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Abstract
Indwelling urethral catheters are the most commonly used medical devices and
catheter associated urinary tract infections (CAUTIs) are one of the most common hospital
acquired infections. Over 40% of CAUTIs in long-term catheterised patients may be
caused by the bacterium Proteus mirabilis. Urease produced by this bacterium generates
alkaline conditions by breaking down urea, leading to the formation of dense crystalline
biofilm structures on catheter surfaces. This crystalline biofilm makes infections hard to
treat and causes the blockage of the catheter lumen, resulting in the retention of infected
urine leading to episodes of ascending urinary tract infections.
The aim of this study was to identify genes and pathways involved in crystalline
biofilm formation by P. mirabilis, in order to inform the development of novel strategies
for prevention of catheter blockage. To accomplish this, a bank of random mini-Tn5
transposon mutants was constructed in the clinical isolate P. mirabilis B4. A total of
3840 transposon mutants were screened for phenotypic alterations in biofilm formation. A
total of 575 mutants isolated exhibited altered biofilm formation, but comparable rates of
growth to P. mirabilis B4 under assay conditions (310 biofilm enhanced; 265 biofilm
deficient). The disrupted genes of a subset of 35 transposon mutants were successfully
identified. After further phenotypic characterisation 12 transposon mutants were selected
and their ability to encrust and block urethral catheters analysed using an in vitro model of
the catheterised urinary tract (the bladder model).
The bladder models yielded 4 transposon mutants with significant differences in the
time taken to block catheters when compared to P. mirabilis B4. Two blocking deficient
mutants were further analysed because these types of mutations are most likely to give
insights relevant to the prevention of crystalline biofilm formation. Mutants STS8.1D7 and
NHBFF9 were disrupted in aspects of the nitrogen metabolism and MFS family transport
systems respectively. Timed bladder model experiments and chemical analysis of catheters
of these mutants and the wild type B4 were then carried out to further evaluate the
differences in crystalline biofilm formation. Overall, transposon mutants that took longer
to block catheters displayed a lower level of encrustation after 10 h bladder model
experiments. This was confirmed quantitatively by a significant reduction in calcium and
biomass deposited onto catheters. Scanning electron microscopy (SEM) and environmental
SEM (ESEM) further substantiated the quantitative methods illustrating clear differences
in crystalline biofilm distribution for mutants that took longer to block catheters when
compared to P. mirabilis B4. ESEM analysis optimized for this purpose allowed the
examination of the crystalline biofilm ultrastructure in fine detail in its native, hydrated
state and identified delicate calcium based crystal sheets which had not been visualised
before. Additional flow chamber experiments confirmed that the ability of the two mutants
to adhere to catheter biomaterials was not impaired, highlighting that the initial stages of
biofilm formation were not associated with the genes disrupted for these mutants.
Overall, the research conducted during this study identified 4 mutants differing in
the time taken to block catheters, elucidating 4 genes that are involved in this complex
phenotypic trait. Mutants with significant reductions in the ability to block urinary
catheters displayed disruptions of the nitrogen metabolism and efflux systems which are
believed to be involved in waste management in this bacterium. The inhibition of efflux
systems in particular could be of potential value in the treatment or prevention of P.
mirabilis crystalline biofilm formation by increasing its susceptibility to antimicrobials,
and further investigation of these genes in the future could lead to the development of
novel treatments for P. mirabilis CAUTIs.
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Chapter 1: Introduction
1.1. The indwelling urinary catheter
Many patients who find themselves in hospital or community care become
catheterised, necessitated for a variety of reasons. An indwelling urethral catheter (IUC) is
a tubular device that is introduced via the urethra, and used to drain urine from the bladder.
IUCs, as opposed to intermittent urinary catheters, are retained within the bladder for
periods of time requiring continuous bladder management of patients. They provide relief
from bladder obstructions, can be used to measure urine output in acute care settings, or
manage incontinence in elderly patients or patients suffering spinal cord damage (Kunin,
2006, Stickler, 1996a, Stickler and McLean, 1995).
IUCs have been used as a prosthetic medical device for millennia, and scriptures
regarding the usefulness and risks associated with catheterisation can be dated from the 5th
century BC (Moog et al. 2005). The Foley catheter, developed by Frederick Foley, is the
most commonly used IUC and was first commercially manufactured in 1936 (Carr, 2000).
It consists of a hollow tube held in place by a retention balloon near the tip of the catheter,
which is inflated after insertion into the bladder (see Figure 1.1.). The tip of the IUC has an
opening called the eyehole or eyelet through which the urine is drained, passing through
the catheter and into an attached sterile drainage bag. This closed catheter drainage system
has greatly benefitted patients by reducing infections, as the catheters are no longer open to
the external environment, inhibiting bacteria from reaching the urinary tract and bladder
(see Figure 1.2.) (Kunin, 2006, Stickler and Zimakoff, 1994, Dukes et al. 1928). IUCs are
commonly manufactured from silicone or latex but can contain other biomaterials such as
coatings of silver or hydrogel (Beuter and Langer, 2012, Hamill et al. 2007).

1

Figure 1.1. The Foley catheter
(a) Shows a Foley catheter with inflated retention balloon. (b) Shows a schematic of the catheter tip. The red striated line directs the site of the
cross section indicated in (c), demonstrating the distinct channels for retention balloon inflation and urine drainage.
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Figure 1.2. The closed catheter drainage system
The Figure shows the closed catheter drainage system in situ. Figure modified from Jones
(2004).
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Today, IUCs are one of the most frequently used medical devices, with over 100
million Foley catheters used annually worldwide (Saint et al. 2009, Darouiche et al. 2001,
Warren, 1997). IUCs are a last resort bladder management option, however, catheterisation
in hospital settings is very common and IUCs are ordinarily fitted post operatively
(Jacobsen et al. 2008b). Maki and Tambyah (2001) reported that 11% of all hospital
patients in Europe will be catheterised at some stage during their stay in hospital.
Like most other prosthetic devices, IUCs are prone to infection. It is reported that
up to 80% of hospital acquired urinary tract infections (UTIs) are caused by IUCs, because
they provide access for bacteria to enter a nutrient-rich body cavity (Bissett, 2005,
Tambyah, 2004, Stickler et al. 1996, Stickler and McLean, 1995). The risk of catheterassociated urinary tract infections (CAUTIs) increases by 5–8% per day, escalating rates of
morbidity and mortality of patients (Kunin et al. 1992, Mulhall et al. 1988).
CAUTIs particularly affect long-term catheterised patients (defined as > 28 days)
(Kunin et al. 1987). Such patients are usually cared for in a community setting and
commonly have decreased mobility and a weaker immune system due to their age or
underlying medical conditions (Kunin et al. 1992). Co-morbid diseases such as diabetes
mellitus, as well as drug treatment with for example steroids, can reduce the immune
responses of patients further increasing their risk of acquiring CAUTIs (Meddings et al.
2010, Wald et al. 2008).This can lead to an increased prevalence of complications
associated with IUCs such as CAUTIs, cystitis, pyelonephritis, urolithiasis, stones, and
even an increased risk of squamous cell bladder cancers in patients with chronic CAUTIs
(Cameron et al. 2010, Cope et al. 2009, Locke et al. 1985).
Catheterisation and complications associated with catheterisation generate a
colossal economic burden on hospital and community care (Scott, 2010, Getliffe and
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Newton, 2006). Around 560,000 CAUTIs are reported to Centres for Disease Control and
Prevention annually, and this translates into an annual cost exceeding US$451 million in
2002 (Cope et al. 2009, Foxman, 2002), with each episode of CAUTIs costing the
healthcare sector around $589 (Tambyah et al. 2002). If patients suffer other complications
such as bacteraemia or pyelonephritis, additional treatments can cost ~$2900 per episode
(Blodgett, 2009, Saint et al. 2000a, b). In Western Europe the financial burden of CAUTIs
amounts to ~£1 billion, of which £99 million are attributed to the NHS annually (Hamill et
al. 2007, Davenport and Keeley, 2005, Plowman, 2000).

1.2. CAUTIs
CAUTIs have been defined as bacteriuria in excess of 103 colony forming units
(CFU) mL-1 (Krieger et al. 1983). As mentioned above, device associated infection such as
CAUTIs pose a major risk for patients (Saint et al. 2009, Getliffe and Newton, 2006,
Kunin, 2006, Kunin et al. 1992).
The duration of catheterisation is the most significant predictor of CAUTIs (Kunin,
2006, Huang et al. 2004, Kunin, 1992). Although use of the closed catheter system
prevents most CAUTIs in short-term catheterised patients (IUC in place < 28 days), it has
not had a major impact in long-term catheterised patients (Pratt et al. 2007, Kunin, 2006,
Trautner et al. 2005, Trautner and Darouiche, 2004). The prevalence of bacteriuria
increases with each day the catheter remains in situ, and it has been estimated that 90% of
long-term catheterised patients will develop bacteriuria (Choong et al. 2001). Decreasing
the number of patients catheterised and the length of catheterisation can therefore greatly
decrease the prevalence rate of CAUTIs, and reduce morbidity and mortality in such
patients (Blodgett, 2009).
Correct use of aseptic technique during catheterisation, as well as maintaining the
integrity of closed catheter drainage systems, are vital in reducing CAUTIs and many
5

catheter care guidelines are now in place in order to reinforce these simple preventative
measures (Gould et al. 2009). However, the extent of catheter guidelines in place varies
greatly between EU and non-EU countries, and a study by Bouza et al. (2001) found that
whereas 90% of EU hospitals had bladder catheter guidelines in place, only 55% of the
non-EU hospitals evaluated had similar measures prepared. Although most of the hospitals
in the study utilised the closed catheter drainage system, 21.5% were found to operate open
systems and 17% of systems were opened in error and this can significantly increase the
risk of CAUTIs (Bouza et al. 2001).
1.2.1. Routes of infection

There are two distinct routes leading to CAUTIs, intraluminally through the
catheter lumen, or extraluminally along the catheter-urethral interface (Tambyah, 2004,
Daifuku and Stamm, 1984). Bacteria from the periurethral and perianal skin flora,
alongside hospital acquired microorganisms, can be introduced onto the urinary meatus
(the point at which the urethra exits the body) during catheterisation, and bacteria can then
travel into the bladder extraluminally (Tambyah, 2004, Fawcett et al. 1986, Daifuku and
Stamm, 1984, Garibaldi et al. 1980). Extraluminal invasion is most commonly caused
during catheter fitting, as a result of poor aseptic technique (Tambyah, 2004). This may
occur because of meatal cleansing introducing bacteria from the perineum, or by direct
transfer from care staff not adhering to the no-touch technique (Gould et al. 2009,
Tambyah, 2004). Extraluminal invasion has been identified as the principal mechanism of
bacteria entering the bladder, and it is believed that up to 66% of bacteria such as
staphylococci and enterococci, as well as yeasts enter via this route (see Figure 1.3.)
(Tambyah et al. 1999).
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Figure 1.3. Routes of infection in the closed catheter drainage system
1,2,6: Bacteria may enter the drainage bag due to frequent use of tap or disconnection of
the drainage tube and can then infect the bladder intraluminally. 3,4,6: Bacteria introduced
from the perineum during catheter fitting can cause bacteria to advance to the bladder
extraluminally. 3,5: Upon removal of the encrusted catheter, the crystallised balloon can
cause urothelial damage allowing bacteria to enter cells and bloodstream. 6-8: Infected
urine within the bladder can cause ascending UTIs.
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Gram negative bacteria typically enter the bladder via the intraluminal route, and
often get introduced by breaks in the closed catheter drainage system (Tambyah, 2004,
Gillespie et al. 1983). The closed catheter drainage system may be disrupted during
emptying via the tap on drainage bags or during changing of drainage bags, causing
contamination (Tambyah, 2004). The raising of these potentially inoculated drainage bags
above the recommended level (i.e. above the level of the hip of the patient), as well as late
emptying of bags may then result in the backflow of contaminated urine into the catheter
or bladder (Tambyah, 2004, Stickler et al. 1996) (see Figure 1.3.).
Once bacteria are introduced into the system, bacterial growth is further favoured
as organisms will thrive in the residual urine reservoir formed by the retention balloon
between the base of the bladder and the catheter eyehole. Bacteria can then form dense
populations that can colonise the ascending urinary tract (Stickler et al. 1996).
1.2.2. Bacteria causing CAUTIs

The bacterial species most commonly associated with CAUTIs are Proteus
mirabilis, Staphylococcus epidermidis, Staphylococcus aureus, Enterococcus faecalis,
Escherichia coli, Pseudomonas aeruginosa, Providencia stuartii and Klebsiella
pneumoniae (Stickler, 2008, Bouza et al. 2001, Stickler, 1996a, b). Initially Gram positive
cocci of the normal perineal flora are commonly identified, which are later replaced by
Gram negative hospital acquired bacteria resistant to some antibiotics (Fawcett et al.
1986).
The hospital-acquired bacteria commonly form mixed communities which can
cause polymicrobial infections (Macleod and Stickler, 2007, Stickler, 1996a, b). Treatment
of CAUTIs caused by these mixed communities can be very difficult, as the bacteria have
often become resistant to different antibacterial agents and present with distinct
antibacterial resistance spectra (Fawcett et al. 1986, Clayton et al. 1982). Treatment
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therefore does not cure the CAUTI, but may simply change bacterial communities by
treating susceptible organisms and allowing more resistant species to gain control (CohenNahum et al. 2010, Sheng et al. 2010, Fawcett et al. 1986, Clayton et al. 1982).
1.2.3. Complications associated with CAUTIs

Overall, CAUTIs challenge the usefulness of IUCs and can have a great impact on
recovery times of post-operative patients, increasing the average hospital stay by 6 days on
average (Saint et al. 2009, Bissett, 2005, Kunin, 1992). A comprehensive study by Kunin
(1992) examined 1540 residents of nursing homes in Ohio for 1 year, and found that
catheterised residents were 3 times more likely to be hospitalised regardless of status in
relation to age, mobility, independence, sex, diabetes, cancer, heart disease or skin
conditions. Furthermore, patients catheterised for more than 76% of their time in the
nursing home, were 3 times more likely to die within 1 year, clearly illustrating the link
between the use of IUCs and increased mortality and morbidity of patients (Kunin, 1992).
There are a variety of complications that are closely associated with the use of
IUCs which may lead to the increased rates of morbidity and mortality observed by Kunin
(1992) (Stickler and Zimakoff, 1994). In the first instance bacteriuria may lead to cystitis,
which is often associated with frequent urination, pain on urination and fever (Warren,
1996, Kunin et al. 1987). Persistent infections may in turn lead to chronic inflammatory
diseases, such as pyelonephritis (an infection of the renal membranes), and renal damage
and failure (Stickler, 1996a, b, Warren, 1996, Stickler and Zimakoff, 1994, Kunin, 1987).
Chronic inflammatory changes in these tissues have also been linked to an increased
prevalence of carcinoma of the urinary tract (Trautner, 2010, Saint et al. 2009, Abol-Enein,
2008, Locke et al. 1985). The increased risk of bacteraemia can furthermore lead to sepsis,
endocarditis, metastatic osteomyelitis, and in rare cases meningitis (Trautner, 2010, Kunin,
2006).
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As well as being susceptible to the acute and chronic infections mentioned above,
long-term catheterised patients are also liable to catheter blockage, and the generation of
bladder stones (Getliffe and Mulhall, 1991). Catheter blockage is often instigated by urease
producing bacteria, prompting the formation of crystalline biofilms on catheter
biomaterials (Stickler, 2008, Stickler, 1996a).

1.3. Crystalline biofilm formation
Biofilms are the preferred pattern of growth for bacteria within the environment,
and studies in aquatic habitats have shown that growth in these biofilm communities is
favoured. 99.9% of bacteria in the ecosystem are suggested to grow as biofilms on a
variety of surfaces (van de Mortel and Halverson, 2004, Donlan and Costerton, 2002,
Donlan, 2002). Biofilms have been defined as microbially derived sessile communities
characterized by cells that are irreversibly attached to a substratum or interface or to each
other, embedded in a matrix of extracellular polymeric substances (EPS) that they have
produced, and exhibit an altered phenotype with respect to growth rate and gene
transcription (Donlan and Costerton, 2002). Unsurprisingly, biofilms therefore also form
readily on prosthetic and implanted device surfaces used in healthcare. Urinary catheters,
contact lenses, hip replacements, artificial heart valves and many other devices have been
found to be colonised by biofilm forming bacteria (Coenye and Nelis, 2010, Donlan,
2002). Treatment of these device associated infections is often problematic, as biofilms
have an increased resistance to commonly used antimicrobial agents (Stickler, 2008,
Stickler and Feneley, 2010, Frank et al. 2009, Donlan and Costerton, 2002, Donlan, 2002,
Huber et al. 2002).
Biofilm formation is believed to follow a “universal sequence”, however, although
the initial stages of biofilm formation are thought to be comparable for the formation of
crystalline biofilms by urease producing bacteria, the mineralisation can significantly
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impact the biofilm ultrastucture as biofilms mature (see Figure 1. 4.) (Jones et al. 2007,
Donlan and Costerton, 2002, Pratt and Kolter, 1999, Stickler, 1998, Costerton 1995).
1.3.1. Cell attachment

Surface attachment by bacterial cells depends on the characteristics of the surface,
the presence of a conditioning film, the surrounding milieu, and the properties of the
bacterial cells (Gabi et al. 2011, Stickler and Feneley, 2010, Stickler, 1996a, Donlan and
Costerton, 2002, Donlan, 2002). Surface properties are important for biofilm formation and
the general rule is that the rougher the surface, the easier for the cell to attach (Stickler and
Feneley, 2010, Donlan, 2002). This poses a particular problem for urinary catheters, as one
of the most commonly used catheter biomaterials is latex (Beuter and Langer, 2012,
Hamill et al., 2007, Morris and Stickler, 1998, Morris et al. 1997). Latex catheters have a
coarse surface topography and are easily colonised by bacteria, however they remain in use
as other characteristics such as the elasticity and patient comfort have been difficult to
replicate with other biomaterials in a cost effective way (Hamill et al., 2007).
Silicone catheters are also commonly employed (Beuter and Langer, 2012, Hamill
et al.. 2007, Stickler et al. 2003b, Morris and Stickler, 1998, Morris et al. 1997). The way
that these catheters are manufactured means that the tubular catheter shaft is relatively
smooth, however, the catheter eyelet is normally punched out of the shaft and the
mechanical stress this produces generally results in an increased surface roughness at the
eyelet making it more susceptible to encrustation (Hughes, 2001).
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Figure 1.4. Crystalline biofilm formation
1) Vegetative swimmer cells are introduced into the catheterised urinary tract (CUT). 2) Adherence of bacteria to the conditioning film and
microcolony formation. 3) Production of EPS and urease initiates the adsorption of Calcium cations and precipitation of crystalline material. 4)
The maturation of the bacterial biofilm community and the elevation of the pH of urine (~8.0) mineralises the biofilm matrix, at this stage
individual cells may break off from the biofilm to colonise additional areas of the CUT. 5) In P. mirabilis swarming motility (discussed below)
may also aid the colonisation of the CUT. 6) Stabilisation of the calcium phosphate hydoxyapatite and magnesium ammonium phosphate struvite
crystals by the biofilm matrix, forming the mature crystalline biofilm.
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Some studies suggest that the material catheters are manufactured from makes little
difference to their susceptibility to bacterial colonisation, owing to the development of
conditioning layers (Gabi et al. 2011, Donlan and Costerton, 2002, Garibaldi et al. 1980).
This conditioning film is thought to be produced in response to urothelial damage
when fitting the IUC, as well due to the constituents of the urine itself (Gabi et al. 2011,
Garibaldi et al. 1980). Studies found that minutes after fitting, deposits from the urine such
as fibrinogen attach to the catheter biomaterial, and these proteins actively support
bacterial adhesion (Gabi et al. 2011, Stickler and Feneley, 2010, Donlan, 2002, Ohkawa et
al. 1990).
1.3.2. Biofilm initiation and formation

