS (a known hypermutator) 

were used as negative and positive controls, respectively. A spontaneous mutation rate could be 

determined relative to PAO1∆mutS. Experiments were performed in biological triplicates. 

2.6 Minimal growth assay 

Minimal growth assays were performed to check if urinary isolates exhibited auxotrophy for growth 

on a glucose minimal media.  Urinary isolates from chronic UTIs could potentially develop an 

auxotrophic phenotype in adaptation to their site of infection.  Isolates were streaked on M9 

minimal media and grown for 24 to 48 hours.  Lack of growth at 48 hours was taken as evidence of 

auxotrophy. Experiments were performed in biological triplicates.  

 

2.7 Pyocyanin assay 

Isolates were grown overnight in 5 ml LB broth shaking at 180 rpm at 37°C.  Isolates then were 

vortexed and aspirated to encourage oxygenation of pyocyanin before centrifugation at 14,000 rpm 

for 2 minutes.  200 μl of supernatant was transferred to 96-well plates and the absorbance was read 

at 695 nm with a BMG Labtech Fluostar Omega plate reader.  Absorbance values were normalized by 

subtraction of LB A695 values.  Isolates with normalized A695 values exceeding 0.1 were classified as 

pyocyanin overproducers. Experiments were performed in technical and biological triplicates. 

 

2.8 Statistical analyses 

Statistical analyses for phenotypic assays above were conducted in GraphPad Prism 5 software. 

Histograms were generated to check data for normal distributions. If data were approximately 

normally distributed, parametric tests, such as a One-way analysis of variance (ANOVA), were 

selected to see if samples were significantly different. Tukey post-hoc tests were used to identify 

pairwise significant differences. The threshold for a significant result was set at P = 0.01 for 

comparisons of 40 samples to lessen the likelihood of obtaining a statistically significant result by 

random chance (as can happen when comparing large populations). The threshold for significance 

was set at P = 0.05 for statistical analyses where n < 20, because this is the standard for statistical 

analysis in the biological sciences. 
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2.9 Random Amplification of Polymorphic DNA (RAPD) PCR 

Isolates were boiled at 100°C for 5 minutes in 100 μl nuclease free water (Sigma, H20MB) to extract 

genomic DNA.  Random amplification of polymorphic DNA (RAPD) PCR was carried out using primer 

272 (Sigma, AGCGGGCCAA) on genomic DNA with reaction mixtures of 25 μl.  20 μl of RAPD products 

mixed with 4 μl 6x purple loading dye (New England Biolabs) were separated by gel electrophoresis 

in 1.5% agarose gels with 0.5x TBE running buffer for 3 hours at 70V.  Each of the 5 samples tested 

belonged to a distinct RAPD type and the 40 isolates belonging to each sample shared the same 

RAPD type.  Master mix recipe was as follows:  
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Table 2.1. RAPD PCR master mix recipe. 

Ingredient Final concentration Volume of working 
concentration per 
reaction (μl) 

Volume for 15 
reactions (μl) 

Flexi Taq buffer 1x 5 75 

dNTP 200 μM 0.5 7.5 

Primer 272 300 nM 0.75 11.25 

MgCl2 2.5 mM 2 30 

1.25 U Taq polymerase  0.1 1.5 

Water  15.65 234.75 

 Total 24 360 
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2.10 ExoU/S PCR 

Isolates were boiled at 100°C for 5 minutes in 100 μl water to extract genomic DNA. Forward and 

reverse primers targeting either ExoS or ExoU were combined with genomic DNA in reaction 

mixtures of 25 μl (see below table). 10 μl of PCR product was mixed with 2 μl of 6x loading dye 

before loading into 1% agarose gels with 1 in 10,000 dilution of SYBR Safe DNA gel stain (Fisher 

Scientific, S33102) and run for 40 minutes at 100V alongside 1kb+ DNA ladder.   

Table 2.2. ExoU/S PCR master mix recipe. 

Ingredient Final concentration Volume of working 
concentration per 
reaction (μl) 

Volume for 15 
reactions (μl) 

Flexi Taq buffer  5 75 

dNTP 200 μM 0.5 7.5 

ExoU/S Forward 300 nM 0.75 11.25 

ExoU/S Reverse 300 nM 0.75 11.25 

MgCl2 2.5 mM 2 30 

1.25 U Taq 
polymerase 

 0.1 1.5 

Water  14.9 223.5 

 Total 24 360 

 

Table 2.3. ExoU/S PCR primers 

 

Primer Target Primer sequence 

EXOU F exoU CCGTTGTGGTGCCGTTGAAG 
EXOU R CCAGATGTTCACCGACTCGC 
EXOS F 

exoS 
GCGAGGTCAGCAGAGTATCG 

EXOS R TTCGGCGTCACTGTGGATGC 
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2.11 DNA extraction and sequencing of 10 clinical isolates 

The 10 clinical isolates from 5 patients that were selected for further study were grown over night 

shaking at 200 rpm and 37°C. DNA was extracted with the Promega Wizard Genomic DNA 

Purification Kit. Briefly, 4 ml of overnight culture was centrifuged at 15,000 g for 2 minutes to pellet 

bacteria before removing supernatant. Cells were resuspended in 600 μl of Nuclei Lysis Solution and 

incubated at 80°C for 5 minutes to lyse cells. 3 μl RNase Solution was added before incubation at 

37°C for 1 hour. Sample was cooled to room temperature before addition of 200 μl Protein 

Precipitation Solution. Samples were vortexed at high speed for 20 seconds before a 5-minute 

incubation on ice. Samples were centrifuged at 15,000 g for 3 minutes. Supernatant was transferred 

to a fresh 1.5 ml microcentrifuge tube containing 600 μl room temperature isopropanol. Care was 

taken to avoid transferring any liquid containing white protein precipitate. DNA in isopropanol was 

mixed by inversion before centrifugation at 15,000 g for 2 minutes. Supernatant was poured off and 

tubes were blotted dry on paper towels. 600 μl of room temperature 70% ethanol was added to 

DNA pellets. Samples were gently mixed by inversion before centrifugation at 15,000 g for 2 

minutes. Tubes were drained inverted on paper towels for 30 minutes and air-dried upright at 37°C 

in a heating block for 30 minutes. DNA was rehydrated in DNase-free RNase-free sterile water and 

stored at 4°C until sequencing. DNA was Illumina sequenced by the Centre for Genomic Research 

(CGR) at the University of Liverpool using paired end reads. The raw Fastq files were trimmed for the 

presence of Illumina adapter sequences using Cutadapt version 1.2.1. The option -O 3 was used, so 

the 3' end of any reads which match the adapter sequence for 3 bp or more are trimmed. The reads 

were further trimmed using Sickle version 1.200 with a minimum window quality score of 20. Reads 

shorter than 20 bp after trimming were removed. 

2.12 Pairwise SNP variant analysis using BactSNP 

SNP variant analysis was conducted using the BactSNP program developed by researchers at the 

Tokyo Institute of Technology (Yoshimura et al. 2019). The BactSNP pipeline was obtained from 

GitHub https://github.com/IEkAdN/BactSNP. BactSNP was run on Linux Ubuntu for Windows version 

18.04 LTS. Pairs of isolates from each patient were assembled against either PAO1 

(GCF_000006765.1) or PA14 (GCF_000014625.1) depending on which reference genome they were 

most similar to. BactSNP also simultaneously de novo assembles the clinical isolate genomes to 

achieve higher accuracy. Reference genomes were obtained from Pseudomonas.com. BactSNP was 

run with default arguments where SNP variants are only called if the coverage at a base is greater 

than 10 and more than 5 bases away from a suspected INDEL. This results in a highly accurate SNP 

caller with very low false positive calls (Yoshimura et al. 2019).

https://github.com/IEkAdN/BactSNP
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2.13 Culture methods of cell lines 

2.13.1 5637 (HTB-9) cells 

 Thawing and seeding cryopreserved cells 

Cryopreserved cells were thawed rapidly in a 37°C water bath and seeded in 7 ml of 

prewarmed complete medium in a T25 cell culture flask. Complete medium consisted of 10% 

feotal bovine serum (FBS) (Life Technologies, 10270106), 5 ml of 100x penicillin-

streptomycin (Sigma, P0781) dissolved in 500 ml Rosa Parks Memorial Institute (RPMI) 

medium with L-glutamine and sodium bicarbonate (Sigma, R8758). Media was replaced the 

following day. Cells were detached and re-seeded in T75 flasks upon reaching confluency. 

5637 cells were used for a maximum of 10 passages from ATCC stock vials between passage 

41 and 51. 

Cell culture and expansion 

Flasks were split upon reaching 80-90% confluency. Mycoplasma PCR testing was performed 

by lab techs at the start of each month on 1 ml aliquots of cell supernatant. All mycoplasma 

tests on my cells came back negative during the course of my PhD. Media was changed 2-3 

times per week when cells were split or when media noticeably changed colour. Prior to 

splitting, media was removed from cells and cells were washed with 10 ml of Dulbecco’s PBS 

(DPBS) (Life Technologies, 14200083) + 0.1% EDTA per T75. Cells were incubated with 2 ml 

of trypsin-EDTA (Sigma, T3924; 0.5 g porcine trypsin and 0.2 g EDTA per liter Hank’s 

Balanced Salt Solution) per T75 for 10 minutes.  Flasks were gently horizontally tapped 

against bench to detach cells.  10 ml of RPMI + 10% FBS was added to each T75 to inactivate 

the trypsin. 2ml of detached cells (~2 x 106) were seeded into fresh T75 flasks with 14 ml of 

RPMI + 10% FBS. 

Cryopreservation 

Cells were cryopreserved in 1 ml aliquots of 1x106 cells and stored in liquid phase of liquid 

nitrogen at -196°C.  Cells were split as previously described and 32 ml of cells (harvested 

from two confluent T75 flasks) were transferred to a 50 ml falcon tube.  Cells were 

centrifuged at 300 g for 4 minutes and resuspended in 6 ml of freezing medium comprising 

90% complete medium and 10% dimethyl sulfoxide (DMSO) (Sigma, D2650).  Cells in freezing 

medium were added to 1.5 ml cryovials in 1 ml aliquots and added to a Mr. Frosty™ freezing 

container (Fisher Scientific, 5100-0001).  The Mr. Frosty™ was added to a -80°C freezer to 
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allow cooling of the cryovials at a rate of 1°C per minute.  Cells were left at -80°C overnight 

before transfer to liquid nitrogen for storage. 
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2.13.2 HBLAK cells 

 Thawing and seeding cryopreserved cells: 

Cryopreserved cells were thawed rapidly in a 37°C water bath and seeded in 10 ml of CnT-

Prime media (CellnTec, Switzerland) pre-warmed to 37°C in an incubator in a T25 flask. 

Media was replaced the following day. Cells reached confluency in just over one week. 

Cell culture and expansion: 

Flasks were split upon reaching 80% confluency – typically once a week. Media was changed 

every 2-3 days. Prior to splitting, media was removed from cells and cells were washed with 

7ml of DPBS. Cells were incubated with 4 ml of accutase (CellnTec, Switzerland) per T75 for 

2-5 minutes.  T75’s were tapped sideways against bench to detach cells.  10 ml of CnT-Prime 

media was added to each T75 to inactivate the accutase. T75 flask was rinsed several times 

with cell suspension to detach all cells and break up clusters of cells. Suspension was 

transferred to 15 ml centrifuge tubes and left to stand for 2 minutes. Cells were centrifuged 

at 200 g for 5 minutes at room temperature. Supernatant was discarded and cell pellets 

were resuspended in 2 ml of CnT-Prime media. Cells were counted and then seeded at 4000 

cells cm2 after passaging. 

Cryopreservation: 

Prior to freezing cells, 1.5 ml cryovials were labelled and cooled to 4°C. Cells were harvested 

using the same protocol used for passaging.  Cells were centrifuged at 200G for 5 minutes at 

room temperature. Cell pellets were resuspended in 1 ml of CnT-Prime media. Cells were 

placed on ice while a small sample was used to perform a cell count with a haemocytometer. 

Cells were adjusted to a concentration of 2x106 with cold CnT-Prime media. An equal volume 

of cold 2x freezing media (CnT-CRYO-50, CellnTec, Switzerland) was added drop-wise to the 

cell suspension while swirling the tube. Cell suspension with equal parts CnT-Prime media 

and CnT-CRYO-50 was left at room temperature for 5 minutes to allow osmotic equilibration 

in the cytoplasm of cells. Cell suspensions were transferred in 1 ml aliquots of 1x106 to the 

pre-cooled cryovials and placed in a Mr. Frosty for slow overnight freezing in a -80°C freezer.          

Cryovials were transferred to liquid phase of liquid nitrogen at -196°C for long term storage. 
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2.14 Gentamicin protection assays (Invasion assays) 

2.14.1 Invasion in 12-well plates with clinical isolates 

Gentamicin protection assays were performed to quantify the ability of bacteria to adhere to, invade 

and persist within bladder epithelial cells. 12-well cell culture plates (Starlab, CC7682) were seeded 

with 2x105 bladder urothelial cells (HTB-9 ATCC) in complete medium and grown for 48 hours to 

form a confluent monolayer. Cell supernatant was removed at 24 hours to remove FBS and 

penicillin-streptomycin and replaced with 1000 μl of RPMI 1640. Bacteria were grown overnight in 

LB broth, pelleted at 5000 g for 5 minutes and resuspended in RPMI.  Bacteria were adjusted to an 

OD600 of 0.5 before dilution in RPMI to create an evenly distributed bacteria:media mastermix for 

infection of cell monolayers at a multiplicity of infection (MOI) of ~25. Cell monolayers were washed 

with DPBS with calcium and magnesium (DPBS++) (Life Technologies, 14040174) and infected with 

990 μl of the appropriate bacteria:RPMI mastermix before incubation at 37°C for 2 hours. At 2 hours 

post infection (hpi) 10 μl of 10% v/v Triton X-100 was added to one set of triplicate wells while 

another set of triplicate wells had the supernatant removed, was washed 3x with PBS++ and cell 

were lysed with 1000 μl of 0.1% Triton X-100. Plates were left on ice for 5-10 minutes, scraped, 

serially diluted and then plated on to LB agar for colony forming units per ml (cfu ml-1) 

determination.  These two conditions are termed ‘Total’ and ‘Bound’, respectively. The ‘Total’ 

condition represents bacterial numbers found in the extracellular supernatant, bound to the cells 

and intracellularly. The ‘Bound’ condition represents bacterial numbers found bound to cells and 

intracellularly. At 2 hpi supernatant was removed from remaining wells, wells were washed twice 

with DPBS++ and 1000 μl of 100 μg ml-1 gentamicin in RPMI was added to wells. Gentamicin is a 

membrane impermeable antibiotic and therefore kills all extracellular bacteria while preserving 

intracellular bacteria.  Intracellular bacteria counts were obtained at 4 hpi by removing gentamicin 

from wells, washing twice with PBS++, lysing with 1000 μl of 0.1% Triton X-100 and plating serial 

dilutions on LB agar.  
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Figure 2.1. Illustration of invasion assay method. Confluent HTB-9 cells were infected at a MOI of ~25. Free-floating, cell-

bound and intracellular bacteria were harvested at different time points with different treatment protocols and their 

numbers enumerated by lysate serial dilutions cultivated on LB agar overnight. 

2.14.2 48-hour invasion assay in 24-well plates 

Invasion assays were conducted in 24-well plates with minor modifications to the protocol used in 

12-well plates. 2x105 of HTB-9 cells in complete medium were seeded 24 hours prior to infection.  

Isolates PAO1, PA14, B12 and D1 were selected for 48-hour infections to see if ExoU or ExoS 

expression influenced persistence of the isolates intracellularly. PAO1 and B12 are ExoS expressers 

while PA14 and D1 are ExoU expressers. 100 μl of OD600=0.5 bacteria in RPMI were diluted in 5 ml 

RPMI to give a MOI of ~25 when 500 μl of bacteria/RPMI suspension was added to bladder cells. At 3 

hours post infection cell supernatant was removed and replaced with 200 μg ml-1 gentamicin in 

RPMI. Supernatants and intracellular bacteria were harvested at 6, 24 and 48 hours post infection. 

Supernatants were frozen for later cytotoxicity assays and immunoassays. Intracellular bacteria were 

serially diluted and five 10 μl technical replicates plated on LB agar for determination of colony 

forming units per ml. Experiments performed in biological triplicate.
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2.14.3 Ofloxacin invasion assay 

Invasion assays were conducted as previously mentioned. Instead of adding the antibiotic 

gentamicin to kill extracellular bacteria, both gentamicin and ofloxacin were used. Ofloxacin can 

penetrate the bladder cell membrane and kill both intracellular and extracellular bacteria. This test 

was performed as further validation that bacteria were located intracellularly. 

2.14.4 Invasion in cell culture inserts for fluorescent imaging 

Invasion assays were conducted in cell culture inserts (Sigma, PIHP01250) with PAO1 in 24-well 

plates. Cell culture inserts allow cells to grow on a fine mesh with media above and below. The 

plastic mesh of the cell culture insert was then cut out with a scalpel and mounted in Prolong Gold 

antifade reagent (Life Technologies, P36930) to glass slides for fluorescent and confocal microscopy.  

Both HTB-9 cells and HBLAK cells were used for cell culture insert infections. HTB-9 cells form a cell 

monolayer and are infected with bacteria suspended in RPMI growth media because they cannot 

tolerate urine exposure. HBLAK cells are urine-tolerant and form a stratified epithelium layer when 

exposed to differentiation media and urine over a period of ~2 weeks. 

2x105 HBLAK cells were seeded in cell culture inserts and six cell culture inserts were added to a 6 cm 

diameter culture dish containing ~11 ml of CnT-Prime media so that external media was level with 

internal cell culture insert media. Confluency was determined by sacrificially staining one cell culture 

insert with wheat germ agglutinin conjugated to AlexaFluor-647 (Fisher Scientific, W32466) after 72 

hours of growth. At confluency, internal and external media was removed and replaced with CnT-

Prime-3D differentiation media. After overnight incubation, internal media was replaced with filter-

sterilized human urine (equal parts male and female, pooled from healthy volunteers). Internal urine 

and external CnT-Prime-3D were replaced every 3 days and infection was carried out on the 14th day. 

Cell culture inserts seeded with 2x105 HTB-9 cells were grown for 24 hours to reach confluency. 

PAO1 was grown overnight in LB broth at 37C in a shaking incubator. PAO1 was pelleted at 5,000 g 

for 5 minutes. LB supernatant was poured off and replaced with RPMI (without antibiotics) for 

infection of HTB-9 cells or filter-sterilized gender-pooled human urine for HBLAK cells. Bacteria 

culture was adjusted to an OD600 of 0.5 and 200 μl of adjusted culture was added to 19.8 ml of 

relevant media. Cell culture inserts were washed once with PBS++ then 400 μl of diluted PAO1 

culture was added to each cell culture insert (MOI ~10-25). Plates were incubated for 3 hours at 37°C 

to allow bacteria to adhere to and invade epithelial cells. Media was removed from inside and 

outside the cell culture inserts and replaced with relevant media supplemented with 200 μg ml-1 

gentamicin. Plates were then incubated for an additional hour while the gentamicin killed off all 

extracellular bacteria. The cell culture inserts were washed two times with PBS++ before addition of 
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either 1 ml of 0.1% Triton X-100 for cfu calculations or 400 μl of 4% methanol free formaldehyde 

(Fisher Scientific, R37814) to fix the cells and bacteria prior to staining.  Cells were fixed for 10 

minutes at room temperature before proceeding to the fluorescent staining protocol. 

2.15 Fluorescent staining protocol 

Formaldehyde was removed from fixed cells in cell culture inserts and discarded in hazardous waste. 

Cell culture inserts were washed twice with PBS. Cell culture inserts were quenched in cold 150 mM 

glycine in PBS for 15 minutes to kill background fluorescence and then washed with PBS three times. 

Cell culture inserts were blocked in blocking solution (5% FBS, 2.5% cold fish skin gelatin, 0.1% v/v 

Triton X-100, 0.05% v/v Tween-20) for 1 hour at room temperature. A 1:500 dilution of primary anti-

Pseudomonas antibodies (Abcam, Ab74980) in antibody solution (2.5% FBS, 1.25% cold fish skin 

gelatin, 0.1% v/v Triton X-100, 0.05% v/v Tween-20) was added to cell culture inserts before 

overnight incubation at 4°C. Antibodies were removed and washed four times in PBS. Secondary 

antibody (goat anti-chicken conjugated to AlexaFluor-488) diluted 1:1000 in antibody solution was 

added for one hour at room temperature protected from light.  Cell culture inserts were washed 

once with PBS before addition of a dual-labelling solution of DAPI (1 ug ml-1) and AlexaFluor-633-

conjugated phalloidin (1.65 uM) for 1 hour at room temperature protected from light. Finally, cell 

culture inserts were washed twice with PBS and then cut out with a scalpel, mounted on a glass 

microscopy slide with Prolong Gold Antifade Reagent (Life Technologies, P36930) and a glass 

coverslip. Slides were imaged with LSM710 confocal microscope and images were taken by the 

Centre for Confocal Microscopy (CCI) at the University of Liverpool. 

2.16 Catheter biofilm assay 

Silicon catheters with 4 mm outer diameter (Coloplast, UK) were cut into 1 cm segments with a 

scalpel. Each catheter segment was submerged in 1 ml of 70% ethanol in a 24-well plate for 30 

minutes to sterilize. Ethanol was removed and catheter segments were stood vertically in wells and 

allowed to air dry for ~3 hours in a laminar flow hood. 4 ml overnight cultures of P. aeruginosa (>109 

cfu ml-1) were centrifuged at 5,000 g for 5 minutes to pellet bacteria. Supernatant was discarded and 

pellets were resuspended in an equal volume (4 ml) of filter sterilized human urine (pooled 

male/female). Human urine was collected from consenting volunteers at the Institute of Infection 

and Global Health. Urine was filter sterilized with 0.22 um vacuum filters and equal quantities of 

male and female urine were combined to create a uniform stock that was aliquoted and frozen until 

used for catheter biofilm experiments. Bacterial suspensions in urine were added to horizontally 

positioned catheter segments – filling the segments from end to end. Care was taken to ensure 

catheter segments remained horizontal to prevent spillage of bacteria suspensions from end of 

catheter segments. Unused wells in 24-well plates were filled with sterile water to create a humid 
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environment to prevent evaporation of bacteria/urine suspensions. Inoculated catheter segments 

were incubated for 16 hours at 37°C. Catheter segments were blotted dry on blue roll and then filled 

end-to-end with 0.25% crystal violet in PBS and left in a horizontal position for 5 minutes. Catheter 

segments were then washed 3 times with 1 ml of PBS being gently flushed through the catheter with 

a 1000 μl pipette. Finally, catheters were transferred to a clean 24-well plate and submerged in 1 ml 

of 30% acetic acid. Acetic acid was flushed through catheters until no purple crystal violet residue 

remained in the catheter. Catheters segments were set aside for reuse. 24-well plate with varying 

concentrations of crystal violet dissolved in acetic acid were taken to a FluoStar Omega plate reader. 

Absorbance was read at 595 nm. All bacterial isolates were tested in three technical replicates and 

three biological replicates. 

2.17 V-plex immune response assay 

Supernatants collected during invasion assays were frozen at -20°C until customized v-plex 

immunoassay plates were received from Meso Scale Discovery (Maryland, USA). Two v-plex plates 

were received along with diluents, calibrators and detection antibodies. One plate contained 

immobilized antibodies with binding towards Human IFN-γ, IL-1β, IL-6, IL-8, IL-10 and TNF-α. The 

other plate contained immobilized antibodies with binding towards Human GM-CSF and IL-17A. 

Cytokines were chosen based on literature review of immune response to UPEC and verbal 

communication with immunology expert. Plates were washed three times with PBS + 0.05% v/v 

Tween. MSD ‘calibrators’ were serially diluted and added in duplicate to the plates. The MSD 

calibrators contain known quantities of the relevant biomarkers and are used to create a standard 

curve for quantification of samples. Sample supernatants were centrifuged at 2000 g for 3 minutes, 

diluted 2-fold in MSD diluent and added to plates. Plates containing calibrators and samples were 

incubated at room temperature with shaking at 200 rpm for 2 hours. Plates were then washed three 

times with PBS + 0.05% v/v Tween before addition of 25 μl of detection antibodies to each well. 

Plates with detection antibodies were incubated for 2 hours at room temperature with shaking at 

200 rpm. Plates were washed three time with PBS + 0.05% Tween before addition of 150 μl per well 

of Read Buffer T (MSD, USA).  Plates were read on a QuickPlex SQ 120 plate reader (MSD, USA). 
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2.18 Cytotoxicity assay 

Sterile supernatants from invasion assays were collected and immediately frozen at -20C. All 

collected supernatants were thawed at the same time and the Pierce LDH Cytotoxicity Assay Kit 

(Fisher Scientific, 13454269) was used to quantify cell death during invasion assays. Negative 

controls were supernatants of uninfected cells incubated for the same amount of time as infected 

cells. 100% cell death controls were supernatants from wells where Triton X-100 was added to a final 

concentration of 0.1% (v/v) to lyse all cells. 50 μl of supernatant was mixed with 50 μl of ‘reaction 

mixture’ from the kit and incubated at room temperature for 30 minutes in a 96-well plate. After 30 

minutes, 50 μl of stop solution was added and absorbance was read on a FluoStar Omega plate 

reader at 490 nm and 680nm. The 680 nm reading (background) is subtracted from the 490 nm to 

give a value for LDH present in each sample.  

2.19 TraDIS invasion assay 

2.19.1 Invasion in T75 

HTB-9 cells were passaged as mentioned previously and were grown to confluency in T75 flasks prior 

to infection with the mutant library. 10 μl of the PAO1 mutant library was added to 5ml of LB and 

grown overnight shaking at 37°C. Bacteria were centrifuged at 5,000 g for 5 minutes. Supernatant 

was discarded and bacteria were resuspended in RPMI. Bacteria were adjusted to OD600=0.5 and 

then diluted with more RPMI media to reach a multiplicity of infection (MOI) of ~25. Complete 

media from T75 flasks of 5637 cells was discarded and the cells were washed once with PBS++ 

before addition of PAO1 mutant library in RPMI at MOI of ~25. Cells were incubated with bacteria 

for 2 hours at 37°C 5% CO2. To enumerate ‘Total’ bacteria (intracellular, bound and extracellular), 

one set of triplicate flasks were had 5 ml of 5% Triton X-100 added to lyse cells (final concentration 

of 1%). Cell scrapers were used to detach cells from flasks. Cell lysates were mixed thoroughly before 

transferring technical replicates to 50ml falcons for freezing. 100 μl of cell lysate was saved for serial 

dilution and plating on LB agar for colony forming unit calculations. To enumerate ‘Bound’ bacteria 

(bacteria bound to cells and inside cells), triplicate flasks were also removed from incubators at 2 

hours post infection. Media with bacteria was discarded and cells were washed three times with 

PBS++. Then 10 ml of 1% Triton X-100 was added to lyse cells. Cells were scraped, mixed and 

transferred to a 50 ml falcon with 100 μl used for cfu ml-1 determination. All remaining flasks had 

media removed and replaced with 200 μg ml-1 gentamicin in RPMI to kill extracellular bacteria. At 6 

and 24 hours post infection, triplicate flasks had antibiotic media removed and were washed three 

times with PBS++ before addition of 10 ml 1% Triton X-100 to lyse cells. Intracellular bacteria were 

transferred to 50 ml falcon tubes for freezing. The following day, serial dilutions plated on LB agar 
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were observed and cfu ml-1 data was calculated. Cell lysates remained frozen at -20°C until DNA 

could be extracted and sent for sequencing. 

2.19.2 DNA extraction 

DNA was extracted with the Promega Wizard Genomic DNA Purification Kit. Frozen samples were 

thawed at room temperature and then centrifuged at 15,000 g for 2 minutes to pellet bacteria 

before removing supernatant. Cells were resuspended in 600 μl of Nuclei Lysis Solution and 

incubated at 80°C for 5 minutes to lyse cells. 3 μl RNase Solution was added before incubation at 

37°C for 1 hour. Sample was cooled to room temperature before addition of 200 μl Protein 

Precipitation Solution. Samples were vortexed at high speed for 20 seconds before a 5-minute 

incubation on ice. Samples were centrifuged at 15,000 g for 3 minutes. Supernatant was transferred 

to a fresh 1.5 ml microcentrifuge tube containing 600 μl room temperature isopropanol. Care was 

taken to avoid transferring any liquid containing white protein precipitate. DNA in isopropanol was 

mixed by inversion before centrifugation at 15,000 g for 2 minutes. Supernatant was poured off and 

tubes were blotted dry on paper towels. 600 μl of room temperature 70% ethanol was added to 

DNA pellets. Samples were gently mixed by inversion before centrifugation at 15,000 g for 2 

minutes. Tubes were drained inverted on paper towels for 30 minutes and air-dried upright at 37°C 

in a heating block for 30 minutes. DNA was rehydrated in DNase-free RNase-free sterile water and 

stored at 4°C until sequencing. 