After the initial adherence, gene expression of bacterial cells changes and they
become more “sticky” (Donlan and Costerton, 2002). As described by Pratt and Kolter
(1999), the differential gene expression in biofilm associated cells is very complex
involving the upregulation and downregulation of a variety of genes and a single bacterial
species may have several pathways to create biofilms (Donlan, 2002, Donlan and
Costerton, 2002, Pratt and Kolter, 1999, O’Toole and Kolter 1998).
A study by O’Toole et al. 1998 showed that Pseudomonas fluorescens was unable
to form biofilms in minimal media. The media were then supplemented with differing
casamino acids, and several mutants grew to form biofilms upon supplements with
glucose, citrate and glutamate, demonstrating the presence of at least three distinct
pathways for biofilm formation in Ps. fluorescens (O'Toole and Kolter, 1998b).
In P. mirabilis, a large quantity of genes have been shown to be upregulated within
the urinary tract and some of these may also be involved in biofilm formation (Pearson et
al. 2011, Himpsl et al. 2008, Burall et al. 2004). Genes such as those of fimbrial operons
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for bacterial cell attachment have been associated with biofilm formation by P. mirabilis in
the past; however, many of the genes driving biofilm formation remain to be elucidated
(Jansen et al. 2004).
After attachment, cells begin to aggregate or multiply by clonal expansion forming
microcolonies, the basic structural elements of the biofilm (see Figure 1.4.) (Stickler, 2008,
Donlan, 2002, Donlan and Costerton, 2002, Pratt and Kolter, 1999). The cells also begin to
produce extracellular polymeric substance (EPS) which comprises polysaccharides but also
some proteins and extracellular DNA (Stickler, 2008, Donlan, 2002, Donlan and Costerton,
2002). EPS can facilitate further biofilm development, strengthen cell attachment,
enhances cell to cell communications, and assists the exchange of genetic material
(Stickler and Feneley, 2010, Stickler, 2008, Donlan, 2002, Stickler and McLean, 1995).
Quorum sensing, or similar communication systems, have been identified to be
enhanced by the EPS matrix as it prevents these signalling molecules from being washed
away by the liquid flow of the surroundings (Huber et al. 2002, Pratt and Kolter, 1999).
Studies have postulated that genes involved in biofilm formation and maturation are
regulated by cell to cell sensing systems, which is supported by the increased detection of
quorum sensing molecules such as N-acyl homoserine within some developing biofilms
(Karatuna and Yagci, 2010, Huber et al. 2002). Nevertheless, quorum sensing has not been
identified in all bacterial species. Although some cell-cell communication systems exist in
P. mirabilis, the regulation of biofilm formation by these systems remains to be elucidated
(Jones et al. 2009, Schneider et al. 2002, Stickler et al 1998, Belas, 1996).
The EPS matrix also carries out a defensive function. Cells embedded within the
EPS matrix are provided with a degree of protection from changes in flow rate, shear
forces, bacteriophage attack, immune response, and even antimicrobials (Donlan and
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Costerton, 2002, Lavender et al. 2004, Pratt and Kolter, 1999, Sutherland et al. 1999,
Stickler and McLean, 1995). It has been shown that antimicrobials can either not enter the
EPS, or are bound to the EPS, inhibiting diffusion of these compounds through the biofilm
(Sutherland et al. 1999). The EPS may therefore be the reason for the increased antibiotic
resistance profile often associated with biofilms.
Studies of Staphylococcus species isolated from central venous catheters have
shown that the minimum inhibitory concentration (MIC) of planktonic bacteria was
reduced when compared to the minimum biofilm eradication concentration (MBEC) of
antibiotics tested. This indicates that the biofilm associated bacterial cells are somehow
shielded from the bacteriocidal effects of these antibiotics (Antunes et al. 2011). Although
this difference in response to antimicrobials between planktonic and biofilm associated
cells has been described, there are uncertainties whether this is caused by the inability of
antibiotics to diffuse through the EPS alone, and the reduced cellular activity of biofilm
associated cells has also been implicated to play a role in this resistance (Williams et al.
1997).
1.3.3. The universal model of biofilm formation

Developing biofilms have been imaged using confocal scanning laser microscopy
(Jones et al. 2007, Donlan and Costerton, 2002, Pratt and Kolter, 1999). The images show
that the initial colonisation of biomaterials, is followed by the formation of microcolonies
and mature biofilms thereafter (see Figure 1.4.). The mature biofilms appear “mushroom”
like with channels between the “stems” of the bacterial aggregates (see Figure 1.5.) (Jones
et al. 2007, Costerton et al. 1995). Costerton et al. 1995 proposed that these channels are a
rudimentary circulatory system used by the developing biofilm to dispose of waste
materials and distribute nutrients.
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A universal model of maturing P. aeruginosa biofilm structure was devised by
Pratt and Kolter in (1999), and substantiated earlier results by Costerton (1995). Although
this model is now widely accepted, it may not be representative of all biofilms (Jones et al.
2007, Stickler et al. 1998). Crystalline biofilms formed by urease-producing bacteria in the
urinary tract seem to differ significantly from this proposed model, containing fewer
channels, as well as being less organised owing to the integration of crystalline deposits
(see Figure 1.4. and Figure 1.5.) (Jones et al. 2007, Stickler et al. 1998).
1.3.4. Mineralisation of biofilms

Within the catheterised urinary tract (CUT), biofilms created by urease producing
bacteria become mineralised, forming crystalline structures that are able to block the
catheter lumen as previously noted (see Figure 1.4. and Figure 1.5.) (Stickler and Feneley,
2010, Stickler et al. 1998, Stickler, 1996b, McLean et al. 1991, Ohkawa et al. 1990,
Mobley and Warren, 1987). Reviewing earlier studies, Stickler et al. (2002) summarised
that 50% of long-term catheterised patients will develop recurrent encrustation leading to
catheter blockage (Getliffe and Mulhall, 1991, Kunin et al. 1987, Mobley and Warren,
1987).
The formation of crystals in the CUT is driven by the hydrolysis of urea by the
bacterial urease enzyme, leading to the alkalinisation of the urine (Stickler et al. 1998,
Stickler, 1996b, McLean et al. 1991, Mobley and Warren, 1987). Under these conditions
previously solubilised calcium and calcium phosphate hydroxyapatites [Ca10(PO4)·6(OH)2]
and ammonium magnesium phosphate struvites [MgNH4PO4·6H2O] precipitate (Hamill et
al. 2007, Stickler et al. 1998, Stickler et al. 1996a,b, McLean et al. 1991).
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The EPS matrix formed by urease positive bacterial species is thought to play a key
role in the development of these crystalline biofilm structures (see Figure 1.4.) (McLean et
al.1991). During the early stages of biofilm development, the anionic EPS matrix begins to
attract the calcium and magnesium cations which have started to precipitate from the urine
due to the increase in pH. Subsequently, these metal cations bound to the EPS matrix may
potentially act as a “seed” for crystallisation (Stickler et al. 1998, Stickler, 1996b, Hedelin
et al. 1991, McLean et al. 1991).
Additionally, the EPS becomes a highly alkaline microenvironment as it essentially
traps the ammonium ions produced by the breakdown of urea (McLean et al. 1991). This
microenvironment then not only encourages crystal growth, but also stabilises the
developing crystals (Stickler, 1996b, McLean et al. 1991).
Although studies have shown that acidification of the urine may help to prevent
crystalline biofilm formation (Broomfield et al. 2009, Mathur et al. 2005), the effect of
these measures in treating pre-formed crystalline biofilms may be significantly lower
owing to the stabilisation power of the EPS matrix (McLean et al. 1991). Besides making
infections hard to treat, biofilms in the CUT are therefore vital for the encrustation and
blockage of urinary catheters. The developing biofilm is capable of shielding bacterial
from environmental factors and at the same time binding calcium and magnesium ions,
attracting and trapping the building blocks of the crystalline materials as well as crystals
themselves, and stabilising crystal growth (Stickler and Feneley, 2010, Stickler, 2008,
Stickler

et

al.

1998,

Hedelin

et

al.

1991,

McLean

et

al.

1991).
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Figure 1.5. Variation of the universal biofilm model formed by urease positive bacteria
Biofilm formation by urease positive bacteria commonly follows the universal model of biofilm formation generating “mushroom” like colonies.
The “stalks” of these colonies remain less densely populated in order to allow for the transport of nutrients ( ) and waste () from biofilm
communities. The continued mineralisation of biofilms formed by urease positive species can however disrupt the biofilm ultrastructure owing
to the crystalline materials deposited resulting in a flattened biofilm with a reduction in circulatory channels (Jones et al. 2007).
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Crystalline biofilms commonly form as a result of bacteria such as P. mirabilis, P.
vulgaris, and Providencia rettgerii (Stickler and Feneley, 2010, Stickler, 2008, Stickler et
al. 1998, Stickler et al. 1996a,b, Mobley and Warren, 1987). In a study by Mobley and
Warren (1987), weekly urine samples were collected from 32 long-term catheterised
patients for the duration of 1 year. They established that P. mirabilis was the most
commonly isolated organism from these patients, causing 67 catheter blockages in that
year alone (Mobley and Warren, 1987).
Stickler et al. (1998) investigated the role of urease positive microorganisms in an
in vitro model of the catheterised urinary tract. They tested the ability of P. mirabilis, P.
vulgaris, K. pneumonaiae, E. coli, P. aeruginosa, Pr. rettgerii and other uropathogens to
block catheters and found that only P. mirabilis, P. vulgaris and Pr. rettgerii were capable
of doing so.
P. mirabilis has been shown to encrust catheters fast and effectively and has been
identified as the most commonly isolated organism from long-term catheterised patients, it
has been proposed that P. mirabilis-associated CAUTIs are the most common cause of
crystalline biofilm formation and catheter blockage (Stickler et al. 1998, Mobley and
Warren, 1987).

1.4. Proteus mirabilis
P. mirabilis is a Gram negative bacterium of the family Enterobacteriaceae usually
found in the gastrointestinal tract (Jacobsen et al. 2008b). It opportunistically infects the
urinary tract of vulnerable patient groups such as individuals with urinary tract
abnormalities and long-term catheterised patients (Mobley and Warren, 1987).
Infections caused by this pathogen can usually be treated with conventionally used
antibiotics; however, it is intrinsically resistant to polymyxin, tetracycline and nitofurazone
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(Stickler, 2002). In recent years multidrug resistant strains of P. mirabilis have been
isolated, and common hospital strains of P. mirabilis have become resistant to
cephalosporins (Walkty et al. 2011, D'Andrea et al. 2011, Cohen-Nahum et al. 2010,
Sheng et al. 2010). Although newer cephalosporins have shown success in the treatment of
these P. mirabilis infections, evolution of mutants with broad substrate activity AmpC-type
cephalosporinases are known to be spreading throughout the EU, as resistance genes are
transmitted from other bacteria harbouring these genes to others (Walkty et al. 2011,
D'Andrea et al. 2011). Multidrug resistant P. mirabilis bacteriaemia has been associated
with a 21 day mortality rate of 33.9% (Cohen-Nahum et al. 2010).
1.4.1. Motility in P. mirabilis

P. mirabilis expresses two distinct motile cell types, namely swimmer and swarmer
cells. In liquid media, planktonic cells of P. mirabilis are in the swimmer cell state, and are
mobile independently of each other (Belas, 1996). The swimmer cells are thought to
approach surfaces such as catheter biomaterials and may be involved in the initial
attachment to catheters (see Figure 1.4.) (Jones et al. 2005, Stickler and Hughes, 1999).
Differentiation from short (1-2 µm) vegetative swimmer cells into elongated (>80 µm),
hyperflagellated, multinucleate swarmer cells (see Figure 1.6.) aids the movement across
solid surfaces, and it has been suggested that swarming may aid the colonisation of
catheter biomaterials (see Figure 1.4.) (Stickler and Hughes, 1999, Belas, 1996). Swarming
motility is a multicellular behaviour that can be separated into at least 3 distinct stages,
differentiation, migration and consolidation (see Figure 1.6.) (Belas, 1996). It is a highly
ordered population migration, and is controlled by intracellular regulatory mechanisms
triggered by environmental conditions such as surface contact and inhibition of flagella
rotation, cell density, and potentially cell-cell comminication (Rather, 2005).
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It was suggested over a decade ago that swarming is dominated by intercellular
communication, and co-ordinated by multiple gene expression (Belas, 1996). This was
more recently corroborated by Pearson et al. (2010) who identified that 584 genes were
differentially expressed in swarmer cells when compared to swimmer cells. Unsurprisingly
the most upregulated genes were associated with flagellar biosynthesis, however, other
genes implicated were involved in oligopeptide transport and amino acid import (Pearson
et al. 2010). Other studies identified genes involved in cell wall synthesis such as the surA
gene which facilitates proper protein folding, and mutants with a disruption in this gene
were unable to differentiate into swarmer cells and attenuated in infection (Himpsl et al.
2008, Jones et al. 2005, Jones et al. 2004).
Time of differentiation, migration velocity and the length of swarm cycle are only a
few of the factors that require organisation as a single swarmer cell cannot migrate alone
(Belas, 1996). This tight regulation is represented in the terraced appearance of P. mirabilis
on most types of agar (see Figure 1.6.), although the classic bulls-eye pattern varies
between strains.
1.4.1.1. Differentiation

The most important environmental cue initiating the differentiation of swimmer
cells to swarmer cells is the inhibition of the flagellar rotation (Morgenstein et al. 2010a,b ,
Frazer et al. 2000, Belas, 1996, Belas et al. 1995). Research on non-swarming mini-Tn5
transposon mutants found, that the majority were defective in flagella architecture or genes
involved in regulatory flagella biosynthesis (Belas et al. 1995).
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Figure 1.6. The bulls-eye pattern created by P. mirabilis swarming motility
The classic terraced appearance of P. mirabilis swarm front across agar is indicated in the
photograph. The bacteria are thought to swarm from the centre of the colony, then dedifferentiate and consolidate, before starting another swarm cycle; this stop-start motion
then leaves a bulls-eye pattern (Figure adapted from Belas, 1996).
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Inhibition of flagella rotation acts on the flagella master operon flhDC via umoD
which represses flhDC, regulating the expression of genes initiating swarmer cell
differentiation such as flagellar synthesis but also genes involved in cell elongation.
Mutants with defective or missing flagella cannot elicit these responses, and cannot pass on
signals to flhDC, thus bacterial cells do not differentiate or swarm (Liaw et al. 2004, Frazer
et al. 2000, Belas et al. 1998, Belas, 1996, Belas et al. 1995). Furthermore, Clemmer and
Rather (2007) showed that transposon insertions upstream of the flhDC operon produced
mutants with earlier swarm cycle initiation, increased swarming velocity, and no
consolidation phase. The study indicates that the flhDC regulator is highly important in
swarmer cell differentiation, highlighting the importance of flagella inhibition in swarming
motility (Clemmer and Rather, 2007).
Amino acids such as glutamine have also shown to instigate swarmer cell
differentiation. In a study by Allison et al. (1993), glutamine was incorporated into
minimal medium which was non-permissive for swarmer cell differentiation and
subsequently observed swarming motility in this medium. In contrast, addition of the other
19 common amino acids (excluding glutamine) individually or in combination did not
initiate differentiation even after 24 h, demonstrating the specificity of interaction needed
for differentiation (Allison et al. in 1993). These finding were recently supported by
Armbruster et al. (2013) who identified that excess glutamine was a strict requirement for
swarming.
Swarmer cells also showed chemotactic attraction to glutamine, whereas swimmer
cells did not (Allison, 1993, Belas, 1996). It has been postulated that attraction to
glutamine is closely linked to pathogenicity of P. mirabilis, and in particular the activity of
bacterial protease. On invasion of epithelial cells, protease action breaks down cells and
liberates glutamine within the host tissues. The glutamine attracts the P. mirabilis swarmer
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cells to the site of cellular damage, and they can then invade deeper tissues of the urinary
tract (Fraser et al. 2000).
Other amino acids such as L-arginine, L-glutamine, DL-histidine, malate, and DLornithine have recently been shown to promote swarming on several types of media, and
the analysis of isogenic mutants revealed that swarming in response to these cues required
putrescine biosynthesis and pathways involved in amino acid metabolism (Armbruster et
al. 2013). Hay et al. (1997) suggested that these amino acids may act on the transcriptional
regulator lrp which regulates over 200 genes in E. coli and also highly expressed in
swarmer cells. Lrp seems to be important in flagella production by upregulating the flhDC
operon, thus regulating flagella biosynthesis and swarming (Armbruster et al. 2013, Fraser
et al. 2000 Hay et al. 1997). This regulator therefore seems to be involved in instigating
gene expression for differentiation in response to amino acids present (Armbruster et al.
2013, Hart and Blumenthal, 2011, Fraser et al. 2000 Hay et al. 1997). The use of glutamine
and other compounds as a bacterial cell-cell interaction molecules has also been
hypothesized, and it may also be involved in the cells ability to sense environmental cues
such as population densities, an important factor as swarmer cells are unable to swarm in
solitary (Belas, 1996). A high population density furthermore enhances the ability of cellcell communication (Lominski and Lendrum, 1947).
Although convincing cell communication systems have yet to be identified in P.
mirabilis, and their role in swarming in this organism remains elusive, it is likely that such
systems incorporate the sensing of amino acids in some way as these appear to regulate
swarmer cell differentiation (Armbruster et al. 2013). Belas et al. 1996 postulated that
quorum sensing could also affect migration and consolidation. They found membrane
sensor histidine kinase expression in mutants correlated with increased swarming motility,
and claimed that the kinase acts as a sensor of the external environment (Belas, 1996).
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Furthermore, it was suggested that cell signalling molecules that could act on the kinase
may be destroyed in a cyclic fashion causing phases of differentiation, migration and
consolidation (Belas, 1996).
1.4.1.2. Migration

Migration occurs as a result of co-ordinated multicellular behaviour by groups of
differentiated swarmer cells (Belas, 1996, Jones et al. 2005). After cell differentiation,
cells align on the outer surface of their colonies in a highly ordered fashion. The elongated
cells of the swarm front are held together by flagella filaments forming helical connections
(see Figure 1.7.) (Jones et al. 2004). Mutants not producing swarmer cell “rafts” failed to
swarm across solid surfaces and catheter biomaterials (Jones et al. 2004). Hay et al. (1999)
showed that P. mirabilis mutants with abnormal cell morphology, for example those with
curved cells, could not align and did not swarm; supporting the theory that cell
morphology and organisation are vital for migration of P. mirabilis swarmer cells.
It has further been proposed that the EPS matrix produced by swarmer cells reduces
friction during the migration process, and mutants defective in the ability to produce EPS
differentiated, however, they did not migrate (Gygi et al. 1995).
1.4.1.3. Dedifferentiation and consolidation

Williams and Schwarzhoff (1978) postulated that the duration of the swarm cycle is
dependent on the internal energy stores of each cell. Swarmer cells do not actively produce
energy but use stored carbon sources and as these stores are depleted, cells begin to dedifferentiate (Williams and Schwarzhoff, 1978). The bacterial cells then enter the so called
consolidation phase (Belas, 1996, Fraser et al. 2000).
Although consolidation was once considered a resting stage, recent research has
shown, that P. mirabilis is considerably more metabolically active during consolidation
than it is during migration indicated by a surge in overall gene expression (Pearson et al.
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2010). Utilising microarray studies, the group identified that the genes that are most highly
upregulated during consolidation include those encoding proteins involved in nutrient
uptake and amino acid import and synthesis (Pearson et al. 2010). It has been postulated
that bacterial cells in the consolidation phase replenish their energy stores by stockpiling
nutrients for the next round of the swarm cycle (Armbruster et al. 2013, Pearson et al.
2010).
Overall, there is uncertainty over the role of swarming in the pathogenicity of P.
mirabilis CAUTI. While studies have isolated swarmer cells from the upper urinary tract of
infected mice and it has been suggested that they are required for colonisation of these
tissues (Allison et al. 1994, Allison et al. 1992), Jansen et al. (2003) were unable to isolate
such swarmer cells from the CUT. Jones et al. (2005) furthermore identified that swarming
is not directly involved in biofilm formation on catheters (Jones et al. 2005).
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Figure 1.7. Helical connections formed by P. mirabilis swarm fronts
The swarmer cell “rafts” are linked by helical connections formed by the peritrichous
flagellar of swarmer cells. The rafts are necessary to facilitate swarming in a coordinated
manner. (Image copied with the permission of B.V. Jones, Jones et al. 2004)
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It has however been proposed that swarming motility in P. mirabilis may have a
role in the initial colonisation of the catheterised urinary tract as it allows migration across
catheter surfaces (Jones et al. 2005, Jones et al. 2004, Stickler and Hughes, 1999). Catheter
bridge models were developed by Stickler and Hughes (1999) in order to assess the ability
of bacteria to swarm over urinary catheters. They established the involvement of swarming
in the colonisation of urethral catheters as P. mirabilis was able to swarm across several
catheter biomaterials including all-silicone and hydrogel. It has therefore been suggested
that swarming motility may aid the initial colonisation of the catheter from the perineum or
from the catheter drainage bag (Sabbuba et al. 2002, Stickler and Hughes, 1999).
Although the exact extent to which the swarming motility of P. mirabilis
contributes to virulence in the CUT remains unknown, it seems reasonable that the
swarmer cell is an important cell type in some stages of P. mirabilis infections. This
observation is also upheld by the increased expression of virulence factors during
swarming, such as the increased urease activity. Although swarming may not be directly
involved in catheter blockage, the upregulation of urease activity may accelerate the
formation of crystalline biofilms by generating an alkaline microenvironment more rapidly
(Rather, 2005, Stickler and Hughes, 1999).
1.4.2. Urease production by P. mirabilis

The urease gene cluster of P. mirabilis, which comprises ureRDABCEFG, produces
a cytoplasmic nickel metalloenzyme that is positively regulated by the promoter UreR and
repressed by a nucleoid-associated protein H-NS45–52 (H-NS) (Dattelbaum et al. 2003,
Poore and Mobley, 2003, Coker et al. 2000, Mobley et al. 1995, Nicholson et al. 1993,
Jones and Mobley, 1988, Jones and Mobley, 1987). Urease production is tightly regulated,
as UreR and H-NS compete for the same regulatory region upstream of ureD. Under
conditions such as the ones encountered in the CUT, i.e. at body temperature and increased
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concentrations of urea, H-NS is repressed, allowing UreR to activate urease expression
(Poore and Mobley, 2003).
The urease enzyme of P. mirabilis is significantly upregulated (~25 fold) upon
exposure to urea (Stickler et al. 1998, Mobley and Warren, 1987, Mobley 1996). Studies
have shown that P. mirabilis urease is highly active and hydrolyses urea 6-10 times faster
than that of most other bacteria species (Mobley and Warren, 1987). Stickler et al. (1998)
stated that this upregulation is characteristic of P. mirabilis and greatly increases virulence
in the CUT by enhancing the ability of this mutant to form crystalline biofilms (Mobley
and Warren, 1987).
The urease enzyme contributes to crystalline biofilm formation by hydrolysing the
urea from urine to ammonium and carbon dioxide creating an alkaline environment. This
facilitates the mineralisation of biofilms by precipitation of calcium hydroxyapatite and
struvite crystals (see Figure 1.8.) (Mobley, 1996, Stickler et al. 1996, Mobley and Warren,
1987).
Burall et al. (2004) recently identified that a urease-negative mutant disrupted in
the ureF gene was completely out-competed by the wild type in a mouse model of the
ascending urinary tract. Although the study showed the importance of urease in infection
with P. mirabilis, the model is not representative of the early infection caused by P.
mirabilis on catheters. However, it may suggest another possible function of urease;
urothelial cell damage (Mobley, 1996, Johnson et al. 1993).
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Figure 1.8. Hydrolysis of urea
Urea diffuses across the bacterial cell membrane and is hydrolised by urease generating ammonium ions which in turn increase the urinary pH.
Carbon dioxide may produce carbonic acid, however, this weak acid does not sufficiently counteract the pH increase caused by the release of
ammonia.
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Johnson et al. (1993) also observed a urease negative mutant with significant
reduction in virulence. This mutant was found to be particularly attenuated in the
colonisation of kidney tissues and did not cause pyelonephritis as opposed to the wild type.
The group therefore hypothesized that the urease enzyme was also the cause of
considerable renal pathology (Johnson et al. 1993).
1.4.3. Catheter blockage and stone formation

As previously noted, P. mirabilis is the most common cause of catheter blockage in
long-term catheterised patients ownig to its highly active urease enzyme (Stickler et al.
1998, Mobley and Warren, 1987, Mobley 1996). Catheter blockage is caused by the
mineralisation of biofilms leading to the accumulation of crystalline material in the
catheter lumen (described above) (see Figure 1.9.).
Two major complications arise from catheter blockage, firstly catheter can start to
bypass urine causing leakage and incontinence. The urine in turn may irritate the skin,
which is a particular risk in bedbound patients as they may develop bed sores. More
importantly however, catheter obstruction can lead to urinary retention, resulting in
episodes of pyelonephritis with often detrimental outcomes for patients, such as
glomerulonephritis, sepsis and shock as previously mentioned (Stickler and Feneley, 2010,
Stickler, 2008, Stickler and Zimakoff, 1994, Kunin, 1992).
Studies have identified that certain patients are prone to catheter blockage, and
catheter blockage commonly re-occurs in these individuals even after antibiotic treatment
and catheter replacement. Kunin (1989) described these long-term catheterised patients as
“blockers” (Kunin, 2006, Kunin, 1989). Blockers often develop another complication,
namely bladder and infection stones.
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These calculi are composed of the same material as the catheter encrustation,
namely hydroxyapatites and struvites, and can be found in the bladder as well as within the
urinary tract, where they serve as a reservoir for infection (Kunin, 2006, Stickler and
Zimakoff, 1994, Cox and Hukins, 1989). It is believed that P. mirabilis cells are protected
from antimicrobials within these infection stones as they cannot diffuse through the dense
crystalline material (Stickler and Feneley, 2010, Stickler, 2008, Kunin, 2006, Stickler and
Zimakoff, 1994, Johnson et al. 1993, Cox and Hukins, 1989).
Although crystalline biofilm formation has been identified as one of the main
complications of P. mirabilis CAUTIs, research in the underlying genetic regulation and
pathways involved in this process remains insufficient. A very small selection of genes has
however been associated with crystalline biofilm development, such as the urease operon
described above, as well as some membrane transporters and attachment proteins, although
these were tested in relatively simple biofilm models which may or not be representative of
the in vivo situation in the CUT (O’May et al. 2009, Jansen et al. 2004, Mobley and
Warren, 1987).
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Figure 1.9. Catheter blockage
(a) Shows a photograph of an encrusted catheter, highlighting the susceptibility of the catheter eyehole to blockage. (b) Shows a scanning
electron micrograph (SEM) of a dissected encrusted catheter. (c) Shows a SEM of a cross section of an encrusted catheter. All images were
obtained during the present study.
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1.5. Hypothesis and aims
The overall objective of this project is to elucidate functions of genes and pathways
important in the pathogenesis of P. mirabilis in the CUT leading to catheter blockage.
Biofilm formation, swarming, urease activity, the persistence of P. mirabilis in the CUT,
and the regulation of these complex processes will be investigated. Revealing the
mechanisms, underlying genetic regulation, and environmental sensing of these phenotypic
traits in relation to crystalline biofilm formation may provide a greater understanding of
these virulence attributes and their role in P. mirabilis CAUTI and catheter blockage.
In particular novel genes involved in crystalline biofilm formation will be
identified, which will aid the discovery of new therapeutic targets and facilitate the
development of strategies to control P. mirabilis CAUTIs.

In order to achieve these goals the following investigations will be performed:
1. Random large scale mini-Tn5 transposon mutagenesis
Screening of a mini-Tn5 transposon mutagenesis for biofilm forming ability will
give rise to a variety of mutants of interest. Mutants with extreme phenotypic
changes as compared to the wild type will then be selected for sequencing in order
to obtain gene identifications. The identification of genes resulting in differing
biofilm phenotypes will provide a global overview of genes and pathways involved
in this pathogenicity trait.
2. Phenotypic characterisation
Phenotypic characterisation of transposon mutants such as the analysis of swarming
and urease activity will give an insight into the relationships of genes disrupted and
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selected phenotypic traits. Furthermore, these phenotypic characteristics can be
correlated to the ability of transposon mutants to block catheters.
3. Models of infection
In order to relate the genes identified back to virulence of the mutants in a situation
more closely resembling the CUT, studies utilising models of infection will take
place. The outcome of these models will help identify relationships between
virulence attributes such a biofilm formation, swarming, as well as urease activity
and catheter blockage. Furthermore, it is hoped that they will aid the identification
genes that are specifically involved in catheter blockage.
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Chapter 2: Methods
2.1. General microbiological methods
2.1.1. Bacteria cultivation and culture media

Bacteria were grown in Luria-Bertani (LB) broth (Oxoid Basingstoke, Fisher
Scientific Loughborough, Sigma Aldrich Gillingham, UK) with agitation at 130 rpm or LB
agar (LB liquid media supplemented with 1.5% (w/v) technical grade agar (Oxoid
Basingstoke, UK)) at 37°C unless otherwise stated. Swarming motility was inhibited by
lack of NaCl in solid media in order to obtain single colonies on either MacConkey agar
without salt (Oxoid), or no salt LB (NSLB) agar (Yeast extract 5 g L-1, Tryptone 10 g L-1
and Agar 25 g L-1). A soft agar was used for the analysis of swimming motility containing
LB liquid media supplemented with 0.3% (w/v) technical grade agar. Bacterial cultures
were grown in sterile plastic ware such as 50 mL and 15 mL centrifuge tubes (VWR
Lutterworth, UK), 30 mL plastic universal tubes (Fisher Scientific) or sterile glass
universal bottles (30 mL). Cultures between 5-15 mL were routinely cultivated unless
stated otherwise. Antibiotic selection was added to media where appropriate.
2.1.2. Storage of bacteria

Frozen stocks of bacteria were stored in 8% dimethyl sulphoxide (DMSO) (w/v)
(Fisher Scientific). Bacteria were cultivated on MacConkey agar without salt or NSLB
agar at 37°C overnight (O/N). The following day cells were harvested using sterile cotton
swabs and re-suspended in 1 mL sterile LB broth supplemented with 8% DMSO and stored
at -80°C in 2 mL screw cap tubes (Fisher Scientific). Wells of 96-well microtiter plates
were filled with 100 µL of LB broth and inoculated with transposon mutants and incubated
at 37°C O/N. The following day, 96-well dishes were filled with an additional 50 µL of
sterile 30% glycerol (Fisher Scientific) making a final volume of 150 µL with a final
concentration of 10% glycerol. Plates were stored at -80°C. Bacteria were revived from
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freezer stocks when required. A working stock of bacteria was maintained on agar plates
stored at 4 °C for up to seven days.
2.1.3. Enumeration of bacteria

Viable counts were carried out on MacConkey agar without salt or NSLB agar
using the Miles and Misra method (Miles et al. 1938). Plates were dried thoroughly before
use. The bacteria were serially diluted from 10-1 to 10-7 mL. The agar plates were divided
into zones labelled 10-1 to 10-7 depending on dilutions of interest. Three 10 µL aliquots of
each dilution were dropped onto the agar in the marked zones, ensuring appropriate
spacing between sites of inoculation to prevent drops from merging. This was carried out
in triplicate for each viable count. The mean of the nine values obtained for each viable
count was used to calculate the colony forming units per 1 mL of inoculum (CFU mL-1).
2.1.5. Statistical analysis

All experiments were carried out in triplicate and all mean values, as well as
standard errors of the mean, have been indicated. All statistical analysis was performed
using Microsoft Office Excel, GraphPad Prism 5 (GraphPad Inc, CA, USA), and Minitab
15 (Minitab Inc, PA, USA). The data generated using 96-well microtiter plates was
assessed using a general linear model at a 95% confidence interval. Other tests included
correlation studies using Pearson or Spearman correlation. Dunnett’s post hoc analysis was
routinely utilised.

37

2.1.4. Bacterial species, strains and plasmids

Table 2.1. Bacterial species, strains and plasmids
The table shows bacteria species, strains, plasmids used during this study. Km indicates kanamycin.
Species/Strain/Plasmid
Escherichia coli
Mini-Tn5Km2

Antibiotic
selection

Source

Km 50 µg mL-1

Microscience Ltd, Wokingham, UK

Origin

Proteus mirabilis
B4

Dr. Morris and Dr. Sabbuba, Cardiff University, UK

Clinical isolate

HI4320

Pearson et al. (2008)

Clinical isolate

U6450

Gygi et al. 1995a

Clinical isolate

B4 Mini-Tn5 transposon mutants

Km 50 µg mL-1

Jones, (2004)
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2.2. General molecular biology methods
2.2.1. Gel electrophoresis

DNA was separated using agarose gel electrophoresis. Fragments were separated
using the Fisher varigel maxi system, or the Biorad sub-cell GT MINI electrophoresis
tanks and a Biorad powerpack 300. Standard agarose gels contained 1% agarose (w/v)
(Sigma Aldrich) in 1 x tris-acetate ethylenediaminetetraacetic acid (EDTA) buffer (TAE)
(50 x TAE solution, Fisher Scientific) unless stated otherwise. Agarose concentrations
used for fragments over 10 kB were higher at 2% (w/v). Fragments were separated at a
voltage of between 70 and 100 V in 1x TAE buffer. DNA was subsequently stained with
ethidium bromide (EtBr) in 1x TAE at a final concentration of 0.6 µg mL-1 EtBr, for 15-20
min at RT. Fragments were visualised using UV transluminescence in a Syngene
INGENIUS Gel Documentation system (Syngene, Cambridge, UK).
2.2.2. Polymerase chain reaction (PCR)

Thin walled, flat capped 0.2 mL PCR tubes (VWR) were used for PCR reactions.
Several different thermal cyclers were utilised (MJ Research PT-200 or Biorad icycler).
Taq polymerase (Qiagen) was routinely used during this study.
Each 25 µL reaction contained 13.4 µL nuclease free water, 5 µL 5x Q solution, 2.5
µL 10x buffer (containing 15 mM MgCl2, giving 1.5 mM MgCl2 per reaction), 1.5 µL
primer mix (10 [pmol] of forward primer: 10 [pmol] of reverse primer), 0.5 µL dNTPs (10
mM, giving 0.2 mM dNTPs per reaction), 0.2 µL Taq (5 U/µL, giving 0.04U per reaction)
and 2 µL of DNA template for one reaction.
Taq polymerase standard protocol:
Stage1 (1x):

95°C for 5 min

Stage 2 (30x): Primer specific anneal temperature (AT) for 45 sec
72°C for 1 min
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94°C for 30 sec
Stage 3 (1x): 72°C for 5 min
Stage 4 (1x): 4°C
DNA amplified was usually at a concentration between 10-100 ng µL-1 unless
stated otherwise. A negative control substituting the DNA template with 2 µL sterile
deionised water (SDW) was included in all PCR runs, in order to confirm purity of
reagents used. Concentrations of MgCl2 and MgSO4 may be adjusted to increase
stringency of primers, but no additional magnesium compound was added unless stated
otherwise. Primers used and ATs varied between reactions and are outlined in table 2.2.,
PCR products were visualised using gel electrophoresis (2.2.1.).
2.2.3. DNA restriction digest

Restriction endonucleases were purchased from Promega and New England
Biolabs (Southampton and Ipswich, UK). Each 50 µl reaction contained 19 µL SDW, 4 µL
10x buffer, 1 µL BSA (10 µg µL-1, giving 0.2 µg per reaction)), 1 µL restriction
endonuclease (10U µL-1, giving 0.2U per reaction) and 15 µL of DNA. DNA was usually
at a concentration of between 20-200 ng µL-1 for plasmids, or 400-1000 ng µL-1 for
genomic DNA unless stated otherwise. Incubation was carried out for approximately 18 h
at 37°C after which enzymes were heat inactivated according to manufactures instructions.
Restriction endonucleases were typically purchased at a concentration of 10 U µL-1 unless
stated otherwise. Products were visualised using gel electrophoresis (see section 2.2.1.).
2.2.4. Plasmid preparation from Escherichia coli

Plasmid preparation from E. coli was carried out using the Qiagen QIAprep Spin
Miniprep kit (Qiagen). 5 mL of an O/N culture was centrifuged (Thermo electron
corporation, Heraeus Labofuge 400R) at 3000 g for 10 min at RT to pellet the bacterial
cells.
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Table 2.2. List of primers used during this study
All primers were obtained from Eurofins MWG Operon. *variable indicates use of degenerate primers as the exact site of mini-Tn5 transposition
is unknown products may vary in size
Primer name
Sequence 5’-3’
AT ( °C) Product and origin if applicable
pUT co-insertion:
pUTbla F1

CGTTCATCCATAGTTGCC

51

1036 bp portion of pUTKm and most of bla
gene, (Jones, 2004).
1036 bp portion of pUTKm and most of bla
gene, (Jones, 2004).

pUTbla R1

GGAAGCCCTGCAAAGTAA

51

1
2a
2b
2c
3
4
RT-PCR and 16S:

TTTTTACACTGATGAATGTTCCC
GGCCACGGGTCGACTAGTANNNNNNNNNNAGAG
GGCCACGGGTCGACTAGTANNNNNNNNNNACGCC
GGCCACGGGTCGACTAGTANNNNNNNNNNGATAT
CGGATTACAGCCGGATCCCCG
GGCCACGCGTCGACTAGTAC

30, 43
30, 43
30, 43
30, 43
43
43

variable*, (Jones, 2004).
variable*, (Manoil, 2000).
variable*, (Manoil, 2000).
variable*, (Manoil, 2000).
variable*, (Jones, 2004).
variable*, (Manoil, 2000).

ABBF1.4E4F1

TACGAAGGTGGGTCAAATGC

53

ABBF1. 4E4R1

ACCAGGCTCTAATCGCTGAA

53

156 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
156 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.

Transposon mutant
sequencing:
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A6GmkF

ATGCCTGAAGCTCGCAGTAT

53

A6GmkR

CAGCAAGCGCAGTATTGAAA

53

D11FtskF

TCAAGCACAGATGGCTCAAC

53

D11FtskR

TCAAGTGATGGCATTGGTGT

53

H110234F

GTCGAAGTCGCCAAAACATT

53

H110234R

GCCTGTAAAAATGCCGTTGT

53

NHBFA5F1

TGCAGATGCTCTTATCACCG

53

NHBFA5R1

CCACGCTTTCAGGCATAAAT

53

NHBFE8F1

CTCACTCGATTAATTCCCCG

53

NHBFE8R1

TGAATCGCTCTTATCCAGCA

53

NHBFF9F1

GGCTAGCAGGCTTTACAGGA

53

NHBFF9R1

TTAAGCAACAAAGTGCTGCG

53

NHBFG8AF1

AATTCTCCACAAGGGGTCAA

53

190 bp portion of the gene adjacent to the one
disrupted in mutant DLD1A6, this study.
190 bp portion of the gene adjacent to the one
disrupted in mutant DLD1A6, this study.
153 bp portion of the gene adjacent to the one
disrupted in mutant DLD1D11, this study.
153 bp portion of the gene adjacent to the one
disrupted in mutant DLD1D11, this study.
212 bp portion of the gene adjacent to the one
disrupted in mutant DLD1H11, this study.
212 bp portion of the gene adjacent to the one
disrupted in mutant DLD1H11, this study.
257 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
257 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
151 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
151 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
240 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
240 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
193 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
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NHBFG8AR1

CCACCCAGATAAGAAAGGCA

53

NHBFG8F1

ATGTACGCGGTTTTCCAAAG

53

NHBFG8R1

TTACGGCTGTGTTTACGACG

53

NHBFH5F1

GAAGCGGCAAAAGCATTAAG

53

NHBFH5R1

ATTAGTACCGGCACACCTGC

53

NHSA3F1

TGCACCTATTGCTTCTCGTG

53

NHSA3R1

TACCCGCAGGTAATAGCCAG

53

NHSC9F1

GGGGGAACCCTTCTTTTCTA

53

NHSC9R1

CTGAATAGGTGTGCCCTGCT

53

NHSE5F1

GCAAGAGATTGCGGAGAAAC

53

NHSE5R1

ACAGAATGGCTTGTTGAGGG

53

NHSG5F1

GTCAAAGCGCGTCGTTTAAT

53

NHSG5R1

ACCAATCCATAATACGGCCA

53

193 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
254 bp portion of the second gene adjacent to
the one disrupted in this mutant, this study.
254 bp portion of the second gene adjacent to
the one disrupted in this mutant, this study.
299 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
299 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
260 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
260 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
118 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
118 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
192 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
192 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
229 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
229 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
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NHSH1F1

TGGACTTGATTGTGATAGCCC

53

NHSH1R1

TCTGCAGTAGAGCCAAGCAA

53

STS7.4A4F1

TGAGCAACAAGCACAGTTCC

53

STS7.4A4R1

GCCTGAGAGGCTTTAGCAGA

53

STS8.1D7GAL1

CTGGTGGAGCAAGATCAGGT

53

STS8.1D7GAR1

AACGCACACTGACGGTATTG

53

1492R

TACGGYTACCTTGTTACGACTT

56

27F

AGAGTTTGATCMTGGCTCAG

56

249 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
249 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
249 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
249 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
259 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
259 bp portion of the gene adjacent to the one
disrupted in this mutant, this study.
~1500 bp portion of the 16S gene, (Lane et al.
1985)
~1500 bp portion of the 16S gene, (Lane et al.
1985)
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The supernatant was then removed and the plasmid preparation carried out to manufactures
instructions including all optional steps in the handbook. All centrifugation steps
performed during the protocol were at 17,000 g in a Thermo Scientific Heraeus pico17
micro centrifuge. All plasmids were eluted in 30-50 µL of SDW, quantified using the
nanodrop (Nanodrop 2000 spectrophotometer, Thermo Scientific), and were stored at 20°C.
2.2.5. Chromosomal DNA preparation

Cells from 1.5 mL of an O/N culture were harvested by centrifugation at 17,000 g
for 1 minute at RT. The supernatant was discarded and the pellet was re-suspended in 200
µL T50E50 buffer (50mM Tris pH8, 50mM EDTA), and then lysed O/N in 900 µL sodium
deodecyl sulphate (SDS) lysis buffer (1% SDS, 50mM Tris, 50mM EDTA) at RT with
shaking. The following day, cellular debris and proteins were precipitated by the addition
of 200 µL saturated ammonium acetate. The DNA was then extracted using 500 µL of
chloroform and precipitated in 100% ice cold ethanol for at least 1 hour. The chromosomal
DNA was harvested by centrifugation at 17,000 g at RT for 25 min and washed in 500 µL
70% ethanol. The pellet was then dried for 30 min at RT before, being re-suspended in 3050 µL of SDW, quantified using the nanodrop, and stored at -20°C.
2.2.6. Gel extraction