2.19.3 RNA clean-up 

Quality checks were performed on the DNA by using a nanodrop, Qubit and running 5 μl of DNA on a 

1% agarose gel for 1 hour. Samples that appeared to contain RNA contamination according to the gel 

were treated with RNase A. Following RNase A treatment, the Promega Wizard kit was again used to 

clean up the DNA. 

2.19.4 TraDIS Sequencing protocol 

Where possible, 150 ng of DNA from each sample was used. For samples 6 and 9 only 20 and 10 ng 

were used, respectively. This was because of the low quantity of DNA extracted.  The specified 

amount of genomic DNA was sheared using a picoruptor targeting 350 inserts. Then a 1.8x MagBead 

clean up was performed with elution in 55.5 μl. 50 μl of the eluent was end repaired, poly-a tailed 

and adapter ligated with the NEBNext II Ultra kit and eluted in 14 μl of water. Adaptor ligated DNA 

were size selected for 300-400 bp insert size using AMPure XP beads. Our first round of PCR targeted 

our transposon of interest with the forward primer and our ligated adapter sequence with the 

reverse primer. Our first PCR used 2.5 μl of each 10 μM primer, 25 μl KAPA HiFi, 14 μl sample and 6 

H2O.   Samples were then 0.75x SPRI cleaned and eluted in 15 ul H2O, before preceding to a nested 
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2nd round PCR. To avoid index hopping between different conditions we used 15 different reverse 

(i7) indexes but the same forward index (i5) for each triplicate biological condition. The 2nd PCR used 

2.5 μl of each 10 μM primer, 25 μl KAPA HiFi and 15 μl product in H2O from the previous step. The 

forward indexing primer to be used with each sample are listed below. Equimolar pooling of the 

libraries was performed based on Qubit and Bioanalyzer data and without any size-selection step 

(performed during library prep using bead-based method outlined above). Then qPCR and 

sequencing was performed with no need for any custom sequencing primers. 

Table 2.4. List of primers used for TraDIS sequencing protocol. 

Primer name             Sequence                                                                                  

Newman For       atggaaaacgggaaaggttcc                                                                     

Newman Rev       gactggagttcagacgtgtgctcttccgatc                                                           

Newman_Enrich_F1 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctgtacgtgt

ccaggacgctacttgtgta     

Newman_Enrich_F2 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctagctagc

gtccaggacgctacttgtgta    

Newman_Enrich_F3 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctcatgcat

ggtccaggacgctacttgtgta   

Newman_Enrich_F4 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatcttcgatcg

atgtccaggacgctacttgtgta  

Newman_Enrich_F5 aatgatacggcgaccaccgagatctacactctttccctacacgacgctcttccgatctggtaggt

ctagtccaggacgctacttgtgta 

Rev_UDI0001      caagcagaagacggcatacgagataaccgcgggtgactggagttcagacgtgtgctcttccga

tct                        

Rev_UDI0002      caagcagaagacggcatacgagatggttataagtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0003      caagcagaagacggcatacgagatccaagtccgtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0004      caagcagaagacggcatacgagatttggacttgtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0005      caagcagaagacggcatacgagatcagtggatgtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0006      caagcagaagacggcatacgagattgacaagcgtgactggagttcagacgtgtgctcttccgat

ct                        
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Rev_UDI0007      caagcagaagacggcatacgagatctagcttggtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0008      caagcagaagacggcatacgagattcgatccagtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0009      caagcagaagacggcatacgagatcctgaactgtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0010      caagcagaagacggcatacgagatttcaggtcgtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0011      caagcagaagacggcatacgagatagtagagagtgactggagttcagacgtgtgctcttccga

tct                        

Rev_UDI0012      caagcagaagacggcatacgagatgacgagaggtgactggagttcagacgtgtgctcttccga

tct                        

Rev_UDI0013      caagcagaagacggcatacgagatagacttgggtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0014      caagcagaagacggcatacgagatgagtccaagtgactggagttcagacgtgtgctcttccgat

ct                        

Rev_UDI0015      caagcagaagacggcatacgagatcttaagccgtgactggagttcagacgtgtgctcttccgat

ct                        
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2.19.5 TraDIS analysis 

The raw Fastq files were trimmed for the presence of Illumina adapter sequences using Cutadapt 

version 1.2.1. The option -O 3 was used, so the 3' end of any reads which match the adapter 

sequence for 3 bp. or more were trimmed. The reads were further trimmed using Sickle version 

1.200 with a minimum window quality score of 20. Reads shorter than 20 bp after trimming were 

removed. If only one of a read pair passed this filter, it is included in the R0 file. Analysis was 

completed using the BioTraDIS pipeline developed by the Sanger Institute. Paired-end read data for 

every sample was downloaded as gzipped fastq files from the Centre for Genomic Research. A PAO1 

reference genome (GCF_000006765.1) was downloaded from Pseudomonas.com and used for 

mapping purposes. The BioTraDIS pipeline was run in miniconda with required dependencies on 

Ubuntu for Windows version 18.04.2. The bacteria_tradis script is run to identify reads that contain 

our transposon tag and maps those reads to the reference genome. In this way we can identify 

which mutants are present in each sample. The tradis_gene_insert_sites script is then run to 

produce a table containing locus tags, gene names, read counts and unique insertion sites per gene. 

Finally the tradis_comparison.R script is run to identify genes with significant differences in mutant 

frequency between samples (e.g. intracellular samples compared to our starting library). 

2.19.6 TraDIS invasion assay repeat 

1 ml of the PAO1 mutant library containing >109 cfu ml-1 was received from the University of 

Washington. Previously this library was then grown in LB overnight to obtain a greater quantity of 

bacteria for infection. However, this caused a reduction in the diversity of the library. This time, 100 

μl of the mutant library was added to 15 ml of warm RPMI media and added to a confluent T75 of 

HTB-9 bladder cells. This was performed in triplicate. The remaining mutant library was frozen for 

later DNA extraction.  After infection, T75 flasks were incubated for 3 hours at 37°C 5% CO2. At 3 

hours post infection, cell supernatant was removed and replaced with 200 μg ml-1 gentamicin RPMI 

and incubated for 1 hour to kill extracellular bacteria. At 4 hours post infection, cells were washed 

twice with 10 ml of DPBS++ before addition of 10 ml 0.1% Triton X-100 per flask to lyse cells. Cell 

scrapers were used to free any stubborn bladder cells from the flasks. The 10 ml of bacteria-

containing cell lysate was transferred to a 15 ml falcon and centrifuged at 5,000 g for 5 minutes. 

Supernatant was discarded and pellet was resuspended in 1 ml of PBS before freezing at -20°C. DNA 

extraction, quality checks and RNase treatment were performed the same as before.
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3.1 Introduction 

3.1.1 Diversity in P. aeruginosa infections 

P. aeruginosa is known to cause chronic lung infections in patients with cystic fibrosis (CF). CF is 

characterized by a mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) 

gene. The CFTR mutations seen in CF patients lead to exaggerated airway inflammation and a thick 

sticky mucus that lines the respiratory tract. These abnormalities make the CF lung highly susceptible 

to infection by a range of microorganisms (Cohen and Prince 2012). Of all the microorganisms known 

to infect the CF lung, P. aeruginosa is considered the most common and the main cause of mortality 

(Bhagirath et al. 2016). Rigorous study of P. aeruginosa has revealed the importance of adaptation, 

evolution and phenotypic diversity in the CF lung (Ashish et al. 2013; Winstanley, O’Brien and 

Brockhurst 2016; La Rosa, Johansen and Molin 2019). P. aeruginosa faces many selective pressures 

in the CF lung and is presented with an array of different niches to occupy.  One of the changes P. 

aeruginosa undergoes in the CF lung is the overproduction of alginate (Govan and Deretic 1996). 

Alginate is one of three polysaccharides known to play an important role in P. aeruginosa biofilm 

formation (Pel and Psl being the others) (Colvin et al. 2012a). It is believed that this is linked with 

conversion to a biofilm lifestyle that creates a bacterial reservoir that is highly resistant to antibiotic 

treatment (Bjarnsholt et al. 2009). Some isolates of P. aeruginosa can also acquire loss of function 

mutations during chronic infection. Auxotrophy (the inability to synthesize essential compounds for 

growth) commonly evolves in the CF lung because of the wealth of amino acids available (Barth and 

Pitt 1996). Similarly some subpopulations may lose certain functions while relying on other 

subpopulations in a division of labour arrangement often referred to as social cheating (Chen et al. 

2019).  A longitudinal study of 30 CF patients found that 36% of patients were colonized by 

hypermutator strains that could persist for years and were linked to increased antibiotic resistance 

(Oliver 2000). There is a lot of evidence cataloguing the ways P. aeruginosa can adapt and diversify 

in the CF lung (Winstanley, O’Brien and Brockhurst 2016; La Rosa, Johansen and Molin 2019). Cystic 

fibrosis patients infected with multiple unrelated strains of P. aeruginosa had more long-term 

treatment requirements than patients infected with a single strain of P. aeruginosa (Tai et al. 2017). 

However, P. aeruginosa infections might not be so diverse in other infection sites where niches are 

less varied. A lack of diversity may signal that P. aeruginosa UTIs are short-lived or that there are not 

enough niches for subpopulations to coexist. 

 

3.1.2 Antibiotic Resistance 

P. aeruginosa urine sample isolates from UTI patients in England are more likely to be resistant to 

carbapenems than either E. coli or K. pneumoniae (Ironmonger et al. 2015). Approximately 13% of P. 
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aeruginosa infections are caused by multidrug resistant strains (CDC 2013) and nosocomial P. 

aeruginosa infections have been identified as a worldwide healthcare issue (Rosenthal et al. 2016).  

The World Health Organization has recently named P. aeruginosa as a target of the highest priority 

for the development of new antibiotics (WHO 2017).  Infection by multidrug resistant P. aeruginosa 

was associated with a 70% increase in cost per patient when compared to non-resistant infection 

(Morales et al. 2012) and catheter associated UTIs (CAUTI) cause an estimated 900 000 extra 

hospital days per year in the United States (Warren 2001).  Elderly populations are particularly prone 

to CAUTI in long term care facilities while women are more susceptible to UTIs in general (Nicolle, 

Strausbaugh and Garibaldi 1996; Foxman 2014).  P. aeruginosa is often highly resistant to antibiotics. 

A study by Rizvi et al., (2011) showed that P. aeruginosa isolates from UTIs in India were highly 

resistant to fluoroquinolones, (ciprofloxacin 85.8% resistant and ofloxacin 80.0% resistant) however 

no resistance to antibiotics such as imipenem was detected. High resistance to fluoroquinolones has 

also been reported in Poland, along with increased resistance to carbapenems (Pobiega et al. 2016). 

Many factors are responsible for the inherent resistance of P. aeruginosa to antimicrobials: a cell 

wall with low permeability, a large and adaptable genome, mobile genetic elements and the 

formation of biofilms (Lambert 2002).  Some antibiotics manage to permeate the cell wall through 

porins e.g. carbapenems access through OprD porins.  Loss of OprD porins can result in resistance to 

carbapenems (Livermore 2001; Lister, Wolter and Hanson 2009). Even antibiotics that manage to 

permeate the cell well of P. aeruginosa face being exported by one of the many efflux pumps 

present.  Several antibiotic efflux systems have been described including MexAB-OprM, MexCD-

OprJ, MexEF-OprN and MexXY-OprM (Poole 2001). Mutations in gyrA change the DNA gyrase 

targeted by quinolones resulting in resistance (Akasaka et al. 2001). A test of 32 P. aeruginosa 

isolates from UTIs found that 19% of the strains were multi-drug resistant and growth in artificial 

urine media enhanced antibiotic tolerance up to 6000-fold (Narten et al. 2012).  Therefore, current 

clinical practices of evaluating antibiotic resistance may underestimate enhanced resistance 

conferred by phenotypic heterogeneity, the biofilm lifestyle and adaptation to conditions in the 

urinary tract. This has been reported in respiratory infections caused by P. aeruginosa (Drenkard and 

Ausubel 2002; Foweraker et al. 2005; Workentine et al. 2013; Clark et al. 2015). 

 

 

3.1.3 Toxins 

P. aeruginosa can produce a variety of toxins, including four type III toxins; Exoenzyme (Exo) S, ExoU, 

ExoT and ExoY. In vitro expression of these toxins from isolates has been identified in P. aeruginosa 
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isolates from various infection settings, particularly from acute infections (Hauser et al. 2002).  ExoS 

is an effector protein of the type III secretion system and functions as an ADP-ribosylating enzyme 

(Iglewski et al. 1978). Levels of ExoS were significantly higher in vitro in P. aeruginosa isolates from 

wound and urinary tract infections when compared to tracheal isolates (Hamood, Griswold and 

Duhan 1996) and increased with persistent infection.  Infection isolates isolated longitudinally 

produced higher levels of ExoS, regardless of the site of infection (Hamood, Griswold and Duhan 

1996; Rumbaugh, Griswold and Hamood 1999) suggesting a role for this enzyme in persistence. ExoU 

is a cytotoxin secreted by the type III secretion system. ExoU has phospholipase A2 activity and 

impairs the recruitment of phagocytes (Diaz et al. 2008). The presence of exoU has been identified in 

isolates from the urinary tract (Pobiega et al. 2016) however nothing is known about the potential 

role of ExoU in urinary tract infections.  

3.1.4 Biofilms 

The ability of P. aeruginosa to form biofilms is an advantage in many infection situations and greatly 

enhances its ability to resist antibiotics and harsh environmental conditions.  Exopolysaccharides, 

extracellular DNA (eDNA), pyocyanin, rhamnolipids and functional proteins are all factors that 

contribute to the formation of P. aeruginosa biofilms. Alginate, Pel and Psl are three polysaccharides 

produced by P. aeruginosa.  High levels of alginate are commonly seen in cystic fibrosis isolates and 

these alginate over-producing strains are classified as mucoid.  However, isolates from UTIs produce 

significantly lower levels of alginate in vitro when compared to isolates from various body sites 

(Ciragil and Söyletir 2004; Tielen et al. 2011; Rawat and Prasad 2015). 

In non-mucoid strains there is a greater reliance on Pel and Psl.  Psl is important in surface 

attachment of biofilms in vitro but there is functional redundancy between Pel and Psl (Colvin et al. 

2012b). Biofilms formed by P. aeruginosa in a murine model of CAUTI did not require 

exopolysaccharides (Cole et al. 2014).  It has been proposed that another secreted virulence factor, 

pyocyanin, binds to, and intercalates with, eDNA thereby increasing the viscosity of DNA solutions 

(Das et al. 2015). This may promote biofilm formation via this route in the urinary tract. Pyocyanin 

can lead to the production of reactive oxygen species (ROS) and impaired wound healing. 5-Me-PCA, 

a precursor to pyocyanin, has even greater redox potential than pyocyanin and could be even more 

helpful to cells through theoretically supporting ATP generation in combination with electron donors 

such as succinate in the anoxic locations of the biofilm (Sakhtah et al. 2016). 

Rhamnolipids promote microcolony formation in the early development of biofilms and in the late 

stages aid structural development that depends on cell migration (Pamp and Tolker-Nielsen 2007). 

Rhamnolipids rather than motility are responsible for the initiation of migration – termed seeding 
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dispersal (Wang et al. 2013). Rhamnolipid expression is upregulated under iron limited environments 

and correlates with increased surface motility and the formation of flat, unstructured biofilms (Glick 

et al. 2010).  Furthermore, rhamnolipid deficient P. aeruginosa cannot maintain the fluid-filled 

channels which are purported to aid nutrient diffusion through densely populated mature biofilms 

(Davey, Caiazza and O’Toole 2003).  Since iron is thought to be limited in the urinary tract during 

infection, these qualities suggest that rhamnolipids could aid persistence of uropathogenic P. 

aeruginosa and enable ascension of the urinary tract.  Rhamnolipid production could therefore be a 

key mediator of bacterial persistence in UTIs caused by P. aeruginosa. 

An operon of six genes (fapABCDEF) which encodes amyloid-like fimbriae (ALF) was found in P. 

aeruginosa and other Pseudomonads including Pseudomonas fluorescens (Dueholm et al. 2010).  

While the ALF in this strain were structurally similar to curli fimbriae purified from E. coli, the 

repeating 37 amino acid motifs found in FapC, the major subunit of the Fap fibril, were found to be 

distinct from those of E. coli curli.  When the fap operon was expressed in E. coli it resulted in an 

aggregative phenotype, whereas the control strain of E. coli remained planktonic.  Orthologues to 

the genes of the fap operon were found in P. aeruginosa (Dueholm et al. 2010) and over expression 

of this operon resulted in increased biofilm formation (Dueholm et al. 2013).  The amyloid formed by 

the fap operon makes individual cells more resistant to drying, more hydrophobic and increases 

biofilm stiffness (Zeng et al. 2015).  The hydrophobicity of amyloids enables binding of pyocyanin 

and the quorum sensing molecules, 2-heptyl-3-hydroxy-4(1H)-quinolone and N-(3-oxododecanoyl)-l-

homoserine lactone (Seviour et al. 2015).  Fap proteins have yet to be studied in relation to 

uropathogenic P. aeruginosa but may play an important role – especially considering the diminished 

role of exopolysaccharides in UTI isolates. 

3.1.5 Diversity in UPEC infections 

There is evidence of UTI patients being infected with multiple strains of UPEC with different 

antibiotic susceptibility profiles (Ahmed et al. 2014). Work with isogenic UPEC mutants in a mouse 

model of UTI suggests that bacterial diversity decreases over time (Schwartz et al. 2011). Mice were 

inoculated with a mixture of 40 UTI89 isogenic mutants and then bacteria were harvested from 1 

hour to 4 weeks post infection from the kidneys and bladder (Schwartz et al. 2011). Confocal 

microscopy confirmed that intracellular bacterial communities (IBCs) were clonal – originating from 

lone invasive bacteria that managed to escape into the cytosol of urothelial cells. Proportions of 

isogenic mutants varied between the bladder and the kidneys of infected mice depending on when 

the organs were harvested. The largest population bottleneck occurred between 1 and 24 hours 

post infection when luminal bacteria were likely killed by the mouse immune response and invasive 

bacteria were just entering the cytosol and therefore the IBC proliferation cycle. Some resurgence in 
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luminal population occurred after 24 hpi when IBCs were likely shed from the kidneys and bladder 

and could invade downstream urothelial tissues again (Schwartz et al. 2011). Each of these 

population bottlenecks could trigger a change in the makeup of a uropathogenic bacterial 

population through a ‘founder effect’. A single bacterium that successfully invades the cytosol would 

have an outsized influence on the makeup of the bacterial population later in the UTI. The presence 

of strain diversity in UTI would have implications for how we treat UTI. Choosing an antibiotic 

regimen based of the antibiotic susceptibility profile of a single isolate could lead to ineffective 

treatment. 

3.1.6 Aims 

-to identify whether phenotypic diversity exists in UTIs caused by P. aeruginosa 

-to see what phenotypes are most prevalent in clinical UTI isolates of P. aeruginosa 

-to determine whether there is genetic diversity within a patient sample and whether genotype and 

phenotype can be linked
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3.2 Results 

3.2.1 Phenotypic screening of clinical isolates 

Bacterial samples from five urinary tract infection (UTI) patients were collected from the Royal 

Liverpool University Hospital. Samples from a single UTI patient were streaked on Pseudomonas 

selective agar and 40 distinct colonies were grown overnight in LB broth and made into frozen 

stocks. A variety of phenotypic tests were carried out on the 40 isolates to see if there was variation 

within the infecting population of each of the five UTI patients. 

3.2.2 Antimicrobial susceptibility tests 

Antimicrobial susceptibility tests were conducted by disk diffusion in accordance with the European 

Committee of Antimicrobial Susceptibility Testing (EUCAST) guidelines. Adjusted cultures were 

spread across plates before being stamped with four antimicrobial discs. The antimicrobials tested 

were those frequently used to treat P. aeruginosa and UTIs: gentamicin (10 μg), meropenem (10 μg), 

ciprofloxacin (5 μg) and piperacillin/tazobactam (30/6 μg). Inhibition zone diameters were measured 

across three technical replicates for every isolate with error bars representing +- one standard 

deviation. Isolates with zones of inhibition smaller than the EUCAST breakpoints for resistance can 

be seen below the breakpoint lines on Figure 3.1.  

Ciprofloxacin AST 

Isolates from patient G were consistently resistant to ciprofloxacin except for isolate G30 which was 

classified as non-resistant, with a significantly greater mean zone of inhibition when compared to 

every other isolate (One-way ANOVA Tukey post-hoc, P < 0.01) (Figure 3.1). 8/40 isolates from 

patient B were classified as resistant but mean zones of inhibition were not significantly different 

across the population (One-way ANOVA Tukey post-hoc, P > 0.01). Isolates from patients A, D and J 

were not resistant to ciprofloxacin. Most patient isolate populations did not have isolates whose 

mean ciprofloxacin zones of inhibition differed significantly from each other. However, isolate J28 

did have a significantly higher mean zone of inhibition when compared to 32/39 of the other isolates 

from patient J (One-way ANOVA Tukey post-hoc, P < 0.01). 
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Figure 3.1. Ciprofloxacin antimicrobial susceptibility tests 

conducted with 200 clinical Pseudomonas aeruginosa UTI 

isolates from 5 patients (A, B, D, G and J). Test conducted 

according to EUCAST disk diffusion protocol with EUCAST 

resistance breakpoint indicated by solid black line. Error bars 

represent 1 SD of the mean, each isolate was tested 3 times. 
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Gentamicin AST 

No isolates fell below the resistance threshold for gentamicin (Figure 3.2). Isolates from patients B, D 

and G showed remarkable homogeneity in gentamicin inhibition zone diameters, while isolates from 

patients A and J displayed diversity. Isolates from patient A had mean zones of inhibition ranging 

from 18-34 mm and many pairwise significant differences (One-way ANOVA Tukey post-hoc, P < 

0.01). Patient B isolates had ranges from 15-35 mm. Isolate J7’s zone of inhibition was significantly 

smaller than isolates J28-34 (One-way ANOVA Tukey post-hoc, P < 0.01). 

Meropenem AST 

Every patient population showed great homogeneity for meropenem resistance except for the 

population of patient A (Figure 3.3). None of the isolates from patient A were classified as resistant 

to meropenem but there was a great range in the inhibition zone diameters (22-34 mm). All isolates 

from patient G were well below the meropenem resistance threshold and the population had very 

similar meropenem zones of inhibition.  

Piperacillin/Tazobactam AST 

No isolates fell below the resistance threshold for piperacillin/tazobactam (Figure 3.4). Once again, 

most patient populations showed high levels of homogeneity except for the population of patient A 

where zone diameters ranged from 23 to 37 mm.  Once again, isolate G30 had a mean zone of 

inhibition (27 mm) that was significantly greater than the rest of the isolates from patient G (21.34 – 

23.67 mm) (One-way ANOVA Tukey post-hoc, P < 0.01). Isolates J28-34 had larger mean zones of 

inhibition (30-32 mm) than the rest of the population (23-29 mm) but these differences were not 

significantly significant (One-way ANOVA Tukey post-hoc, P > 0.01).
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Figure 3.2. Gentamicin antimicrobial susceptibility tests conducted with 

200 clinical Pseudomonas aeruginosa UTI isolates from 5 patients (A, B, 

D, G and J). Test conducted according to EUCAST disk diffusion protocol 

with EUCAST resistance breakpoint indicated by solid black line. Error 

bars represent 1 SD of the mean, each isolate was tested 3 times. 
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Figure 3.3. Meropenem antimicrobial susceptibility tests conducted 

with 200 clinical Pseudomonas aeruginosa UTI isolates from 5 patients 

(A, B, D, G and J). Test conducted according to EUCAST disk diffusion 

protocol with EUCAST resistance breakpoint indicated by solid black 

line. Error bars represent 1 SD of the mean, each isolate was tested 3 

times. 
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Figure 3.4. Piperacillin/Tazobactam antimicrobial susceptibility tests 

conducted with 200 clinical Pseudomonas aeruginosa UTI isolates from 5 

patients (A, B, D, G and J). Test conducted according to EUCAST disk 

diffusion protocol with EUCAST resistance breakpoint indicated by solid 

black line. Error bars represent 1 SD of the mean, each isolate was tested 

3 times. 
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3.2.3 Pyocyanin assay 

To assay pyocyanin production, isolates were grown overnight in 5ml of LB broth at shaking at 180 

rpm at 37°C. Cultures were vortexed and aspirated to encourage oxygenation of pyocyanin before 

centrifugation at 14,000 rpm for 2 minutes.  200 μl of supernatant was transferred to 96-well plates 

and the absorbance was read at 695 nm.  Absorbance values were normalized by subtraction of LB 

A695 values.  Isolates with normalized A695 values exceeding 0.1 were classified as pyocyanin 

overproducers (Figure 3.5). Experiments were performed in technical and biological triplicates. 

Patient J’s isolate population was the only population that fell entirely below the threshold for 

pyocyanin overproduction. 19/40 isolates from patient G were under-producers of pyocyanin. 

Isolate G7 registered almost no pyocyanin production and was significantly lower than isolate G30 

(One-way ANOVA Tukey post-hoc, P < 0.01) (Figure 3.5). Populations A, B and D had mostly 

pyocyanin overproducers, although the margin of error could place many isolates in either the over- 

or under-producer category. Patient A once again had the population with the greatest level of 

heterogeneity. It should be noted that variance between biological replicates was relatively high 

across the board in this assay.
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Figure 3.5. Pyocyanin assay absorbance at 695 nm. Isolates with A695 

readings greater than 0.1 (indicated by green line) were classed as 

pyocyanin overproducers 
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3.2.4 Minimal growth assay 

Isolates were streaked on M9 minimal media and incubated at 37°C for 48 hours. Lack of growth 

would be interpreted as evidence of auxotrophy. Experiments were performed in biological 

triplicates and all isolates successfully grew on the minimal media. 

3.2.5 Hypermutability assay 

Hypermutability was tested by inoculating LB agar containing 300 μg ml-1 rifampicin with 10 μl of 

~109 cfu ml-1 overnight cultures at 37°C for 24 hours. PAO1 and PAO1∆mutS (a known hypermutator) 

were used as negative and positive controls, respectively. A spontaneous mutation rate could be 

worked out relative to PAO1∆mutS. PAO1∆mutS averaged 127 cfu ml-1 on rifampicin plates while 

PAO1 averaged <1 cfu ml-1. No clinical isolates averaged more than 5 cfu ml-1. A clinical isolate would 

have been considered a hypermutator if it produced >100 cfu ml-1 on the rifampicin agar plates. 

Experiments were performed in biological triplicates. No isolates showed evidence of 

hypermutability. 
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3.2.6 Selection of 10 clinical isolates for further study 

The most phenotypically diverse pairs of isolates were selected from each patient and statistically significant phenotypic differences are shown below. 

 

Figure 3.6. Statistically significant phenotypic differences between selected pairs of isolates from 5 patients (A, B, D, G, J). A1 had significantly larger zones of inhibition 
when exposed to meropenem (MEM) and piperacillin/tazobactam (PZT) than A39. G7 had significantly smaller zones of inhibition than G30 when exposed to ciprofloxacin 
(CIP) and piperacillin/tazobactam (PZT) and produced significantly less pyocyanin. J7 had significantly smaller zones of inhibition than J28 when exposed to ciprofloxacin 
(CIP) and gentamicin (GEN). 
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3.2.7 Random amplification of polymorphic DNA (RAPD) typing 

RAPD typing was achieved by performing a PCR on boiled DNA from all 200 isolates. The PCR 

produces unique ‘DNA fingerprints’ for each strain when the PCR product is run on a gel (Figure 3.7). 

The RAPD typing revealed that the strains from every patient produced a different banding pattern. 

However, within a single patient the banding patterns were almost identical across the 40 isolates.