DNA fragments separated by agarose gel electrophoresis (2.2.1.) were purified
from the gel matrix using the Qiagen QIAquick Gel Extraction kit (Qiagen) according to
manufacturer’s instructions including all optional steps described in the handbook.
Fragments of interest were cut from the gels using a sterile scalpel and transferred into
sterile microcentrifuge tubes. All centrifugation steps performed during the protocol were
at 17,000 g. All extracts were eluted in 30-50 µL of SDW, quantified using the nanodrop,
and were stored at -20°C.
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2.2.7. Purification of DNA
2.2.7.1. Purification of DNA from PCR reactions and small DNA fragments (<10kb)

DNA from PCR reactions and small DNA fragments were purified using a
QAIquick gel extraction kit (Qiagen) for use in subsequent molecular biological methods.
Where the manufacturer’s protocol states three times the weight of the gel piece, three
times the volume of the DNA solution was used. All subsequent steps were carried out to
manufactures instructions and all steps in the handbook were carried out. All centrifugation
steps performed during the protocol were at 17,000 g. All plasmids were eluted in 30-50
µL of SDW, quantified using the nanodrop, and were stored at -20°C.
2.2.7.2. General method for the purification of DNA

Larger DNA fragments (≥10kb) were purified by chloroform extraction and ethanol
precipitation. DNA solutions were supplemented with one third volume of saturated
ammonium acetate unless stated otherwise, and the final volume was made up to 200-300
µL with SDW. 200 µL of chloroform was then added and shaken vigorously. Tubes were
centrifuged at 17,000 g for 1 minute and the aqueous phase was removed and added to a
1.5 mL DNA low bind tube. DNA was precipitated in three volumes of 100% ice-cold
ethanol and incubated at -20°C for a minimum of 1 hour. The tubes were centrifuged at
17,000 g for 30 min in order to pellet purified DNA. The supernatant was discarded and
the pellet was washed with 500 µL of 70% ethanol and dried at RT for 30 min. DNA was
then re-suspended in SDW, quantified using the nanodrop, and stored at -20°C.
2.2.8. Transformation of E. coli

Chemically competent E. coli were prepared or gently thawed on ice. 100 µL of
competent cells and a maximum of 10 µL of DNA containing between 50-200 ng µL-1
were combined in a 0.2 mL thin walled PCR tube, mixed gently and incubated on ice for at
least 15 min. Cells were then heat shocked in a waterbath at 42°C for 50 sec, and placed on
ice for an additional 2 min.
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To increase transformation frequency highly nutritious super optimal broth with
catabolite repression (SOC broth) (5 g L-1 yeast extract and 20 g L-1 tryptone) was
supplemented with 10 mM MgSO4 and MgCl2 as well as 20 mM of glucose. 100 µL of
supplemented SOC broth was added into the PCR tube containing the transformed
bacterial cells. The transformed E. coli and SOC broth were then transferred to a sterile
plastic universal tube and an additional 800 µL of SOC broth was added. Cells were
incubated for 1-2 h with aeration at 37°C. 100 µL of the suspension was serially diluted
and the 10-fold dilutions, as well as the concentrated bacterial suspension, were
subsequently plated onto LB agar with appropriate antibiotic selection and incubated at
37°C O/N.
2.2.9. Dephosphorylation of plasmid vectors

To reduce self-ligation, linearised plasmid vectors were treated with shrimp
alkaline phosphatase (SAP) (Promega) to catalyze the dephosphorylation of 5’ phosphates.
SAP was added at a concentration of 1 U µg-1 per 1 µg of vector DNA, SAP buffer was
added to manufactures instructions and the reaction made up to 30-50 µL. The reaction
was incubated at 37°C for 15 min and subsequently heat inactivated at 65°C for 15 min.
2.2.10. Ligation of DNA fragments

For a ligation with T4 ligase, vector and insert were added at concentration of
between 300-500 ng µL-1 linearised DNA into 0.2 mL thin walled PCR tubes and heated to
50°C in a waterbath for one minute. The ligation was set up according to manufacturer’s
instructions, 20 µL reactions contained 2 µL of 10 x ligation buffer and 2 µL of T4 ligase
(1 U µL-1, giving 0.02U per reaction) and differing volumes of vector, insert (ratios of 1:1,
1:2 or 2:1 were commonly applied after optimisation) and SDW to a final volume of 20
µL. The ligation was then incubated at 15°C for 18 h in a thermocycler (Biorad icycler),
and heat inactivated at 70°C for 10 min the following day.
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Chapter 3: Transposon mutagenesis and screening for the identification
of genes involved in biofilm formation in P. mirabilis
3.1. Introduction
Molecular genetic approaches are utilised to investigate the basis of a bacterial
phenotype, and many different approaches are routinely used some of which are
summarised in Figure 3.1. (Dale and Park, 2010, Burrack and Higgins, 2007, Hensel and
Holden, 1996). In recent decades, molecular genetic approaches have elucidated many
genes involved in the resistance and pathogenicity of different bacterial species including
virulence factors and other complex behaviours associated with the infection process, such
as biofilm formation and swarming (Belas et al. 1998, Kalman et al. 1999, Pratt and Kolter
1999, Jones et al. 2004, Brzuszkiewicz et al. 2006).
A major step in enhancing the use of the molecular genetic approaches has been the
sequencing of bacterial genomes, such as P. mirabilis HI4320 (Pearson et al. 2008). The
information obtained by sequencing genomes has been used for the comparative analysis
of bacterial genomes using bioinformatic tools, identifying conserved genes among strains,
as well as predicting the function of genes based on known virulence factors (Raskin et al.
2006, Burrack and Higgins, 2007). For instance Brzuszkiewicz et al. (2006) analysed the
genetic basis of urovirulence of E. coli UPEC strain 536 (O6:K15:H31) by comparing its
sequence to that of UPEC strain CFT073 (O6:K2:H1) and other available genomes of nonUPEC E. coli strains. Interestingly the two UPEC strains differed greatly from each other
in genome size and genetic diversity, and the group identified that instead of a common
virulence mechanism, different pathways exist among these UPEC strains to cause disease
showing how supposedly closely related strain may acquire a variety of novel virulence
factors over time (Brzuszkiewicz et al. 2006).
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These bioinformatics techniques become of even greater use when applied to
bacterial species which are not easily culturable or genetically amenable and aided for
instance the identification of a type 3 secretion system in Chlamydia species (Kalman et al.
1999). More recently, bioinformatics comparison of bacterial strains has been coupled to
microarray technology utilising labelled probes for genes of interest (Burrack and Higgins
2007, Raskin et al. 2006). The ability grow anaerobically using citrate for another
opportunistic uropathogen, K. pneumoniae, was analysed utilising microarrays to compare
the sequenced strains MGH 78578, 342, and NTUH-K2044. Data obtained showed a
greater genetic diversity than initially thought and the genomic region containing the
citrate fermentation genes was not universally present in all strains tested, indicating
different pathways for citrate fermentation (Chen et al. 2009).
Similar studies have also been carried out in P. mirabilis analysisng gene
expression profiles during swarming as well as during ascending UTI (Pearson et al. 2011,
Pearson et al. 2010). Pearson et al. (2010) identified that a total of 587 genes were
differentially expressed between vegetative swimmer cells and cells engaging in swarming
and identified that most these gene were upregulated during the consolidation phase.
Global gene expression during infection meant that 471 genes were upregulated and 82
genes were downregulated, and this included genes involved in mannose-resistant Proteuslike (MR/P) fimbriae, iron acquisition proteins as well as genes involved in amino acid
biosynthesis (Pearson et al. 2011). Both of these studies showed that there is clearly scope
to identify genes not previously associated with virulence in P. mirabilis using
microarrays. However, the exact contribution of these genes to virulence will require
follow up experiments.
Directed bacterial mutagenesis or gene transfer is often used to confirm the results
from genome comparison studies (Hensel and Holden, 1996). If a gene is for example
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implicated in pathogenesis, it can be cloned into a vector and transferred into a closely
related, non-pathogenic strain/species, or an attenuated mutant of the same organism which
is known as complementation. The restoration of a previous deletion in these
complementation studies is often a “proof of principle” experiment and has been used in
many bacterial species including P. mirabilis. Li et al. (2002), identified mrpI as the sole
recombinase regulating the phase variation of MR/P fimbriae in P. mirabilis which are
important for bladder colonisation. They created knock-outs for the mrpI recombinase
which resulted in mutants that were either locked on for MR/P fimbriae (resulting in a
more virulent phenotype than the wild type), or locked off for MR/P fimbriae (less able to
colonise bladders in an in vivo model than the wild type). Complementation with an mrpI
element via a plasmid construct restored the ability of the knock-out mutants to produce
MR/P fimbriae at appropriate levels (Li et al. 2002).
3.1.1. Mutagenesis approaches used for the identification and study of bacterial virulence
factors

Mutagenesis approaches have been applied to the study of bacterial pathogenesis
and fall within two general categories; directed and random mutagenesis (Figure 3.1, Table
3.1.). During directed mutagenesis, genes are deleted (Knocked-out), often by homologous
recombination as in the example described earlier (Li et al. 2002). These directed
mutagenesis approaches heavily rely on other molecular genetic approaches such as
bioinformatic approaches and genome comparison, as the gene of interest and its
neighbouring genes firstly need to be identified in order for it to be knocked-out
successfully. Once a gene is implied to have a certain function or to translate a certain
phenotypic trait, the knock-out mutant of the gene should result in an altered strain (Dale
and Park, 2010, Hensel and Holden, 1996).
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Figure 3.1. Summary of molecular genetic approaches developed to analyse bacterial phenotypes.
The Figure briefly outlines some of the molecular genetic approaches used to identify bacterial virulence factors (Dale and Park 2010, Burrack
and Higgins 2007, Raskin et al. 2006, Hensel and Holden 1996). Techniques are often combined to acquire meaningful data about gene function.
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Table 3.1. Bacterial mutagenesis
Mutagenesis Method
approach
In directed mutagenesis approaches, the
Directed
mutagenesis implicated gene could be deleted by
homologous recombination, resulting in a
knock-out mutant not producing this putative
virulence trait. A gene previously implicated
in virulence can also be cloned and re-inserted
into an attenuated mutant restoring the
virulence
trait;
a
process
called
complementation.
Random
mutagenesis

Advantages

Disadvantages

Directed mutagenesis can be used as a
verification tool for other techniques.
Unlike the random mutagenesis
approach, the removal of an entire gene
can ensure that no partial gene
products are translated.

The sequence or location of the gene
to be cloned need to be known, thus
this approach does not aid the
identification of novel genes.

The genome is disrupted at random to create As no prior assumptions about genes The resulting mutant libraries need to
mutants, and mutagenesis can be achieved via are made, new genes associated with be screened and suitable screens to
mutagens or transposons.
virulence traits can be identified.
analyse the virulence trait of interest
need to be identified or developed.
Polar effects can present a problem if
the disruption has an effect on genes
downstream of the disrupted gene e.g.
a gene cluster that relies on all genes
to be transcribed to create a
functioning protein.
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Using
Mutagens

Chemicals such as nitrous acid and ethidium Large numbers of mutants can be
bromide can be used to mutate DNA. Base generated, and especially UV radiation
substitution can cause a change in amino acid is very inexpensive.
sequence altering the protein post translation.
Additions and deletions can cause frameshift
mutations resulting in translation of a different
protein, or complete termination of synthesis.
UV radiation can also be used to mutate
DNA, producing pyrimidine dimers that
cannot be replicated leading to cell death,
unless cellular repair mechanisms commence
which often lead to mutation.

Transposons are naturally occurring mobile
Using
Transposons elements, which have been engineered for
conventional
molecular
genetic
use.
Transposons are normally transferred into
bacterial strains via conjugal transfer often on
suicide delivery vectors. Once the vector
enters the host strain, the transposon can
integrate into the genome at random blocking
expression of any gene disrupted.

Large numbers of mutants are
generated quickly and cost effectively,
and single genomic insertions can be
generated. Transposons tag mutants
with a known sequence facilitating
future analysis of the genome regions
flanking the transposon insertion
aiding the identification of genes
disrupted.

Difficult and labour intensive often
using harmful chemicals or UV
radiation. Multiple disruptions of the
bacterial chromosome are common.
Disruption sites are not easily
identified.

Not commonly used for Gram positive
organisms. Some transposons will
have “hot-spots” for certain genetic
markers which can lead to nonrandom insertion disallowing the
disruption of genes spanning the entire
bacterial genome, and reducing the
ability to identify some virulence
genes. In some cases multiple
insertions occur and in these mutants
it is almost impossible to determine
which disrupted gene caused the
altered phenotype.
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Although knock-out mutants often show an attenuated phenotype, this is not always
the case as indicated in the example by Li et al. (2002), which showed the knock-out
process to create two distinct mutant types. Complementation experiments then need to be
carried out to further substantiate the experiments, restoring the knock–out’s phenotype to
that of the wild type. This way the gene of interest can be directly associated with the
phenotypic trait (Dale and Park, 2010, Hensel and Holden, 1996).
Conversely, random mutagenesis causes random disruptions of the genetic material
of bacteria. It can be carried out with the help of mutagens (chemicals or ultraviolet light)
or transposons. In the case of transposons, the elements create a random mutation by
insertion directly into the chromosome. The presence of this known sequence later
facilitates gene identification (Barnes et al. 2008).Transposon mutagenesis is frequently
used to analyse the genetic basis of virulence factors of unknown genetic origin, or when
multiple genes are involved, and commonly used transposons are outlined in Table 3.2.
Transposons were identified approximately 50 years ago and are mobile genetic elements
that can move between distinct portions of DNA independent of homology in a selfregulated manner. They can transfer between hosts on plasmids, and insert into the host
bacterium’s chromosome using finely tuned transposition machinery generating
transposase proteins (Lehoux et al. 2001, Hamer et al. 2001, Parks and Peters, 2009).
Non-random transposon based approaches, using such transposons as the Tn7
elements with a single, usually neutral gene position, are regularly used in molecular
genetics (Table 3.2.). The mini-Tn7 inserts at an attTn7 site 25 basepairs downstream from
the highly conserved glucosamine-6-phosphate synthetase (glmS) site owing to its finetuned transposition machinery (Craig, 2002, Parks and Peters, 2009, Choi and Schweizer,
2006, McKenzie and Craig, 2006). As the glmS site is highly conserved, the mini-Tn7
transposon mutagenesis approach has a very vast host range (Mitra et al. 2010, Parks and
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Peters, 2009, McKenzie and Craig, 2006). It has been successfully used in species such as
Bacillus subtilus, Burkholderia gladioli and even yeast (Bordi et al. 2008, Somprasong et
al. 2010, Kumar et al. 2004). However, in some bacteria including P. mirabilis, two
attachment sites for the Tn7 element have been elucidated (Choi and Schweizer, 2006). In
P. mirabilis, a secondary attTn7 site is located in the carA gene of the carAB operon.
Transposition events into this secondary site result in arginine and pyrimidine auxotrophs
and can therefore be selected against on minimal media (Choi and Schweizer, 2006). Nonrandom transposon mutagenesis facilitates single-copy gene cloning, complementation, as
well as tagging with reporter genes without causing additional, unknown disruptions to the
host bacterium’s genome (Parks and Peters, 2009, Choi et al. 2005). On the other hand,
random transposon mutagenesis inserts a known genetic sequence (the transposon) into the
host bacterium’s genome causing a single random mutation. These disruptions to the DNA
can then affect the expressed phenotype, which can be screened for changes against the
wild type host (de Lorenzo and Timmis, 1994). In addition to this, the transposon also
“tags” the gene disrupted with a known sequence, aiding the identification of genes and
their location in the organism’s genome (de Lorenzo and Timmis, 1994).
One transposon utilised for the random mutagenesis of many Gram negative
organisms is the mini-Tn5 element shown in Figure 3.2. (de Lorenzo and Timmis, 1994).
The mini-Tn5 was derived from the naturally occurring Tn5 transposon, a large mobile
genetic element including multiple antibiotic resistance genes. For use in molecular genetic
applications, the Tn5 transposon was streamlined by de Lorenzo and Timmis (1994). They
markedly reduced the size of the wild type transposon and included a multiple cloning site.
Furthermore, de Lorenzo and Timmis (1994) removed the transposition machinery (i.e.
transposase) from the Tn5 element, coupling it instead to new suicide delivery systems.
The pUT plasmid suicide delivery vector they created has great applications in Gram
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negative hosts due to its RP4 oriT and transcribes transposase genes (Li et al. 2009, Choi
and Kim, 2009, de Lorenzo and Timmis, 1994, Herrero et al. 1990). The narrow host range
R6K origin of replication means that this vector requires the π protein for replication. Once
in a host bacterium not providing this protein, the pUT suicide delivery vector will cease to
replicate, resulting in the loss of this vector and the transposition machinery. This
generates for a stable transposon insertion into the bacterial genome, greatly reduces the
risk of multiple insertions as well as allowing for subsequent rounds of mutagenesis (Li et
al. 2009, de Lorenzo and Timmis, 1994).
Some transposons used for random transposon mutagenesis are prone to nonrandom insertion events. The Tn5 transposon for example generates duplicates of a nine bp
target sequence when inserting into the host genome. These duplications can occur more
frequently in so called hot-spots which often contain G/C bases on either end or one end.
One hypothesis is that the hot-spot insertions are a site of preferential binding or cleaving
by the transposase enzyme, although other qualities of the host’s DNA could also be
implicated (Lodge et al. 1988). Furthermore, the delivery vectors supplying the transposon
to the bacterium can in some cases be co-inserted, making it difficult for the disrupted gene
to be identified, as sequencing of the regions flanking the transposon yield only vector
sequence instead of that of the disrupted gene. Still, the miniTn5 transposon approach has
proven to be highly successful for mutagenesis of a wide variety of Gram-negative
bacteria, and has shown to generate stable insertions in P. mirabilis which are relatively
low in hot-spots (Belas, 1991).
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Figure 3.2. The pUTmini-Tn5Km2 construct
The plasmid constructed by de Lorenzo and Timmis (1994) includes a mini-Tn5
transposon on a pUT suicide delivery system.

57

Table 3.2. Transposons
Transposon Properties and applications
Mariner transposons such as Himar1 are Drosophila mauritiana derived. They have a simple
Mariner
cut-paste transposition system and insert randomly into the genome. They have been
successfully used in eukaryotes and prokaryotes and have a very broad host range. Successful
mutagenesis includes Gram negatives such as Ps. aeruginosa, Gram positive bacteria like B.
subtilis and some Mycobacteria. Mariner transposons have a very low insertion site specificity
which makes them very useful for the creation of mutant libraries generating a vast amount of
distinct transposon mutants.

Study/Review
Choi and Kim, 2009
LeBreton et al. 2006
Liberati et al. 2006

Mu

Mu is a phage derived transposon and uses replicative transposition by DNA strand cleavage Choi and Kim, 2009
and ligation. The resulting gaps are repaired by the hosts own DNA repair mechanisms, creating Shan et al. 2004
a 5bp duplication of the genetic target site either side of the transposon. Mu based random
mutagenesis has been successfully used in E. coli, Erwinia carovotora and P. aeruginosa. It
requires the bacterial host factor Hu for transposition and is therefore unsuitable for many
organisms.

Tn5

The Tn5 transposon is the most widely used transposon for the generation of random mutant
libraries. It transposes via a simple cut-paste system and after strand repair a 9bp duplication of
the genetic target site either side of the transposon occurs. It has shown to have a high
transposition frequency in Gram negative organism such as P. mirabilis, and creates stable
insertions with limited hot-spots. Belas (1991) firstly described its use in P. mirabilis, and later
on used this approach to identify genes involved in swarming motility (Belas, 1991, Belas and
Suvanasuthi, 2005).

Holling et al. 2014a
Choi and Kim, 2009
Belas and Suvanasuthi, 2005
Jones et al. 2005
Belas, 1991
De Lorenzo and Timmis,
1994

58

Tn7

Tn7s are site-specific transposons and transpose at a unique attTn7 attachment site downstream
of the conserved glmS gene encoding glucosamine-6-phosphate synthetase involved in cell wall
biosynthesis. Due to its site specific nature, bacteria can be tagged with reporter genes, such as
green fluorescent protein (gfp) or the luciferase gene cassette (luxABCDE). The Tn7 approach
has been widely used in many Gram negative bacteria; however it has been shown that species
such as P. mirabilis and Burkholderia spp. have multiple insertion sites for this transposon. The
glmS gene is found in all organisms, including humans, and could be used as a generic tool for
genetic manipulation.

Somprasong et al. 2010
Choi and Kim, 2009
Bordi et al. 2008
Choi and Schweizer, 2006
Kumar et al. 2004
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3.1.2. Bioinformatic analysis of sequence data.

In order to identify genes disrupted by random transposon mutagenesis DNA
regions flanking the transposon insert are sequenced. A PCR based technique for the
amplification of genes disrupted by transposon mutagenesis was developed by Manoil
(2000). They firstly optimised the two step PCR technique for the identification of
ISphoA/hah insertions in E. coli. During the PCR, the chromosomal DNA on either side of
the transposon (flanking regions) is amplified, and once sequenced and analysed should
give the identification of the gene that has been disrupted by the transposition event. The
PCR approach heavily relies on the specific sequence of the transposon, as the primers
read outwards from the known transposon DNA into the bacterial chromosome. The other
primers used are degenerate, and can attach at a variety of locations within the
chromosome of the bacterium of interest, reading towards the transposon (see Figure 3.4.).
Once the transposon flanking region is amplified, the transposon specific primers can be
used for sequencing (Manoil, 2000).
The sequencing using the transposon specific primer described by Manoil (2000),
together with a gene cloning approach has previously been carried out on P. mirabilis B4
in order to obtain the transposon flanking regions (Jones et al. 2004).
Relating the sequence of the flanking regions to the function of a gene is the next
logical step to obtain the identity of the disrupted gene. For this, flanking regions are
compared to known genomes using the National Centre for Biotechnology information’s
Basic Local Alignment Search Tool (NCBI BLAST, Altschul et al. 1990), allowing the
assignment of putative functions to genes based on sequence homology by comparing them
to a large database of previously identified proteins. BLAST is the most frequently used
bioinformatic sequence similarity search tool, and includes several variations such as the
most commonly used BLASTn for the alignment of nucleotide queries, or BLASTp for the
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alignment of protein sequences (Altschul et al. 1990). As well as leading to putative gene
identification by fast sequence comparison, BLAST also supplies the user with statistical
information such as the e value, a measure of chance of another such sequence alignment
in a database of a given size (Camacho et al. 2009, Johnson et al. 2008, Altschul et al.
1990). Once the putative gene function has been assigned the data need to be represented
using programmes such as BacMap or Sanger’s Artemis and DNA Plotter (Dale and Park,
2010).
The importance in the application of bioinformatics in conjunction with
mutagenesis approaches can clearly be observed in the following example: in 2008,
Pearson et al. successfully sequenced the genome of P. mirabilis strain HI4320, and since
then many genes involved in possible pathogenicity traits of P. mirabilis have been
identified using bioinformatic techniques and comparing to this genome sequence (Pearson
et al. 2008). Himpsl et al. (2008) utilised signature-tagged mutagenesis and identified 37
mutants that were attenuated in their in vivo mouse model of the catheterised urinary tract.
Utilising both, a two-step arbitrary PCR method and a standard cloning approach, they
successfully sequenced attenuated mutants of interest. Utilising BLAST they compared the
sequences obtained to the P. mirabilis HI4320 genome, and identified genes such as the
peptidyl-prolyl isomerases surA, a putative fimbrial operon, as well as several other genes.
Mutants with disruption in these genes were outcompeted by strain HI4320 in co-challenge
competition experiments (Himpsl et al. 2008) indicating the importance of the newly
identified genes in the survival in the urinary tract.
Although the ongoing development of large scale sequencing is vital in order to
learn more about bacterial species and their aetiology, it is important to remember that
sheer unstructured data generation is not constructive (Jolley and Maiden, 2013). In order
to gain the most profit from genome sequence data, the right bioinformatic tools need to be
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applied to acquire informative data, not only for research carried out in studies such as this,
but also for the use in diagnostic laboratories in order to benefit the patient directly. It is
important to remember that the analysis of the data answers the question that is being
asked (Jolley and Maiden, 2013), simplified for this study this means: “what is the identity
of the gene disrupted, which has caused a different phenotype in the high throughput
screens”? Furthermore: “will this different phenotype observed in the high throughput
screens have an effect on the virulence of P. mirabilis in the CUT”?
3.1.2. Hypothesis and aims

The large scale random mini-Tn5 transposon mutagenesis approach aided the
current study in the identification of genes involved in P. mirabilis biofilm formation,
giving a new insight into P. mirabilis virulence.
The main aims of this chapter were:
1. The generation and validation of the mini-Tn5 transposon mutant bank.
2. Screening of the mini-Tn5 transposon mutants for mutants with altered biofilm
formation.
3. Bioinformatic analysis of the mini-Tn5 transposon flanking regions in

order to identify, and functionally annotate, the genes disrupted in
transposon mutants.
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3.2. Methods
3.2.1. Mutagenesis of P. mirabilis B4

The random transposon mutagenesis approach utilized in this study has been
previously described (Jones et al. 2004). The pUTKm2 transposon delivery vector (Figure
3.2.) was transferred to P. mirabilis strain B4 via conjugational transfer from the E. coli
S17.1λpir donor strain. For the transfer of plasmids to P. mirabilis, the donor strains
carrying the plasmid, and the P. mirabilis recipient strain were grown O/N at 37°C with
appropriate antibiotic selection and shaking at 130 rpm unless stated otherwise.
The following day bacteria were harvested by centrifugation at RT at 3000 g for 10
min. The supernatant was discarded and each strain was re-suspended in 2 mL of
phosphate buffered saline (PBS). 1 mL of the donor strain(s) suspended in PBS was added
to a 1.5 mL microcentrifuge tube and pelleted by centrifugation for 1 minute at 17,000 g.
The supernatant was discarded and cells re-suspended in 100 µL of PBS. 100 µL of the
donor strain(s), as well as 100 µL of the recipient strain were combined, mixed, and
centrifuged for an additional minute at 17,000 g in order to harvest the cells. The
supernatant was discarded and the pellet containing donor and recipient strains was resuspended in 100 µL of PBS and dropped onto LB agar supplemented with MgSO4
(10mM). Bacteria were allowed to dry before being incubated at 37°C O/N, unless stated
otherwise.
The following day the bacteria were harvested from the agar plate using a sterile
swab and re-suspended in 1 mL of PBS. 100 µL of the suspension was serially diluted and
the 10-fold dilutions, as well as the concentrated bacterial suspension, were plated onto
MacConkey agar supplemented with kanamycin (30 mg mL-1) and polymyxin (60 mg mL1

) and incubated at 37°C O/N to select for transconjugant colonies.
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3.2.2. Screening for mini-Tn5 transposon mutants altered in their ability to grow

Growth endpoint assays were carried out in order to screen, and compare, the
growth of bacteria strains. Wells of 96-well microtiter plates (Genetix New Milton, UK)
were filled with 100 µL of LB broth (supplemented with antimicrobial selection as
appropriate). The wells were inoculated with ~1-2 µL of bacteria using a 96-pin replicator
(Genetix). The 96-pin replicator was sterilised by immersing in 70% industrial methylated
spirit (IMS) and flaming over a Bunsen. The replicator was allowed to cool and wells were
then inoculated with bacteria using this device. Plates were then sealed loosely in plastic
bags to prevent evaporation of media in wells closest to the edge of the plate (“edge
effect”) and incubated at 37°C O/N. After ca. 20 h, absorbance readings for the plates were
obtained using a plate reader (ASYS UVM 340) at a wavelength of 600 nm. Each screen
was carried out in three replicate experiments. Data were examined as explained in the
statistical analysis Section 2.1.8.
3.2.3. Screening for mini-Tn5 transposon mutants altered in their ability to form biofilms

The two part biofilm assay was used to screen approximately 3840 P. mirabilis B4
mini-Tn5 transposon mutants in a high throughput manner. The screen utilised is based on
the crystal violet biofilm assay originally described by O'Toole and Kolter (1998).
For the assay, untreated 96-well plates were filled with 100 µL of LB broth
(supplemented with antibiotic selections as appropriate). A 96-pin replicator was used to
inoculate plates with 1-2 µL of bacteria culture. Plates were subsequently sealed loosely in
plastic bags to prevent edge effect and incubated at 37°C for ca. 20 h. On day two, bacteria
were removed by inverting plates and wells washed two times with deionised water (DW)
to remove planktonic bacterial cells. Plates were then tapped onto absorbent material and
air dried for 5 min. 120 µL of crystal violet suspension (Pro-Lab diagnostics readymade
solution, Fisher Scientific) was applied to each well and incubated for 15 min at room
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temperature (RT). Wells were then washed three times with DW to remove excess stain,
tapped on absorbent material and air dried for an additional 5 min. 120 µL of DMSO was
then added in order to elute crystal violet from bacterial cells within the biofilm (see Figure
3.3.). Absorbance readings were then obtained on a plate reader at a wavelength of 595
nm. The absorbance (Abs) readings for mini-Tn5 transposon mutants stored in one 96-well
plate were then compared with the mean reading of all mutants obtained for that plate.
Mutants found to be biofilm enhanced (BFE) or biofilm deficient (BFD) with an Abs
reading of 0.1 above or below the plate average, were selected for the second part of the
screen. During the second part, mutants of interest from the initial screen were picked into
new 96-well plates including P. mirabilis B4. The biofilm assay was then carried out as
described above and the Abs readings of mutants compared to that of the wild type
statistically.
3.2.4. Confirmation of loss of transposon delivery vector pUT in mini-Tn5 transposon
mutants:

The exclusion of mutants with a co-insertion of the pUT suicide delivery vector is
crucial for further genotypic investigation of the transposon mutants. As mentioned
previously, the mini-Tn5 transposon tags the transposition site with a known sequence (de
Lorenzo and Timmis, 1994), which facilitates the amplification of the regions flanking the
transposon via conventional cloning approaches and PCR based methods. The co-insertion
of the delivery vector circumvents the identification of flanking regions as merely the
vector sequence would be amplified. Mutants with a co-insertion of the vector pUT are
resistant to ampicillin, as they habour the bla gene based on the vector, meaning that over
2000 bps could have co-inserted either end of the transposon (Figure 3.2).
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Figure 3.3. The biofilm screen
The image shows an example of the biofilm assay including mutants of interest as well as
P. mirabilis B4 in a 96 well plate for comparison purposes. The colours indicate some of
the wells including ■ P. mirabilis B4, ■ BFD, ■ BFE, ■ Blank (without bacteria).
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Initially three methods for the confirmation of the loss of the delivery vector were
compared: 1. sensitivity to ampicillin (100 mg mL-1) in liquid media, 2. sensitivity to
ampicillin (100 mg mL-1) on solid media, and 3. utilising a PCR approach amplifying the
bla beta lactamase gene cassette carried on the transposon vector.
Growth media were prepared and supplemented with 100 mg mL-1 ampicillin and
inoculated with an overnight culture adjusted to an OD 1 (~109 CFU mL-1). Media were
inspected for bacterial growth the following day, and no bacterial growth confirmed loss of
the vector pUT. For the PCR based approach, a standard Taq PCR was carried out as
previously described (section 2.2.2.). Primers and primer specific anneal temperatures are
shown in Table 2.2. and primer binding sites are outlined in Figure 3.2. A negative result
indicated the loss of the delivery vector, and a positive result amplified the 1036 bp
product of the bla gene indicating co-insertion. A positive control containing a plasmid
preparation of pUTKm2 from the E. coli donor strain was included to ensure amplification
of the required product during PCR.
3.2.5. A PCR-based approach for the sequencing of genes disrupted in transposon mutants.

The PCR based approach used in this study was based on that of Manoil (2000) and
a schematic of this approach is outlined in Figure 3.4. The PCR was carried out using Taq
polymerase reagents as described in section 2.2.2., and contained 2 distinct PCR reactions.
Reaction 1 was carried out on genomic DNA extracts of mutants (Section 2.2.5.). The
standard PCR protocol was adapted as follows:
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Stage 1 (1x): 95°C for 5 min
Stage 2 (8x): 94°C for 30 sec
30°C for 35 sec
72°C for 45 sec
Stage 3 (30x): 94°C for 30 sec
43°C for 35 sec
72°C for 45 sec
Stage 3 (1x):

4°C

The amplified DNA was then cleaned up as described in section 2.2.7.1., and
cleaned DNA used as a template for Reaction 2 with the following protocol:
Stage 1 (1x):

95°C for 2 min

Stage 2 (30x): 94°C for 30 sec
43°C for 35 sec
72°C for 45 sec
Stage 3 (1x):

75°C for 5 min

Stage 3 (1x):

4°C

Products were then visualised using gel electrophoresis (section 2.2.1.), before
being sent for sequencing. Products were sequenced at GATC-Biotech (UK) using primer
3 from the cloning-free approach for sequencing (Manoil, 2000).
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Figure 3.4. PCR based approach for the sequencing of disrupted genes in transposon
mutants.
The figure shows a schematic approach of the PCR approach used (adapted from Manoil,
2000). Primers 1 and 2 are used during Reaction 1, and primers 3 and 4 are used during
Reaction 2. Primer 1 and 3 are specific to the transposon, whist primer 2 is a semidegenerate primer which hybridizes to several sites upstream from the transposon. Primer
4 is specific to a unique sequence at the 5’ end of Primer 2. Using this technique, Tn5
flanking regions including the genes disrupted by the insertion of the mini-Tn5 transposon
can be amplified, sequenced and later identified.
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3.2.6. Bioinformatic analysis

Sequences returned from the PCR and gene cloning approaches were
adjusted using the Biological sequence alignment editor BioEdit (Ibis Biosciences,
Carlsbad, USA). Putative identification of disrupted genes was achieved by correlating the
sequence at the transposon-chromosome junction (20-40 nucleotides) to the BLASTn
nucleotide collection (nr/nt) database, and the sequenced P. mirabilis strain HI4320
(Pearson et al. 2008, Altschul et al. 1990) using BLASTn. Genes identified were then
mapped back onto the genome (i.e. P. mirabilis HI4320) using the Artemis genome
browser and annotation tool (Sanger), in order to visualise disrupted genes and identify
genes downstream from the Tn insertion site for primer design and RT-PCR analysis
(discussed in section 3.2.7.). For mutants in which transposon junctions could not be
mapped with accuracy, all available flanking sequence was used to search the HI4320
genome with BLASTn and hits with a minimum of 80% identity and e values of 1e-5 or
lower considered significant. For BLAST matched searches, all hits were manually
inspected to confirm the indicated gene could be clearly identified as disrupted. For
searches mapping to intergenic regions, manual inspection of the HI4320 genome sequence
was used to confirm putative disruption of gene promoter regions.
3.2.7. Analysing the involvement of downstream genes in the phenotype of transposon
mutants.
3.2.7.1. RNA extraction

P. mirabilis cultures were grown to 107 CFU mL-1, and 1 mL of RNAprotect
reagent (Qiagen) was added to 500 µL of bacterial culture. RNA was then extracted using
the Qiagen RNeasy kit (Qiagen), according to the RNAprotect manufacturer’s instructions.
Enzymatic lysis using lysozyme at 15 µg mL-1 without mechanical disruption was used to
lyse cells (Protocol 2 including optional steps). The total RNA from the bacterial lysate
was then purified using Protocol 7 including all optional steps. All extracts were eluted in
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30 µL of SDW, quantified using a nanodrop (Thermo Fisher Scientific), and were stored at
-80°C.
Residual DNA was digested using Turbo DNA-free DNase (Ambion) to
manufacturer’s instructions. Purified RNA samples were quantified using a nanodrop, and
were stored at -80°C.
3.2.7.2. RT-PCR

In order to eliminate the possibility of polar effect within the operon, primers for
genes downstream of the transposition site were designed using Primer3 (Untergrasser et
al. 2012, Koressaar and Remm, 2007). The QuantiTect reverse transcription kit (Qiagen)
was then used to generate cDNA, according to manufacturer’s instruction including the
optional gDNA wipe-out step. 8 ng of RNA per reaction was used to generate cDNA for
RT-PCR analysis. The RT-PCR was carried out on cDNA samples using Taq polymerase
using a standard protocol (section 2.2.2.) and primer specific anneal temperatures (Table
2.2.). A non-reverse transcribed sample of RNA was included for each mutant and served
as a negative control. Negative controls ensured no DNA was carried over into cDNA
samples, as this could give false positive results.
3.2.7.2. 16S PCR

A 16S PCR was carried out on some of the samples analysed by RT-PCR. 16S is
the small ribosomal subunit of prokaryotes which is a constitutively expressed gene in all
bacteria species and can be used as a so called “housekeeping” gene, in order to validate
negative results of RT-PCR, and the quality of the RNA extracted.
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16S PCR was carried out using Taq polymerase using the protocol outlined below.
Primers 27F and 1492R used are indicated in Table 2.2.
Stage1 (1x):

95°C for 5 min

Stage 2 (30x): 94°C for 45 sec
56°C for 45 sec
72°C for 1 min
Stage 3 (1x): 72°C for 5 min
Stage 4 (1x): 4°C
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3.3. Results
A large mini-Tn5 random transposon mutant bank was created as previously
described (Jones et al. 2004). The mutant bank was exposed to a variety of high throughput
screens in order to isolate transposon mutants with differing biofilm phenotypes from the
wild type, and to eliminate transposon mutants with undesirable growth defects, as well as
mutants with a co-insertion of the transposon delivery vector pUT. The genes disrupted in
these mutants were subsequently identified.
3.3.1. Isolation of mini-Tn5 transposon mutants altered in biofilm formation

Overall, the 1st pass biofilm screen provided a good platform to identify a large
number of mutants potentially differing in their biofilm forming ability from P. mirabilis
B4. After the 2nd pass screen, statistical analysis utilising ANOVA (general linear model)
and Dunnett’s post hoc test was performed comparing P. mirabilis B4 to the mini-Tn5
transposon mutants. Out of 3840 mini-Tn5 transposon mutants screened, 575 mutants
exhibited altered biofilm formation, but comparable levels of growth to P. mirabilis B4
under assay conditions (310 biofilm enhanced (BFE); 265 biofilm deficient (BFD)),
meaning that 14.97% of mutants showed an alteration in biofilm forming ability (see
Figure 3.5.). Similar results were obtained for recovery of mini-Tn5 mutants attenuated in
swarming by Jones et al. (2004).
An endpoint assay for growth was carried out on all mutants studied and most of
the biofilm mutants of interest did not show growth defects. Only mutants without growth
defects in comparison to P. mirabilis B4 were of interest for further studies. A subset of
107 BFE, and BFD mutants were selected for further genotypic characterisation.
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Figure 3.5. Example of the biofilm data obtained for mini-Tn5 transposon mutants.
The figure shows biofilm data obtained for a selection of transposon mutants in the 96-well
plate expressed as a biofilm index. The biofilm index was calculated as a measure of
transposon mutant activity, expressed as a percentage of P. mirabilis B4 activity (P.
mirabilis B4 = 100%). Data shows means ± SEM (n=3); ■ = P. mirabilis B4 at 100%; ■
Biofilm deficient (BFD) and ■ Biofilm enhanced (BFE) mutants.
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3.3.2. Screening of transposon mutants for pUT suicide delivery vector co-insertion

Initially, three methods for the analysis of for pUT suicide delivery co-insertions
were carried out on a small selection of transposon mutants and compared, and the results
are outlined in Table 3.3. Results for the PCR based approach are shown in Figure 3.6.,
mutants that had a co-insert of the vector showed the amplification of a 1036 bp product,
and mutants without co-inserts were negative and did not generate a product. Overall, all
three methods were comparable, and a high throughput method using liquid growth media
supplemented with 100 mg mL-1 ampicillin was selected for the screening of the extensive
mutant bank.
The resistance of mutants to ampicillin was evaluated after the growth and biofilm
assay were completed, and only mutants showing no resistance to ampicillin were selected
for further studies. In this study approximately 16% of mutants isolated from the biofilm
screen were sensitive to ampicillin meaning they potentially haboured the pUT suicide
delivery co-insertion. Previous studies utilising the mini-Tn5Km2 system reported a coinsertion in up to 35% of transposon mutants (Belas, 1991), as the present study only
analysed the co-insertion of the bla gene cassette using the methods described above, the
true rate of pUT vector co-insertion may be underrepesented.
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Table 3.3. Comparison of methods used to identify P. mirabilis Tn5 mutants
harbouring pUT suicide delivery vector co-insertion.
The comparison shows that all three methods work equally well, and identified mutants
with and without pUT co-inserts.
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Figure 3.6. Identification of P. mirabilis Tn5 mutants harbouring the bla gene
indicating pUT suicide delivery vector co-insertion.
Detection of the bla gene in order to identify possible pUT suicide delivery vector coinsertions in transposons mutants. Amplification of a 1036 bp product band identifies a
positive result. Products were identified in positive controls as well as several mutants
tested, indicating a pUT co-insertion in these mutants.
Gel order: 1,15: 1 kb ladder, Promega, 2: negative control SDW, 3: negative control, B4 wt
colony boil, 4: positive control, pUTKm2 plasmid, 5: positive control, pUTKm2 donor
strain colony boil, 6-14: mutants NHP1A4, NHP1B3, NHP1C2, NHP1C3, NHP1E2,
NHP1E4, NHP1F3, NHP1F5, NHP1H1.
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3.3.3. Genetic characterisation of mini-Tn5 mutants