 

Figure 3.7. Randomly Amplified Polymorphic DNA (RAPD) PCR products represent boiled genomic DNA 

from P. aeruginosa strains _ incubated with primer 272 (Sigma, AGCGGGCCAA). Products were run at 70 

V for 3 hours on a 1.5% agarose gel with 0.5 X TBE buffer. Ladder is 1 kb+ (Sigma). 
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3.2.8 exoS and exoU PCR 

P. aeruginosa strains are often broadly categorized into two groups – exoU positive or exoS positive. 

exoU is classified as a potent cytotoxin while exoS is a bifunctional protein with an amino terminal 

GAP domain and a carboxy-terminal ADP-ribosylation domain. Both are secreted by the Type-III 

secretion system and strains usually only express one or the other. PAO1 is the most studied exoS 

positive lab strain while PA14 is a commonly studied exoU positive strain. DNA extraction, PCR and 

gel electrophoresis were performed to determine the types of 10 selected clinical isolates from 5 

patients (Figure 3.8). Two isolates were chosen from each of the five patients sampled. An attempt 

was made to select the two most phenotypically different isolates from each patient based on 

previously conducted assays (see above). The chosen isolates were A1, A39, B12, B13, D1, D35, G7, 

G30, J7 and J28. The exoS-type isolates included G7, G30, J7 and J28. The exoU positive isolates were 

A1, A39, B12, B13, D1 and D35.. Sequencing the isolates later suggested that isolates D1 and D35 

were actually exoS-type, not exoU-type as reported by the PCR. This was noticed too late to perform 

a repeat PCR. 

 

 

Figure 3.8. ExoS/U PCR. The top half of the gel used ExoS-specific primers and found that isolates G7, G30, 

J7, J28, 133065 and 133106 Are ExoS positive.The bottom half used ExoU primers and found that A1, A39, 

B12, B13, D1, D35 are ExoU type. Figure layout. Lanes from left to right: PAO1, PA14, blank, A1, A39, B12, 

B13, D1, D35, G7, G30, J7, J28, 133065 and 133106. 
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3.2.9 Catheter biofilm assay 

Silicon catheters were cut into 1 cm segments and inoculated with >109 cfu ml-1 of P. aeruginosa 

suspended in filter-sterilized human urine. Catheter segments were incubated at 37°C for 16 hours 

to allow biofilm formation. Biofilms were stained with 0.25% crystal violet solution, washed three 

times with PBS and then dissolved in 30% acetic acid. Absorbance was read at 595 nm to quantify 

biofilm formation. Experiments were performed in technical and biological triplicates. Only PA14 and 

J7 had significantly higher absorbance at 595 nm when compared to the absorbance of a urine 

control (One-way ANOVA, tukey post-hoc test, P < 0.05) (Figure 3.9).   
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Figure 3.9. Absorbance at 595 nm of crystal violet-stained biofilms grown on catheters filled with urine 

(Error bars = +-1SD. N=3) (* = One-way ANOVA, tukey post-hoc test, P < 0.05) 
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3.2.10 Phenotypic summary of 10 chosen clinical isolates from 5 patients 

 

 

Isolate Ciprofloxacin 

AST 

Gentamicin 

AST 

Meropenem 

AST 

Piperacillin/Tazobactam 

AST 

Pyocyanin assay RAPD PCR 

typing 

ExoU/S Catheter 

biofilm 

A1 S S S* S* overproducer A type ExoU low 

A39 S S S* S* underproducer A type ExoU low 

B12 S S R S overproducer B type ExoU low 

B13 R S R S underproducer B type ExoU low 

D1 S S S S overproducer D type ExoS low 

D35 S S S S overproducer D type ExoS low 

G7 R* S R S* underproducer* G type ExoS low 

G30 S* S R S* overproducer* G type ExoS low 

J7 S* S* S S underproducer J type ExoS high 

J28 S* S* S S underproducer J type ExoS low 

*indicates significant difference between 2 isolates from the same patient (One-way ANOVA Tukey post-hoc, P < 0.01) 

Table 3.1. Phenotypic traits of 10 clinical isolates selected for further study. 2 of the most phenotypically variable isolates were selected from each of the 5 patients. 
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3.2.11 DNA extractions of 10 clinical isolates from 5 UTI patients 

DNA extractions were performed with the Promega Wizard Genomic DNA Purification Kit and DNA 

was rehydrated in sterile DNA and RNA-free water. DNA concentration was quantified by Qubit and 

quality was measured with NanoDrop. 

Table 3.2. DNA extractions of 10 clinical isolates from 5 P. aeruginosa UTI patients. 

Sample 
name Concentration (ng/ul) NanoDrop 260/280 ratio NanoDrop 260/230 ratio 

A1 1200 1.87 2.11 

A39 1820 1.88 1.81 

B12 1240 1.91 1.94 

B13 1000 1.93 1.95 

D1 1180 1.89 1.77 

D35 960 1.95 1.91 

G7 922 1.95 1.96 

G30 772 1.91 1.95 

J7 1700 1.89 2.02 

J28 1160 1.98 2.06 
 

3.2.12 P. aeruginosa UTI isolates exhibit within-patient genotypic diversity in the form of non-

synonymous SNPs 

SNP variant calling was performed between pairs of isolates from a single patient that appeared to 

be the most phenotypically diverse (Table 3.1). This led to the selection of A1, A39, B12, B13, D1, 

D35, G7, G30, J7 and J28. PAO1 was used as the reference genome for isolates from patients D, G 

and J because they were ExoS-type. PA14 was used as the reference genome for isolates from 

patients A and B because they are ExoU-type. SNP calling was performed with BactSNP developed by 

researchers at the Tokyo Institute of Technology. BactSNP was shown to have higher sensitivity (less 

false negative variant calls) and accuracy (less false positive calls) than other commonly used SNP 

calling pipelines (Yoshimura et al. 2019). SNP calling is inherently more reliable than calling for 

insertion/deletion (INDEL) mutations between isolates. INDELs are sometimes falsely called when 

actually a strand of DNA was just duplicated in PCR (insertions) or was not covered by sequencing 

(deletions). Isolates A1 and A39 had 2 SNP variants between them (Table 3.3). A39 had a non-

synonymous SNP that varied from A1 and the PA14 reference in the mexR efflux pump repressor 

gene. A1 had a non-synonymous SNP in the mexS efflux repressor gene that differed from A39 and 

PA14. Both mutations can lead to increased efflux pump expression and antibiotic resistance 

(Choudhury et al. 2016; Richardot et al. 2016). No SNP variants were identified between the pairs of 

isolates from patients B and D. Isolates G7 and G30 had 5 SNP variants between them. G7 had non-

synonymous SNPs that differed from G30 and PAO1 in lasR, parS and nalD. G30 had a stop codon 

truncation SNP in the pvdQ gene and a SNP in the clpB gene. LasR is the signal receptor for the 3-
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oxo-C12-homoserine lactone quorum sensing molecule of the las system (Heurlier et al. 2005). ParS 

is part of a two-component system shown to affect resistance to polymyxin, colistin and 

aminoglycosides (Joseph McPhee et al. 2010). NalD is an efflux pump repressor that, when mutated, 

can lead to antibiotic resistance (Sobel et al. 2005; Morita et al. 2006; Yan et al. 2019). PvdQ is a 

quorum quenching molecule that also plays a role in regulating virulence under iron-limited 

conditions (Jimenez et al. 2010; Utari et al. 2018). ClpB is a caseinolytic protease that helps prevent 

protein aggregation and misfolding under stressful conditions (Lee et al. 2017; Sangpuii et al. 2018). 

J7 and J28 had 2 non-synonymous SNPs that differed between them. J7 had a SNP in metH – a 

transcriptional regulator linked to methionine synthesis and swarming motility (Yeung et al. 2009). 

J28 had an SNP in rmlB. RmlB encodes enzymes involved in production of dTDP-L-rhamnose – a 

component of P. aeruginosa lipopolysaccharide (Aguirre-Ramírez et al. 2012). 
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Table 3.3. SNPs identified between pairs of isolates from patients A, G and J using BactSNP analysis. Isolates from patients B and D had no SNP variants. 

SNPs in A1 vs A39 

Location Gene affected PA14 A1 A39 Amino acid substitution Type Gene function 

486253 mexR C C T Arg > 64 > His missense efflux pump repressor 

2820706 mexS T C T Cys > 245 > Arg missense efflux pump repressor 

SNPs in G7 vs G30 

Location Gene affected PAO1 G7 G30 Amino acid substitution Type Gene function 

1558831 lasR G A G Val > 220 > Met missense quorum sensing 

1951314 parS C T C Ala > 138 > Thr missense two-component system 

2638491 pvdQ C C T Trp* 106 stop gained quorum quenching and iron 

response regulator 

4006879 nalD G T G Glu*125 stop gained Efflux pump repressor 

5093201 clpB G G A Upstream variant 
 

Chaperone protein linked to 

stress tolerance 

SNPs in J7 vs J28 

Location Gene affected PAO1 J7 J28 Amino acid substitution Type Gene function 

2003070 metH C G C Arg > 1063 > Pro missense methionine synthesis and 

swarming regulation 

5810918 rmlB T G T Leu > 139 >Arg missense dTDP-rhamnose biosynthesis 
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3.2.13 Genome analysis highlights genotypic diversity of P. aeruginosa UTI isolates 

DNA was extracted from 2/40 isolates from each of 5 UTI patient sample populations. Two of the 

most phenotypically diverse isolates were chosen. DNA was extracted with the Promega Wizard 

Genomic DNA Purification Kit. Genomes were Illumina sequenced using paired end reads by the 

Centre for Genomic Research (CGR) at the University of Liverpool and genomes were assembled 

using PATRIC online tools for bacterial bioinformatics. Genome analysis performed with PATRIC 

online tools found 4 distinct MLST types among the 10 clinical P. aeruginosa isolates from 5 UTI 

patients (Table 3.5). Isolates A1 and A39 were MLST type 357. Isolates B12 and B13 were MLST type 

235. Isolates D1, D35, J7 and J28 were MLST type 395. ST235 and ST395 are well-studied sequence 

types associated with antimicrobial resistance (Cholley et al. 2011). Isolates G7 and G30 could not 

have their MLST type determined but the closest related isolates in the PATRIC database were type 

2685. PATRIC also took the 10 clinical isolate genomes and searched for the most closely related 

genomes published online (Table 3.4). Closely related strains were isolated from a variety of human 

infection sites (sinuses, wounds, lungs and an abdominal infection) and geographical locations 

(Europe, USA and Southeast Asia). Phylogenetic tree analysis shows how isolates A1, A39, B12 and 

B13 cluster with PA14 as expected by their expression of the ExoU T3SS toxin. Meanwhile, the 

remaining isolates cluster with PAO1 – an ExoS producing reference strain. Isolates from patients A 

and B are highly related based on the short genetic distance seen on the phylogenetic tree (Figure 

3.10). Every isolate was genetically almost identical to their counterpart isolated from the same 

patient. P. aeruginosa genomes typically range from 5.5 – 7 Mbp, with most of the variance in size 

attributed to the ‘accessory genome’ – large blocks of genes acquired from other strains and species 

of bacteria, often encoding metabolic functions (Klockgether et al. 2011). The sequenced UTI isolates 

all fall in the upper range of typical P. aeruginosa genome sizes – from 6.2 to 7.1 Mbp (Table 3.5). 

The large genomes and relatedness to isolates from a range of countries and infection sites supports 

the idea that these UTI isolates are highly adaptable opportunistic pathogens capable of colonizing a 

variety of niches. 
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Table 3.4. Two most similar genomes found for each pair of sequenced clinical UTI isolates output from PATRIC 

 

 

UTI isolate Similar genomes Country 
isolated 

Year 
isolated 

Infection 
site 

Notes 

A1 & A39 WH-SGI-V-07243 France 1983 NA Hospital associated 

 T3677 Thailand 2013 Sinus  

B12 & B13 CCUG 73744 Sweden 2018 Abdominal 68 year old male 

 C8(T3532) Thailand 2013 Sputum  

D1 & D35 157 Italy 2017 NA Hospital associated, multidrug resistant 

 HUM-252 Estonia 2012 Wound  

G7 & G30 DVT410 USA 2020 Lung Cystic fibrosis associated 

 PA-W29 UK 2018 Wound Foot wound 

J7 & J28 PA-W5 UK 2018 Wound Leg wound 

 PA-W42 UK 2018 Wound Toe wound 



59 
 

 

 

Figure 3.10. Phylogenetic tree of 10 clinical  isolates from 5 elderly UTI patients (A, B, D, G and J), similar publicly available genomes and reference genomes PAO1 and 

PA14. Tree generated using PATRIC online genome tools. Amino acid and nucleotide sequences from a random selection of PATRIC’s ‘global Protein Families’ are  used to 

build alignments using MUSCLE and codon_align in BioPython. Genetic distance is indicated by length of horizontal branches with scale shown at base of figure.  
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Table 3.5. Genome analysis output from PATRIC. The MLST of isolates G7 and G30 could not be determined 

but they closest related isolates 

 in the PATRIC database were MLST type 2685. 

   

 Genome 
Size 

GC 
Content 

Contigs CDS MLST tRNAs Hypothetical 
Proteins 

AMR 
genes 
(CARD) 

A1 6839383 66.10402 116 6545 357 57 1358 50 

A39 6633615 66.02643 121 6347 357 58 1309 47 

B12 6952153 65.97742 172 6698 235 59 1407 52 

B13 6952728 65.97721 175 6696 235 57 1405 52 

D1 7085696 65.87974 110 6857 395 63 1463 50 

D35 7085447 65.87906 110 6850 395 62 1456 50 

G7 6299921 66.53601 87 5944 ND 
(2685) 

60 1041 50 

G30 6299904 66.53706 91 5943 ND 
(2685) 

60 1038 49 

J7 7059437 65.984314 125 6890 395 64 1469 50 

J28 7058865 65.98527 118 6889 395 65 1465 50 

PAO1 6264404 66.55573 1 5820 549 64 1003 50 

PA14 6537648 66.29231 1 6078 253 45 758 51 
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3.3 Discussion 

RAPD-typing revealed that each of the 5 patients were colonized by a distinct RAPD-type of P. 

aeruginosa. However, there was not within-patient diversity of RAPD-types (e.g. 40 isolates from a 

single patient all had the same RAPD-type). This suggests that there was only one strain of P. 

aeruginosa colonizing the urinary tract of each patient. However, we are limited by our sampling 

method of mid-stream urine catches. It is possible that a patient may have been carrying multiple 

strains of P. aeruginosa, but only one was successfully cultured/selected. A study of recurrent UTI 

caused by E. coli had similar findings. Sampled populations of E. coli from fecal and urine samples 

were largely clonal, regardless of the isolation site. Patients were sampled longitudinally over 3 

recurrent episodes of UTI. The strain causing the UTI did change in some instances, but the 

populations sampled remained clonal (Chen et al. 2013). The same study also tested the relative 

fitness of 2 clinical isolates by co-infecting mouse bladders with a 1:1 mixture of 2 genotypically 

different strains before sacrificing the mice at 24 hours and plating homogenates. Only 1 clinical 

isolate was detectable in 4 of the 5 mice at 24 hours. In the fifth mouse, both isolates were 

detectable, but one greatly outnumbered the other (Chen et al. 2013). Another longitudinal study of 

recurrent UTIs caused by Klebsiella pneumoniae, Proteus mirabilis and E. coli also found that 

recurrent infections descended from the same lineage using comparative genomics (Thänert et al. 

2019). Such studies give strong evidence of a maintained reservoir of pathogenic bacteria either in 

the intestinal tract or intracellular bacterial communities in the urinary tract. P. aeruginosa is not 

particularly known for being an intestinal colonizer.  However, in a study of 98 healthy individuals, 8 

were found to harbour P. aeruginosa in their faecal samples (Estepa et al. 2014). We sampled 

bacteria at a single timepoint, and therefore cannot gain insight about the persistence of the P. 

aeruginosa population over time. However, phenotypic analysis did reveal significant phenotypic 

differences within populations from a single patient and a small number of SNPs varying between 

isolates from 3/5 patients. This contrasts with P. aeruginosa infections of cystic fibrosis lungs or 

bronchiectasis. Where multiple isolates were examined from a single patient, 7/24 patients were 

infected with isolates from separate lineages (Hilliam et al. 2017).  

All isolates were able to grow on minimal media so there is no evidence of isolates losing genes that 

enable them to synthesize important organic compounds (such as amino acids) for growth. This also 

contrasts with CF lung infections where auxotrophy for amino acid production is frequently seen 

(Workentine et al. 2013; La Rosa, Johansen and Molin 2019). Auxotrophy in CF lung infections is 

believed to occur because of the high availability of amino acids at the infection site (Barth and Pitt 

1996; Thomas et al. 2000). The lack of auxotrophic mutants may indicate that amino acids are not 

freely available in the urinary tract. 
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None of the isolates were hypermutators. Having subpopulations of hypermutators is believed to be 

beneficial in chronic infections – perhaps enabling bacteria to quickly acquire beneficial mutations 

such as those conferring antibiotic resistance (Oliver 2000). In CF lung infections the prevalence of P. 

aeruginosa hypermutators was very high. In one study of 30 CF patients, 11 patients were colonized 

by a hypermutator strain (Oliver 2000). Meanwhile, no hypermutators were isolated from blood and 

respiratory infections in 75 non-CF patients (Oliver 2000). A survey of 32 environmental P. 

aeruginosa isolates found 6% to be weak mutators and none to be hypermutators (Kenna et al. 

2007). Though 5 UTI patients is a small sample size, it seems that the hypermutator phenotype does 

not provide a fitness advantage in the urinary tract and may even be selected against. 

Most isolates were overproducers of pyocyanin which is hypothesized to play a role in inflammation 

and biofilm formation in the urinary tract. Urinary isolates of P. aeruginosa were found to produce 

more pyocyanin than isolates from other body sites (Al-Ani et al. 1986). Exposure of urothelial cell 

line RT4 to pyocyanin was found to reduce cell viability and increase expression of inflammatory 

cytokine IL-6 (McDermott et al. 2012, 2013). This could impact urothelial repair during UTI and 

benefit colonization by P. aeruginosa. Pyocyanin has also been found to induce neutrophil apoptosis 

and impair neutrophil-mediated host defenses in lung infections (Allen et al. 2005). Neutrophils play 

an important role in clearing bacteria from the urinary tract and pyocyanin could help to disrupt this 

process. Pyocyanin is also hypothesized to play a role in biofilm formation. The exopolysaccharides 

Pel, Psl and alginate are important biofilm constituents in vitro but were found to be non-essential in 

a mouse model of catheter-associated UTI and alginate production was inhibited by urea (Cole et al. 

2014). Instead, extracellular DNA was found to be the most important constituent of 

exopolysaccharide-deficient biofilms. It has been shown that pyocyanin can bind to, and intercalate 

with, extracellular DNA and increase the viscosity of DNA solutions (Das et al. 2015).  However, every 

isolate from patient J was classified as a pyocyanin under-producer. This suggests that pyocyanin is 

also not essential for survival in the urinary tract. Reduced pyocyanin production has also been seen 

in LasR mutants of the Liverpool Epidemic Strain (LES) in CF lung infections (Fothergill et al. 2007). 

However, we did not identify any SNPs in LasR in isolates from patient J. Isolate J7 was also the only 

clinical isolate to form a biofilm that was significantly different from the urine control in our catheter 

biofilm assay. This could mean that it relied more on exopolysaccharide production for biofilm 

formation – a possible advantage in vitro but not in the urinary tract. Isolates from patient A, B, and 

D were ExoU-positive while isolates from patients G and J were ExoS positive. P. aeruginosa isolates 

are often broadly categorized into two types dependent on whether they express the T3SS toxins 

ExoU or ExoS. The isolation of both types of P. aeruginosa in UTIs suggests that broadly conserved 

characteristics enable colonization of the urinary tract.  
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A retrospective study of 242 P. aeruginosa UTIs across 2 hospitals identified 26.8% as multi-drug 

resistant (Tumbarello et al. 2020). Multi-drug resistance is defined as an acquisition of resistance to 

at least one antimicrobial agent across three antimicrobial categories (Magiorakos et al. 2012). None 

of our clinical isolates met the definition of multi-drug resistance. We tested resistance to 

ciprofloxacin (fluoroquinolone), gentamicin (aminoglycoside), meropenem (carbapenem) and 

piperacillin/tazobactam (β-lactam/ β-lactamase inhibitor) using the EUCAST antimicrobial 

susceptibility test method. Isolates from patients B and G showed resistance to ciprofloxacin and 

meropenem. Other patient isolates were susceptible to everything tested. Conventional AST testing 

using planktonic bacteria in nutrient broth can underestimate antimicrobial resistance. A test of 32 

P. aeruginosa isolates from UTIs found that 19% of the strains were multi-drug resistant and growth 

in artificial urine media enhanced antibiotic tolerance up to 6000-fold (Narten et al. 2012). Despite 

isolates from patients A and J being susceptible to all tested antibiotics, there were significant 

differences in the zones of inhibition between some isolates from the same patient. An effort was 

made to select pairs of isolates from each patient that had the most significant phenotypic 

differences for Illumina sequencing.  

The online genome analysis tool, PATRIC, was used to obtain multi-locus sequence type information, 

genome maps, and closely related genome information from the 10 clinical UTI isolates. PATRIC 

searched online databases for published genomes that were most similar to my clinical UTI isolates. 

Similarity searches revealed that my UTI isolates were most similar to P. aeruginosa genomes 

isolated from a variety of human infection sites: wounds, abdomens, sinuses and lungs. That they 

were not more closely related to other UTI isolates gives further support to the idea that P. 

aeruginosa is an opportunistic pathogen that has an innate capability to colonize a variety of host 

environments. 

SNP variant calling performed on pairs of isolates from the same patient correlated with our 

phenotypic tests. Isolate pairs from patients B and D had no significant differences in their 

phenotypes (Table 3.1) and had no pairwise SNPs (Table 3.2). Furthermore, paired isolates from 

patient G had the most phenotypic significant differences (significantly different ciprofloxacin 

resistance, piperacillin/tazobactam resistance and pyocyanin production) while also having the most 

pairwise SNPs (5 as seen in Table 3.2). This suggests that some of the significant phenotypic 

differences observed between pairs of isolates from patients A, G and J may have been the result of 

variations identified by SNP analysis. Isolate A39 had a significantly smaller zone of inhibition than 

A1’s zone of inhibition, when exposed to meropenem and piperacillin/tazobactam. This means that 

A39 was more resistant to meropenem and piperacillin/tazobactam than A1 was. A1 and A39 both 

had SNPs that caused missense mutations in genes that act as repressors of efflux pump expression 
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(Table 3.2). A1 had a missense mutation in mexS while A39 had a missense mutation in mexR. This 

suggests that mutations in mexR result in more antibiotic resistance than mutations in mexS and that 

mexR may be a stronger repressor of efflux pump expression than mexS. Mutations in both genes 

are associated with an increase in antibiotic resistance. Mutations in mexR result in increased 

expression of the mexAB-oprM multidrug efflux operon (Adewoye et al. 2002; Choudhury et al. 

2016). Mutations in mexS result in increased expression of the mexEF-oprN multidrug efflux operon 

and the mexAB-oprM multidrug efflux operon (Sobel, Neshat and Poole 2005; Uwate et al. 2013). 

The fact that two separate SNPs conferring similar advantages occurred simultaneously in the P. 

aeruginosa population infecting patient A suggests that multidrug efflux pumps were particularly 

advantageous in this particular UTI. Unfortunately, we did not receive additional medical 

information about patient A such as the antibiotic regimen that they were subjected to prior to 

isolation of A1 and A39.  

Isolates G7 and G30 had 5 pairwise SNP differences which was the highest number of within-patient 

differences observed in this study. Isolate G7 had SNPs in lasR, parS and nalD that differed from the 

shared genotype of PAO1 and G30. Phenotypically, G7 was significantly more resistant to 

ciprofloxacin and piperacillin/tazobactam and produced significantly less pyocyanin than G30. G30 

had SNPs in pvdQ and clpB that differed from the shared genotype of PAO1 and G7. Pyocyanin 

production is controlled by lasR so it makes sense that G7 produced significantly less pyocyanin with 

a lasR missense mutation (Fothergill et al. 2007). The nalD mutation could explain the increased 

antibiotic resistance seen in G7 compared to G30. NalD is a repressor of the mexAB-oprM multidrug 

efflux pump operon and the early truncation of NalD via the stop codon gained in isolate G7 would 

likely lead to increased expression of the mexAB-oprM efflux pump operon (Sobel et al. 2005; Morita 

et al. 2006; Yan et al. 2019). ParS is part of a two-component system that senses polymixins and 

activates the arnBCADTEF LPS modification operon to confer resistance to antibitoics such as 

polymyxin B, colistin and aminoglycosides (Fernández et al. 2010). One would think that mutations 

in parS (as seen in G7) would be a disadvantage to a P. aeruginosa UTI isolate exposed to antibiotics. 

However, later research from the same group identified the CprRS two-component system which 

was able to perform a similar adaptive resistance function independently of ParS (Fernández et al. 

2012). Additionally, parS mutants showed increased susceptibility to polymyxin B and colistin but 

not to gentamicin or ciprofloxacin when compared to a PAO1 WT (Fernández et al. 2010). It could be 

that patient G was never exposed to polymyxin B or colistin and a parS mutation would therefore 

not be a disadvantage to G7. Further research on parS mutants in conditions relevant to UTI would 

be needed to elucidate the repercussions of the mutation. PvdQ is a quorum quenching molecule 

and is involved in the production of the siderophore pyoverdine in iron-limited conditions (Jimenez 
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et al. 2010). Intranasal injection of PvdQ in a murine model of lung infection resulted in reduced 

bacterial load, increased mouse survival and lower levels of inflammation (Utari et al. 2018). G30 

also had a missense SNP in clpB which is associated with cellular survival under stressful conditions 

such as heat shock through protein disaggregation (Lee et al. 2017; Sangpuii et al. 2018). It is hard to 

postulate exactly what the effects of these mutations would be for the P. aeruginosa community in 

the urinary tract of patient G. We do not know the relative abundance of G7-type bacteria compared 

to G30-type bacteria or if they inhabited the same niches in the urinary tract. Perhaps inoculating 

mice with the 2 different isolates at a 1:1 ratio and taking longitudinal samples from the kidneys and 

bladder would further our understanding of the roles played by the aforementioned SNPs. 

J7 possessed SNPs in metH and rmlB that differed from the shared genotype of PAO1 and J28. 

Phenotypically, J7 was significantly more resistant to ciprofloxacin and gentamicin and produced a 

greater biofilm on catheter segments than J28. MetH is thought to be involved in methionine 

biosynthesis because of sequence homology to metH in E. coli. A P. putida metH mutant was found 

to be defective in swarming and swimming motility (Yeung et al. 2009). Experiments with mutants 

defective in other areas of the methionine biosynthesis pathway suggested that reduced swarming 

and swimming motility was not due to a lack of methionine, but rather, some other function of metH 

(Yeung et al. 2009). The increased catheter biofilm formation of isolate J7 could possibly be related 

to the reduced swimming and swarming conferred by metH mutagenesis. Further testing of metH 

mutants in isolation would be required to gain further insight. RmlB is part of the dTDP-l-rhamnose 

biosynthetic pathway and is regulated by quorum-sensing transcriptional regulator RhlR and the 

alternative sigma factor σS (Aguirre-Ramírez et al. 2012). dTDP-l-rhamnose is a precursor to 

rhamnolipid biosurfactants which have been implicated in infiltration of human airway epithelial 

cells by disruption of tight junctions (Zulianello et al. 2006). Rhamnolipids also modulate biofilm 

architecture and swarming activity through their action as biosurfactants (Davey, Caiazza and 

O’Toole 2003; Caiazza, Shanks and O’Toole 2005). Therefore, the SNP in the rmlB gene of J7 could 

also be inhibiting motility if the effect of the SNP was deleterious. This suggests that the biofilm 

lifestyle may be of great importance in P. aeruginosa UTIs. 

3.4 Conclusions 

There was no instance where we isolated completely different strains from a single UTI patient. 

Nevertheless, we found significant phenotypic heterogeneity within patient isolate populations. 