The PCR based approach to amplify mini-Tn5 flanking regions was optimised in
order to identify genes disrupted in mini-Tn5 transposon mutants, and a schematic of this
approach is shown in Figure 3.4. After Reaction 2 of the PCR approach was carried out,
gel electrophoresis was used to visualise products (Figure 3.7.). Although PCR conditions
were not changed from the protocol suggested by Manoil (2000), primer 2b was identified
to provide the best results for the amplification of flanking regions in mutants here. In
Figure 3.7., the results for some of the mutants of interest are shown. There is a
characteristic multiple banding patterns, with bands generally ranging from between 1501000 bps which was also observed during other studies (Manoil, 2000). The multiple
banding patterns occur due to the semi-degenerate primer 2b, which can hybridise to many
sites within the bacterial genome, hence differently sized DNA fragments are amplified
during PCR. The PCR based cloning-free approach utilised successfully amplified Tn5
flanking regions of a selection of 35 mutants, and sequenced amplicons were then edited
using BioEdit and mapped using Artemis (Sanger, UK).
Generally, mini-Tn5 insertions were found to be randomly distributed across the P.
mirabilis genome independent of G/C content, including genes for amino acid and
carbohydrate transport, fimbrial proteins, efflux pumps, as well as some hypothetical
proteins (Table 3.4.). Some clusters of transposition events were recognized after mapping
genes identified to the P. mirabilis HI4320. Two mutants with altered biofilm phenotypes
had an intergenic insertion within the mrpI fimbrial recombinase which controls the
invertible promoter for the mrp operon (Pearson et al. 2008, Li et al. 2002) and further
mutants showed disruptions within that region (albeit not within this gene) although it is
unclear weather this indicates a true mini-Tn5 hot-spot.
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Figure 3.7. Visualisation of the products of the PCR based approach for the
sequencing of disrupted genes in transposon mutants.
Products from PCR Reaction 2 showing multiple bands for each mutant due to the
degenerate primers 2 and 4.
Gel order: 1, 16, 30: 1kb ladder, Promega, 2: primer control PCR1, 3: primer control
PCR2, 4: negative control P. mirabilis B4, 5: positive control pUTKm2 in E. coli, 6-15 and
17-29: mini-Tn5 transposon mutants in the following order: NHBFA8, NHBFB8,
NHBFC8, NHBFD8, NHBFE8, NHBFF8, NHBFG8, NHBFH8, NHBFA9, NHBFB9,
NHBFC9, NHBFD9, NHBFE9, NHBFF9, NHBFG9, NHBFH9, NHBFA10, NHBFB10,
NHBFC10, NHBFD10, NHBFE10, NHBFF10 NHBFG10.
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Table 3.4. Putative identification of genes disrupted in mini-Tn5 transposon mutants
Phenotype from
initial screen 1

HI4320 Locus 2

Frequency 3

Predicted function 4

Biofilm Deficient

PMI0053

1

Branched chain aa transport system II

PMI0696

2

Leucine-responsive protein regulator (lrp)

PMI1120

1

Rhs Familiy protein (Cell envelope biogenesis, outer membrane COG3209)

PMI1479

1

Nitrite reductase [NAD(p)H] large subunit

PMI1551

1

Putative lipoprotein

PMI1608

1

Unknown function, hypothetical protein

PMI1614

1

D-alanine/D-serine/glycine permease, membrane transport of serine glycine and alanine

PMI2221

1

Fimbrial outer membrane usher protein

PMI2672

1

Low affinity gluconate transporter

PMI2861

1

Hypothetical protein (Predicted membrane protein COG2860)

PMI2867

1

Sodium/glutamate symporter

PMI3118

1

Hypothetical protein

PMI3570

1

Nitrite extrusion protein
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Biofilm Enhanced

Non- HI4320

3

P. mirabilis WGLW4 Type I secretion system ATPase; E. coli Tn3 like transposase;
Vibrio cholera hypothetical protein

PMI0233

1

TonB-dependent siderophore receptor

PMI0251

1

Deoxyguanosinetriphosphate triphosphohydrolase

PMI0262

2

Fimbriae recombinase (mrpI)

PMI0829

1

Bicyclomycin/multidrug efflux transporter (MFS family protein)

PMI1729

1

Phosphotransfer intermediate in two-component system (rsbA)

PMI1964

1

Exported FKBP-type peptidyl-prolyl cis-trans isomerase

PMI2210

1

Fimbrial subunit

PMI2227

1

Transcriptional antiterminator

PMI2235

1

DNA mismatch repair protein MutS

PMI2359

2

Glutamate-ammonia-ligase adenylyltransferase

PMI2815

1

LysE-type translocator

PMI2852

1

Valine--pyruvate transaminase

PMI2902

1

Transacylase

PMI3317

1

Lipopolysaccharide biosynthesis protein

PMI3402

1

Putative MuA like binding protein (pfam02316)
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PMI3636

1

Hypothetical protein

1

Indicates the biofilm formation phenotype of mutants as observed in original high through-put 2-step screening. 2 Sequences flanking the
insertion site in mutants were mapped back to the P. mirabilis HI4320 genome, and the locus identifier provided (Pearson et al. 2008). 3 The
frequency at which each PMI locus was identified among the population of mutants analysed. 4 The predicted product/function of HI4320 loci
identified as disrupted in mini-Tn5 biofilm altered mutants, based on the original annotation of the HI4320 genome sequence (Pearson et al.
2008).
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3.3.4. Analysing the involvement of genes downstream of the mini-Tn5 insertion for polar
effect

RT-PCR was carried out on a subset of 12 mutants selected for future studies, in
order to exclude any possibility of polar effects on genes downstream of the site of the
transposition event. The primers generated (see Table 2.2.) were successfully applied to P.
mirabilis B4, and showed that the downstream genes were expressed in the wild type under
the normal culture conditions (Figure 3.8.). A 16S PCR approach performed on the cDNA
generated for mini-Tn5 transposon mutants confirmed amplifiable samples (Figure 3.9.). In
all mutants, expression of genes downstream of the Tn insert was unaffected, confirming
genes disrupted as responsible for observed phenotypes (Figures 3.10.).
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Figure 3.8. Example of RT-PCR analysis on P. mirabilis B4
RT-PCR on P. mirabilis B4 utilising primers generated for genes downstream the
transposition event of a selection of transposon mutants. Primers were named according to
the transposon mutant they were generated for (see Table 2.2.). All primers tested on B4
generated a product, indicating that all genes tested are transcribed in the wild type. RT
negative controls were carried out to exclude chromosomal DNA carry over within the
reverse transcribed RNA sample as this would generate false positive results.
Gel Order: 1, 15, 16, 30: 1kb ladder, Promega, Primers for mutants were tested on the wild
type in the following order 2: NHBFA5, 3: NHBFE8, 4: NHFF9, 5: NHBFG8, 6:
NHBFG8A, 7: NHBFH5, 8: NHSA3, 9: NHSC9, 10: NHSE5, 11: NHSG5, 12: NHSH1,
13: STS8.1D7, Wells 14 -27 indicate the RT negative controls.
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Figure 3.9. Example of 16S analysis on P. mirabilis B4 and a selection of transposon
mutant cDNA preparations
Visualised products for the 16S PCR for a selection of transposon mutants showing that
amplifiable cDNA was generated. RT negative controls were carried out to exclude
chromosomal DNA carry over within the reverse transcribed RNA sample as this would
generate false positive results (indicated as –ve below).
Gel Order: 1,15: 1kb ladder, Promega, 2: NHBFE8 -ve, 3: NHBFF9, 4: NHBFF9 -ve, 5:
NHSG5, 6: NHSG5 -ve, 7: NHBFG8, 8: NHBFG8 -ve, 9: NHSH1, 10: NHSH1 -ve, 11:
NHBFH5, 12: NHBFH5 -ve, 13: STS8.1D7, 14: STS8.1D7 -ve.
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Figure 3.10. Example of RT-PCR on P. mirabilis B4 and a selection of transposon
mutants
RT-PCR on a selection of transposon mutants. RT negative controls were carried out to
exclude chromosomal DNA carry over within the reverse transcribed RNA sample as this
would generate false positive results (indicated as –ve below). C indicates RT-PCR
reaction without RNA template to control for purity of PCR reagents.
Gel Order: 1,15: 1kb ladder, Promega, 2: NHBFA5, 3: NHBFA5 -ve, 4: NHBFA5 C, 5:
NHBFE8, 6: NHBFE8 -ve, 7: NHBFE8 C, 8: NHBFF9, 9: NHBFF9 -ve, 10: NHBFF9 C,
11: NHBFG8, 12: NHBFG8 -ve, 13: NHBFG8 C, 14: NHBFG8A.
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3.4. Discussion
Cloning vectors such as plasmids have been used in the past to analyse the genetic
background of pathogenicity, however, the unstable nature as well as issues arising from
multiple plasmid copies are major drawbacks for this kind of investigation (Barnes et al.
2008). Chromosomal integration using transposons on the other hand is highly stable and
can have a variety of uses as explained above. Mini-Tn5 based strategies have already been
employed to P. mirabilis in the past (Jones et al. 2005, Jones et al. 2004, Hay et al. 1997,
Gygi et al. 1995, Belas, 1991). As the transposition events using mini-Tn5 transposable
elements are at random, the chromosomal DNA of the mutant host bacteria is disrupted at
random. The arbitrary disruption causes alteration in the regulation or expression of genes
and can cause changes to the phenotype which can be screened for (Li et al. 2009, de
Lorenzo and Timmis, 1994). Screens can be developed for pathogenicity factors of
interest, such as swarming or biofilm formation (Jones et al. 2004, Hamer et al. 2001,
O'Toole and Kolter, 1998a, Belas, 1996, Belas, 1991). For example, Lavender et al. 2004
used mini-Tn5 mutagenesis to analyse virulence factors of K. pneumoniae biofilms in
airways. They showed that some biofilm deficient mutants were unable to form type 3
fimbriae, suggesting importance of these fimbriae in biofilm forming ability (Lavender et
al. 2004). The mini-Tn5km2 transposon system in particular has been utilised to analyse
genes involved in virulence in bacteria species, including P. mirabilis (Jones et al. 2004,
Belas, 1996, Belas, 1991).
3.4.1. Utilising screening methods in order to identify phenotypic changes in P. mirabilis miniTn5 transposon mutants

Screening techniques are essentially used in concordance with random transposon
mutagenesis approaches to generate data on phenotypic differences in mutants. Screens are
selected to identify genes in the trait of interest. Studies of factors potentially contributing
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to P. mirabilis pathogenicity during CAUTIs such as swarming, have been carried out in
the past (Jones et al. 2005, Jones et al. 2004, Belas, 1996). During these studies, swarming
screens were used to analyse extensive transposon mutants banks, identifying a large
number of mutants of interest for further phenotypic and genotypic characterisation. Jones
et al. (2004) hypothesised that swarming could initiate P. mirabilis infections in the CUT,
and analysed swarming deficient mini-Tn5 mutants of P. mirabilis B4. Electron
microscopic analysis of the mutants showed that helical connections between bacterial
cells were formed during swarming, and that these connections were disrupted in
swarming deficient mutants. Although they came to the conclusion that swarming may aid
the colonisation of catheters by P. mirabilis, a follow up study in 2005 found that
swarming per se was not related to P. mirabilis crystalline biofilm formation and catheter
blockage in mutants investigated (Jones et al. 2005).
Biofilms have long been known to be the causative agent of many device
associated infections, and the difficulties in treating infections with bacterial biofilms are
well recognized (Coenye and Nelis, 2010, Donlan, 2002). The ability to form biofilms has
been suspected to be one of the main virulence traits of P. mirabilis in the CUT (Jacobsen
et al. 2008b, Jansen et al. 2004).
To analyse the ability of P. mirabilis mini-Tn5 transposon mutants to form
biofilms, the high throughput biofilm screen first proposed by O’Toole and Kolter (1998)
was used. Although this approach had not been previously utilised to characterise P.
mirabilis transposon mutants, a similar method was used by Hola et al. (2012) to analyse
Proteus spp. strains isolated from the urinary and gastrointestinal tract. They tested strains
in order to gain a deeper understanding of the interplay between known virulence factors of
bacteria of the genus Proteus spp. including P. mirabilis, such as biofilm formation under
various conditions. For the analysis of the 152 Proteus spp. strain isolates, they cultured
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cells in microtitre plates in brain heart infusion liquid growth media, supplemented with
glucose where appropriate. They then carried out a crystal violet based assay equivalent to
the one used during this study, and found that CAUTI isolates of Proteus spp. generally
displayed grater virulence such as increased biofilm forming ability (Hola et al. 2012).
Hola et al. (2012) hereby showed the biofilm assay devised by O’Toole and Kolter to be a
valuable and representative tool for the analysis of basic biofilm formation in P. mirabilis,
and the assay allowed them to compare a variety of isolated strains for this phenotypic
trait.
However, the brain heart infusion used by Hola and co-workers was inarguably
more nutrient rich than the LB broth utilised during this study. This could significantly
increase the amount of biofilm formed during the incubation period. Hola et al. (2012)
postulated from their results that generally speaking CAUTI isolates showed an increased
spectrum of virulence factors, and for the purpose of their study that was an adequate
assumption. In addition, they analysed the biofilm forming ability of isolates on catheters
by submerging segments of sterile catheters in bacterial suspensions for 24 h and found
that CAUTI isolates adhered to catheters less readily than gut isolates. Unfortunately, the
further analysis of biofilm formation in an environment that more closely resembled the
catheterised urinary tract using urine and representative models was beyond the scope of
this study.
Although this simple biofilm assay serves a good starting point for the
identification of mini-Tn5 mutants with differing biofilm forming abilities, it is by no
means the most representative model for the analysis of P. mirabilis virulence. Several
attempts were made during this study to optimise the biofilm assay using a more
appropriate liquid growth medium such as artificial urine (Stickler et al. 1999, Griffith et
al. 1978); however the formation of crystalline material made the use of
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spectrophotometric analysis as a means to quantify biofilm unfeasible. Quantifying the
number of viable cells within the biofilm could have been performed by other means such
as disrupting the adherent cells using e.g. sonication and then carrying out viable counts.
However, this would have greatly reduced the ability of this assay to be carried out in a
high throughput fashion, therefore limiting the number of mutants assessed. It is important
to note that within this study, the biofilm assay was used merely as a means of isolating
transposon mutants that could potentially differ from the wild type in biofilm forming
ability. Further analysis of the mutants in models more closely resembling the infection
process of P. mirabilis in the catheterised urinary tract, such as bladder models (Stickler et
al. 1999), was subsequently performed in order to obtain an insight into the usefulness of
the biofilm assay in predicting P. mirabilis virulence, and in particular crystalline biofilm
formation and catheter blockage (see Chapter 5).
3.4.2. Genetic characterisation of mini-Tn5 transposon mutants:

For this study, primers specific for the P. mirabilis genome were generated, and the
PCR based cloning-free approach for the identification of transposon flanking regions was
optimised and sequences for 32 mutants could be closely associated with P. mirabilis
HI4320. Generally the BLAST searches identified a large number of membrane proteins,
such as transporters and fimbrial components. Notably, distinct biofilm mutants had
disruptions in the mrpI gene (Table 3.4.). MrpI was recently described as the sole fimbrial
recombinase regulating the phase variation of MR/P fimbriae in P. mirabilis (Li et al.
2002). As discussed previously, swarming and biofilm formation are opposing factors that
appear to be involved in P. mirabilis pathogenicity. These multiple insertions in the mrpI
could suggest that it is not only important for an adhesive phenotype but also in swarming,
and one representative mutant from this cluster was hence selected for further study
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looking at the phenotypic changes of the transposon mutants isolated in more detail, such
as their ability to swarm and hydrolyse urease.
Two further mutants were associated with a disruption of lrp, the leucine
responsive regulator. Lrp was identified to be important for the regulation of over 200
genes in E. coli, several of which play a role in amino acid synthesis and pilin synthesis
(Hart and Blumenthal 2011, Hart et al. 2011, Newman and Lin 1995). Assuming that this
regulator plays a similar role in P. mirabilis, the disruption of the lrp gene could stop
regulation of many genes including such adhesion molecules as pilins, reducing adherence
as well as having many other potential effects on bacterial phenotype. The further
phenotypic analysis of these mutants could hence aid the understanding of this complex
regulator in P. mirabilis.
Although most genes identified had previously been described in the P. mirabilis
HI4320 genome (Table 3.4.), three of the mutants showed disruptions in genes for which
homologues could not be identified in the HI4320 strain. Strain variations are well known
in P. mirabilis, and a recently sequenced strain P. mirabilis BB2000 showed a 93%
sequence identity with HI4320, lacking genes for iron acquisition as well as missing the
plasmid which is found in strain HI4320 (Sullivan et al., 2013, Pearson et al., 2008). One
particular mutant that showed no sequence homology with P. mirabilis HI4320 had a
disruption in a gene resembling the P. mirabilis WGLW4 Type I secretion system ATPase
(Table 3.4.). The ATPase forms one of three vital parts of the Type I translocator, binding
specifically to the outer membrane protein and membrane fusion protein in order to
assemble this transmembrane channel. Type I secretion allows the transport of various
proteins across the bacterial cell envelope, and is particularly associated with the transport
of putative adhesion molecules as well as toxins (Delepelaire, 2004).
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In Pseudomonas fluorescens for example, the LapA protein is strongly concomitant
with biofilm formation and involved in adherence of this bacterium (Delepelaire, 2004,
Hinsa et al. 2003). LapA is exported and linked with LapBCE proteins which are thought
to represent the ATPase, membrane fusion protein, and outer membrane protein
respectively. Mutants with disruptions in the lapBCE genes do not express the LapA
protein and were shown to be deficient in their ability to adhere to surfaces in the early
stages of biofilm formation in both static and flow cell biofilm modelling systems.
In contrast to the study by Hinsa et al. (2003), the disruption in the Type I secretion
system ATPase identified here generated a biofilm enhanced mutant. Interestingly Hinsa et
al. (2003) recognised that Pseudomonads associated with pathogenicity in the human host
did not demonstrate the lap genes although they commonly cause hospital acquired UTIs
(i.e. Ps. aeruginosa), the lap gene cluster may therefore not be involved in UTIs in these
bacteria or P. mirabilis for that matter. Furthermore, the Type 1 secretion systems have
been associated with a variety of other putative proteins (Delepelaire, 2004) which may
play a different role in biofilm formation in P. mirabilis B4. Ultimately the degree to
which this disruption causes alterations in other phenotypic traits and in particular biofilm
formation and catheter blockage in a model more closely resembling the catheterised
urinary tract remains to be elucidated; and a loss of this gene may well be beneficial to P.
mirabilis as shown in the biofilm enhanced mutant isolated here.
3.4.3. Analysing the involvement of downstream genes in the phenotype of transposon
mutants.
A polar effect is such an event, at which a disruption in a gene has implications on
the transcription of a downstream genes. To ensure that the phenotype observed in mutants
selected was caused by the transposition event, and the disruption of these identified genes
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rather than a polar effect on downstream genes, RT-PCR analysis of transposon mutants
was carried out.
A subset of mutants selected for further analysis underwent RT-PCR analysis in
order to analyse the involvement of downstream genes in their phenotype. Figure 3.8,
illustrates that primers for downstream genes generated products in an RT-PCR analysis of
the wild type B4, indicating that the specific genes was transcribed in P. mirabilis B4
under normal culture conditions, and implying that genes disrupted in mutants should be
amplified if unaffected by the transposition event. The amplification of downstream genes
was demonstrated in Figure 3.10., suggesting that the observed phenotype of transposon
mutants was distinct of any polar effect. Nevertheless, a negative result for any RT-PCR
could have a variety of causes, including the lack of transcription of the gene of interest
into RNA (e.g. due to a polar effect), and technical errors such as unsuccessful RNA
extraction, RNA degradation, and unsuccessful reverse transcription. Equally, false
positive results can be generated by contaminating the RNA samples with genomic DNA
or other reaction components such as primers or cDNA samples with genetic material from
other mutants or P. mirabilis B4. Owing to this, rigorous genomic DNA wipe-out steps
were performed as discussed above and previously suggested by Pearson and Mobley
(2007), as well as that control reactions containing RNA that had not been transcribed into
cDNA were used in order to exclude contamination with genomic DNA. Moreover, a 16S
PCR was carried out to test the quality of the cDNA produced. A positive 16S result
hereby indicated amplifiable cDNA, therefore if the RT-PCR was negative this would
likely be because the gene and hence the RNA was not translated probably indicating a
polar effect. On other hand a negative 16S PCR would assume that a technical error
occurred during RNA extraction or PCR set up.
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Overall, all possible steps were taken to obtain a robust assessment of the
involvement of downstream genes in the phenotype of the transposon mutants isolated.
The amplification of products of downstream genes, as well as the positive 16S analysis
concluded that no polar effect was present for mutants analysed. Moreover, as none of the
analysed mutants showed signs of polar effect, no complementation studies were required
during this study.
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3.5. Conclusions


The random transposon mutant bank was screened for the ability of mutants to
form biofilms, and transposon mutants with alterations in biofilm forming ability
were successfully isolated for further study.