Some of this phenotypic heterogeneity appears to be explained by SNP analysis which found within-

patient genotypic differences in isolates from 3/5 UTI patients. SNPs were identified that could cause 

alterations in quorum sensing, motility, biofilm formation and antibiotic resistance. The confirmation 

of within-patient genotypic/phenotypic diversity should have important implications for how we 
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diagnose and treat P. aeruginosa UTIs. Further experiments are required to understand how this 

heterogeneity can be beneficial to P. aeruginosa communities in the urinary tract. This research 

represents only a crude snapshot of the heterogeneity present in the urine of a P. aeruginosa UTI 

patient at a single moment in time. Going forward it would be beneficial to understand 

spatiotemporal changes in P. aeruginosa heterogeneity through longitudinal studies where samples 

can be taken from different niches in the urinary tract.
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4.1 Introduction 

4.1.1 Uropathogenic E. coli as an intracellular pathogen 

Uropathogenic E. coli (UPEC) were previously thought to exist largely as extracellular pathogens. 

However, recent work suggests that the intracellular lifestyle may play a key role in pathogenicity 

and persistence of UPEC infections (Cheng et al. 2016). In one study, tissue biopsies were taken from 

33 patients experiencing lower urinary tract infection symptoms (LUTS). Intracellular bacteria were 

seen in 8 out of 16 patients experiencing LUTS despite their urine testing negative for bacteria 

(Elliott et al. 1985).   

UPEC possess an array of fimbriae/pilli that aid binding to host cells in UTI. CFT073, a model UPEC 

strain isolated from the blood and urine of a pyelonephritis patient, contains 12 putative fimbrial 

operons (Welch et al. 2002). Fimbriae expressed by the ygi and yad operons were shown to be 

important for adherence to bladder cells in vitro and in a mouse model (Spurbeck et al. 2011). P 

fimbriae and type 1 pilli are two of the best characterized adhesins: both have been shown to 

adhere to uroepithelial cells and enhance infection in mice (Hopkins et al. 1986; Connell et al. 1996; 

Lane and Mobley 2007). Nonetheless, P fimbriae and type 1 pilli are not essential for adherence to 

an immortalized epithelial cell line or colonization of a neurogenic human bladder (Hull et al. 2002; 

Miyazaki et al. 2002). UPEC utilize type 1 pili to interact with the luminal surface of the urinary tract 

(Mulvey et al. 1998a).  Type 1 pili are essentially long rods of FimA subunits with a FimH adhesin at 

the tip (Figure 4.1) (Russell and Orndorff 1992; Jones et al. 1995).  The FimH adhesin binds to 

Uroplakin 1a (UP1a), which is one of the four uroplakin proteins embedded in the uroepithelial 

membrane (Zhou et al. 2001; Wu et al. 2009).  The mannose-binding domain of FimH binds to the 

lone N-linked oligosaccharide side chain of UP1a (Wu, Sun and Medina 1996; Zhou et al. 2001).   
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Figure 4.1. Type 1 pilus of E. coli. Adapted from (Alonso-Caballero et al. 2018). 

Membrane zippering around the adherent bacteria facilitates their internalization and internalized 

bacteria were better able to persist in the bladder than extracellular bacteria. (Mulvey et al. 1998a; 

Kerrn et al. 2005; Blango and Mulvey 2010b; Schwartz et al. 2011). The rigid plaques that uroplakins 

form, naturally flux between the interior and exterior of umbrella cells with the filling and emptying 

of the bladder to compensate for the change in surface area (Khandelwal, Ruiz and Apodaca 2010; 

Wankel et al. 2016).  It has been suggested that UPEC may hijack this process to gain entry into 

umbrella cells (Thumbikat et al. 2009; Wang et al. 2009; Mathai et al. 2014). Besides UP1a, integrins 

α3 and β1 are implicated as receptors for type 1 pili that can facilitate invasion.  The α3 and β1 

integrins are located throughout the urothelium.  Disruption of the integrins themselves or 

downstream kinases required for cytoskeletal rearrangements have been shown to inhibit bacterial 

invasion (Eto et al. 2007). Many host factors that modulate actin dynamics have been linked to 

successful invasion by UPEC such as adaptor proteins (e.g. paxillin, AP-2, clathrin heavy chain, 

NUMB, Dab2, and ARH), kinases (e.g. FAK, MAP kinases, PI-3 kinase), Rho GTPases (e.g. Rac1, Cdc42, 

RhoA), and actin-binding proteins and nucleators (e.g. Arp2/3, WAVE2, α-actinin, vinculin)(Martinez 

et al. 2000; Martinez and Hultgren 2002; Eto et al. 2007, 2008; Shen et al. 2016). Microtubules are 

also suggested to play a role in successful invasion of UPEC (Dhakal and Mulvey 2009; Lewis et al. 

2016).   
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Additional cellular membrane is required for successful internalisation of engulfed UPEC and this is 

delivered by the small GTP-binding protein Rab27b (Eto et al. 2008). UPEC invades through lipid-rich 

caveolar portals, where it forms membrane invaginations into the host cell cytosol (Duncan et al. 

2004; Bishop et al. 2007).  The GTPase dynamin2 is important for mobilizing the UPEC-containing 

membrane invaginations into the cytosol.  The action of dynamin2 is enhanced by reaction with 

nitric oxide which is produced by the host as a defence against pathogens (Wang et al. 2006, 2011). 

UPEC strains are often highly resistant to nitric oxide stress and actually stand to benefit from higher 

levels of nitric oxide in the host because of the aforementioned enhancement of dynamin2 activity 

(Lundberg et al. 1996; Bower and Mulvey 2006; Svensson et al. 2006). UPEC avoids lysosomal 

destruction by recruiting host protein Rab35 which prevents fusion with degradative lysosomes 

(Dikshit et al. 2015). 

 Internalized UPEC are stored in late endosome-like membrane-bound compartments (denoted by 

the presence of markers LAMP-1, lysobisphosphatidic acid (LBPA) and CD63) and enter a quiescent 

state with little to no replication (Figure 4.2) (Eto, Sundsbak and Mulvey 2006; Mysorekar and 

Hultgren 2006; Eto et al. 2008). UPEC stored in late endosomes may undergo very little replication 

because they are restricted by host actin filaments (Eto, Sundsbak and Mulvey 2006). Despite having 

limited growth capacity, quiescent UPEC are resistant to many antibiotics and host defences 

(Mulvey, Schilling and Hultgren 2001b; Schilling, Lorenz and Hultgren 2002; Kerrn et al. 2005; Blango 

and Mulvey 2010b). UPEC may be forced from these quiescent reservoirs by actin filament 

restructuring during maturation of bladder epithelial cells (Figure 4.2) (Blango et al. 2014). Less 

mature bladder epithelial cells have actin filaments throughout the cells, while in terminally 

differentiated umbrella cells the actin filaments are primarily localised along the basolateral surface 

(Romih, Veranic and Jezernik 1999).   

Internalized UPEC occasionally escape into the cytosol where they can replicate rapidly, forming 

clonal intracellular bacterial communities of over 10,000 cells (IBCs) (Figure 4.2) (Mulvey, Schilling 

and Hultgren 2001b; Anderson et al. 2003; Eto, Sundsbak and Mulvey 2006; Schwartz et al. 2011). 

Bacterial virulence factors associated with IBCs include type 1 pili, the adhesin Ag43, capsule, OmpA, 

purine biosynthesis enzymes, and various regulators like Integration Host Factor (IHF), the QseC 

sensor kinase, the RNA chaperone Hfq, and the periplasmic prolyly isomerase and chaperone SurA 

(Ramphal et al. 1991; Anderson et al. 2003, 2010; Justice et al. 2006b, 2012; Wright, Seed and 

Hultgren 2007; Kulesus et al. 2008; Nicholson, Watts and Hunstad 2009; Goller and Seed 2010; 

Hadjifrangiskou et al. 2011; Shaffer et al. 2017). IBCs are typically formed in umbrella cells, despite 

the ability of UPEC to invade into less mature epithelial cells as well (Mulvey, Schilling and Hultgren 

2001b). In a mouse model of UTIs, IBCs could be detected within hours of inoculation (Schwartz et 
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al. 2011). Bacteria within IBCs can double rapidly and see a morphological shift from rods to coccoid 

shaped cells.  Eventually the growing IBCs compromise umbrella cell integrity and bacteria spill out 

into the lumen (Figure 4.2) (Justice et al. 2004).  During dissemination, some cells become long and 

filamentous.  These long filamentous forms of UPEC are resistant to phagocytosis and penetrate 

neighbouring host cells (Justice et al. 2006a). 

 

 

Figure 4.2. Fates of UPEC after invasion of bladder epithelial cells. See text for details. Adapted from (Lewis, 

Richards and Mulvey 2016). 

4.1.2 Host response during UTI 

The urinary tract is characterized as having a strong innate immunity.  Much of this relates to the 

physiology of the urinary tract, which was discussed in greater detail in the general introduction 

(Chapter 1). The urinary tract is covered in a stratified layer of epithelial cells known as the 

urothelium. The apical cells, umbrella cells, are large flat epithelial cells that are shielded by 

proteinaceous plaques (uroplakins) which make the urothelium highly impermeable (Hicks 1975; 

Lewis 2000). Beneath the umbrella cell layer, lies the intermediate epithelium, basal epithelium, 

basement membrane and, finally, immune cells. The immune cells of the bladder include mast cells, 

natural killer (NK) cells and LY6C- macrophages (Abraham and Miao 2015). Bladder immune cells 

express pattern recognition receptors (PRR’s), such as toll-like receptor 2 (TLR2), TLR4, TLR5 and 
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TLR11, which can detect infection (Akira and Takeda 2004). Pentraxin-related protein 3 (PTX3) is a 

soluble PRR whose levels in urine are strongly correlated with severity of symptoms (Jaillon et al. 

2014). Once infection is detected, cells can recruit neutrophils and LY6C+ macrophages as part of a 

pro-inflammatory response (Ingersoll and Albert 2013). Individuals with genetic defects in the 

signalling pathways are more susceptible to UTI. This susceptibility arises from an inability to 

adequately supress the innate immune response which can lead to symptomatic UTI, pyelonephritis 

and renal scarring (Ragnarsdóttir et al. 2011). It is believed that the urinary tract must take a delicate 

approach with pro-inflammatory responses because excessive inflammation can disrupt the 

urothelial barrier (Mulvey et al. 2000). 

The urothelium can secrete many pro-inflammatory cytokines and antimicrobial compounds. 

Interleukin-1 (IL-1), IL-6 and IL-8 are often the first detected cytokines in urine following infection 

and aid recruitment of phagocytes (Agace et al. 1993; Song et al. 2007). Neutrophil gelatinase-

associated lipocalin (NGAL) protein is produced by α-intercalated cells in the kidney and binds the 

bacterial siderophore enterochelin, thereby limiting UPEC growth in both humans and mice (Goetz 

et al. 2002; Flo et al. 2004; Paragas et al. 2014). Early in UTIs, antimicrobial peptides (AMPs) are 

secreted from bladder epithelial cells and α-intercalated cells in the kidney; later they are secreted 

by recruited neutrophils (Abraham and Miao 2015). Known antimicrobial peptides found in urine 

include cathelicidin-like AMPs such as LL-37 (Chromek et al. 2006), β-defensin 1 (Valore et al. 1998) 

and ribonuclease 7 (Spencer et al. 2011). 

When UPEC successfully invade bladder cells they still face an array of host defences that aim to 

expel or eliminate them.  Many are encapsulated in RAB27b+ fusiform vesicles which can expel the 

bacteria when TLR4-mediated signalling leads to increased levels of cyclic AMP (Figure 4.2). 

Increased levels of cyclic AMP trigger a conformational change in the fusiform vesicles which expels 

the bacteria (Bishop et al. 2007). Another expulsion pathway involves assembly of exocyst 

complexes around the intracellular UPEC vesicles after TLR4-dependent ubiquitination of the 

immune regulator TRAF3 (Figure 4.2) (Miao, Wu and Abraham 2016). Some bacteria escape the 

fusiform vesicles and are captured by autophagy into lysosomes. Lysosomes usually degrade 

bacteria, but UPEC can survive by blocking acidification. However, transient receptor potential 

mucolipin 3 (TRPML3) can detect malfunctioning lysosomes with UPEC and trigger exocytosis (Figure 

4.2) (Miao et al. 2015). UPEC can survive within endosomes positive for LAMP-1, LBPA and CD63 and 

that lack the lysosomal protein cathepsin D (Mysorekar and Hultgren 2006; Eto et al. 2008). UPEC 

can persist in these quiescent reservoirs, but growth  is limited by restrictive actin filaments 

surrounding the endosomes (Eto, Sundsbak and Mulvey 2006). Breaking out of quiescent reservoirs 

into the host cytosol allows UPEC to grow more rapidly and form IBCs (Eto, Sundsbak and Mulvey 
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2006). When epithelial cells are heavily burdened by invasive bacteria, they will exfoliate in large 

numbers (Figure 4.2). This is followed by an increase in urothelium proliferation to restore the 

broken barrier (Mulvey et al. 1998b; Mysorekar et al. 2009). Urothelium proliferation is activated 

when progenitor cells in the basal urothelium detect injury and secrete the signalling molecule sonic 

hedgehog (SHH). SHH which activates the WNT protein, triggering cell proliferation (Shin et al. 2011). 

Neutrophils are the first immune cells recruited to the bladder during urinary tract infection. In a 

mouse model of UTI, neutrophils can be detected at 2 hours post infection and their numbers peak 

around 6 hours post infection (Agace et al. 1995). When the neutrophil response is defective in mice, 

bacteria are not cleared from the urinary tract (Haraoka et al. 1999). Neutrophils are recruited to the 

urinary tract by CXC-chemokine ligand-1 (CXCL-1) and IL-8 produced by bladder epithelial cells 

(Godaly et al. 2001). Recruited LY6C+ macrophages help neutrophils to cross the basement 

membrane into the urothelium. LY6C+ macrophages produce the cytokine TNF-α, which causes 

resident LY6C- macrophages to secrete CXCL2. CXCL2 activates matrix metalloproteinase-9 in 

neutrophils which enables neutrophil entry into the urothelium (Schiwon et al. 2014). Levels of 

neutrophils in the urine correlate with bacterial load (Shahin et al. 1987). Neutrophils secrete PTX3 

which binds to bacteria and enables uptake and bacterial degradation (Jaillon et al. 2014). Despite 

their importance in bacterial clearance, neutrophils also contribute to inflammation and cytotoxicity 

in bladder epithelial cells. Cyclooxygenase-2 (COX-2) is expressed by neutrophils and can induce 

production of harmful reactive oxygen species (ROS) (Hannan et al. 2014; Onodera et al. 2015). In a 

mouse model, COX-2 inhibitors limited neutrophil migration into the urinary tract and were 

associated with significantly less pyuria and mucosal damage (Hannan et al. 2014). Serum from 

women who suffered from recurrent UTI had elevated levels of cytokines and growth factors 

involved in macrophage development (IL-3 and M-CSF), chemotaxis (MCP-1/CCL2) and 

differentiation (M-CSF), neutrophil development (IL-3) and chemotaxis (CXCL1 and IL-8) compared to 

women who did not suffer from recurrent UTI. This research highlights that an overstimulated 

immune system can exaggerate the ill effects of UTI and may predispose individuals to recurrent UTI.  

Mast cells reside in the lamina propria of the bladder and are responsible for early detection of 

infection and immune response coordination, facilitated by stores of proinflammatory mediators 

(Abraham and St. John 2010). TNF-α is one such mediator that contributes to neutrophil 

recruitment. Mice deficient in mast cells have a significantly reduced neutrophil response compared 

to mice with normal amounts of mast cells (Abraham, Shin and Malaviya 2001). Mast cells are likely 

activated by signals, such as ATP, IL-33 and β-defensin, secreted from damaged epithelial cells 

(Soruri et al. 2007; Säve and Persson 2010; Jang and Kim 2015). Mast cells do not just promote 

inflammation, they were also found to express the immunosuppressant IL-10 after epithelial 
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shedding had occurred (Chan, St. John and Abraham 2013). Tissue regeneration cannot occur during 

active inflammation, so IL-10 may supress inflammation before the bladder has been sufficiently 

cleared of bacteria in the interest of epithelium integrity (Chan, St. John and Abraham 2013). Other 

mouse studies have found a role for natural killer cells and γδ T cells in the bladder innate immune 

response but the exact mechanisms or still unclear (Jones-Carson, Balish and Uehling 1999; Engel et 

al. 2006; Sivick et al. 2010). 

A study investigating the effect of TNF-α, IL-1β, IL-6, IL-8 and IFN-γ on UPEC strain CFT073 found that 

all the cytokines enhanced CFT073 growth, but reduced biofilm formation and haemolytic activity. 

Siderophore release was reduced in the presence of IL-1beta, IL-6 and IL-8. All tested cytokines 

enhanced iron acquisition gene expression except for IFN-γ (Engelsöy, Rangel and Demirel 2019). 

This research shows that cytokines released in the urinary tract have significant but complicated 

effects on bacterial growth and gene expression. 

4.1.3 Pseudomonas invasion 

Many uropathogenic organisms have shown an ability to invade uroepithelial cells in vitro and in vivo 

in a mouse model.  Invasion of host cells by uropathogenic bacteria can enable bacteria to access 

additional nutrients as well as avoid antibacterial molecules and phagocytosis (Lewis, Richards and 

Mulvey 2016). Pseudomonas aeruginosa is known for being a primarily extracellular bacteria but has 

shown an ability to invade host cells in the eyes and lungs (Fleiszig et al. 1998; Sana, Berni and Bleves 

2016).  

Pseudomonas isolates are sometimes classed as invaders or non-invaders based on whether they 

code the type-3 secretion system (T3SS) effectors ExoS or ExoU, respectively (Fleiszig et al. 1997c). 

Four T3SS effectors have been discovered in P. aeruginosa: ExoT, ExoY, ExoS and ExoU. ExoT and 

ExoY are found in most P. aeruginosa strains. ExoS and ExoU are typically mutually exclusive but 

there are strains that encode both or neither (Feltman et al. 2001). ExoU is linked to acute 

cytotoxicity. Paradoxically, ExoS was shown to inhibit invasion of HeLa cells but was shown to be 

important for survival of intracellular bacteria in corneal and bronchial epithelial cells (Sun and 

Barbieri 2004; Deng and Barbieri 2008; Angus et al. 2010; Jolly et al. 2015).  A possible explanation 

for the paradox is that T3SS induction occurs in the cytosol of mammalian cells and evidence has 

been collected to support this claim (Vallis et al. 1999; Yahr and Wolfgang 2006; Hritonenko et al. 

2018; Kroken et al. 2018).  P. aeruginosa preferentially infects damaged epithelial tissues and hijacks 

epithelial cell polarization machinery (Engel and Eran 2011a). Cytotoxicity and invasion of host cells 

was enhanced when P. aeruginosa was added to epithelial cells with altered polarity (Fleiszig et al. 

1997b, 1998; Kazmierczak et al. 2001; Kazmierczak, Mostov and Engel 2004). P. aeruginosa also 
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preferentially binds to, invades and injures wounded epithelium (Figure 4.3) (Yamaguchi and 

Yamada 1991; Zahm, Chevillard and Puchelle 1991; Tsang et al. 1994; de Bentzmann et al. 1996; de 

Bentzmann, Plotkowski and Puchelle 1996; Geiser et al. 2001). 

P. aeruginosa bound to epithelial cells can form large biofilm-like matrices (Lepanto et al. 2011).  

These aggregations can trigger transformation of the apical cell surface into a basolateral-like 

surface to create a microenvironment conducive to bacterial invasion (Figure 4.3) (Kierbel et al. 

2007). This is useful because the apical domain of the epithelium is resistant to toxin injection by the 

T3SS (Fleiszig et al. 1997a; Lee et al. 1999; Kazmierczak, Mostov and Engel 2004).   

 

 

Figure 4.3. Subversion of epithelial cell polarity by P. aeruginosa. (A) Polarized epithelial cell characterized by 

PIP3 and PI3K along basolateral membrane tight junctions (TJ) and adherens junctions (AJ) binding epithelial 

cells together. (B) P. aeruginosa aggregate recruits PI3K to the surface which triggers local production of PIP3 

and lipid membrane protrusions. (C) Aggregate internalized into epithelial cell due to conversion of apical 

surface to a basolateral-like surface. Adapted from (Engel and Eran 2011b). 

The first stage in successful bacterial invasion of epithelial cells is adherence to the cell surface. The 

major adhesins for P. aeruginosa are type IV pili (T4P). T4P assembly and function is controlled by 

over 40 gene products (Mattick 2002). T4P are primarily composed of a single repeating subunit 

encoded by the pilA gene (Strom and Lory 1986).  T4P can also be extended and retracted to 

facilitate a type of surface-associated motility known as twitching motility.  Twitching motility 

requires the cytoplasmic membrane-associated ATPases, PilB and PilT (Turner et al. 1993; Chiang et 
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al. 2008).  Inactivation of pilT was shown to reduce cytotoxicity in vitro and to prevent invasion of 

corneal tissue in vivo – likely because of reduced bacterial contact to host cells which is necessary for 

delivery of T3SS effectors such as ExoS (Comolli et al. 1999; Zolfaghar, Evans and Fleiszig 2003). 

Replacement of T4P with a non-fimbrial adhesin pH6 from Yersinia pestis verified that the adhesive 

properties of T4P are essential for delivery of T3SS proteins (Sundin et al. 2002). Madin-Darby canine 

kidney (MDCK) cells with defects in cell surface glycosylation were found to be resistant to P. 

aeruginosa killing, suggesting that N-glycans might be important for adhesion (Apodaca et al. 1995). 

In healthy, polarized MDCK epithelial cells, the apical membrane is rich in N-glycans while the 

basolateral membrane is rich in heparin sulfate proteoglycans (HSPGs).  N-glycan chains at the apical 

surface were necessary and sufficient for P. aeruginosa binding, invasion and cytotoxicity to MDCK 

cells grown at various stages of polarization. Greater expression of N-glycans on the apical surface 

increased invasion while pharmacologic inhibition of N-glycans reduced invasion. At the basolateral 

surface, sulfation of HSPG was critical for binding, cytotoxicity and invasion. HSPG was more 

abundant at the apical surface in incompletely polarized epithelium (Bucior, Mostov and Engel 

2010). This research reinforces the importance of host N-glycans and HSPGs in facilitating P. 

aeruginosa invasion but they are not the only host binding targets that can facilitate invasion. 

Proteins such as the alpha5 beta1 integrin and fibronectin are also important for uptake of 

Pseudomonas in airway epithelial cells (Roger et al. 1999). Pseudomonas has also been shown to 

bind the extracellular matrix component, vitronectin via Porin D in airway epithelial cells (Paulsson et 

al. 2015). 

Another strategy P. aeruginosa can use to invade cells is to break through intercellular barriers to get 

at the basolateral membrane of epithelial cells.  Virulence factors of P. aeruginosa accomplish this by 

targeting structures that join epithelial cells together, specifically tight junctions (TJ) and adherens 

junctions (AJ) (Golovkine, Reboud and Huber 2017).  P. aeruginosa can also take advantage of 

naturally occurring breaches in cell-cell junctions caused by cell division or senescent cell exclusion 

(Golovkine et al. 2016). The protease LasB, increases epithelial monolayer permeability by 

downregulation of four TJ components: occludin, claudin-1 and -4, and tricellulin while not affecting 

E-cadherin in AJs (Azghani, Gray and Johnson 1993; Azghani, Miller and Peterson 2000; Beaufort et 

al. 2013; Nomura et al. 2014). In response to LasB, MDCK epithelial cells showed decreased levels of 

ZO-1 and ZO-2 (TJ proteins), while there was no difference in expression of these proteins in nasal 

epithelial cells (Azghani 1996; Nomura et al. 2014).  One of the quorum sensing (QS) molecules of P. 

aeruginosa, N-(3-oxododecanoyl)-L-homoserine lactone (3O-C12-HSL), has also been shown to 

interfere with the structural integrity of TJs by interactions with ZO-1, ZO-3 and JAM-A (Vikström et 

al. 2009, 2010; Halldorsson et al. 2010; Schwarzer et al. 2014). ExoS and ExoT cause actin 
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cytoskeleton depolymerisation throughout epithelial cells which affects the integrity of TJs and AJs 

(Huber et al. 2014). TJs can also be disrupted by the activity of ExlA, a recently discovered pore-

forming toxin (Elsen et al. 2014; Huber et al. 2016; Reboud et al. 2016; Basso et al. 2017). ExlA is 

secreted by a two-partner secretion (TPS) system and induces E-cadherin cleavage by a multistep 

process involving the metalloprotease ADAM10 (Pruessmeyer and Ludwig 2009; Reboud et al. 2017). 

The P. aeruginosa surface lectin, LecB, has been shown to target epithelial AJs leading to the 

degradation of β-catenin by unknown mechanisms (Cott et al. 2016). Despite the wealth of research 

on P. aeruginosa invasion in other cells and tissues, no one has shown whether P. aeruginosa could 

invade the epithelial cells of the urinary tract.  

4.1.4 Host response to P. aeruginosa in UTIs 

One study assessed how different P. aeruginosa UTI isolates responded to growth with macrophage 

secretory products (MSPs) from mice.  MSPs were collected from macrophages exposed to P. 

aeruginosa (stimulated) and from unstimulated macrophages (negative control). MSP supernatant 

from stimulated macrophages contained TNF-α, TNF-β, IL-1α, IL-β, GM-CSF, MIP-2, IL-6, IL-12, IL-18 

and reactive nitrogen intermediates. Supernatant from unstimulated macrophages contained 

significantly less cytokines, reactive nitrogen intermediates and protein content. Different strains of 

P. aeruginosa (PAO1, PA3 and PA5) were inoculated in flasks with tissue culture growth media and 

30% macrophage supernatant. P. aeruginosa grown in the presence of MSPs from stimulated 

macrophages had enhanced growth and expression of virulence factors compared to bacteria grown 

in the presence of supernatant from unstimulated macrophages. Virulence factors that showed 

significant increases included haemolysin, protease, elastase, phospholipase C, pyochelin, 

pyoverdine, alginate and cell surface hydrophobicity (Mittal et al. 2006). Macrophage inflammatory 

protein-2 (MIP-2) is a human IL-8 homologue found in mice. A study in a mouse model of ascending 

UTI found that P. aeruginosa infection caused MIP-2 production to peaks at 6 hours post-infection, 

correlating with neutrophil recruitment (Mittal et al. 2004).  

This body of research confidently shows that P. aeruginosa acts as an intracellular pathogen in other 

tissues, but relatively little is known about how P. aeruginosa interacts with cells of the urinary tract. 

Therefore, I aimed to characterize the invasive ability of a panel of P. aeruginosa strains using a well 

characterized in vitro model of the bladder epithelium. 
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4.1.5 Aims 

-to quantify invasion of P. aeruginosa UTI isolates in an in vitro model of the bladder urothelium 

-to visualize P. aeruginosa invasion with the use of confocal microscopy 

-to compare P. aeruginosa invasion of two in vitro urothelium models – an HTB-9 monolayer and an 

HBLAK stratified bladder epithelium 

-to characterize the pro-inflammatory response of bladder epithelial cells to a panel of P. aeruginosa 

isolates   
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4.2 Results 

4.2.1 P. aeruginosa is capable of invading HTB-9 human bladder epithelial monolayers 

Gentamicin protection assays were performed to quantify the ability of bacteria to adhere to, invade 

and persist within bladder epithelial cells. The highest quantity of ‘Bound’ bacteria was recovered 

from cells infected with PA14 (4.43 x 106 cfu ml-1) (Figure 4.4). The lowest quantities of P. aeruginosa 

‘Bound’ bacteria were recovered from clinical isolates A1 (2.18 x 105 cfu ml-1) and A39 (1.97 x 105 cfu 

ml-1). An analysis of variance on the means of bacteria recovered from the ‘Bound’ condition 

revealed a significant difference across the group (One-way ANOVA F(15, 32) = 6.921, p < 0.0001). A 

Tukey post hoc test was used to determine which pairs of ‘Bound’ means were significantly different 

(P < 0.05). PA14 had significantly higher levels of ‘Bound’ bacteria than every other strain. No other 

strains differed significantly from each other.  

The highest quantity of ‘Intracellular’ bacteria was also recovered from cells infected with PA14 (1.04 

x 105 cfu ml-1) (Figure 4.4). The lowest quantity of P. aeruginosa ‘Intracellular’ bacteria was 

recovered from cells infected with A1 (8.2 x 102 cfu ml-1) and A39 (3.36 x 102 cfu ml-1). However, E. 

coli strains UTI89 (6.00 x 101 cfu ml-1) and SLC154 (3.32 x 102 cfu ml-1) had the absolute lowest means 

of ‘Intracellular’ bacteria recovered. An analysis of variance on the means of bacteria recovered from 

the ‘Intracellular’ condition revealed a significant difference across the group (One-way ANOVA F(15, 

32) = 4.906, p < 0.0001). A Tukey post hoc test was used to determine which pairs of ‘Intracellular’ 

means were significantly different (P < 0.05). PA14 had significantly higher levels of ‘Intracellular’ 

bacteria than every strain, except for PAO1 which was not significantly different. No other pair of 

isolates were significantly different from one another. 

Invasion rates were calculated for every strain by dividing the number of intracellular bacteria at 4 

hpi by the number of ‘Bound’ bacteria at 2 hpi and multiplying by 100 to express as a % (Figure 4.5). 

PAO1 had the highest mean invasion rate, with 7.28% of ‘Bound’ bacteria being recovered at the 

‘Intracellular’ time point. Variance analysis indicated that mean invasion rates were significantly 

different across the population(One-way ANOVA F(15,32) = 4.550, P = 0.0002). A Tukey post hoc test 

revealed that PAO1 (7.28%) had a significantly higher invasion rate than A1 (0.48%), A39 (0.17%), 

B13 (2.31%), D35 (2.56%), G7 (1.33%), J7 (1.67%), J28 (1.53%), 133065 (1.44%), UTI89 (0.01%) and 

SLC154 (0.15%). PAO1 did not invade at a significantly higher rate than PA14 (3.37%), B12 (3.57%), 

D1 (2.99%), G30 (1.95%) or 133106 (3.26%). 

As far as I am aware, this is the first reported evidence of P. aeruginosa invading bladder epithelial 

cells. 
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Figure 4.4. Quantification of bacterial strains at different time points of an in vitro invasion assay in HTB-9 human bladder epithelial cells. ‘Total’ 

values represent intracellular bacteria, adherent bacteria and non-adherent bacteria in the cell supernatant isolated at 2 hours post infection (hpi). 

‘Bound + Intracellular’ values represent adherent and intracellular bacteria isolated at 2 hpi. ‘Intracellular’ values represent intracellular bacteria 

isolated at 4 hpi following treatment with 200 ug ml-1 gentamicin to eliminate extracellular bacteria. PAO1 and PA14 are lab strains of P. aeruginosa. 

UTI89 is a commonly studied strain of E. coli isolated from a urinary tract infection and SLC154 is a fimH knockout mutant of UTI89 (a gene 

important in pilli adhesion). E. coli strains shown in yellow. All other strains are clinical UTI isolates of P. aeruginosa (n = 3 for all strains). 
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Figure 4.5. Invasion rates of bacterial strains at different time points of an in vitro invasion assay in HTB-9 human bladder epithelial cells. Invasion 

rate is calculated by dividing the number of intracellular bacteria isolated at 4 hours post infection by the number of adherent and intracellular 

bacteria isolated at 2 hours post infection. PAO1 and PA14 are lab strains of P. aeruginosa. Light green bar indicates strain contains exoS gene, 

Dark green bar indicates strain contains exoU gene. UTI89 is a commonly studied strain of E. coli isolated from a urinary tract infection and SLC154 

is a fimH knockout mutant of UTI89 (a gene important in pilli adhesion). * indicates an isolate’s mean rate of invasion is significantly different from 

PAO1’s (Tukey post hoc test P < 0.05). (n = 3 for all strains). 
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4.2.2 Numbers of intracellular bacteria are significantly reduced in a gentamicin protection assay 

with the addition of a membrane permeable antibiotic 

Gentamicin protection assays were performed with PAO1 infecting HTB-9 human bladder epithelial 

cells. Instead of just using membrane impermeable gentamicin to eliminate bacteria, we also 

coupled it with membrane permeable ofloxacin to see if we could eliminate intracellular bacteria. At 

4, 7 and 10 hours post infection, levels of intracellular bacteria were significantly lower in the 

ofloxacin/gentamicin treated cells compared to the gentamicin treated cells (One-way ANOVA Tukey 

post-hoc test, P < 0.05) (Figure 4.6). When infected bladder epithelial cells were only treated with 

membrane impermeable gentamicin, 4.5 x 104 cfu ml-1 intracellular bacteria were recovered at 4 hpi, 

4.8 x 104 cfu ml-1 intracellular bacteria were recovered at 7 hpi and 1.8 x 104 cfu ml-1 intracellular 

bacteria were recovered at 10 hpi. When membrane permeable ofloxacin was coupled with 

gentamicin the levels of intracellular bacteria recovered at each timepoint were significantly lower: 4 

hpi (40 cfu ml-1), 7 hpi (320 cfu ml-1) and 10 hpi (67 cfu ml-1).    
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Figure 4.6. Quantification of P. aeruginosa PAO1 bacteria isolated at different time points of an in vitro invasion assay in HTB-9 human bladder 

epithelial cells in cell culture inserts. Values represent intracellular bacteria isolated at 4, 7 and 10 hpi following treatment with 200 ug ml-1 gentamicin 

with 50 ug ml-1 ofloxacin or just 200 ug ml-1 gentamicin. Error bars represent standard deviation of means from technical replicates at each time point 

and condition (n = 3). 

 

 



84 
 

4.2.3 There is no significant difference between ExoU and ExoS type strains’ ability to persist 

intracellularly up to 48 hours 

Invasion assays were conducted in 24-well plates over the course of 48 hours to determine if ExoU 

or ExoS type strains were better at persisting intracellularly in HTB-9 human bladder epithelial cell 

monolayers. PAO1 and D1 were selected as ExoS type strains (one lab strain and one clinical strain). 

Similarly, PA14 and B12 were selected as the ExoU type strains. Bladder cells were lysed at 6, 24 and 

48 hours post infection (hpi) and intracellular bacteria were quantified by serial dilutions and plating 

on LB agar. All four strains were able to persist intracellularly up to 48 hours post infection (Figure 

4.7). At 6 hpi all strains had between 1 and 3 x 104 cfu ml-1 intracellular bacteria and their means 

were not significantly different (One-way ANOVA F(3,8) = 0.7537, P = 0.5505). At 24 hpi, the levels of 

intracellular bacteria were more variable (PAO1 = 2.1 x 103 cfu ml-1, D1 = 5.8 x 102 cfu ml-1, PA14 = 

5.7 x 104 cfu ml-1, B12 = 4.8 x 101 cfu ml-1) but the variance in means was still not significant (One-

way ANOVA F(3,8) = 1.110, P = 0.4003). At 48 hpi, levels of intracellular bacteria were between 6 x 

102 cfu ml-1 and 5.5 x 103 cfu ml-1 and the variance was still insignificant (One-way ANOVA F(3,8) = 

0.5156, P = 0.6830). 

4.2.4 ExoU strains are more cytotoxic than ExoS strains, but not significantly so 

To determine whether the infecting bacteria were having a cytotoxic effect on cells, supernatants 

were collected from the 48-hour invasion assay to determine cell death with an LDH cytotoxicity 

assay. Results were compared to a negative control of uninfected HTB-9 supernatant and a positive 

control of lysed HTB-9 cells by adding 5 µl of 10% Triton X-100 in 500 µl of cell supernatant to create 

a 0.1% Triton solution (the same concentration used to lyse cells which had been treated with 

gentamicin, washed and then lysed). PA14 and B12-infected cells produced more LDH at 6 hours 

post infection (0.084 and 0.086, respectively) when compared to PAO1 (0.027) and D1 (0.026), but 

these differences were not statistically significant (One-way ANOVA F(3,8) = 2.571, P = 0.1270) 

(Figure 4.8).  LDH levels appeared to plateau from 24 to 48 hours and no significant differences could 

be seen between strains. I wanted to normalize these results against a positive control representing 

100% cell death.  However, the positive control appears not to have worked, with only low levels of 

LDH being detected.  This could have been caused by the high initial concentration of Triton X-100 

(10%) added to the positive control interacting with the LDH and throwing off the results. There was 

not time at the end of my PhD to repeat this assay.
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Figure 4.7. Quantification of intracellular bacteria recovered at 6, 24 and 48 hours post infection (hpi) after treatment with 

200 µg ml-1 gentamicin. PAO1 and D1 are ExoS-type strains while PA14 and B12 are ExoU-type strains. There were no 

significant differences in quantities of intracellular bacteria recovered for different strains at the same time point (n = 3 for 

each strain, error bars represent 1 SD of the mean) 
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Figure 4.8. Levels of LDH detected in cell supernatant of HTB-9 cells after infection with ExoU-type (PA14 and B12) and ExoS-type bacteria (PAO1 and 

D1). LDH levels are indicative of levels of cell death. Supernatants collected at 4, 24 and 48 hours post infection. All timepoints (n = 3). 
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4.2.5 HTB-9 monolayer host response to exoU/S strains of P. aeruginosa 

Supernatants were collected from HTB-9 cells infected by ExoS (PAO1 and D1) and ExoU (PA14 and 

B12) strains of P. aeruginosa and assayed for an array of 8 cytokines and pro-inflammatory 

molecules to see if bladder epithelial cells would respond differently to different strains. 

Supernatants were collected at 4, 24 and 48 hours post infection. By 24 hours post infection, levels 

of GM-CSF, IL-10, IFN-gamma, IL-17A, IL-1beta, IL-8 and TNF-alpha had plateaued, mirroring results 

from the LDH cytotoxicity assay (Figures 4.9 and 4.10). This was because the cytokines and pro-

inflammatory molecules accumulate over time and are not broken down in the conditions of my 

experiment. This, coupled with high standard deviations, made it impossible to assess any 

differences between the host responses to different strains after 24 hours post infection. Only levels 

of IL-6 secreted in response to PAO1 and PA14 had not plateaued by 24 hours post infection. 

Significantly higher levels of IL-6 were seen in cells infected by clinical isolates B12 (846 pg ul-1) and 

D1 (998 pg ul-1) when compared to the lab strain-infected cells PAO1 (530 pg ul-1) and PA14 (334 pg 

ul-1) at 24 hours post infection (One-way ANOVA, Tukey post-hoc, P < 0.05) (Figure 4.10). At 4 hours 

post infection, PA14 and D1 infected cells produced significantly higher levels (39 and 54 pg ul-1, 

respectively) of IL-1β than PAO1 and B12 infected cells (5 and 3 pg ul-1, respectively) (One-way 

ANOVA, Tukey post-hoc, P < 0.05).  
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Figure 4.9. Levels of cytokines and pro-inflammatory molecules detected in cell supernatants using the MSD V-plex assay. HTB-9 cells were 

infected with ExoS-type (PAO1) and ExoU-type (PA14, B12, D1) strains for 4, 24 and 48 hours. 
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Figure 4.10. Levels of cytokines and pro-inflammatory molecules detected in cell supernatants using the MSD V-plex assay. HTB-9 cells were infected with ExoS-type 

(PAO1) and ExoU-type (PA14, B12, D1) strains for 4, 24 and 48 hours. One way ANOVA conducted with Tukey post hoc test on all samples (* = P < 0.05) 
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4.2.6 Higher levels of intracellular P. aeruginosa PAO1 are recovered from infected HTB-9 human 

bladder epithelial monolayers than stratified HBLAK human bladder epithelial cells 

PAO1 was used to infect human bladder cell monolayers (HTB-9 cells) and stratified human bladder 

cells (HBLAK) to see if stratified bladder cells were more resistant to invasion. Cells were lysed at 4 

hours post infection and quantities of intracellular bacteria quantified by plating of serial dilutions. 

Infections were performed in biological triplicate, but unfortunately only one biological replicate 

provided useable data for the stratified HBLAK cells. One biological replicate did not differentiate 

fully and the other was contaminated. Due to limited time this experiment could not be repeated. 

Based on the limited data, higher levels of intracellular bacteria were recovered from HTB-9 

monolayers (1.1 x 104 cfu) than from stratified HBLAK cells (1.1 x 103), but no statistical analysis 

could be carried out (Figure 4.11). 
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Figure 4.11. Quantification of P. aeruginosa PAO1 bacteria isolated from an in vitro 

invasion assay in HTB-9 and differentiated HBLAK human bladder epithelial cells in cell 

culture inserts. Values represent intracellular bacteria isolated at 4 hpi following 

treatment with 200 ug ml-1 gentamicin to eliminate extracellular bacteria. HTB-9 (n = 

3) HBLAK (n = 1) 
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4.2.7 Stratified human bladder epithelial cells respond differently than monolayers when challenged 

with P. aeruginosa PAO1 

Cell supernatants were collected from both monolayered and stratified bladder epithelial cells. 

Quantities of 8 cytokines and pro-inflammatory proteins were tested to see if stratified bladder cells 

produced a more tempered response to P. aeruginosa. In the HTB-9 monolayers, levels of GM-CSF, 

IL-6 and IL-8 were significantly higher (162%, 198% and 235% increases, respectively) in infected cells 

compared to uninfected cells (unpaired t-test, P < 0.05) (Figure 4.12). HTB-9 infection also caused 

increases in IL-17A (250% increase) and TNF-α (477%) compared to uninfected HTB-9 cells, but these 

increases were not statistically significant (unpaired t-test > 0.05).  

Infection of HBLAK cells saw large increases in IFN-γ (152%), IL-17A (250%) and TNF-α (149%) and a 

47% decrease in IL-1β levels (Figure 4.12). The HBLAK results are only representative of 1 biological 

replicate with 3 technical replicates so we cannot determine if the results are statistically significant 

and should be cautious of reading too much into the results. 
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Figure 4.12. Levels of cytokines and pro-inflammatory molecules detected in cell supernatants using the MSD V-plex assay. HTB-9 and HBLAK cells were infected for 4 

hours with PAO1 before supernatant were collected. Unpaired t-test conducted on infected vs uninfected HTB-9 cells (* = P < 0.05) 
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4.2.8 Confocal imaging confirms presence of intracellular P. aeruginosa in bladder epithelial cells 

Invasion assays were conducted with PAO1 on HTB-9 and HBLAK cells grown on cell culture insert 

filters. Cells and bacteria were fixed with 4% formaldehyde before staining with anti-PAO1 

antibodies to highlight intracellular bacteria and phalloidin/DAPI to highlight the human bladder 

cells. Experiments were originally conducted with a PAO1 strain that constitutively expressed GFP 

but the GFP was not stable after fixing of bacteria. Stained cell culture insert filters were cut out and 

mounted on glass slides for confocal imaging. Images show evidence of intracellular bacteria in both 

HTB-9 monolayers (Figure 4.13) and stratified HBLAK cells (Figure 4.15). Quantification was not 

performed because cell layers were highly heterogenous and the HBLAK sample size was low, but 

there appear to be many more intracellular bacteria in HTB-9 monolayers. 3D reconstructions were 

performed by James Szczerkowski at the Centre for Cell Imaging and give clearer evidence of 

intracellular PAO1 localization in HTB-9 (Figure 4.17) and HBLAK (Figure 4.18) human bladder 

epithelial cells.  
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Figure 4.13. Confocal image of PAO1 (green) inside HTB-9 cells (red membranes with blue nuclei) showing a single Z-slice with orthoganal views in the XZ and YZ planes to 

highlight localization of bacteria. HTB-9 cells stained with DAPI (blue) and Phalloidin conjugated to AlexFluor-647 (red). PAO1 stained with anti-Pseudomonas Ab74980 

primary antibodies and goat anti-chicken conjugated to AlexaFluor-488 (green) secondary antibodies.  
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Figure 4.14. Confocal image of uninfected HTB-9 cells (red membranes with blue nuclei) showing a single Z-slice with orthoganal views in the XZ and YZ planes to highlight 

localization of bacteria. HTB-9 cells stained with DAPI and Phalloidin conjugated to AlexFluor-647. Also stained with anti-Pseudomonas Ab74980 primary antibodies and 

goat anti-chicken conjugated to AlexaFluor-488 secondary antibodies.  
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Figure 4.15. Confocal image of PAO1 (green) inside HBLAK cells (red membranes with blue nuclei) showing a single Z-slice with orthoganal views in the XZ and YZ planes to 

highlight localization of bacteria. HBLAK cells stained with DAPI and Phalloidin conjugated to AlexFluor-647. PAO1 stained with anti-Pseudomonas Ab74980 primary 

antibodies and goat anti-chicken conjugated to AlexaFluor-488 secondary antibodies.  
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Figure 4.16. Confocal image of uninfected HBLAK cells (red membranes with blue nuclei) showing a single Z-slice with orthoganal views in the XZ and YZ planes to highlight 

localization of bacteria. HBLAK cells stained with DAPI and Phalloidin conjugated to AlexFluor-647. Also stained with anti-Pseudomonas Ab74980 primary antibodies and 

goat anti-chicken conjugated to AlexaFluor-488 secondary antibodies
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Figure 4.17. Confocal reconstruction of PAO1 (green) inside HTB-9 cells (red membranes with blue nuclei) HTB-9 cells stained with DAPI and Phalloidin conjugated to 

AlexFluor-647.PAO1 stained with anti-Pseudomonas Ab74980 primary antibodies and goat anti-chicken conjugated to AlexaFluor-488 secondary antibodies  
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Figure 4.18. Confocal reconstruction of PAO1 (green) inside HBLAK cells (red membranes with blue nuclei) HTB-9 cells stained with DAPI and Phalloidin conjugated to 

AlexFluor-647 PAO1 stained with anti-Pseudomonas Ab74980 primary antibodies and goat anti-chicken conjugated to AlexaFluor-488 secondary antibodies 
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4.3 Discussion 

Extensive studies on UPEC have revealed, both in vitro and in vivo, the ability of UPEC to invade cells 

of the urinary tract. This invasion can be accompanied by persistence and proliferation into IBCs. 

This process has been proposed to be important in recurrent UTIs and may limit the success of some 

treatments. In contrast, although P. aeruginosa is known to cause complicated UTIs and has been 

shown to invade other cell types, the role of cell invasion in P. aeruginosa UTIs is unclear. 

We determined that clinical isolates and lab strains of P. aeruginosa were capable of invading 

bladder epithelial cells in an in vitro model. This is the first reported evidence of P. aeruginosa having 

the capability to invade human bladder epithelial cells. Gentamicin protection assays in the HTB-9 

bladder cell line found PA14 was the only strain that had significantly higher numbers of bound and 

internalized bacteria compared to the other P. aeruginosa strains tested. Though the difference was 

not significant, isolates A1 and A39 did appear to invade at a slightly lower level (<103 CFU ml-1) 

compared to all the other strains (>104 CFU ml-1). Calculating the rate of bound bacteria that 

successfully invade bladder cells indicated that bound PAO1 invaded at the highest rate. However, 

the rate of PAO1 invasion was not significantly higher than PA14, B12, D1, G30 or 133106. The 

results suggest that P. aeruginosa strains possess a widely conserved ability to invade HTB-9 cells. 

There is extensive evidence that P. aeruginosa preferentially binds to, invades and injures wounded 

epithelium (Yamaguchi and Yamada 1991; Zahm, Chevillard and Puchelle 1991; Tsang et al. 1994; de 

Bentzmann et al. 1996; de Bentzmann, Plotkowski and Puchelle 1996; Geiser et al. 2001). The HTB-9 

cells are immortalized human bladder epithelial cells, therefore, they are phenotypically different to 

native human bladder cells. HTB-9 cells constitutively express uroplakin proteins which create an 

impermeable layer in the urinary tract (Thumbikat et al. 2009). This impermeable layer of uroplakins 

typically offers a strong protective effect against invasion by uropathogens. However, HTB-9s form 

monolayers instead of the stratified layers of the human urothelium. After toxin-mediated killing of 

some cells, HTB-9 monolayers could easily become exposed to attack from vulnerable basolateral 

surfaces. In the fully differentiated human urothelium, the apical surface is protected by large 

umbrella cells which cover a greater area than undifferentiated HTB-9 cells. We saw umbrella cells in 

our stratified HBLAK urothelial model, and these cells did prove less susceptible to invasion by P. 

aeruginosa. However, our limited sample size prevents us from stating with statistical certainty that 

these results are accurate. Nonetheless, it does make sense that a urothelium with fewer, larger 

apical surface cells would be less prone to attack by P. aeruginosa along vulnerable basolateral 

surfaces. 

To confirm that bacteria were located intracellularly (not just in a niche protected from gentamicin) 

we performed an altered gentamicin protection assay with a membrane permeable antibiotic 



101 
 

(ofloxacin).  Use of an ofloxacin/gentamicin mixture saw statistically significant (P < 0.05) reductions 

in intracellular bacteria at 4, 7 and 10 hours post infection. However, intracellular bacteria were 

never completely eliminated, even with the use of membrane permeable ofloxacin. Antibiotic 

concentrations were chosen by treating >108 CFU ml-1 PAO1 with a range of antibiotic 

concentrations for 1 hour and choosing a concentration where total elimination of bacteria occurred 

– 200 µg ml-1 gentamicin and 50 µg ml-1 ofloxacin. These data might suggest that intracellular 

bacteria experienced a protective affect against the ofloxacin – despite the fact that ofloxacin can 

permeate the cell membrane. Studies of E. coli have shown the difficulty of eliminating bacteria that 

have entered the intracellular niche. Quinolones ofloxacin, ciprofloxacin, norfloxacin, levofloxacin, 

and sparfloxacin – along with nitrofurantoin - were the most effective at eliminating intracellular 

UPEC in HTB-9 cells (Blango and Mulvey 2010b). Unfortunately, P. aeruginosa is inherently resistant 

to nitrofurantoin so it is not an option for treating P. aeruginosa UTIs. Despite the ability of 

quinolones to accumulate in bladder epithelial cells, quinolones failed to eliminate intracellular UPEC 

in a mouse model (Blango and Mulvey 2010b). Our data indicate that intracellular P. aeruginosa is 

protected against antibiotics in a similar fashion to UPEC. The consensus in UPEC circles is that 

intracellular quiescent reservoirs or persister cells are responsible for this resistance (Mysorekar and 

Hultgren 2006; Dörr, Lewis and Vulić 2009; Ma et al. 2010). 

To further investigate intracellular localization of P. aeruginosa, we utilized immunofluorescence and 

confocal microscopy. HBLAK cells are a unique bladder cell line that can differentiate into a stratified 

urothelium with characteristic tight junctions, plaques and large umbrella cells at the apical surface 

(Horsley et al. 2018). To achieve this, HBLAK cells were cultured on cell culture inserts to allow 

different media to interact with the apical (urine) and basolateral (tissue culture media) surfaces of 

the urothelium. Invasion assays were performed as before but with smaller volumes to account for 

the smaller surface area of the cell culture inserts as compared to 12 and 24-well tissue culture 

dishes. HTB-9 cells were also cultured on cell culture inserts and invasion assays were performed to 

see if cell culture inserts affected invasive capacity of P. aeruginosa PAO1. Unfortunately, 2 out of 3 

HBLAK biological replicates suffered contamination during the >4 weeks of cultivation without 

antibiotics and there was not enough time to repeat the experiments.  However, the single HBLAK 

invasion performed had ~90% lower recovery of intracellular bacteria (1122 cfu) than the average 

recovered from three biological replicates of HTB-9 cells (11074 cfu). This could be because of the 

improved barrier function of the stratified HBLAK cells compared to the HTB-9 monolayers. 

However, the HBLAK cell line does not form a homogenous fully-differentiated apical surface – there 

are non-terminally differentiated patches that could be exploited (Horsley et al. 2018). 
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Immunofluorescent confocal microscopy of the invaded cell culture insert-cultivated cell lines also 

showed more intracellular bacteria in HTB-9 cells than in HBLAK cells.  

No definitive evidence of IBCs were seen in the immunofluorescent confocal microscopy – only lone 

or small clusters of intracellular bacteria. Some UPEC researchers are sceptical about the importance 

of intracellular bacteria communities (IBCs) in UTI. Evidence of UPEC IBCs have been found in shed 

human urothelial cells (Rosen et al. 2007; Martínez-Figueroa et al. 2020), in addition to mouse 

bladders (Anderson et al. 2003), and in vitro human bladder epithelial models (Berry, Klumpp and 

Schaeffer 2009). However, it is not possible to observe whether IBCs are being formed in native 

human urothelial cells during UTI. Live confocal microscopy of GFP-tagged P. aeruginosa invading 

mouse corneal epithelial cells highlighted how P. aeruginosa can invade in an endocytic manner, 

break free into the cytoplasm, and replicate in membrane bleb-niches (Heimer et al. 2013). Similar 

findings were found in in vitro models of human corneal and lung alveolar epithelial cells (Angus et 

al. 2008, 2010). That we did not find evidence of IBCs or bleb niches in our in vitro model of P. 

aeruginosa UTI could suggest that the urothelial models we used do not allow P. aeruginosa to 

replicate intracellularly. There may be structural differences between mouse corneal and human 

lung epithelial cells (where P. aeruginosa blebbing does occur) and the human epithelial cells tested 

in this thesis. Alternatively, my methods could have failed to capture evidence of blebbing. Future 

work could utilize live confocal microscopy to better understand the life cycle of intracellular P. 

aeruginosa in human uroepithelial cells. 

After investigating the disparity in invasion abilities between the two cell lines, we also wanted to 

see if there were disparities in immune response. A custom panel of cytokines was assayed using the 

Meso Scale Discovery V-plex kit with supernatants from HTB-9 cells infected with ExoS and ExoU-

type P. aeruginosa strains. We wanted to see if there was a difference in immune response of 

bladder epithelial cells to different strains of P. aeruginosa and using the two different cell lines. 

PAO1 and D1 were the ExoS-type strains, while PA14 and B12 were the ExoU-type strains. The 

custom selection of cytokines assayed with the MSD V-plex kit were known to be important in host 

response to urinary tract infections (table below).  
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Table 4.1. Cytokines assayed with the MSD V-plex kit, their associations with UTIs and references. 

Cytokine Associations in UTIs References 

GM-CSF Mediates inflammatory kidney damage triggered by 

α-haemolysin from E. coli 

(Wang et al. 2020) 

IL-10 Immunosuppression, reduced renal scarring, 

reduced clearing of bacteria 

(Chan, St. John and 

Abraham 2013) 

IFN-γ Pro-inflammatory, genetic polymorphism linked to 

increased risk of vesicouretal reflux in children 

(Jones-Carson, Balish 

and Uehling 1999) 

(Sadeghi-Bojd, 

Kordi-Tamandani 

and Hashemi 2014) 

IL-17A Mediator of the innate immune response, reduced 

bacterial clearance when IL-17A knocked out 

(Sivick et al. 2010) 

IL-1β Elevated in patients with acute cystitis, driver of 

hyper-inflammation in the bladder 

(Ambite et al. 2016) 

IL-8 Early pro-inflammatory response, levels correlate 

with neutrophil numbers, expression by epithelial 

cells is significantly enhanced when exposed to 

adherent strains of E. coli 

(Agace et al. 1993) 

(Jacobson et al. 

1994) 

IL-6 Early pro-inflammatory response, recruitment of 

phagocytes, stimulates expression of antimicrobial 

peptides via Stat3 signalling 

(Song et al. 2007) 

(Ching et al. 2018) 

TNF-α Pro-inflammatory, enables neutrophils to cross 

epithelium to reach bacteria 

(Schiwon et al. 2014) 

 

Significantly higher levels (198% increase) of IL-6 were seen in cells infected by clinical isolates (B12 

and D1) when compared to the lab strain-infected cells (PAO1 and PA14) at 24 hours post infection 

(One-way ANOVA, Tukey post-hoc, P < 0.05). This suggests that there is something about the clinical 

isolates which is causing the more severe IL-6 response compared to the lab strains – something 

unrelated to exoU/S toxin type. IL-6 is associated with the pro-inflammatory immune response in 

urinary tract infections and elevated levels are frequently seen in febrile UTI (Otto et al. 1999; Song 

et al. 2007) (Table 4.1). IL-6 is responsible for stimulating production of antimicrobial peptides by a 



104 
 

stat3 signalling pathway in infected urothelium (Ching et al. 2018). A comparison of bacteremic and 

non-bacteremic febrile UTI patients revealed higher serum IL-6 levels in bacteremic patients within 

the first 24 hours of inclusion in the study. The study also identified higher urine IL-6 levels in 

bacteremic patients from 6 hours after start of therapy (Otto et al. 1999). UPEC strains expressing 

hemolysin and cytotoxic necrotizing factor (CNF) had significantly higher serum IL-6 levels during 

acute pyelonephritis (Jacobson et al. 1994).  

We saw higher baseline expression of IL-6 in stratified HBLAK cells compared to HTB-9 monolayers. 