Mini-Tn5 insertions were found to be randomly distributed across the P. mirabilis
genome and indicated a wide array of functions associated with biofilm forming
ability in a 96 well plate assay.



RT-PCR on a subset of mutants showed no polar effects of the Tn insertions on
downstream genes showing that the observed alteration of the phenotype in these
mutants was caused by the disruption of a single gene by the Tn.



A subset of mutants were identified as suitable candidates for more detailed studies
of crystalline biofilm formation.
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Chapter 4: Phenotypic characterisation of mutants altered in biofilm formation
4.1. Introduction
4.1.1. Biofilm production
An increased risk of complications has been associated with the production of
biofilms on prosthetic surfaces whether surgically implanted, such as artificial hip joints, or
more superficial, such as venous and urinary catheters and this has been recognised by
medical professionals. Although the sterilisation of such equipment is ensured, infections
are still common and on the rise. Colonisation of surfaces of prosthetic devices presents a
great threat to patients (Coenye and Nelis, 2010, Donlan and Costerton, 2002, Donlan,
2002).
Biofilm production (discussed in Chapter 1) is the preferred existence of bacteria,
aiding colonisation, offering protection from environmental stresses, host immune
responses, and antibiotic treatment. Biofilm formation is commonly associated with
bacterial resistance to antimicrobials, and furthermore potentially increases chances for
horizontal gene transfer in mixed community biofilms, leading to antibiotic resistance gene
acquisition (Stickler and Jones, 2008, Stickler and Feneley, 2010, Frank et al. 2009, Huber
et al. 2002). Because of that, many scientists have studied biofilm formation for a great
variety of bacteria species.
Biofilm formation is also a major factor in the virulence of uropathogens, such as
E. coli, which accounts for over 85% of all UTIs (Hadjifrangiskou et al. 2012). In a study
utilising transposon mutagenesis on an uropathogenic strain of E. coli UTI89, intracellular
biofilm-like bacterial communities and biofilms were analysed. In vivo analysis using a
murine model revealed, that isolated biofilm deficient mutants with variable defects in type
1 pilus expression, were attenuated in their ability to cause infection and form intracellular
biofilm-like bacterial communities (Hadjifrangiskou et al. 2012). These experiments
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highlighted the importance of biofilm formation in the infection process of E. coli UTI89
as well as establishing the usefulness of the biofilm model as a predictor of mutants with
reduced virulence in the urinary tract.
Although biofilm formation has been identified as an important factor in the disease
process of many bacterial species, the study of mechanisms underlying biofilm formation
in P. mirabilis has somewhat been neglected. Although, Hola et al. (2012) analysed the
contribution of several virulence attributes to P. mirabilis CAUTIs (such as biofilm
forming ability, swarming, and protease activity), and found that isolates from CAUTIs
were generally more virulent and increased in their ability to form biofilms in the 96 well
plate model, the group did not look at the genes underlying these processes or at more
representative models.
Another study by O’May et al. (2009) found that a disruption in a membrane
protein, the pst phosphate-specific transport system, caused biofilm deficiencies in P.
mirabilis mutants. This gene had previously been identified using signature tagged
mutagenesis (Burall et al. 2004) and was found to be important for the colonization of the
urinary tract in a mouse model (Jacobsen et al. 2008a, Burall et al. 2004).
To date most studies of P. mirabilis looked into swarming motility, bacterial
resistance, or virulence in mouse models and inadvertently found variations in biofilm
formation of mutants identified (Jiang et al. 2010, Jansen et al. 2004, Liaw et al. 2004).
Therefore, the identification of many genes specifically involved in biofilm formation of P.
mirabilis leading to catheter blockage remain to be elucidated. The present study aims to
close some of these gaps in the understanding of the genetic foundations of P. mirabilis
biofilm formation by revealing some of these genes. Furthermore, the ability to form
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biofilms is correlated to other phenotypic traits such as motility and urease enzyme activity
(Holling et al. 2014a).
4.1.2. Motility of mutants altered in biofilm formation
Essentially, many factors may affect biofilm formation and consequently
understanding how the disrupted genes contribute to the mutant phonotype as a whole,
including other traits of P. mirabilis which have been described to contribute to infection
such as motility, may yield additional information on the virulence of mutants in the CUT.
Swarming motility (discussed in Chapter 1) is mediated by peritrichous flagella,
and may play an important role in the pathogenicity of P. mirabilis CAUTI. It has been
postulated that swarming may play a key role in the initial colonisation of the urinary tract
(Mobley et al. 1996, Belas, 1996, Stickler and Hughes, 1999, Jones et al. 2005).
In a murine model of ascending UTI, P. mirabilis swarming-deficient mutants
lacking flagella showed reduced virulence, indicating an involvement of swarming motility
in the disease (Mobley et al. 1996). Although the role of swarming in pathogenesis is still
not yet fully understood, the differentiated swarmer cells have an increased expression of
virulence genes such as ureD for urease production or zapA for metalloproteinase
production, and can invade the host cells (Belas, 1996, Stickler and Hughes, 1999,
Sabbuba et al. 2002). In addition, P. mirabilis catheter biofilms reportedly contain
protruding swarmer cells, which might be involved in the dispersal of bacterial cells from
the catheter to the urinary tract (Jones et al. 2004, Jones et al. 2007).
Swarming is almost certainly involved in the virulence of P. mirabilis in the CUT,
although to what extent is currently not known. To understand the relationship between
swarming and other phonotypical traits, in particular biofilm formation and catheter
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blockage, a selection of mutants isolated previously from biofilm screens were selected for
further analysis during this chapter.
4.1.3. Urease activity
Urease activity (discussed in Chapter 1) is markedly upregulated in P. mirabilis
infecting the CUT (Mobley and Warren, 1987). Urease activity, and the resulting increase
of the urinary pH and precipitation of crystalline material is the main cause of catheter
encrustation and blockage, and has been identified as one of the fundamental virulence
attributes of P. mirabilis (Stickler and Feneley, 2010, Stickler and Morgan, 2008, Stickler,
2008, Mobley and Warren, 1987). Research carried out in murine models of ascending UTI
moreover found that urease activity is also important for kidney colonisation, and P.
mirabilis HI4320 generally causes urinary stones and severe pyelonephritis in these models
(Johnson et al. 1993). Mutation of the gene encoding the major structural subunit of
urease, UreC, was shown to severely reduce P. mirabilis colonization of the bladder and
kidneys, preventing stone formation and limiting kidney damage. Overall this research
indicates that urease is a major contributing factor to both the severity and persistence of P.
mirabilis CAUTIs (Armbruster and Mobley, 2012, Zhao et al. 1998, Johnson et al. 1993).
Due to the importance of urease enzyme in P. mirabilis CAUTI, biofilm mutants
isolated were tested for their ability to hydrolyse urea. Genes disrupted in transposon
mutants could have an effect on urease activity, and this could alter their virulence in the
CUT significantly.
4.1.4. Hypothesis and aims
Several phenotypic traits of P. mirabilis, such as biofilm formation, swarming and
urease activity have been described as potential virulence attributes in the CUT. In order to
analyse the relationship between these virulence factors, a subset of mutants isolated from
biofilm screens as well as P. mirabilis B4 were phenotypically characterised. It was hoped
99

that the phenotypic characterisation would yield additional information about the disrupted
genes identified in transposon mutants, in order to give a new insight into the genetic
regulation of these virulence attributes.
The main aims of this chapter were to:
1. Characterise the ability of transposon mutants and P. mirabilis B4 to
swarm, by studying swarm kinetics, and assess alteration in this
phenotypic trait.
2. Explore the ability of transposon mutants and P. mirabilis B4 to swim
through soft agar, and assess alteration in this phenotypic trait.
3. Assess the urease activity of transposon mutants and P. mirabilis B4, and
assess alteration in this phenotypic trait.
4. Examine the phenotypic data as a whole, and to identify correlations
between the phenotypic traits and genes disrupted.
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4.2. Methods
4.2.1. Swarming velocity of P. mirabilis B4 and mini-Tn5 transposon mutants
To analyse the kinetics of the swarm cycle of different strains or mutants of P.
mirabilis and mini-Tn5 transposon mutants, 10 µL drops of an O/N culture (ca. 1x109 CFU
mL-1) were inoculated into the centre of dried LB agar plates. Drops were allowed to soak
in and plates were incubated at 37°C for 10 h. The distance swarmed from the site of
inoculation was measured hourly and converted to velocity in millimetres swarmed per
hour. This was carried out in triplicate for each strain.
4.2.2. The ability of P. mirabilis B4 and mini-Tn5 transposon mutants to swarm across
solid surfaces
Mini-Tn5 transposon mutants were screened for their ability to swarm across solid
surfaces in comparison to P. mirabilis B4 by observing the distance swarmed across agar
after 10 h. For this, 10 µL drops of an O/N culture (ca. 1x109 CFU mL-1) were inoculated
into the centre of dried LB agar plates. Drops were allowed to soak in and plates were
incubated at 37°C for 10 h. The distance swarmed from the site of inoculation was
measured after 10 h. This was carried out in triplicate for each strain. The swarming ability
of mini-Tn5 transposon mutants was expressed a percentage of P. mirabilis B4 swarming
ability, and this was termed the swarming index (P. mirabilis B4 = 100%). Transposon
mutants were then classified into categories based on their swarm index. Swarmingenhanced mutants (SE) were >100% and swarming-deficient mutants (SD) were <100%.
4.2.3. The ability of P. mirabilis B4 and mini-Tn5 transposon mutants to swim
through soft agar
The swimming assay was conducted on soft LB agar supplemented with
appropriate antibiotic selection. 5 µL aliquots of a log phase culture of bacteria of interest
(at OD of 1.0 at 600nm) were stabbed into the centre of the plate. Each transposon mutant
and P. mirabilis B4 were analysed in triplicate and plates were incubated for 5 h at 37°C.
The swimming index was then calculated as a measure of transposon mutant activity,
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expressed as a percentage of P. mirabilis B4 activity (P. mirabilis B4 = 100%). Swimming
enhanced mutants were >100% and swimming deficient mutants were <100%.
4.2.4. The ability of P. mirabilis B4 and mini-Tn5 transposon mutants to produce
urease
Urease activity was quantified using a protocol modified from Creno et al. (1970).
Transposon mutants and P. mirabilis B4 were grown in LB broth supplemented with
appropriate antibiotic selection and 0.1% urea (w/v) for 4 h. Cells were pelleted by
centrifugation at 3000 g for 10 min at RT, the supernatant discarded, and cells resuspended in 2.5 mL ice-cold sodium phosphate buffer (0.1 M sodium phosphate, 10 mM
EDTA at pH 7.3).
The total protein of harvested cells was then determined. For this, the total protein
kit, micro (Sigma Aldrich), protein assay was carried out to manufacturer’s instructions.
The brilliant blue G reagent was diluted 1:5 in SDW 2.5 mL of prepared brilliant blue G
reagent was then added to 15 mL tubes, and 50 µL of sample (harvested cells in phosphate
buffer), standard or blank added, and incubated at RT for 2 min. The solutions were then
transferred into individual 1 mL cuvettes, and the absorbance measured at 595 nm using a
spectrophotometer (Jenway 6300, Bibby Scientific Ltd, UK). The protein concentration
could then be determined using the following formula:
Protein conc. (mg/ mL) = [(ASample) x (conc. of standard)] / (AStandard)
A = Absorbance
Conc. = Concentration
To analyse urease activity, 200 µL of harvested cells in sodium phosphate buffer
was added to 800 µL of reaction buffer (50 mM urea, 0.1 M sodium phosphate), mixed
vigorously and incubated at 37°C for 10 min. In a fume hood, 2 mL of phenol sodium
nitroprusside solution (0.5% phenol w/v, 0.025% sodium nitroprusside w/v) was added to
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terminate the reaction. Addition of 2 mL of sodium hypochlorite solution (0.2% sodium
hydroxide w/v, 0.21% sodium hypochlorite w/v) initiated colour development, and the
mixture was then incubated at 56°C for 5 min. Colour change was measured in a
spectrophotometer (Jenway 6300) at 626 nm, a blank containing 200 µL of sodium
phosphate buffer instead of cell suspension was used as a comparison. A standard curve of
absorbance readings was obtained using standard solutions of ammonia chloride (0.01
mM- 10 mM), and used to compare the depth of the blue colour developed by cell
suspensions (see Appendix A). Urease activity was then calculated as mM urea hydrolysed
min-1 mg-1 total protein-1.
4.2.5. Statistical analyses
Correlation studies (Pearson r) were carried out in order to establish relationships
between the phenotypic traits biofilm formation, swarming, swimming and urease activity.
For this, the biofilm data (see Chapter 3) and urease data was also transformed to an index
conveyed as a percentage of P. mirabilis B4 (P. mirabilis B4 = 100%).
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4.3. Results
A subset of biofilm mini-Tn5 transposon mutants were selected for further analysis.
Mutants were selected as they displayed extreme differences in biofilm forming ability,
either BFE or BFD, and returned a positive gene identification without evidence of a polar
effect on downstream genes. The mutants selected for further study and the gene disrupted
by the transposition event are outlined in Table 4.1.
4.3.1. Swarming phenotype
The ability of mutants to swarm was analysed in two ways. In the first instance, the
ability to swarm based on the total distance migrated from point of inoculation was
expressed as a percentage of wild type swarming (swarm index), and secondly the
periodicity of the swarm cycle was investigated. The swarming index indicated in Table
4.1. was calculated after a 10 h incubation. Only one mutant was shown to be swarming
enhanced during this assay, namely NHBFE8, and a majority of mutants did not swarm at
all after 10 h. Nevertheless, inspection of the LB agar plates the following day (after 20 h)
revealed that mutants DLD1H4, DLD1H11, NHBFH4, and NHSE5 were true nonswarmers, other mutants showed some swarming motility after this time.
A selection of LB agar plates inoculated with test strains, and following an
overnight incubation (20 h), is shown in Figure 4.1. The images illustrate some of the
differences in the swarming behaviour between mutants and the wild type P. mirabilis B4.
Several mutants showed variations of swarm cycle periodicity, seen as deviations of the
bulls-eye pattern, for example mutants DLD1A6, and DLD1D11 (Figure 4.1.) appear to
have a tighter banding pattern, indicating a reduced swarm cycle length.
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Table 4.1. Summary of the analysis of phenotypic traits of a subset of mini-Tn5 transposon mutants and P. mirabilis B4
Phenotype

Mutant

P. mirabilis
HI4320 locus 1

Putative function/product of disrupted genes 1

Urease
activity

Swimming

Swarming

Wild Type

B4

N/A

N/A

5.7 ± 0.4

100%

100%

Biofilm enhanced

NHBFG8

PMI3402

Unknown function, putative MuA-like DNA-binding protein
(pfam02316)

5.9 ± 0.3

0

0

NHBFH4

PMI0262 *

mrpI, fimbrial recombinase

4.3 ± 0.1

36.96

0

NHBFE8

PMI2210

Fimbrial subunit

5.3 ± 0.4

70.65

111.34

NHBFH5

PMI2359

glnE, Glutamate-ammonia-ligase adenylyltransferase

4.8 ± 0.4

51.09

0

NHBFA5

PMI1729

rsbA, swarming behaviour regulation two-component system,
sensor kinase

5.5 ± 0.1

116.3

32.99

NHBFF9

PMI0829

bcr, bicyclomycin resistance gene (sulfonamide resistance
protein, MFS-family transporter)

4.7 ± 0.3

22.82

3.1

DLD1H4

Non HI4320

E. coli Tn3 like transposase

4.7 ± 0.3

28.3

0

DLD1H11

PMI0233

TonB-dependent siderophore receptor

5.2 ± 0.2

17.4

0

NHSH1

PMI1608

Unknown function, putative trans-membrane protein
(pfam02659)

5.6 ± 0.3

27.17

0

Biofilm deficient
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ABBF1.1C8

PMI2867

gltS, sodium/glutamate symport carrier protein

5.4 ± 0.5

18.48

0

NHSE5

PMI1551

Unknown function, putative lipoprotein, (COG3016,
DUF399)

5.2 ± 0.5

23.91

0

DLD1A6

PMI2861

Unknown function, putative membrane protein (COG2860,
pfam03458)

5.7 ± 0.7

35.86

84.54

DLD1D11

PMI0696 *

lrp, leucine-responsive regulator *

5.2 ± 0.2

77.17

34.02

STS8.1D7

PMI1479 **

nirB, nitrite reductase **

4.4 ± 0.1

100

77.32

1

Putative identity of disrupted genes based on correlation of sequences flanking mini-Tn5 insertions in P. mirabilis B4, to the P. mirabilis
HI4320 chromosome (Pearson et al. 2008). In all cases 20-40 nt sequences across the Tn junction in B4 mutants were mapped to the HI4320
sequence. Where HI4320 genome annotation did not indicate a putative function of disrupted ORFs, full length translated ORFs from the
HI4320 genome were searched against the conserved domain database, and functionality inferred from resulting matches were possible (e-value
= 0.01 or lower).
* Indicates Tn insertion mapped to intergenic region immediately upstream of indicated ORF (maximum of 84 nt from ORF start codon), and
presumed to disrupt promoter region of indicated ORF.
** Precise insertion point unknown due to sequence ambiguity at Tn-chromosome junction but within ~10 nt of indicated insertion point.
2
-1
-1
Urease production is stated as mmol urea hydrolysed min (mg protein) ± standard error of the mean. No significant differences were
identified between mutants and the wild type (P ≥ 0.05).
3
Swimming and swarming ability are expressed as a % of wild type ability, which was taken as 100%.
N/A: P. mirabilis HI4320 locus and putative function/product of disrupted genes not applicable to the P. mirabilis B4 wild type.
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Figure 4.1. Example of LB agar plates inoculated with transposon mutants and P.
mirabilis B4, in order to analyse swarming motility.
Images were obtained after and incubation of 20 h at 37°C.
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On the other hand mutant NHBFE8 (Figure 4.1.), the only swarming enhanced
mutant, shows an increased swarm cycle duration. The reduction in banding pattern
indicates that this mutant underwent fewer cycles of de-differentiation and consolidation in
between swarm cycles, which may be the reason why this mutant is swarming enhanced.
Equally, the tighter banding pattern observed for mutants DLD1A6, and DLD1D11 (Figure
4.1.) may have reduced the distance swarmed after 10 h, as much of these mutants’ time
and energy was spend undergoing de-differentiation and consolidation phases.
The periodicity of the swarm cycle was quantified by calculating the velocity of
swarming of the test strains and was analysed by looking at the distance swarmed over
time (see Figure 4.2.). P. mirabilis B4 begins to swarm between 3-4 h and begins three
swarm cycles at 3, 6 and 9 h during the experiment. Each swarm cycle is indicated by
firstly, an increase in the swarming velocity during the migration period (red arrow), and
secondly, a reduction in swarming velocity or no swarming activity at all during the
consolidation and differentiation periods (yellow arrow), although these cycles often
overlap in parts.
Figure 4.2. shows that mutants DLD1A6, NHBFE8, and STS8.1D7 have a very similar
swarming pattern to P. mirabilis B4, although the phases of the swarm cycle seem to be
more distinct which could also be observed on LB agar plates for DLD1A6 (see Figure
4.1.). NHBFE8 appeared to have a reduced number of consolidation phases on inspection
of the LB agar plates (see Figure 4.1.), this may have been caused as this mutant swarmed
further during its initial swarm cycle (see Figure 4.2.) which may have also resulted in its
overall swarming enhanced status (see Table 4.1.). Mutants DLD1D11 and NHBFA5 on
the other hand begin their swarm cycle later than B4 displaying an extended lag phase of 4
and 6 h respectively. The first swarm cycle for mutant DLD1D11 also seems to be reduced
lasting only 2 h and the mutant appears to have a higher consolidation frequency than the
108

wild type, which ties in with observations made previously regarding the tighter banding
pattern development after 20 h (Figure 4.1.) NHBFF9 only started to swarm at 9 h.
4.3.3. Swimming phenotype
Most transposon mutants tested were swimming-deficient when compared to P.
mirabilis B4. However mutant STS8.1D7 was not impaired in its ability to swim. Figure
4.3. shows examples of soft LB agar plates inoculated with transposon mutants and P.
mirabilis B4. It can be observed that the distance swam by P. mirabilis B4 and mutant
STS8.1D7 is very similar. Interestingly the swarming-enhanced mutant NHBFE8 was
found to be swimming deficient. Conversely, mutant NHBFA5 was swarming deficient but
swimming enhanced when compared to the wild type B4. In the past, studies have shown a
strong correlation between swarming and swimming abilities of transposon mutants (Jones
et al. 2004) and this does also seem to be the case for the other mutants tested during this
study.
4.3.4. Urease phenotype
The urease activity of transposon mutants and P. mirabilis B4 was measured in
-1