This could be because IL-6 is produced by cells throughout the urothelium (not just at the apical 

surface)(Wood, Breitschwerdt and Gookin 2011). HTB-9 monolayers and stratified HBLAK cells were 

seeded in cell culture inserts of the same surface area, but HBLAK cells formed 3-5 layers of cells 

where HTB-9 cells remained monolayers. This would give the HBLAK cells more capacity to produce 

IL-6. Higher bladder epithelial cell IL-8 production was seen when infected with UPEC strains that 

had higher levels of adherence (Agace et al. 1993). However, we saw no significant differences in IL-8 

production across the 4 P. aeruginosa strains that were tested. 

At 4 hours post infection, PA14 and D1 infected cells produced significantly higher levels (39 and 54 

pg ul-1, respectively) of IL-1β than PAO1 and B12 infected cells (5 and 3 pg ul-1, respectively) (One-

way ANOVA, Tukey post-hoc, P < 0.05). The significant differences between ExoU/S-type strains 

suggests that ExoS/U type could be responsible for the differences seen. Also, the results of the IL-

1beta assay at 4 hours post infection do mirror cytotoxicity assay results at 4 hours post infection. 

Excessive IL-1beta expression can cause acute cystitis by driving a hyper-inflammatory feedback 

loop. This happens when the host inflammasome is defective, as seen in mice lacking inflammasome 

constituents ASC or NLRP-3 (Ambite et al. 2016). ASC and NLRP-3 usually act as transcriptional 

repressors of MMP-7 – a positive regulator of IL-1beta expression (Ambite et al. 2016). Strains PA14 

and B12 may interfere with inflammasome components ASC and NLRP-3 in a way that PAO1 and D1 

did not, leading to a more cytotoxic, proinflammatory phenotype. A study of UPEC in a mouse model 

of acute cystitis found that the hyper-inflammatory response could be avoided by treating 

susceptible mice with Anakinra – an IL-1 receptor antagonist (Ambite et al. 2016). In the future, we 

could hope to treat acute cystitis caused by P. aeruginosa in a similar fashion. 

 

The local inflammatory response has been shown to be an important mediator of UTI outcome and 

disease progression. We wanted to investigate whether this response differed between HTB-9 

monolayers and stratified HBLAK cells. The MSD V-plex assay was used to assay supernatants from 

HTB-9 and HBLAK cells grown in cell culture inserts and infected with P. aeruginosa strain PAO1. 
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Supernatants were collected at 4 hours post-infection. Infected HTB-9 cells secreted significantly 

increased amounts of GM-CSF, IL-6 and IL-8 compared to uninfected HTB-9 cells (unpaired t-test, P < 

0.05). All three cytokines are mediators of the pro-inflammatory innate immune response frequently 

seen in urinary tract infections, so it is not surprising that we see their levels increase at 4 hours post 

infection (Jacobson et al. 1994; Ching et al. 2018; Wang et al. 2020). The other pro-inflammatory 

cytokines tested, IFN-gamma, IL-17A, IL-1beta and TNF-alpha were also more prevalent in infected 

vs uninfected HTB-9 cells, but these differences were not statistically significant. Infected HBLAK 

cells produced a much larger TNF-alpha (11.71 pg ml-1) response when compared to infected HTB-9 

cells (0.75 pg ml-1). Infected HBLAK cells saw a 152% increase in TNF-alpha production against 

uninfected HBLAK cells. However, infected HTB-9 cells saw a 477% increase in TNF-alpha production 

against uninfected HTB-9 cells. Therefore, as a % increase, the HBLAK cells did not experience as 

dramatic a response. Mouse models of UTI showed a larger TNF-alpha response to P. aeruginosa 

PAO1 than to PAO1 mutants defective in production of the quorum sensing through knockout of 

LasR and RhlR (Gupta, Chhibber and Harjai 2013). Our results suggest that undifferentiated HTB-9 

cells may be more susceptible to the quorum sensing molecule mediated TNF-alpha response.  

 IL-10 was the only cytokine whose mean concentration was lower in the infected (0.21 pg ml-1) vs 

uninfected (0.22 pg ml-1) HTB-9 cell supernatants, though there was no statistically significant 

difference between the two. IL-10 acts as a suppressor of the innate immune response in UTIs (Chan, 

St. John and Abraham 2013). The HBLAK cell supernatants contained higher levels of IL-10 whether 

uninfected (0.85 pg ml-1) or infected (1.18 pg ml-1). However, only one biological replicate (and three 

technical replicates) was successfully assayed for the HBLAK cell line, negating our ability to draw 

any conclusions from the data. If the HBLAK results held up to further testing, it would suggest that 

the stratified HBLAK cells are better able to suppress the pro-inflammatory response triggered by P. 

aeruginosa infection than HTB-9 monolayers. 

4.4 Conclusion 

We have shown, for the first time, that P. aeruginosa can invade bladder epithelial in an in vitro 

model. Based on similar research in UPEC, it is likely that P. aeruginosa can exist as an intracellular 

pathogen during UTI in humans. This could have important implications for the treatment of P. 

aeruginosa UTI because our research supports UPEC findings that bacteria residing in the 

intracellular niche of bladder epithelial cells experience a protective effect against antibiotics – even 

membrane permeable quinones like ofloxacin. Our research also found similarities in the immune 

response of bladder epithelial cells to P. aeruginosa when compared to UPEC. Our stratified HBLAK 

urothelial model was less susceptible to invasion by P. aeruginosa than the simplified HTB-9 bladder 

cell monolayer model and HBLAK cells appeared to experience a more tempered immune response 
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to P. aeruginosa infection. If these observations are accurate, it may help to explain why we see 

more P. aeruginosa UTIs in situations where the urothelium is compromised. However, we cannot 

make definitive conclusions about the differences between HBLAK and HTB-9 cells because of a 

limited sample size and a lack of time to repeat the experiments.
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5.1 Introduction 

5.1.1 Transposon-directed insertion site sequencing (TraDIS) 

Transposon-directed insertion site sequencing is a relatively new technique that enables researchers 

to discern how mutations throughout a bacterial genome can affect fitness. Experiments start by 

creating a pool of transposon insertion mutants for a given bacterial strain. Transposons should 

integrate densely throughout the genome, disrupting all but the most essential regions for bacterial 

growth. This starting population is known as the mutant library. The mutant library can then be 

grown under experimental conditions where a subset of the mutant library will outgrow and 

outcompete the other mutants. The selected population and starting population are sequenced. The 

prevalence of mutants in the experimental population can be compared to the start population, 

giving us insight into genes that may be important for growth under the conditions studied.  

Many studies have sought to identify how reliable TraDIS is because it is a new technique. Multiple 

studies have found correlations of ~90% in the number of insertions per gene of the same library 

grown and sequenced independently (Goodman et al. 2009; van Opijnen, Bodi and Camilli 2009; 

Gallagher, Shendure and Manoil 2011). Correlation was slightly less but still strong (70-90%) 

between independently constructed non-saturated libraries (van Opijnen, Bodi and Camilli 2009; 

Van Opijnen and Camilli 2012). Zhang et al. created a library of Mycobacterium tuberculosis mutants 

of known relative quantities and successfully determined the relative prevalence with TraDIS (Zhang 

et al. 2012). 

TraDIS has been used with P. aeruginosa to discover genes important in tobramycin resistance 

(Gallagher, Shendure and Manoil 2011), murine lung infection (Potvin et al. 2003; Bianconi et al. 

2011; Roux et al. 2015; Lorenz et al. 2019), gastro-intestinal tract colonization (Skurnik, Roux, 

Aschard, et al., 2013), twitching motility (Nolan et al. 2018), β-lactam resistance (Sonnabend et al. 

2020), type VI secretion system toxins (Nolan et al. 2019) and essential genes for growth on a variety 

of media across multiple strains (Poulsen et al. 2019). TraDIS has also been used to identify UPEC 

genes important for colonization of the spleen in a mouse model (Subashchandrabose et al. 2013) 

and resisting killing in human serum (Phan et al. 2013). The TraDIS study by Skurnik et al. (2013) of 

mouse gastro-intestinal tract colonization (using a PA14 mutant library) found that mutants 

defective in type IV pili production were significantly more successful at colonizing. Mutants in oprD 

were also highly successful in colonizing the GI tract. Most mutants that failed to colonize had 

transposons integrated in genes of unknown function. Other mutants that were unsuccessful 

colonizers included pel (PA14_22480-22560) and alginate (algAFJDILXGEK) polysaccharide mutants 

(Skurnik et al. 2013a). 
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5.1.2 Virulence factors implicated in P. aeruginosa invasion 

I previously discussed research into epithelial cell invasion by P. aeruginosa in chapter 4 (section 

4.3). In summary, P. aeruginosa invasion has been linked to virulence factors responsible for toxin 

secretion, motility, adherence, biofilm formation and protease production. P. aeruginosa contains 

three type 6 secretion systems (T6SSs) – H1, H2 and H3 – and the H2-T6SS has been implicated in 

invasion. H2-T6SS mutants were defective at invading human lung epithelial cells in vitro (Sana et al. 

2012). Motility and adherence genes help P. aeruginosa to reach cell surface membranes and attach 

to them. In P. aeruginosa, type IV pili (T4P) are used for both motility and adherence to surfaces. T4P 

assembly and function is controlled by over 40 gene products (Mattick 2002). T4P are primarily 

composed of a single repeating subunit encoded by the pilA gene (Strom and Lory 1986).  T4P can 

also be extended and retracted to facilitate a type of surface-associated motility known as twitching 

motility.  Twitching motility requires the cytoplasmic membrane-associated ATPases, PilB and PilT 

(Turner et al. 1993; Chiang et al. 2008).  Inactivation of pilT reduced cytotoxicity in vitro and 

prevented invasion of corneal tissue in vivo (Comolli et al. 1999; Zolfaghar, Evans and Fleiszig 2003). 

The ability of P. aeruginosa to form biofilms is also believed to aid adherence and invasion. Biofilms 

can trigger transformation of the apical cell surface into a basolateral-like surface to create a 

microenvironment conducive to bacterial invasion (Kierbel et al. 2007). Any genes that contribute to 

biofilm formation could prove important in the invasion process. 

P. aeruginosa can also gain access to the basolateral surface of epithelial cells by targeting the tight 

junctions (TJs) and adherens junctions (AJs) that bind epithelial cells together. The protease LasB 

increases epithelial monolayer permeability by downregulation of four TJ components: occludin, 

claudin-1 and -4, and tricellulin while not affecting E-cadherin in AJs (Azghani, Gray and Johnson 

1993; Azghani, Miller and Peterson 2000; Beaufort et al. 2013; Nomura et al. 2014). In response to 

LasB, Madin-Darby canine kidney (MDCK) epithelial cells showed decreased levels of TJ proteins 

(Azghani 1996; Nomura et al. 2014).  The quorum sensing (QS) molecule N-(3-oxododecanoyl)-L-

homoserine lactone (3O-C12-HSL), has also been shown to interfere with the structural integrity of 

TJs (Vikström et al. 2009, 2010; Halldorsson et al. 2010; Schwarzer et al. 2014). ExoS and ExoT cause 

actin cytoskeleton depolymerisation throughout epithelial cells which affects the integrity of TJs and 

AJs (Huber et al. 2014). TJs can also be disrupted by the activity of ExlA, a recently discovered pore-

forming toxin (Elsen et al. 2014; Huber et al. 2016; Reboud et al. 2016; Basso et al. 2017). The P. 

aeruginosa surface lectin, LecB, has been shown to target epithelial AJs leading to the degradation of 

β-catenin by unknown mechanisms (Cott et al. 2016).   
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5.1.3 TraDIS experiment design considerations 

While the principle of a TraDIS experiment is straightforward, there are many design factors to 

consider. Most TraDIS studies have used either Tn5 or mariner transposons to generate mutant 

libraries (Barquist, Boinett and Cain 2013). Ideally, a transposon would integrate without bias 

throughout a target genome. This would give every region of DNA an equal chance of being knocked 

out by transposon mutagenesis. Mariner transposons originate from eukaryotic hosts, require TA 

bases to integrate with host DNA and may have a preference for bent DNA (Jaillet et al. 2012). The 

transposon Tn5 is commonly used for generating mutant pools in bacteria. Tn5 does not have a 

strong preference for regional GC-content but does have a weak preference for an insertion motif 

(Green et al. 2012). The greatest counter to insertion biases is to have as saturated a library as 

possible. This will limit the number of open reading frames (ORFs) that fail to have an integrated 

transposon.  

When passaging a transposon mutant library (control) through an experimental condition, a 

proportion of mutants will be eliminated by random chance despite having the fitness capability to 

persist in the experimental condition. To avoid such a ‘bottleneck’ it is important to recover more 

bacteria in the experimental condition than the total number of mutants in the control library (Van 

Opijnen and Camilli 2013). I obtained a P. aeruginosa PAO1 mutant library from the University of 

Washington saturated with > 100,000 mutants generated by Tn5 transposon insertions (Jacobs et al. 

2003). Therefore, I needed to obtain at least 100,000 colony forming units from my intracellular 

population to limit bottleneck effects.  

5.1.4 The PAO1 transposon mutant library 

The mutant library used in these invasion assays was created at the University of Washington using 

the IS50L element of transposon Tn5 to mutagenize P. aeruginosa strain PAO1 (sometimes referred 

to as MPAO1) obtained from Dr Barbara Iglewski. The donor strain for transposon mutagenesis was 

E. coli SM10λpir/pIT2 which delivers the Tn5 derivative in the pIT2 suicide plasmid (Jacobs et al. 

2003). Tn-seq analysis of the pool by the University of Washington identified 110,000 unique 

insertion sites in a pool of 172,800 colonies (Lee et al. 2015). The transposons carry an outwards 

facing promoter designed to express downstream genes so that if the first gene in an operon is 

knocked out, it will not necessarily disrupt function of downstream genes. When grown on LB media, 

467 genes were identified as essential due to their lack of transposon integration (Lee et al. 2015). 
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5.1.5 Rationale 

Understanding which genes contribute to invasion of epithelial cells in the urinary tract could offer 

routes to treating UTI. Once inside uroepithelial cells, bacteria are protected from the effects of 

most antibiotics (Blango and Mulvey 2010a). One of the few antibiotics that could successfully 

eliminate intracellular UPEC in an in vitro cell culture model was nitrofurantoin – an antibiotic that is 

intrinsically ineffective against P. aeruginosa. One avenue for treating invasive uropathogens is to 

prevent them from invading host tissues in the first place. Preventing invasion requires an 

understanding of the genes that are required for invasion and the intracellular lifestyle. Disrupting 

the function of such genes can, therefore, disrupt the ability of a uropathogen to persist and cause 

infection. Mannosides and pilicides have been used to disrupt the adhesion of UPEC to bladder 

epithelial cells (Chahales, Hoffman and Thanassi 2016; Mydock-McGrane et al. 2016). Similar 

strategies may prove invaluable in preventing and treating P. aeruginosa in UTI. 

5.1.6 Aims 

To identify changes in transposon mutant frequency between a starting library and a population that 

has successfully invaded bladder epithelial cells 

To identify P. aeruginosa PAO1 genes and pathways that may play a role in adherence to, invasion of 

and persistence within bladder epithelial cells  
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5.2 Results 

5.2.1 Experiment summary 

Two iterations of the TraDIS invasion assay were performed with a minor variation in methods used 

(Figure 5.1). The second attempt (experiment 2) was conducted with a fresh mutant library to rectify 

mishandling of the mutant library used in the first experiment. In experiment 1, the transposon 

mutant library was thawed and inoculated in LB broth for overnight growth prior to infection of 

bladder epithelial cells. This resulted in a loss of diversity in the transposon mutant library. In 

experiment 2, the transposon mutant library was thawed, mixed with cell growth media, and 

immediately added to bladder epithelial cells with no loss of diversity. The other key difference is 

that bacteria were isolated from several time points in experiment 1 (2hpi Total, 2hpi Bound, 6hpi 

intracellular and 24hpi intracellular), but only 1 time point in experiment 2 (4hpi intracellular). Time 

points were reduced in experiment 2 because there was less initial mutant library to work with now 

that the library could not be grown overnight. 

 

 



113 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Illustration of   the differences between TraDIS experiment 1 and TraDIS experiment 2.
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5.2.2 TraDIS experiment 1: 

5.2.2.1 PAO1 mutant library invasion assay CFU’s 

Invasion assays were performed with a PAO1 mutant library on a large population of HTB-9 cells in 

T75 flasks.  ‘Total’ quantities of bacteria were obtained by lysing the cells at 2 hours post infection 

and sampling intracellular, bound, and supernatant bacteria. ‘Bound’ quantities were also obtained 

at 2 hours post infection by removing cell supernatant, washing the cells, and then lysing them to 

collect bound and intracellular bacteria. Intracellular bacteria were collected at 6 and 24 hours post 

infection by replacing cell media with gentamicin-containing media. Almost all lysed bacteria were 

immediately frozen for later DNA extractions, but a small quantity was used for serial dilutions and 

colony forming unit calculations (Figure 5.2). Each condition had 3 technical and biological 

replicates. 

 

Figure 5.2. Quantification of PAO1 mutant library bacteria isolated at different time points of an in vitro 

invasion assay in HTB-9 human bladder epithelial cells. ‘Total’ values represent intracellular bacteria, adherent 

bacteria and non-adherent bacteria in the cell supernatant isolated at 2 hours post infection (hpi). ‘Bound’ 

values represent adherent and intracellular bacteria isolated at 2 hpi. ‘6hpi’ and ‘24hpi’ values represent 

intracellular bacteria isolated at 6 and 24 hpi, respectively, following treatment with 200 ug ml-1 gentamicin to 

eliminate extracellular bacteria.  For each timepoint n = 3. 
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5.2.2.2 DNA extraction of samples (experiment 1) 

Frozen mutant libraries collected from the above invasion assay were thawed before extracting their 

DNA with the Promega Wizard Genomic DNA Purification Kit. DNA extractions were rehydrated in 

water before concentration quantification with a Qubit 2.0 Fluorometer. 260/280 and 260/230 

ratios were measured by Nanodrop (Table 5.1). Genomic DNA was run on a gel to observe quality 

and a Pseudomonas-specific PCR was run with PAL primers to check that extracted DNA was from 

the desired bacterial species (De Vos et al. 1997). All samples were confirmed to contain P. 

aeruginosa. Genomic DNA gels indicated that every sample (except 6, 9 and 13) contained DNA/RNA 

smears across a range of small nucleotide fragment sizes. All affected samples were RNase treated 

and showed improvement when run on gels again. Nanodrop ratios indicated that good quality DNA 

was obtained for all samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 P. aeruginosa-specific PCR. Primers PAL-1 and PAL-2 for the oprL gene of P. aeruginosa were used 

to amplify product from the 15 samples generated by TraDIS experiment 1 (see next table). PCR products were 

run at 100V for 40 minutes alongside 1 kb+ ladder in a 1% agarose gel with 0.5x TBE buffer. 

 

1     2        3      4     5       6      7       8      9 

10    11    12    13    14    15    - 

1kb+ 

1kb+ 

1kb+ 

1kb+ 
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Table 5.1. Quantification of P. aeruginosa PAO1 mutant library bacteria isolated at different time points of an in vitro invasion assay in HTB-9 human bladder epithelial cells 

in T75 flasks. ‘Total’ represents intracellular, adherent, and extracellular bacteria. ‘Bound’ represents adherent and intracellular bacteria. 6hpi and 24hpi represent 

intracellular bacteria isolated at 6 and 24 hpi following treatment with 200 ug ml-1 gentamicin. 

Sample number Sample name Concentration (ng/ul) NanoDrop 260/280 ratio NanoDrop 260/230 ratio RNase treated 

1 Library1 670 1.96 1.85 yes 

2 Library2 150 1.95 2.19 yes 

3 Library3 340 1.92 2.04 yes 

4 Total1 104 1.86 1.7 yes 

5 Total2 672 1.9 2.24 yes 

6 Total3 10.7 1.93 1.95 no 

7 Bound1 51.4 1.96 1.77 yes 

8 Bound2 38.6 1.92 1.41 yes 

9 Bound3 26.2 1.83 2.11 no 

10 6hpi1 1040 1.88 2.03 yes 

11 6hpi2 105 1.87 2.09 yes 

12 6hpi3 238 1.89 2.06 yes 

13 24hpi1 17 1.9 1.88 no 

14 24hpi2 69.2 1.84 1.66 yes 

15 24hpi3 184 1.84 2.15 yes 
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5.2.2.3 Bioinformatic analysis of sequencing data from TraDIS experiment 1 

PCR was used to amplify transposon/genome junctions from the extracted DNA and add barcodes 

and sequencing adaptors. Illumina sequencing was performed, and sequencing data was run through 

the BioTradis pipeline (https://github.com/sanger-pathogens/Bio-Tradis). The BioTradis program 

combed through the sequencing data to identify transposon tags and map the adjacent genome 

sequence to the PAO1 reference genome. This allowed us to identify which PAO1 mutants were 

present at each timepoint and their relative abundance. Much of the DNA sequenced did not contain 

a transposon tag and was therefore useless to us. The DNA that did not contain transposon tags 

could have been primer dimers, off-target amplifications, or genomic DNA from bladder epithelial 

cells. The amount of reads with a transposon tag ranged from 2% to 46% as seen from the summary 

data. However, of the transposon-tagged reads, 82-90% of them successfully mapped to the PAO1 

reference genome (Table 5.2). 

We expected the 3 library samples to return ~100,000 unique insertion sites because the transposon 

mutant library that we ordered was supposed to contain >100,000 transposon mutants of PAO1 

(Jacobs et al. 2003). Instead they each returned ~10,000 unique insertion sites, suggesting that our 

library was lacking in diversity (Table 5.2). This could be partly explained by my choice to grow the 

library overnight prior to infecting the bladder epithelial cells – a step I avoided in TraDIS experiment 

2. Overnight growth in a nutrient rich media like LB broth could select for transposon mutants that 

grow fast and eliminate slow growing mutants. The ‘Total’ and ‘Bound’ conditions contained means 

of ~40,000 and ~60,000 unique insertion sites, respectively (Table 3.2). Because of this, I compared 

the frequency of mutants found in later timepoints to the ‘Total’ and ‘Bound’ conditions rather than 

the Library samples. Trying to compare later timepoints to the initial library of only 10,000 unique 

insertion sites would give us the erroneous perception that most transposon mutants had increased 

in abundance from the library to the adhered/intracellular populations. 

 edgeR was used to identify significant differences in read counts over genes between different 

conditions. Multidimensional scaling plots (MDS) were produced to show how well the experimental 

conditions clustered together – like a PCA plot. Volcano plots were produced showing fold changes 

and P-values. Genes that had significantly altered frequencies between two conditions are 

highlighted in tables below.
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Table 5.2. Summary data from TraDIS experiment 1 

 

File Total 

Reads 

Reads 

Matched 

% Matched Reads 

Mapped 

% Mapped Unique Insertion Sites  

Library1 16770552 2067773 12.32978497 2036438 98.48460155 12003 

Library2 12725806 1907840 14.99189914 1871743 98.10796503 10062 

Library3 16904602 2353928 13.92477622 2311907 98.21485619 10841 

Total1 20077486 2554012 12.7207759 2260769 88.51833899 67946 

Total2 18909554 1341715 7.095434403 1317411 98.188587 42571 

Total3 15170787 4826342 31.81339241 4349373 90.11738082 16990 

Bound1 15341647 3730664 24.31723269 3654268 97.9522144 84662 

Bound2 16618583 3601069 21.66892929 3531736 98.07465505 80592 

Bound3 13073575 6138857 46.95622276 5044960 82.18077079 30949 

6hpi1 11912166 734769 6.168223311 722963 98.39323651 38703 

6hpi2 14450491 2103307 14.55526321 2070993 98.46365747 56528 

6hpi3 10450431 645911 6.18071159 636186 98.49437461 23685 

24hpi1 17931370 436696 2.43537443 429593 98.37346804 27271 

24hpi2 14518770 867147 5.97259272 855049 98.60485016 35439 

24hpi3 14174382 710706 5.014017542 697532 98.14635025 12528 
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5.2.2.4 Tradis experiment 1 – Bound vs Total comparison 

My analysis revealed 8 transposon mutants that had significant changes in frequency between the 

‘bound’ and ‘total’ conditions (Table 5.3). Five of the affected genes had a negative log fold change 

(logFC): PA3434 (-11.84), PA0445 (-11.80), PA2690 (-11.76), PA3993 (-9.34) and PA4797 (-9.36). A 

negative logFC in these genes means that transposon mutants effecting those 5 genes were less 

abundant in the ‘bound’ condition compared to the ‘total’ condition. This suggests that the genes 

are required for binding and/or invasion because a transposon integrating in a gene will usually 

disrupt its function. All 5 of the negative logFC genes are described as probable transposases with 

two transposase domains: one domain from the IS111A/IS1328/IS1533 family and one domain from 

the IS116/IS110/IS902 family (Pseudomonas.com). Their probable transposase function has been 

inferred from sequence homology with transposases identified in Mycobacterium tuberculosis. In 

Mycobacterium tuberculosis the transposases were absent from a 600 kb region close to oriC 

indicating a possible deleterious effect (Gordon et al. 1999).  

The three transposon mutated genes that were more abundant in the ‘bound’ condition than in the 

‘total’ were wspF (logFC +10.63), murD (logFC +9.07) and gshA (logFC +8.61) (Table 5.3). The result 

suggests that these genes were not important for adhesion and/or invasion or that the transposon 

mutants gained an advantage in adhering to and/or invading bladder epithelial cells. A PAO1 wspF 

mutant was associated with upregulation of the pel and psl polysaccharide genes and increased 

biofilm production compared to the wild type (Hickman, Tifrea and Harwood 2005). murD is a UDP-

N-acetylmuramyl-l-alanine:d-glutamate ligase in the cell wall peptidoglycan biosynthesis pathway 

(Paradis-Bleau et al. 2006). A PAO1 murD mutant was associated with reduced growth and reduced 

bacterial burden in a mouse lung infection model, but similar levels of extracellular DNA production 

compared to the wild type (Elamin et al. 2017). gshA is necessary for production of glutathione – the 

principal redox buffer of P. aeruginosa. A PAO1 gshA mutant was found to be defective in pyocyanin 

production, swimming motility, swarming motility, biofilm formation and resistance to the 

antibiotics Fosfomycin and rifampin (Van Laar et al. 2018). 
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Figure 5.4. Bound vs Total. MDS plot (left) shows relatedness of condition (cond) replicates (Bound) vs control (ctrl) replicates (Total). Volcano plot (right) shows mutants 

that were significantly more or less abundant in ‘Bound’ samples compared to ‘Total’.
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Table 5.3. Bound vs Total genes of interest. edgeR was used to identify significant differences in read counts over genes before and after selection. The TMM (trimmed 

mean of M values) normalization was applied, and tagwise dispersion was estimated. Only genes exhibiting greater than 20 reads in both replicates of at least one of the 

conditions being assayed were tested for differences in the prevalence of mutants. P values were corrected for multiple testing by the Benjamini-Hochberg method, and 

genes with a corrected P value (Q value) of <0.1 (a hypothetical 10% false discovery rate [FDR]) and an absolute log fold change (logFC) of >2 were considered significant. 

Locus tag Gene name Function logFC Q value 

PA3434 PA3434 probable transposase -11.83806239 0.00091527 

PA0445 PA0445 probable transposase -11.80410623 0.00091527 

PA2690 PA2690 probable transposase -11.75643912 0.00091527 

PA3993 PA3993 probable transposase -9.338510994 0.001491507 

PA4797 PA4797 probable transposase -9.35926608 0.002257845 

PA3703 wspF probable methylesterase 10.62632121 0.004253357 

PA4414 murD UDP-N-acetylmuramoylalanine--D-glutamate ligase 9.069907886 0.034892381 

PA5203 gshA glutamate--cysteine ligase 8.605231405 0.074040998 
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5.2.2.5 Tradis experiment 1 – 6hpi vs Total 

Analysis comparing the ‘6hpi’ condition to the ‘total’ condition identified the same five transposases 

from the previous comparison: PA3434 (logFC -11.04), PA0445 (logFC -11.01), PA2690 (logFC -10.96), 

PA3993 (logFC -10.99) and PA4797 (logFC -10.94) in addition to a probable transposase at PAO1 loci 

PA2319 -11.02 (Table 5.4). PA2319 shares the same IS111A/IS1328/IS1533 and IS116/IS110/IS902 

family domains with the other 5 transposases highlighted. This comparison also highlighted cysQ 

(logFC -10.01) and flgA (logFC -6.08) mutants as being more abundant in the ‘total’ condition than in 

the ‘6hpi’ condition. This suggests that cysQ and flgA may be required for invasion. CysQ is a 3,5-

bisphosphate nucleotidase that is required during aerobic biosynthesis of cysteine in E. coli 

(Neuwald et al. 1992). CysQ is upregulated as part of a stress response when exposed to 2-

hydroxyethyl disulfide (2HEDS) or guanidine hydrochloride (GdnHCl) in E. coli (Han et al. 2008). FlgA 

is a protein involved in flagella synthesis of P. aeruginosa. Decreased flgA expression due to 

inhibition of 3-oxo-C6-homoserine lactone production by gallic and p-coumaric acids resulted in 

decreased colonization of stainless steel surfaces by Pseudomonas fluorescens (Myszka et al. 2016). 

The only transposon mutant that was significantly more abundant intracellularly at 6 hours post 

infection was one affected the gene loci PA1323 (logFC +5.31) (Table 5.4). PA1323 is an 

uncharacterized protein with unknown function. PA1323 belongs to the DUF883 family of 

membrane proteins and is a member of the sigma22 stimulon (Wood and Ohman 2012). The 

sigma22 stimulon is a P. aeruginosa stress response system that includes alginate production genes 

(Wood and Ohman 2009). Inactivation of PA1323 did not lead to any apparent changes in sigma22 

activity (Wood and Ohman 2012). 
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Figure 5.5. 6hpi vs Total. MDS plot (left) shows relatedness of condition replicates (6hpi) vs control replicates (Total). Volcano plot (right) shows mutants that were 

significantly more or less abundant in ‘6hpi’ samples compared to ‘Total’
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Table 5.4. 6hpi vs Total genes of interest. edgeR was used to identify significant differences in read counts over genes before and after selection. The TMM (trimmed mean 

of M values) normalization was applied, and tagwise dispersion was estimated. Only genes exhibiting greater than 20 reads in both replicates of at least one of the 

conditions being assayed were tested for differences in the prevalence of mutants. P values were corrected for multiple testing by the Benjamini-Hochberg method, and 

genes with a corrected P value (Q value) of <0.1 (a hypothetical 10% false discovery rate [FDR]) and an absolute log fold change (logFC) of >2 were considered significant. 

Locus tag Gene name Function logFC Q value 

PA2319 PA2319 probable transposase -11.0229492 0.000201247 

PA3434 PA3434 probable transposase -11.04338856 0.000201247 

PA0445 PA0445 probable transposase -11.01023526 0.000201247 

PA3993 PA3993 probable transposase -10.98512097 0.000201247 

PA2690 PA2690 probable transposase -10.96216438 0.000201247 

PA4797 PA4797 probable transposase -10.94362473 0.000201247 

PA5175 cysQ 3,5-bisphosphate nucleotidase CysQ -10.0109464 0.001403259 

PA3350 PA3350 Flagella basal body P-ring formation protein FlgA -6.076691507 0.004332417 

PA1323 PA1323 uncharacterized protein 5.311846576 0.104886478 
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5.2.2.6 TraDIS experiment 1 – 24hpi vs Total 

Transposon mutants in 10 genes were significantly more abundant in the ‘total’ condition compared 

to the ‘24hpi’ intracellular condition (see table below). Probable transposases made an appearance 

again with PA0446 (logFC -10.87), PA2690 (logFC -10.82), PA3434 (logFC -10.90), PA4797 (logFC -

10.81), PA3993 (logFC -6.99) all being more abundant in the ‘total’ condition than the ‘24hpi’ 

intracellular condition (Table 5.5). All these transposases have been addressed in the preceding 

comparison results sections. FptB (-9.76) is in an operon with fptC and fptX under control of the 

promoter fptA and the operon is linked to iron acquisition via the siderophore pyochelin. Strains 

defective in pyochelin and pyoverdine required fptA and fptX to grow on iron-limited media 

supplemented with pyochelin but did not require fptB or fptC (Michel, Bachelard and Reimmann 

2007). MotA (-11.58) is in an operon with motB and the two genes encode transmembrane proteins 

that form the stationary apparatus containing the flagella motor of P. aeruginosa. A motAB knockout 

strain of P. aeruginosa PA14 maintained swimming motility. A PA14 strain defective in both motAB 

and motCD was not able swim, suggesting functional redundancy (Toutain, Zegans and O’Toole 

2005). FliA (-7.30) is a sigma factor that regulates flagella expression as well as other bacterial 

behaviours. A fliA mutant strain of P. aeruginosa failed to express flagella and showed reduced 

motility, increased hemolytic and caseinolytic activity, increased pyocyanin production and reduced 

H2-T6SS activity (Lo et al. 2018). PA3513 (-5.57) is a gene of unknown function but it has domains 

orthologous to a nitrate ABC transporter substrate-binding protein in other strains of P. aeruginosa 

(Pseudomonas.com). PA3458 (-5.94) is a probable transcriptional regulator and there is evidence for 

its transcriptional upregulation after exposure to pulmonary surfactant (LaBauve and Wargo 2014). 

Only one locus had significantly more mutants at 24 hours post infection than in the ‘total’ 

condition, wrbA (+10.74) (Table 5.5). WrbA is a water-soluble two-electron quinone oxidoreductase 

which helps to defend against H2O2 toxicity. However, overexpression of wrbA provided no overt 

protective effect against H2O2 toxicity due to functional redundancy conferred by P. aeruginosa 

catalase KatA (Green, La Flamme and Ackerley 2014). 
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Figure 5.6. 24hpi vs Total. MDS plot (left) shows relatedness of condition replicates (24hpi) vs control replicates (Total). Volcano plot (right) shows mutants that were 

significantly more or less abundant in ‘24hpi’ samples compared to ‘Total’
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Table 5.5. 24hpi vs Total genes of interest. edgeR was used to identify significant differences in read counts over genes before and after selection. The TMM (trimmed 

mean of M values) normalization was applied, and tagwise dispersion was estimated. Only genes exhibiting greater than 20 reads in both replicates of at least one of the 

conditions being assayed were tested for differences in the prevalence of mutants. P values were corrected for multiple testing by the Benjamini-Hochberg method, and 

genes with a corrected P value (Q value) of <0.1 (a hypothetical 10% false discovery rate [FDR]) and an absolute log fold change (logFC) of >2 were considered significant. 

Locus tag Gene name Function logFC Q value 

PA4954 motA chemotaxis protein -11.58141612 0.001040634 

PA0949 wrbA Trp repressor binding protein WrbA 10.73640086 0.001813356 

PA0445 PA0445 probable transposase -10.87085658 0.001946955 

PA2690 PA2690 probable transposase -10.82297669 0.001946955 

PA3434 PA3434 probable transposase -10.90435805 0.001946955 

PA4797 PA4797 probable transposase -10.80601633 0.001946955 

PA1455 fliA sigma factor fliA -7.295096286 0.009594932 

PA3993 PA3993 probable transposase -6.990130977 0.012961412 

PA4220 PA4220 probable transposase -9.764151093 0.027302431 

PA3513 PA3513 hypothetical protein -5.565702779 0.03227752 

PA3458 PA3458 probable transcriptional regulator -5.943126939 0.092885289 
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5.2.2.7 TraDIS experiment 1 – 24hpi vs 6hpi 

Comparison of intracellular transposon mutant populations at 24hpi and 6hpi revealed 2 mutants 

that were significantly less abundant at 24 hours and 1 mutant that was significantly more abundant 

(Table 5.6). The genes that are significantly less abundant at 24hpi (-logFC) could play a role in 

intracellular persistence. PA3513 (logFC -5.84) was highlighted in the results section comparing 

24hpi to the total condition and is a gene with unknown function but it has domains orthologous to 

a nitrate ABC transporter substrate-binding protein in other strains of P. aeruginosa 

(Pseudomonas.com). PA5228 has sequence homology to 5-formyltetrahydrofolate cyclo-ligase 

proteins (Pseudomonas.com). A P. aeruginosa PA14 PA5228 mutant had a differential swarming 

motility pattern compared to the WT suggesting that PA5228 may play a role in coordination of 

swarming motility (Kilmury and Burrows 2018). 

A PA5064 mutant (logFC +5.67) was more abundant at 24hpi compared to 6hpi suggesting that this 

gene is not important for intracellular persistence (Table 5.6). A proteomic study of P. aeruginosa 

identified increased abundance of PA5064 during anaerobic growth conditions (Wu et al. 2005). 
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Figure 5.7. 24hpi vs 6hpi. MDS plot (left) shows relatedness of condition replicates (24hpi) vs control replicates (6hpi). Volcano plot (right) shows mutants that were 

significantly more or less abundant in ‘24hpi’ samples compared to ‘6hpi’
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Table 5.6. 24hpi vs 6hpi genes of interest. edgeR was used to identify significant differences in read counts over genes before and after selection. The TMM (trimmed 

mean of M values) normalization was applied, and tagwise dispersion was estimated. Only genes exhibiting greater than 20 reads in both replicates of at least one of the 

conditions being assayed were tested for differences in the prevalence of mutants. P values were corrected for multiple testing by the Benjamini-Hochberg method, and 

genes with a corrected P value (Q value) of <0.1 (a hypothetical 10% false discovery rate [FDR]) and an absolute log fold change (logFC) of >2 were considered significant. 

Locus tag Gene name Function logFC Q value 

PA3513 PA3513 hypothetical protein -5.83508371 0.010632883 

PA5228 PA5228 conserved hypothetical protein -8.951783501 0.010632883 

PA5064 PA5064 hypothetical protein 5.67241859 0.049059307 
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5.2.3 Repeat of PAO1 mutant library invasion with fresh mutant pool (experiment two): 

5.2.3.1 Bioinformatic analysis: experiment two 

The first attempt at the TraDIS experiment resulted in flawed library samples due to an overnight growth step of the library. For the second attempt, the 

growth step was skipped, and the library was inoculated with RPMI growth media into flasks containing HTB-9 bladder epithelial cells. The lack of a growth 

step mandated that the experiment be scaled back to just one intracellular collection timepoint. In TraDIS experiment 2, low concentrations of DNA were 

extracted from the intracellular populations (7.94, 2.74 and 2.52 ng ul-1) (Table 5.7). To save more sample for Illumina sequencing, no Pseudomonas-specific 

PCR or genomic DNA gel were run. Bioinformatic analysis of sequencing reads revealed that 2 out of the 3 intracellular timepoints did not produce reads 

that could be matched to the PAO1 genome (Table 5.8).  

Table 5.7. DNA extraction data from TraDIS experiment 2. 

 

Table 5.8. Summary data from bioinformatic analysis of TraDIS experiment 2. 

File Total 

Reads 

Reads Matched % Matched Reads Mapped % Mapped Unique 

Insertion 

Sites 

New library 1.66E+08 1.16E+08 69.98684 85701186 73.88363 276491 

New 4hpi invasion 66598221 20997685 31.5289 20788253 99.00259 76205 

Sample number Sample name Concentration (ng/ul) NanoDrop 260/280 ratio NanoDrop 260/230 ratio Notes 

1 library 52.8 1.83 1.85 Rnase treated 

2 invasion1 7.94 1.7 1.32 Rnase treated 

3 invasion2 2.74 2.67 2.07 Rnase treated 

4 invasion3 2.52 1.84 1.16 Rnase treated 
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Figure 5.8. TraDIS experiment 2. MDS plot (left) shows relatedness of condition replicates (New 4hpi invasion) vs control replicates (New library). Volcano plot (right) 

shows mutants that were significantly more or less abundant in ‘New invasion’ samples compared to ‘New library’



133 
 

5.2.3.2 TraDIS experiment 2 results: 

edgeR was used to identify significant differences in read counts over genes before and after 

selection. edgeR requires biological replicates for testing but unfortunately only one of our invasive 

populations was successfully amplified up during our TraDIS protocol. The experiment would need to 

be repeated with more replicates to produce statistically valid results, but due to time limitations an 

attempt was made to analyse the data that was produced. To generate artificial replicates from our 

single biological replicate, the gene insert site plots files were trimmed in two different ways: 

trimming reads with transposons at the 3’ end of genes or trimming reads with transposons at both 

the 5’ and 3’ ends of genes. The rationale for trimming reads with insertions at the beginning and 

end of genes is that these insertions are less likely to impact gene function. The TMM (trimmed 

mean of M values) normalization was applied, and tagwise dispersion was estimated. Only genes 

exhibiting greater than 20 reads in both replicates of at least one of the conditions being assayed 

were tested for differences in the prevalence of mutants. P values were corrected for multiple 

testing by the Benjamini-Hochberg method, and genes with a corrected P value (Q value) of <0.1 (a 

hypothetical 10% false discovery rate [FDR]) and an absolute log fold change (logFC) of >2 were 

considered significant. 1232 locus tags were identified as being significantly differentially abundant. 

Genes required for invasion show up as a negative log2FC on the supplementary table. Reads of said 

genes were more common in the library (control) than in the intracellular population (condition). 

However, our Q-values are certainly overestimated because the tradis_comparison.edgeR script was 

essentially run on duplicates instead of biological replicates. Nonetheless, some of the transposon 

mutants highlighted could be targets for future invasion research. 

5.2.3.3 Transposon mutant genes that are significantly more or less abundant in the intracellular 

condition compared to the library 

Mutants in over 1200 genes were identified as being significantly more or less abundant in the 

intracellular population compared to the initial mutant library. It would be impossible to cover all 

the genes here and many of the genes have unknown functions. Instead, a selection of genes will be 

covered. The scientific literature on epithelial cell invasion by E. coli and P. aeruginosa identifies 

several bacterial behaviours/traits that contribute to invasion and intracellular survival: biofilm 

formation, adherence, motility, secretion systems, metabolism and stress tolerance among others. 

Genes that were significantly differential abundant and contribute to these traits will have their 

function introduced here before discussing the implications of the specific knockout mutants in 

greater detail in the discussion. 
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Biofilm 

Biofilm formation has been linked with altered epithelial cell polarity which aids P. aeruginosa 

invasion. Psl is one of three known exopolysaccharides produced by P. aeruginosa and is a critical 

component for biofilm formation.  Five genes were identified in the psl operon where transposon 

mutants were significantly less abundant in the intracellular population: pslF (logFC -15.590), pslC 

(logFC -14.454), pslO (logFC -13.079), pslJ (logFC -5.859) and pslN (logFC -4.109) (Table 5.9). Only 

pslH had transposon mutants that were significantly more abundant in the intracellular condition 

(logFC +2.591). SppB had significantly less (logFC -13.956) transposon mutants in the intracellular 

population compared to the library population. SppABCD is a putative peptide ABC transporter that 

has been implicated in increased exopolysaccharide and biofilm production while decreasing 

rhamnolipid production. 

Metabolism 

The intracellular environment can challenge bacteria with a different landscape of stressors and 

energy sources compared to the extracellular environment. An ability to adapt metabolically to this 

new environment can be crucial to survival. MoaC transposon mutants were significantly less 

abundant in the intracellular population (logFC -15.035) (Table 5.9) and is a component of the 

nitrate reduction pathway and is upregulated in PAO1 in anaerobic environments containing nitrate 

and nitric oxide (Pederick et al. 2014). NirD transposon mutants were significantly less abundant in 

the intracellular population (logFC -14.499) compared to the library population (Table 5.9).  NirD is 

an assimilatory nitrite reductase small subunit. nirD is essential for the biosynthesis of heme d1 

which is used in the reduction of nitrite to nitric oxide (Kawasaki et al. 1997). Cntl (logFC -14.433) is 

part of a four gene operon (PA4837-PA4834) that synthesizes and traffics the metallophore 

pseudopaline (Table 5.9). The pseudopaline operon is regulated by zinc and is involved in zinc and 

nickel uptake in conditions where these metals are scarce (Lhospice et al. 2017). NrsZ (logFC-13.363) 

is a small regulatory RNA that is activated in nitrogen-starved conditions and has been linked to 

regulation of swarming motility (Wenner et al. 2014). 

Type 6 Secretion System (T6SS) 

Type 6 secretion system knockouts have been linked to reduced P. aeruginosa invasion of lung 

epithelial cells. Lip2 (logFC -14.279) (Table 5.9) is a membrane lipoprotein that forms a structural 

part of the Type VI secretion system and shows sequence homology with SciN – a T6SS lipoprotein 

from E.coli (Aschtgen et al. 2008). Tsi5 (logFC -13.691) (Table 5.9) is known as an H1-T6SS immunity 

gene that offers protection against the related Tse5 H1-T6SS toxin in the cytoplasm and periplasm 
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(Nolan et al. 2019). We also saw a decrease in abundance of transposon mutants integrated in 

immunity genes tsi6 (logFC -11.640) and tsi1 (logFC -3.362). Alternatively, abundance of transposon 

mutants within tsi2 increased (logFC +2.625) in the intracellular population compared to the starting 

library. TseF (logFC -2.372) is an H3-T6SS secreted effector that is believed to play a role in iron 

acquisition through interactions with the cell-cell signalling molecule PQS. VgrG proteins form the 

structural tip of the T6SS but can also be secreted and have virulence effects of their own. Sana et al. 

discovered that the T6SS secreted protein VgrG2b (through T6SS components such as VgrG2a) 

specifically targets the gamma-tubulin ring complex (gammaTuRC) of epithelial cells to influence 

microtubule formation aiding bacteria internalization (Sana et al. 2015). I found that vgrG2a, 

vgrG2b, vgrG4a and vgrG4b transposon mutants were all more abundant (logFC of +3.4, +3.2, +8.2 

and +3.1, respectively) (Table 5.9) in the intracellular population than the library control. This 

suggests that they were not required for invasion or that the specific transposon mutants had 

enhanced invasive potential. Like VgrG, Hcp is a secreted protein that is both a structural component 

of the T6SS (forming the tube of the syringe) and an effector (Mougous et al. 2006). My TraDIS 

analysis identified hcpA, hcpB and hcpC transposon mutants as being significantly more abundant in 

the intracellular condition compared to the library control (logFC +16, +2.5 and +7.8, respectively) 

(Table 5.9).  

Motility 

Genes linked to motile function allow bacteria to reach epithelial surfaces – a critical first step before 

adhesion and invasion can occur. Through homology with E. coli it is expected that CheY (logFC -

14.199) (Table 5.9) in Pseudomonas is phosphorylated by the histidine kinase CheA and then 

interacts with the flagellar switch component FliM to influence rotation of the flagellar motor in a 

clockwise direction (Sampedro et al. 2015). PilGHIJK and chpA-E contain genes involved in twitching 

motility – a form of motility that involves extension and retraction of the type 4 pili (T4P) (Darzins 

1994). I saw a decrease in intracellular abundance of transposon mutants affecting pilJ (logFC -

13.737), pilZ (logFC -12.178), pilH (logFC -9.888), pilN (logFC -5.688), pilU (logFC -2.633), pilA (logFC -

2.632), pilW (logFC -2.171), and pilG (logFC -2.030) compared to the library (Table 5.9). However, 

pilC transposon mutants saw an increase (logFC +2.360) in abundance from the library to the 

intracellular population suggesting that the pilC gene is not important for invasion. RsmZ (logFC -

13.805) (Table 5.9) is a non-coding regulatory small RNA that regulates bacterial motility and biofilm 

formation by antagonizing RsmA. RsmA positively influences swarming motility, rhamnolipid 

production, lipase production, and biosynthesis of flagella and T4P (Heurlier et al. 2004; Burrowes et 

al. 2006; Brencic and Lory 2009). Overexpression of bswR (logFC -13.16135474) enhanced the 
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transcription of rsmZ and thereby repressed swarming and biogenesis of flagella and T4P (Wang et 

al.).  

Stress tolerance and intracellular survival 

Once inside host epithelial cells, bacteria still face the potential for destruction by cell endosomes 

and oxidative stress. Genes that contribute to stress tolerance can help bacteria to persist in 

sometimes hostile intracellular environments. KdpE forms a two-component system with KdpD 

which regulates the kdpFABC Kdp-ATPase potassium-ion pump operon (Ballal, Basu and Apte 2007). 

A kdpD/E knockout mutant of Yersinia pestis was more susceptible to killing in human neutrophils 

when compared to the wild-type (O’Loughlin et al. 2010).  

 

 

Table 5.9. TraDIS experiment 2 – selected genes of interest. edgeR was used to identify significant differences 

in read counts over genes before and after selection. The TMM (trimmed mean of M values) normalization was 

applied, and tagwise dispersion was estimated. Only genes exhibiting greater than 20 reads in both replicates 

of at least one of the conditions being assayed were tested for differences in the prevalence of 

mutants. P values were corrected for multiple testing by the Benjamini-Hochberg method, and genes with a 

corrected P value (Q value) of <0.1 (a hypothetical 10% false discovery rate [FDR]) and an absolute log fold 

change (logFC) of >2 were considered significant. 

Locus Tag Gene name Function logFC 

Biofilm genes 

PA2236 pslF Psl exopolysaccharide 

production 

-15.590 

PA2233 pslC Psl exopolysaccharide 

production 

-14.454 

PA2245 pslO Psl exopolysaccharide 

production 

-13.079 

PA2240 pslJ Psl exopolysaccharide 

production J 

-5.859 

PA2244 pslN Psl exopolysaccharide 

production protein 

-4.109 

PA2238 pslH Psl exopolysaccharide 

production 

2.591 
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PA2059 sppB ABC transporter permease, 

SppB 

-13.956 

Metabolism, stress tolerance and intracellular survival 

PA3918 moaC molybdopterin biosynthetic 

protein C 

-15.035 

PA1780 nirD assimilatory nitrite reductase 

small subunit 

-14.499 

PA4834 cntI Pseudopaline exporter cntI -14.433 

PA5125.1 nrsZ nitrogen-regulated sRNA, NrsZ -13.363 

PA1637 kdpE two-component response 

regulator KdpE 

-14.108 

PA1632 kdpF KdpF protein -13.714 

Type 6 secretion system (T6SS) 

PA1666 lip2 T6SS structural protein -

14.27866267 

PA2683.1 tsi5 Tsi5 antitoxin -13.691 

PA0092 tsi6 Tsi6 antitoxin -11.640 

PA1845 tsi1 Tsi1 antitoxin -3.362 

PA2703 tsi2 Tsi2 antitoxin 2.625 

PA2374 tseF TseF secreted toxin -2.372 

PA3486 vgrG4b T6SS protein 3.136 

PA0262 vgrG2b T6SS protein 3.161 

PA1511 vgrG2a T6SS protein 3.417 

PA3294 vgrG4a T6SS protein 8.249 

PA5267 hcpB secreted protein Hcp 2.474 

PA0263 hcpC secreted protein Hcp 7.791 

PA1512 hcpA secreted protein Hcp 16.081 

Motility 

PA1456 cheY two-component response 

regulator CheY 

-14.199 

PAO175 cheR2 CheR2 -2.899 

PA0411 pilJ twitching motility protein PilJ -13.737 
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PA2960 pilZ type 4 fimbrial biogenesis 

protein PilZ 

-12.178 

PA0409 pilH twitching motility protein PilH -9.888 

PA5043 pilN type 4 fimbrial biogenesis 

protein PilN 

-5.688 

PA0396 pilU twitching motility protein PilU -2.633 

PA4525 pilA type 4 fimbrial precursor PilA -2.632 

PA4552 pilW type 4 fimbrial biogenesis 

protein PilW 

-2.171 

PA0408 pilG twitching motility protein PilG -2.030 

PA4527 pilC still frameshift type 4 fimbrial 

biogenesis protein PilC 

(putative pseudogene) 

2.360 

PA0414   

chpB probable methylesterase -3.36 

PA3621.1 rsmZ regulatory RNA RsmZ -13.80 

PA2780 bswR bacterial swarming regulator 

BswR 

-13.16 

 

5.3 Discussion 

5.3.1 Discussion of genes highlighted in experiment 2 

The genes discussed here have all been linked to bacterial functions that are known to influence 

invasion and intracellular survival. Discovering how certain knockout mutants influence invasive 

ability could lead to therapies that target specific virulence traits of P. aeruginosa in UTIs and other 

sites of infection. 

Biofilms 

Psl is one of three known exopolysaccharides produced by P. aeruginosa and is a critical component 

for biofilm formation. The Psl operon comprises 15 co-transcribed genes (pslA-pslO) which interact 

to produce the Psl exopolysaccharide (Jackson et al. 2004a; Ma et al. 2006). Psl contains D-mannose, 

L-rhamnose and D-glucose arranged into a repeating pentamer. Psl forms a helical distribution 

surrounding the cell surface of P. aeruginosa PAO1 (Ma et al. 2009). 

PAO1 showed greater adherence to human tracheal and bronchial cultured epithelial cells than a 

mutant with a defective Psl locus (Ma et al. 2006). We infected the urothelial cells with a diverse 

population of mutants. It stands to reason that mutants deficient in Psl biofilm formation could still 
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benefit from Psl production by other mutants in the population through social cheating. Social 

cheating is the idea that certain individuals in a population take advantage of public goods produced 

by other members of the population without suffering the costs of production themselves (Waters 

and Goldberg 2019). However, Irie et al. showed that the benefits of Psl production are 

preferentially directed to cells which produce Psl (Irie et al. 2017). This makes Psl less vulnerable to 

social cheating and suggests that our Psl transposon mutants were not able to benefit from other 

Psl-producing strains in our experiment. Interestingly, Cole et al. (2014) found that Pel, Psl and 

alginate were not required for P. aeruginosa catheter associated urinary tract infections in a mouse 

model (Cole et al. 2014). Psl may have been beneficial in the precise conditions of our in vitro 

invasion assay, but it is not strictly necessary for surface colonization of the urinary tract. Psl could 

be providing a protective effect to the bacteria intracellularly. UPEC are known to form biofilm-like 

intracellular bacterial communities (IBCs) that can provide a protective effect to the bacteria. 

Anderson et al. (2010) demonstrated the importance of the E. coli K capsule polysaccharide in IBC 

formation, preventing neutrophil infiltration and bacterial proliferation (Anderson et al. 2010). 

Perhaps, exopolysaccharides could play a similar role in the intracellular lifestyle of P. aeruginosa. 

SppABCD is a putative peptide ABC transporter that has been implicated in increased 

exopolysaccharide and biofilm production while decreasing rhamnolipid production. Our data 

suggests that sppB (logFC -13.96) is required for invasion of bladder cells. Overexpression of 

sppABCD in P. aeruginosa PA14 also led to impairment of swarming motility, upregulation of 

pyoverdine biosynthesis gene pvdQ and downregulation of pyochelin biosynthesis gene pchF   

(Pletzer, Braun and Weingart 2016). Pyoverdine and pyochelin are siderophores that have a high and 

low affinity for iron, respectively. It is possible that overexpression of sppABCD led to 

downregulation of pyochelin biosynthesis because the Spp uptake system may utilize a 

xenosiderophore with a low affinity for iron from the environment instead.  

Metabolism, stress tolerance and intracellular survival 

TraDIS analysis from experiment 2 suggests that moaC (logFC -15.04), nirD (logFC -14.50), cntI (logFC 

-14.43), nrsZ (logFC -13.36), kdpE (logFC -14.11) and kdpF (logFC -13.71) were all required for 

invasion. All 5 genes have roles related to metabolic function and/or stress tolerance. MoaC is a 

component of the nitrate reduction pathway and is upregulated in PAO1 in anaerobic environments 

containing nitrate and nitric oxide (Pederick et al. 2014). NirD is an assimilatory nitrite reductase 

small subunit. NirD is essential for the biosynthesis of heme d1 which is used in the reduction of 

nitrite to nitric oxide (Kawasaki et al. 1997). Reduction of nitrate to nitrite and nitrogen allow P. 

aeruginosa to respire in the absence of oxygen (Sias and Ingraham 1979). PAO1 was found to have a 
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significantly increased growth rate in anoxic conditions when supplemented with nitrate when 

compared to an anoxic control condition lacking nitrate. A PAO1 nirS-N mutant did not show 

increased growth rate when supplemented with nitrate demonstrating its importance for anoxic 

growth (Line et al. 2014). Cntl is part of a four gene operon (PA4837-PA4834) that synthesizes and 

traffics the metallophore pseudopaline. The pseudopaline operon is regulated by zinc and is involved 

in zinc and nickel uptake in conditions where these metals are scarce (Lhospice et al. 2017). NrsZ is a 

small regulatory RNA that is activated in nitrogen-starved conditions and has been linked to 

regulation of swarming motility (Wenner et al. 2014). KdpE forms a two-component system with 

KdpD which regulates the kdpFABC Kdp-ATPase potassium-ion pump operon (Ballal, Basu and Apte 

2007). There is evidence that the KdpD/E two-component system is beneficial in surviving stressful 

intracellular environments. A kdpD/E knockout mutant of Yersinia pestis was more susceptible to 

killing in human neutrophils when compared to the wild-type (O’Loughlin et al. 2010). In Salmonella 

typhimurium kdpD was required for colonization of nematodes and survival in macrophages 

(Alegado et al. 2011). KdpD/E from Photorhabdus asymbiotica (an intracellular pathogen of insects 

and humans) conferred the ability to survive within insect phagocytic cells when expressed in a non-

pathogenic strain of E. coli (Vlisidou et al. 2010). While the exact mechanisms of the two-component 

system’s protective effect is not known, it is suggested that the potassium-ion pump would be 

beneficial in low potassium ion environments such as within a phagosome vacuole (Freeman, Dorus 

and Waterfield 2013). A study of metabolic requirements for UPEC in IBCs determined that the 

intracellular bacteria were under oxidative stress, starved for iron and utilize non-glucose carbon 

metabolites (Conover et al. 2016). This is consistent with the genes identified here. 

Motility 

All the motility genes discussed here had transposon mutants that were significantly less abundant 

in the intracellular population suggesting that these genes are required for successful invasion. 

Through homology with E. coli it is expected that CheY in Pseudomonas is phosphorylated by the 

histidine kinase CheA and then interacts with the flagellar switch component FliM to influence 

rotation of the flagellar motor in a clockwise direction (Sampedro et al. 2015). By having a chemo 

sensor regulating the phosphorylation state of CheY, a bacterium can alter the directionality of 

swimming to head towards a chemical source. Perhaps our cheY transposon mutant was unable to 

direct itself towards the bladder epithelium for successful invasion. Experiments in Pseudomonas 

putida have found that cheR2 is essential for chemotaxis and has a high specificity for the 

methylation of the McpS and McpT chemotaxis receptors (García-Fontana et al. 2013). pilGHIJK and 

chpA-E contain genes involved in twitching motility – a form of motility that involves extension and 

retraction of the type 4 pili (T4P) (Darzins 1994). PilJ mutants have been shown to be defective in 
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twitching motility (Whitchurch et al. 2004). Minor T4P subunits pilVWXE are proposed to form the 

pilus tip. A P. aeruginosa pilW mutant was found to be less virulent than both the wild type and a 

major pilin mutant in a roundworm model of infection – suggesting an additional role in virulence 

regulation for pilW (Marko et al. 2018). It is suggested that loss of minor pillins such as pilW leads to 

FimS mediated activation of AlgR, suppressing acute virulence and enhancing AlgR-regulated 

virulence factors such as alginate (Marko et al. 2018). RsmZ is a non-coding regulatory small RNA 

that regulates bacterial motility and biofilm formation by antagonizing RsmA. RsmA positively 

influences swarming motility, rhamnolipid production, lipase production, and biosynthesis of flagella 

and T4P (Heurlier et al. 2004; Burrowes et al. 2006; Brencic and Lory 2009). Overexpression of bswR 

enhanced the transcription of rsmZ and thereby repressed swarming and biogenesis of flagella and 

T4P (Wang et al.).  

Type 6 Secretion System (T6SS) 

Lip2 is a membrane lipoprotein that forms a structural part of the Type VI secretion system and 

shows sequence homology with SciN – a T6SS lipoprotein from E.coli (Aschtgen et al. 2008). P. 

aeruginosa PAO1 has 3 known T6SSs – H1, H2 and H3. H1 has antiprokaryotic activity while H2 and 

H3 interact with both prokaryotes and eukaryotes (Sana, Berni and Bleves 2016). 

Tsi5 is an H1-T6SS immunity gene that offers protection against the related Tse5 H1-T6SS toxin in the 

cytoplasm and periplasm (Nolan et al. 2019). Disruption of this gene could leave a bacterium 

vulnerable to the Tse5 toxin in the cytoplasm before export – killing the bacterium. This could 

explain why we see a reduction in tsi5 mutants from our library population to our intracellular 

population. This means that tsi5 may not be necessary for invasion, but simply required to avoid a 

bacterium destroying itself with its own toxin. TseF is an H3-T6SS secreted effector that is believed 

to play a role in iron acquisition through interactions with the cell-cell signalling molecule PQS. PQS 

has iron-binding properties and results in outer membrane vesicles containing iron (Bredenbruch et 

al. 2006). TseF directly interacts with the outer membrane vesicles containing PQS-bound iron and 

facilitates their movement to the cell by interacting with the Fe(III)-pyochelin receptor FptA and 

porin OprF (Lin et al. 2017). VgrG proteins form the structural tip of the T6SS but can also be 

secreted and have virulence effects of their own. Sana et al. discovered that the T6SS secreted 

protein VgrG2b (through T6SS components such as VgrG2a) specifically targets the gamma-tubulin 

ring complex (gammaTuRC) of epithelial cells to influence microtubule formation aiding bacteria 

internalization (Sana et al. 2015). I found that vgrG2a, vgrG2b, vgrG4a and vgrG4b transposon 

mutants were all more abundant (log2FC of 3.4, 3.2, 8.2 and 3.1, respectively) in the intracellular 

population than the library control. This suggests that they were not required for invasion or that 
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the specific transposon mutants had enhanced invasive potential. However, Sana et al. described 

VgrG2b mediated internalization as a multi-step process. They were able to internalize bacteria 

deficient in Vgr-component expression by constitutively expressing VgrG2b in the HeLa cells that 

they sought to infect (Sana et al. 2015). We could be seeing a similar effect here where VgrG-

defective mutants are internalized simply because other bacteria in the mutant pool with working 

VgrG genes were able to inject VgrG2b into the bladder epithelial cells. VgrG genes have several 

domains with dissociable functions. VgrG1 in Vibrio cholera is secreted when bacteria are 

internalized by endocytosis. The C-terminal actin cross-linking domain (ACD) of VgrG1 impairs 

phagocytic activity of the host cell and eventually causes cell death (Ma and Mekalanos 2010).  The 

VgrG transposon mutants identified in our TraDIS analysis may have increased intracellular survival 

by disruption of the ACD. 

Like VgrG, Hcp is a secreted protein that is both a structural component of the T6SS (forming the 

tube of the syringe) and an effector (Mougous et al. 2006). My TraDIS analysis identified hcpA, hcpB 

and hcpC transposon mutants as being significantly more abundant in the intracellular condition 

compared to the library control (16, 2.5 and 7.8 log2FC, respectively). HcpA, hcpB and hcpC are 

homologues with slight differences in DNA sequence but nearly identical protein structure encoding 

the Hcp2 protein (Lesic et al. 2009). Hcp2 is specific to the H2-T6SS while Hcp1 and Hcp3 are specific 

to the H1- and H3-T6SS, respectively (Lesic et al. 2009). HcpA, hcpB and hcpC located outside the 

core T6SS loci and are located directly upstream of vgrG2a, vgrG6 and vgrG2b, respectively 

(Wettstadt et al. 2019). These additional VgrG genes scattered around the genome are sometimes 

referred to as Vgr-islands. Many of these VgrG genes have been genetically and/or functionally 

linked to the H2-T6SS (Sana et al. 2015; Allsopp et al. 2017; Burkinshaw et al. 2018). It is believed 

that the varieties of Hcp/VgrG proteins enable bacteria to selectively load effector proteins for a 

variety of targets. Although hcpA, hcpB and hcpC are scattered across the genome and have minor 

DNA sequence differences, they share 100% amino acid homology (Jones et al. 2014). Perhaps the 

reason all 3 genes had transposon mutants in my TraDIS intracellular populations was that they have 

functional redundancy. 

5.3.2 Limitations of this TraDIS analysis: 

Our initial library was compromised by excess freeze-thaw cycles. This was clear from the low 

number of unique insertion sites (~10,000) identified by our TraDIS analysis. Our initial protocol 

involved thawing the PAO1 mutant library and using 10 ul to inoculate LB broth for overnight 

growth. Multiple tests were done in smaller volumes before scaling up to T75 flasks invasions. 

During this time the library must have lost a substantial amount of diversity. Overnight growth of the 

mutant library would also play a role in the loss of diversity. Surprisingly, our experimental 



143 
 

conditions in the first TraDIS attempt had more unique insertion sites than the mutant library. We 

would expect many of the transposon mutants (read: unique insertion sites) to be lost from the 

library after simple growth and especially after infection of human cells. These errors informed our 

modifications for the repeat TraDIS experiment where we obtained a fresh PAO1 mutant library, 

avoided an overnight growth step and collected intracellular bacteria from only one timepoint. 

Unfortunately, 2 out of 3 biological replicates did not work in the updated protocol. DNA extractions 

from the intracellular replicates yielded low concentrations which were not adequately enriched by 

PCR with our TraDIS primers.  A lack of biological replicates gave us no statistical power to determine 

the significance of the mutant frequency changes from library population to intracellular population. 

Instead we should focus on the log2FC in abundance of mutants between the library population and 

the intracellular population. 

5.3.3 Future directions, areas to improve: 

Two of our intracellular population replicates failed to return any useful data. This may have been 

from the low amount of DNA successfully extracted from these two populations. One easy area for 

improvement would be to scale up the invasion assay to ensure we get enough bacteria for DNA 

extraction and subsequent TraDIS sequencing. Scaling up the experiment would also reduce any 

bottlenecking effects from having too few bacteria successfully invade compared to the number of 

unique mutants in the starting library. I was under the impression that the mutant library we 

ordered from the Manoil lab was ~100,000 mutants. Therefore I needed to be recovering at least 

100,000 colony forming units from our first intracellular timepoint to limit bottlenecking. However, I 

found 276,000 unique insertion sites in the library of our second run through of the TraDIS 

experiment (Table 5.7). Ideally, we would want to recover 10-100x the number of unique transposon 

mutants in our starting library. I would have achieved this across 3 biological replicates if 2 out of the 

3 had not failed. Scaling up would give us even better results and decrease the probability of failing 

to extract enough bacterial DNA for successful sequencing. 

Many of our sample sequencing reads did not contain our transposon sequence of interest. This 

suggests that our PCR amplification protocol amplified up a lot of DNA that was not localized to 

transposon integration sites in the PAO1 genome.  The primers we used were very long and could 

have formed primer dimers or bound non-specifically to other regions of the genome. It is likely that 

use of the Tn-seq circle method would have reduced or eliminated the junk reads that our protocol 

produced (Gallagher, Shendure and Manoil 2011). The circle method involves shearing the genomic 

DNA from the transposon mutant pool and ligating adapters to the sheared DNA fragments. Then 

the fragments are digested with a restriction enzyme specific to the transposon used to generate the 

mutant library. This creates desirable transposon/genome fragments that have a known adaptor on 
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one end of the fragments and ~10 bp of transposon on the other end of the fragment. An oligomer 

complementary to both the transposon and the adapter is used to circularize these desirable DNA 

fragments. Exonuclease is added to eliminate all non-circularized fragments – potential junk reads. 

Finally, the PCR amplification of the circularized fragments can take place followed by Illumina 

sequencing. The sequencing centre that we worked with preferred that we use a TraDIS protocol 

that they had worked with before. 

To verify the results of our TraDIS analysis we would need to test specific transposon knockout 

mutants with our invasion assay and observe their phenotypes. We could generate the mutants 

ourselves or order the exact sequence verified transposon mutants from the University of 

Washington. This was one of the advantages of using the Manoil transposon library from the outset. 

5.4 Conclusions 

We aimed to identify genes and pathways that may be important for P. aeruginosa invasion of, and 

survival within, epithelial cells of the urinary tract. Though my two attempts at a TraDIS invasion 

experiment had their flaws, the results do highlight genes that we expect to be involved in the 

invasion process. It is possible that the analysis has highlighted genes involved in invasion that were 

previously not suspected to play a role. An obvious first step would be to repeat the experiment one 

more time with even more cells to invade. This would ensure that we could recover adequate 

quantities of bacterial DNA – a problem that hampered my second TraDIS attempt. A larger 

population of intracellular bacteria would also reduce the chance of experiencing bottleneck effects. 

We could then study knockout mutants of genes highlighted in the TraDIS analysis to verify 

supposed non-invasive phenotypes. Multi-gene knockout mutants could be used to investigate 

genes that I suspect have functional redundancy in the invasion process.  

With a more complete understanding of the P. aeruginosa genes involved in colonization of the 

urinary tract, research can turn to treatment candidates as we have seen in the field of UPEC 

research. While antibiotic therapy has been historically successful at treating UTI, the rise of 

antibiotic resistance threatens antibiotic efficacy especially in high risk pathogens like P. aeruginosa. 

Many drug treatments and vaccines for UPEC have targeted adhesins and cell surface membrane 

proteins with varying degrees of success (O’Brien et al. 2016). Vaccine trials for Urovac, which used 

whole inactivated cells from 6 E. coli strains, and 1 strain each of P. mirabilis, M. morganii, E. 

faecalis and K. pneumoniae, found significantly reduced UPEC colonization in patients compared to 

placebo. However, many patients that were prone to UPEC colonization experienced colonization by 

less frequently encountered uropathogens (Hopkins et al. 2007). With a greater understanding of 
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the UTI lifestyle of all uropathogens, we may discover an essential process common to all that would 

be a superior target for UTI treatment. 
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6 General Discussion 

There have been extensive studies of the intracellular lifestyle of UPEC and its contribution toward 

pathogenicity in uncomplicated UTI. However, there is poor understanding about the mechanisms of 

pathogenicity of other gram-negatives such as P. aeruginosa, which are associated with higher rates 

of antibiotic resistance and morbidity (Bouza et al. 2001; Ironmonger et al. 2015; Luis et al. 2017). 

One of the biggest issues facing UPEC researchers was that of recurrent UTI and the complex 

pathogenic mechanisms underpinning it. 20-30% of women affected by UTI will have a recurrent 

infection within 6 months (Foxman 2010). It was perplexing that patients could have their UTIs 

cleared after a course of antibiotics only for the infection to reappear within months – often caused 

by the same strain of UPEC. Researchers came to the consensus that this can be caused by 

reinfection from the gut or vagina due to deficiencies in host defence or from quiescent intracellular 

reservoirs (QIRs) that can persist in the bladder (Hooton et al. 1999; Mysorekar and Hultgren 2006). 

The first step in giving credence to the QIR theory of recurrence involved confirming that UPEC can 

invade the epithelial cells of the urinary tract (Martinez and Hultgren 2002). UTI caused by P. 

aeruginosa also suffers from recurrence. 23.7% of elderly patients with complicated P. aeruginosa 

UTI were readmitted to hospital after treatment compared with 15.8% of patients infected with 

other uropathogens (Gomila et al. 2018). However, it was unclear whether P. aeruginosa adopted a 

similar intracellular lifestyle to that identified in UPEC. My work shows, for the first time, that P. 

aeruginosa can successfully invade bladder epithelial cells in an in vitro model of the urinary tract. 

This work has also identified important avenues for future research in studying P. aeruginosa 

uropathogenicity. Much of the research into the invasive capacity of P. aeruginosa highlights its 

opportunistic nature (Fleiszig et al. 1997a; Kazmierczak, Mostov and Engel 2004; Engel and Eran 

2011b). The preference for damaged or weakened epithelium correlates well with the types of 

catheter-associated nosocomial infections where we typically see P. aeruginosa.  It may also help to 

explain why we usually see P. aeruginosa in complicated UTIs where the urothelium may be 

abnormal or damaged.  P. aeruginosa UTIs are more prevalent in the elderly than in healthy adults.  

This might be partly explained by cellular senescence and the deterioration of the urothelium in the 

elderly. This work sought to explore the issue by comparing infection of stratified HBLAK cells 

(representing a healthy urothelium) to infection of HTB-9 monolayers (representing a vulnerable 

urothelium). Unfortunately, contamination plagued 2/3 of the HBLAK infections, but more 

intracellular bacteria were recovered from infected HTB-9 monolayers than the lone biological 

replicate of stratified HBLAK cells (Chapter 4.2.6). Of course, HTB-9 cells and HBLAK cells are not 

perfect representatives of old and young urothelium, respectively. Also, it is difficult to determine 

whether lower urinary tract symptoms increase with age because of accumulated urothelial damage 

or because of age-related deterioration (Vahabi et al. 2017). Mice models have found some evidence 
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for age-related declines in neural control and bladder structure that could potentially play a role in 

increased lower urinary tract symptoms (Birder, Kullmann and Chapple 2018). Future areas of 

research could aim to use animal models that have bladder function more similar to that of humans. 

Research should aim to isolate variables that could impact risk of UTI such as neurological function, 

muscular function, immune response and barrier integrity. 

In addition to the novel finding that P. aeruginosa can exist as an intracellular pathogen in urothelial 

cells, we also found evidence of phenotypic and genotypic diversity in clinical UTI isolates. Isolates 

from 5 different UTI patients exhibited great differences in antibiotic resistance, biofilm formation 

on catheters and virulence factor production. Isolates were also genetically diverse, with genomes 

descended from both the type I and type II lineages that are used to broadly group P. aeruginosa 

strains. This diversity reinforces the idea of P. aeruginosa as an opportunistic pathogen. Despite the 

marked genotypic and phenotypic differences between the clinical isolates, all were able to cause 

UTI in elderly patients. High levels of phenotypic and genotypic diversity were also seen in a study of 

30 P. aeruginosa UTI isolates in Germany (Tielen et al. 2011). Of the 30 tested strains, 21 

genotypically different groups were found (Tielen et al. 2011). Not only did I find diversity in P. 

aeruginosa strains from different patients, but also within isolates from a single patient. The 

presence of genotypically different isolates in a single UTI means that different isolates within the 

UTI population could respond differently to treatment. The findings of diversity across different P. 

aeruginosa UTI patients and within a single UTI patient combined with the ability of P. aeruginosa to 

invade cells of the urinary tract raises important questions about how best to treat these infections.  

Firstly, there are clearly improvements to be made in the clinical management of P. aeruginosa UTI 

treatment that do not require the discovery of exciting new therapeutics. One of the factors 

associated with increased mortality in elderly P. aeruginosa UTI patients is initially being prescribed 

ineffective antibiotics (Luis et al. 2017). To combat this, doctors should stress the importance of 

obtaining antibiograms of UTI pathogens before beginning treatment. This is especially important in 

cases of complicated UTI and UTI affecting the elderly. In these cases, there is a much higher chance 

of the responsible pathogen being a microorganism other than UPEC and a high chance that 

mistreatment could result in death (Luis et al. 2017).  

Even when patients suffering from a P. aeruginosa infection are prescribed the correct antibiotics, P. 

aeruginosa has a remarkable ability to acquire resistance in the form of mutations. In patients 

suffering from P. aeruginosa infections that were initially susceptible to antibiotics, multidrug 

resistance eventually emerged in 27-72% of cases (Obritsch et al. 2005). Acquisition of resistance 

mutations is well documented in P. aeruginosa infections of the CF lung (Winstanley, O’Brien and 
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Brockhurst 2016). Interestingly, I found missense mutations in mexR, mexS and nalD in 3 of my 

clinical isolates that differed between isolates from the same patient that were otherwise 

genotypically identical. This suggests that the mutations were acquired during the course of the UTI. 

Mutations in mexR, mexS and naldD are associated with overexpression of multidrug efflux pumps 

which enhance antibiotic resistance (Sobel et al. 2005; Sobel, Neshat and Poole 2005; Morita et al. 

2006; Choudhury et al. 2016; Richardot et al. 2016). To account for the possibility of genotypic 

diversity in P. aeruginosa UTIs, we should move away from diagnosis based on the antibiograms of a 

single isolate and instead rely more heavily on genetic sequencing of infection populations. As of 

right now, there are still strong limitations on the cost, speed, and availability of next generation 

sequencing to doctors treating UTI. However, reducing hospital stays by rapidly diagnosing and 

accurately treating could potentially save money. Next-gen sequencing could help to identify rare 

mutants in UTI populations that may be particularly resistant to certain treatments and would 

otherwise be missed by traditional culture methods. Hopefully, the massive increases in diagnostic 

sequencing currently being utilized in response to covid-19 can spill over into more accurate and 

timely diagnosis of UTI too. Also of interest is the use of postal samples to diagnose infections. Postal 

samples could allow elderly, vulnerable patients to avoid unnecessary hospital visits that could 

predispose them to dangerous hospital acquired infections such as P. aeruginosa UTI. 

Another way doctors can avoid poor outcomes of UTI treatment is to avoid treating asymptomatic 

bacteriuria (ASB) – the presence of bacteria without symptoms of UTI. Contrary to popular belief, 

the urinary tract is regularly populated by bacteria and viruses (Lewis et al. 2013). A study of nursing 

home residents found that 25-50% of residents had asymptomatic bacteriuria at any point in time 

(Nicolle 1997). Elderly adults with ASB do not experience increased mortality, after adjusting for 

comorbidities (Nicolle et al. 2005). Antibiotic treatment of elderly adults with ASB increases their 

chances of later acquiring a UTI (Cai et al. 2015). Additionally, inappropriate antibiotic treatment is 

associated with gastrointestinal problems and acquisition of antibiotic resistant microorganisms such 

as Clostridium difficile (Werner et al. 2011; Cai et al. 2015). A retrospective study of catheter-

associated urinary tract infection (CAUTI) in nursing homes found that only 30-50% of patients 

diagnosed with CAUTI met standardized criteria for a CAUTI diagnosis (Armbruster et al. 2017). 

Current guidelines recommend diagnosis of UTI rooted in symptoms that localize to the urinary tract 

and using urinalysis to rule out UTI when negative, rather than confirm UTI when positive (Cortes-

Penfield, Trautner and Jump 2017). It is hoped that following such guidelines will rule out the 

harmful instances of unnecessary antibiotic treatment in elderly UTI. 

In instances where P. aeruginosa is successfully diagnosed as the causative agent of UTI and 

appropriate antibiotic susceptibility profiles are generated, there is still a chance that antibiotic 



149 
 

treatment will prove ineffective. Current methods of evaluating antibiotic resistance using 

planktonic bacteria fail to consider how the conditions of the urinary tract influence resistance. 

Antibiotic tolerance of two clinical P. aeruginosa strains to ciprofloxacin and tobramycin in 

conditions relevant to the urinary tract was found to increase up to 6000x compared to standard 

susceptibility testing conditions (Narten et al. 2012). The authors hypothesized that the differences 

could be due to biofilms, the formation of persister cells and phenotypic changes related to the iron-

limited environment of artificial urine (Narten et al. 2012). My data also showed that intracellular 

bacteria can be particularly difficult to eradicate. Some intracellular PAO1 survived treatment with 

the membrane permeable antibiotic ofloxacin at a concentration that easily eradicated planktonic 

bacteria (Chapter 4.2.2). Those results, combined with my novel finding that P. aeruginosa can 

invade bladder epithelial cells, highlight the need for alternative strategies for the treatment of UTI.  

To lessen the structural advantages of P. aeruginosa in biofilms and intracellular reservoirs, we could 

attempt to treat patients with drugs that weaken biofilms and trigger efflux of intracellular bacteria 

in addition to standard antibiotic treatments. A study of P. aeruginosa in a mouse model found that 

exopolysaccharides Pel, Psl and alginate were not required for biofilm formation in CAUTI (Cole et al. 

2014). Therefore, the researchers hypothesized that P. aeruginosa were relying on extracellular DNA 

(eDNA) to maintain structural integrity of the catheter-associated biofilms. Treatment of the biofilms 

with DNase I confirmed their suspicions and significantly reduced the biofilm (Cole et al. 2014). 

Other strategies for biofilm disruption include shockwave treatment or treatment with biofilm 

dispersion agents (Gnanadhas et al. 2015; Verderosa, Totsika and Fairfull-Smith 2019). However, 

translating these ideas into clinically effective treatments still faces many obstacles e.g. how to get 

biofilm dispersion agents to colocalize with antibiotics at the desired target. Experiments coupling 

chitosan and antibiotics in a mouse model of UTI managed to trigger efflux of UPEC from QIRs in 

urothelial cells and significantly reduce the bacterial load in the bladder (Blango et al. 2014). 

There will undoubtedly be a need for strategies to eliminate P. aeruginosa UTIs that have already 

taken hold. However, some of the best strategies for treating P. aeruginosa UTI may involve 

preventing the infection in the first place. One such concept involves inoculating at-risk patients with 

non-pathogenic bacteria so that there is no niche for pathogenic bacteria to occupy. One strategy to 

accomplish this involves oral probiotics which aim to prevent pathogenic E. coli occupying the 

intestinal reservoir which is believed to contribute to recurrent UTI (Beerepoot et al. 2012). Several 

clinical trials have attempted to use Lactobacillus-containing prophylactics to prevent UTI by 

restoring commensal vaginal flora and one trial reported a 73% reduction in episodes of recurrent 

UTI compared to the previous year (Barrons and Tassone 2008). The final strategy for bacterial 

prophylaxis involves inoculating benign bacteria directly into the urinary tract. A trial using E. coli 



150 
 

strain 83972 on 44 neurogenic bladder patients that suffered from frequent symptomatic UTI 

showed promising outcomes in patients where the benign 83972 strain became established in the 

bladder (Darouiche et al. 2001). Of the 44 patients inoculated, 30 were colonized by 83972 for 

longer than one month. Among the 30 colonized patients, only 2 episodes of symptomatic UTI were 

recorded in 34 patient years (Darouiche et al. 2001). The 30 successfully colonized patients 

experienced significantly less instances of symptomatic UTI versus the pre-study period and versus 

the 14 unsuccessfully colonized patients in the  study (Darouiche et al. 2001). The same group also 

reported declines in UTI when non-pathogenic E. coli was inoculated on catheters prior to insertion 

in the urinary tract (Trautner et al. 2007). There are no instances of non-pathogenic P. aeruginosa 

being used for prophylactic treatment of UTI but P. aeruginosa could be an enticing candidate for 

further research. As previously discussed, catheterization is a major risk factor for acquisition of 

UTIs. Therefore, there is plenty of research that aims to improve the ability of catheters to resist 

colonization by uropathogens. Some of the coatings studied are gold and silver nanoparticles, nitric 

oxide, antibiotics, antimicrobial peptides, bacteriophages, enzymes, among many others (Singha, 

Locklin and Handa 2017). The most abundant protein in urine is Tamm-Horsfall protein (THP) which 

is also known as uromodulin. In the healthy urinary tract, THP binds uropathogens and is excreted 

during urination. However, in catheterized patients, THP binds uropathogens and also binds to 

silicone and latex catheters (Raffi et al. 2012). THP deposition on catheters was found to be 

significantly higher on culture positive catheters compared to culture negative catheters (Raffi et al. 

2012). It would be useful if we could develop a catheter that THP was unable to bind to. A search 

through the scientific literature on THP suggests that one does not yet exist. 

A final path to dealing with P. aeruginosa UTIs does not involve eradication of P. aeruginosa from 

the urinary tract. Instead, we can try to find ways in which P. aeruginosa and the human urinary 

tract can exist in harmony - as seems to be the case in asymptomatic bacteriuria. This could be 

achieved by modulating the virulence of P. aeruginosa and/or modulating the severity of the human 

immune response. One idea popular in the P. aeruginosa research community is the idea of 

modulating virulence by interfering with quorum sensing. P. aeruginosa is capable of producing 

quorum quenching molecules that repress quorum sensing and modulate virulence (Utari et al. 

2018). Interestingly, one of the clinical isolates in my thesis had a missense stop codon mutation in 

the pvdQ quorum quenching gene. Such mutations are usually associated with an increase in 

virulence (Jimenez et al. 2010; Utari et al. 2018). Perhaps it could also be worthwhile trying to 

repress certain genes or proteins of P. aeruginosa that cause it to be virulent in the urinary tract. 

That was the rationale behind my TraDIS invasion experiment. By knowing which genes are 
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important for invasion of the urothelium by P. aeruginosa, we might be able to selectively target 

those genes and prevent invasion from taking place. 

This study has made several novel findings: that P. aeruginosa can invade bladder epithelial cells in 

an in vitro model, that clinical UTI isolates of P. aeruginosa show evidence of adaptation in the 

urinary tract in the form of non-synonymous SNPs and that TraDIS studies could feasibly highlight 

genes involved in P. aeruginosa host cell invasion. This study has identified several new and exciting 

avenues for future investigation. There is still a clear need for further exploration to fully understand 

how to improve the prevention and clinical management of UTI caused by P. aeruginosa. 

  

7 Appendix 

Appendix containing detailed output for TraDIS experiment 2 can be found on FigShare. 

Link: https://figshare.com/s/8cbfd182063c4a1ceb14 
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