-1

mmol urea hydrolysed min (mg protein) , and a urease index was calculated thereafter
for correlation studies (see Figure 4.6.). None of the mutants tested showed a significant
difference in urease enzyme activity in triplicate experiments (P>0.05). The mutant with
the lowest urease activity, NHBFH4 had a urease index of 76.0% of that of P. mirabilis B4
(100%), whereas mutant NHBFG8 had the highest urease index at 104.2%.
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Figure 4.2. Periodicity of the swarming cycle and migration velocity of a subset of
mini-Tn5 transposon mutants and P. mirabilis B4.
Periodicity of the swarm cycle was measured over 10 h and was expressed in migration
velocity (mm/ h), n=3, error bars = standard error of the mean, = differentiation and
migration begins, = de-differentiation and consolidation begins. Additional mutants were
not displayed as they did not swarm after 10 h.
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Figure 4.3. Examples of soft LB agar plates inoculated with transposon mutants and P. mirabilis B4, in order to analyse swimming
motility.
Images were obtained after and incubation of 5 h at 37°C.
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4.3.4. Correlation studies of phenotypic traits
When looking at the indices of the different phenotypic traits of transposon mutants
analysed in this study, it quickly became apparent that no strong correlations exist between
biofilm formation and urease activity, or swarming and swimming motility. In fact the
Pearson correlation co-efficient (r) for biofilm formation versus urease activity, biofilm
formation versus swimming, and biofilm formation versus swarming were calculated at 0.1, 0.04 and -0.22 respectively indicating a very weak negative correlation between
biofilm formation and swarming motility at best (see Figure 4.4.). Nevertheless, swarming
deficient mutants were often enhanced in their ability to produce biofilms, which has been
shown in similar studies in other organisms such as Salmonella enterica serovar
Typhimurium (Mireles et al. 2001). Urease activity was very weakly associated with
swimming motility r=-0.21 but not with the swarming index during the present study (see
Figure 4.4.). The correlation between swarming and swimming was however found to be
significant indicating a strong positive relationship between these phenotypic traits (r=0.58,
p= 0.0081), and mutants that were swarming deficient were usually also swimming
deficient (see Figure 4.4.), and this was previously reported by Jones et al. (2004).
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Figure 4.4. Correlation studies between phenotypic traits of mini-Tn5 transposon mutants
Indices were calculated as a measure of transposon mutant activity, expressed as a percentage of P. mirabilis B4 activity (P. mirabilis B4 = 100%).
There is a strong correlation between swarming and swimming motility (r=0.58; n=3; 14 mutants analysed); Swarming deficient mutants are generally
swimming deficient. There are no significant relationships between other traits tested (n=3; 14 mutants analysed).
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4.4. Discussion
Mutants had previously been categorised by their biofilm forming ability. A
selection of 35 transposon mutants were successfully characterised genotypically (see
Chapter 3) and a selection of 14 transposon mutants displaying alterations in biofilm
phenotypes (BFE and BFD), were chosen for further study in this chapter.
4.4.1 Assessment of swarming and swimming motility of biofilm mutants and P.
mirabilis B4
The involvement of swarming of P. mirabilis B4 in CAUTIs has been previously
examined using a mini-Tn5 random transposon mutagenesis approach. Jones et al. (2005)
found that swarming enhanced mutants, or mutants with normal swarming abilities, took
significantly longer to block urinary catheters. However, as all mutants tested managed to
occlude catheters, they concluded that neither swarming nor swimming were key factors
involved in catheter blockage. Other virulence factors, such as the ability to produce
urease, were identified to be of greater importance to the pathogenesis of P. mirabilis in
the CUT. Nevertheless, it has been suggested by several studies that swarming might
initiate catheter colonisation and could facilitate the spread of crystalline biofilm across
catheter surfaces (Jones et al. 2005, Sabbuba et al. 2002, Stickler and Hughes, 1999).
Examining the genes disrupted in transposon mutants and establishing the phenotypic
consequences of these disruptions could hence be important in understanding P. mirabilis
CAUTIs in more detail.
Swarmer cells differentiate from swimmer cells as a result of at least 4 factors;
sensing environmental cues, flagella synthesis, elongation of cells and coordinated
multicellular interactions including swarmer cell raft formation (Jones et al. 2005, Belas,
1992). A defect in any of these events can result in an abnormal swarming behaviour or
even cessation of swarming ability as a whole (Belas, 1996).
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The central stimulus engaging swarmer cell differentiation has long been proposed
as flagellar rotation inhibition (Belas, 1995, Allison et al. 1993). Functioning as a tactile
sensor, the changing environmental conditions are transduced into the bacterial cell by the
flagellum, and the expression of genes associated with swarming motility is initiated.
Mutants with deficiencies in flagellar production, such as mutants disrupted in flaA,
displayed a significantly altered swarming phenotype when compared to the wild type
(Belas and Flaherty, 1994). Interestingly, none of the mutants isolated in this study showed
a disruption of flagella genes, yet all but one of these mutants were impaired in their ability
to swarm, indicating that many more genes aid the swarming process than just those
associated with flagellae. Two mutants were disrupted in genes closely associated with the
gene cascade initiating flagella production by acting on the flagellar transcriptional
regulator (flhDC), namely NHBFA5 (rsbA) and DLD1D11 (lrp) (see Table 4.1. and Figure
4.5.). Upon surface contact, when flagella rotation is obstructed, the flagellar master
operon D (umoD) is activated and inhibits rsbA (also known as rcsD). The inhibition of
rsbA in turn impedes the phosphorylation of rcsB which usually represses flhDC resulting
in the production of flagellae and the activation of swarming (see Figure 4.5.) (Armbruster
and Mobley, 2012, Clemmer and Rather, 2007, Liaw et al. 2004, Belas et al. 1998). The
complete disruption of the RsbA protein should therefore cause an increased production of
flagella resulting in a an increased swarming motility even if no surface stimulus was
present and this was shown in previous studies (Liaw et al. 2004).
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Figure 4.5. Genes associated with swarming motility
The figure indicates known and putative genes involved in swarming motility some of which have been identified in mutants in the present study
(Adapted from Armbruster and Mobley, 2012). The regulator of colanic acid capsule synthesis phosphorelay (rcs) represses the flagellar
transcriptional regulator flhDC. When flagella rotation is inhibited flhDC is acted upon by fliL which inhibits the rcs by upregulating the
flagellar master operon umoD.
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On the contrary, the disruption of rsbA in the NHBFA5 mutant during this study
caused a significantly swarming deficient phenotype (see Table 4.1.), with a prolonged lag
time (see Figure 4.2.). Although it is uncertain why the mutant isolated here behaves so
differently than that engineered by Liaw et al. (2004), one possible explanation could be
that the disruption of the gene in the mutant here could have resulted in the transcription of
a truncated protein still able to phosphorylate rcsB. Perhaps this presumed truncated
protein demonstrates a higher affinity to rcsB increasing its expression and resulting in the
swarming deficient and biofilm enhanced phenotype.
Belas et al. (1998) hypothesised that the rsbA gene product is a sensor with
density-sensing ability controlling at least in part the swimmer-to-swarmer cell transition.
In contrast to the hypothesis here, they found that a truncated RsbA protein was still able to
generate a density-dependent response but that fewer cells were required to initiate
swarming. Nevertheless, if the density dependent signalling was lost completely this may
still result in delayed swarming. However, the virulence of this mutant in the CUT and the
effect of the disrupted gene on crystalline biofilm formation is yet to be exposed.
An intergenic transposition event just upstream from the leucine responsive
regulator lrp (in the presumed promoter region of this ORF) has been identified in mutant
DLD1D11 (see Table 4.1.). Lrp was briefly mentioned above and is activated in response
to chemotactic amino acid stimuli and upregulates flhDC (see Figure 4.5.). The disruption
in this region is thought to impede lrp and generated a swarming and swimming deficient
phenotype with a higher consolidation frequency (see Table 4.1, and Figure 4.2.).
Remarkably, this mutant is also biofilm deficient indicating a more complex role for this
regulator. In E. coli, lrp regulates over 200 genes including pilin synthesis (Hay et al.
1997). Pilins are used for initial bacterial cell adhesion to surfaces (Jacobsen et al. 2008)
and a disruption of these systems could produce a biofilm deficient phenotype.
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Sensing environmental cues by mechanisms of chemotaxis and potentially quorum
sensing have long been thought to play a role in swarming motility, and a response to
several stimuli such as glutamine and other compounds has been shown to induce
swarming under normally non-permissive conditions (Armbruster et al. 2013, Allison et al.
1993). The recognition of molecular signals is usually associated with receptors or other
membrane proteins such as transporters, initiating a signal transduction cascade and
resulting in swarmer cell differentiation and/or biofilm formation. A selection of genes
identified in swarming-deficient transposon mutants were cell wall associated transport
systems such as the TonB-dependent siderophore receptor for iron chelation (DLD1H11;
Lima et al. 2007, Hagan and Mobley 2009), major facilitator superfamily (MFS) family
transporters (bcr, NHBFF9), or the sodium/glutamate symporter gltS (ABBF1.1C8). When
disrupted, these transporters would cease to import or export potentially chemotactic or
quorum sensing compounds such as glutamate (gltS), fatty acids, putrescine, or leucine,
and could inhibit the action of the Lrp or other transcription factors resulting in a lack of
swarming motility (see Figure 4.5.). Furthermore they could also transport vital products
into the cell, i.e. iron in the case of mutant DLD1H11, or waste out of the cell; a disruption
in these membrane proteins can therefore potentially have a great impact on bacterial cell
metabolism.
Although glutamate was not previously found to be involved in swarming as an
extracellular cue (Armbruster et al. 2013), ABBF1.1C8 was shown to be swarming,
swimming as well as biofilm deficient. While the role of the sodium glutamate symporter
(gltS) in swarming and biofilm formation remains to be discovered, intracellular glutamate
is required to synthesise glutamine which has been shown to be an important initiator of
swarming (Armbruster et al. 2013). Moreover, glutamate is a key part of the nitrogen
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regulatory system (Ntr) and the synthesis of compounds such as tryptophan, purine
nucleotides, or UDP-acetyl-D-glucosamine for cell wall biosynthesis (Armbruster et al.
2013). A reduced glutamate and glutamine pool due to the lack of imported glutamate
could therefore result in the overall less fit mutant observed here. Intriguingly, two other
genes involved in the Ntr were also identified in this present study namely glnE and nirB,
in mutants NHBFH5 and STS8.1D7 respectively (see Table 4.1. and Figure 4.6.). This
strongly suggests an importance of the Ntr in biofilm formation and motility in P.
mirabilis, and the involvement of the Ntr in CAUTIs will be further evaluated during the
course of this study.
Fimbriae are undoubtedly associated with bacterial cell attachment and these
proteins have long been discussed as potential virulence factors in P. mirabilis (Jacobsen et
al. 2008b). The expression of MR/P fimbriae is regulated by the mrpI gene which encodes
a recombinase enzyme and works as an on/off switch for the mrpABCDEFGHJ operon.
When mrpI is switched on it transcribes mrpJ, a transcriptional regulator that binds to the
promoter region of the flagellar transcriptional regulator flhDC and thereby inhibits
motility (see Figure 4.5.) (Pearson and Mobley, 2008, Li et al. 2001). Mutant NHBFH4 has
been disrupted in this mrpI gene and the disruption resulted in a non-swarming and
swimming deficient mutant that was biofilm enhanced. This suggests that the disruption
caused the constitutive expression of the mrp operon, leading to a highly adherent and nonmotile mutant. It will be interesting to analyse the effect of this insertion event in a system
more closely resembling the CUT to see its effects on catheter blockage, as well as to
analyse this mutants ability to adhere to catheter biomaterials during flow chamber
experiments.
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Figure 4.6. Genes identified which are associated with the nitrogen regulatory system
The figure indicates genes identified during this study that are involved in the Nrt (Adapted from Reitzer et al. 2003 and KEGG, Kyoto
Encyclopedia of Genes and Genomes, Kanehisa and Goto, 2000). GltS is responsible for glutamate transport. The glnA glutamine synthetase
(GS) – gltBD glutamate synthase (GOGAT) pathway indicated synthesises glutamate over glutamine from ammonia and α-Ketoglutarate under
normally nitrogen limiting conditions, and glnA is inhibited by glnE adenylyltransferase. NirB generates ammonia from nitrite under nitrogen
rich and anaerobic conditions (Huang et al. 2000).
120

Another mutant, NHBFE8 was disrupted in a distinct fimbrial subunit and the
disruption of this gene resulted in a more motile phenotype. Interestingly NHBFE8 was
also biofilm enhanced, indicating that the ability of this mutant to adhere to surfaces was
not negatively affected by the disruption of the fimbrial subunit, suggesting that the
interplay between attachment proteins and motility is much more complex than first
thought. This is in agreement with results by Lane et al. (2007), who identified that the
synthesis and presence of type 1 ﬁmbriae at the bacterial surface is only partially
responsible for the repression of motility in an uropathogenic strain of E. coli. Although
the loss of the fimbrial subunit in NHBFE8 explains the increasingly motile phenotype to
some extent, the increase of biofilm forming ability must have another explanation one of
which could be the upregulation of other fimbrial operons. Studies in uropathogenic E. coli
for example have shown that the loss of one fimbrial subunit can lead to an increased
transcription of other fimbrial proteins (Snyder et al. 2005). If this occurred in NHBFE8 in
response to the lack of one type of fimbrial subunit, this could explain the altered biofilm
forming ability during the biofilm assay. The substitute fimbriae may adhere better to the
polymer surface than the fimbrial subunit they replaced, increasing this mutant’s biofilm
forming ability. This hypothesis does however not explain the increased swarming ability
of this mutant. It will be of interest to analyse this mutant in bladder models in order to
elucidate the function of this gene in CAUTI.
The involvement of lipoproteins in swarming was elucidated by Pearson et al.
(2010) who identified that several putative lipoproteins were upregulated in swarmer cells
when compared to swimmer cells. Indeed, one of the mutants isolated, namely NHSE5,
was disrupted in a putative lipoprotein. Lipoproteins are involved in a variety of scenarios
from transport systems (ABC family transporters), to the anchoring of cell wall
lipopolysaccharides (Jacobsen et al. 2008b). NHSE5 was shown to be biofilm-deficient as
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well as non-motile, if the putative lipoprotein involved here was associated with the
lipopolysaccharide cell wall, a disruption of this gene could have severe effects on the
fitness of this mutant. Nevertheless, as the gene disrupted in NHSE5 could only be
putatively identified as a lipoprotein giving no clear indication of the genes’ greater
function and therefore the involvement of this gene in P. mirabilis virulence is speculative.
Burall et al. (2004) identified a mutant that was disrupted in a gene homologous to
a putative lipoprotein using signature tagged mutagenesis. The mutant (D6-26) was
outcompeted in co-challenges with the wild type strain HI4320 in mouse models, as well
as being swarming-impaired, which was attributed to a potential alteration in extracellular
capsule structure (Burall et al. 2004). Although the role of lipoproteins in biofilm
formation has not been analysed per se in P. mirabilis, the EPS of biofilms consists of
lipopolysaccharides amongst other things, and it is therefore not unreasonable to think that
biofilm forming ability would also be impacted if the EPS is altered. Mireles et al. (2001)
examined the role of swarming in biofilm formation by S. enterica serovar Typhimurium
and found that non-swarming mutants defective in LPS production, showed increased
biofilm forming abilities. The inability of P. mirabilis mutants to swarm and disperse could
suggest that the bacterial cells would remain at the site of initial attachment commencing
biofilm formation, and therefore increasing biofilm formation (Jones et al. 2005).
However, if the EPS matrix was significantly altered this may also impede the formation of
biofilms and recently a P. mirabilis mutant with alterations in LPS was found to be biofilm
deficient (Jiang et al. 2010).

The periodicity of the swarm cycle is thought to occur due to the depletion of
energy stores in swarmer cells, and swarmer cells continue to swarm when transferred to
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nutrient low agar and do not seem to require a source of energy during this locomotive
action (Belas, 1996, Williams and Schwarzhoff, 1978).
A selection of mutants analysed here displayed changes to the periodicity of the
swarm cycle (see Figure 4.2.). Little is known about the genes undermining the cyclic
events of the P. mirabilis swarm cycle, and some of the swarming deficient mutants still
displayed similar patterns of migration (DLD1A6, NHBFE8, and STS8.1D7) to the wild
type, whereas others showed increased consolidation frequency and extended lag phases
prior to swarming (DLD1D11, NHBFA5, NHBFF9) or no swarming at all (ABBF1.1C8,
DLD1H4, DLD1H11). Trying to explain this in light of the energy depletion hypothesis
mentioned above, this could indicate that the latter mutants with increased lag times or a
cessation of swarming as a whole had difficulties in storing energy, affecting temporal and
spatial periodicities leading to shortening of swarm cycles when compared to the wild type
B4 or a complete lack of swarming.
One of these energy resources is glutamate, which is a precursor for the TCA cycle
via the glutamine synthetase - glutamate synthetase (GS-GOGAT) system (see Figure
4.6.). 75-90% of all nitrogen utilised for cellular processes such as protein synthesis is
assimilated via glutamate (Nandineni et al. 2004). As mentioned before, the inability to
import glutamate by mutant ABBF1.1C8 disrupted in gltS could have led to a depletion of
intracellular glutamate stores. This depletion could have in turn inhibited swarming due to
the lack of available energy sources. The involvement of the defective glnE gene in
NHBFH5 in swarming is a little more complex. GlnE transcribes for an
adenylyltransferase which adenylates glutamine synthetase (glnA) repressing this enzyme,
and is regulated via a negative feedback system sensing glutamine levels within the cell
(Reitzer et al. 2003).

123

A disruption in glnE thus results in a constitutively expressed gltA enzyme
converting glutamate to glutamine (Reitzer et al. 2003). This may also lead to exhaustion
of intracellular glutamate as the cell cannot adequately respond to high concentrations of
glutamine via negative feedback and adenylation of glnA. Interestingly, the GS-GOGAT
system which is normally utilised under nitrogen limiting conditions appears to be of
importance here, although LB medium is not nitrogen limiting (Armbruster et al. 2013,
Reitzer et al. 2003). This is an observation that was also recently commented on by
Armbruster et al. (2013) when they identified a swarming deficient mutant with a
disruption in the glnA gene. They postulated that P. mirabilis may use the GS-GOGAT
under conditions that normally use glutamate dehydrogenase (gdhA, GDH). The leucine
responsive regulator lrp disrupted in DLD1D11 has also been identified to stimulate the
GS-GOGAT system (see Figure 4.6.) and is thought to regulate the overall Ntr response in
E. coli (Reitzer et al. 2003).
Furthermore, another mutant STS8.1D7 disrupted in nirB is also associated with
the nitrogen metabolism (see Figure 4.6.). The nirB pathway is usually used under
anaerobic conditions of high nitrogen (Huang et al. 2000), reducing nitrite to ammonia
which can then be excreted from the cell or used to generate glutamate and glutamine via
the GHD or potentially the GS-GOGAT system (which appears to have a role in P.
mirabilis motility). The disruption of this gene however had a limited effect on the ability
of this mutant to mobilise potentially as the cells are in an oxygen rich environment;
indicating that this way of ammonium production is of limited importance to P. mirabilis
motility on LB medium. However, this mutant was found to be biofilm deficient indicating
a role for nirB in biofilm formation. This may be as oxygen penetration is reduced in
biofilm structures or as nitrogen compounds accumulate as waste and the biofilm requires
denitrification. The effect of these genetic disruptions in a very nitrogen and ammonium
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rich medium such as urine is yet to be elucidated and these mutants will be tested in
bladder models during this study.
Several of the biofilm mutants isolated were disrupted in transmembrane transport
(NHBFF9, NHSH1, and DLD1A6) and they were all found to be swarming deficient, with
alterations to the usual bulls eye pattern. As discussed above, temporal and spatial
periodicities could have been affected by extracellular signals and the ability to sense such
signals for a majority of the mutants analysed, whether this is the accumulation of waste
product as suggested by Lominski and Lendrum (1947), or the sensing of amino acids or
other potential quorum sensing molecules remains to be fully explored (Armbruster et al.
2013, Allison et al. 1992). Transport systems have been closely linked to virulence of P.
mirabilis, and a P. mirabilis mutant disrupted in the Pst phosphate-specific transport
system (an ABC family transporter), was recently shown to be biofilm deficient and was
less virulent in a mouse model (Jacobsen et al. 2008b, Jiang et al. 2010). This indicates a
potential for the involvement of transport systems in virulence, and the transposon mutants
isolated here will be further analysed using bladder models.
Bacterial motility such as swimming and swarming, as well as biofilm formation
are undoubtedly very complex processes requiring the integration of many signals, and are
highly dependent on the metabolic state of the bacterial cell as well as the environment that
cell is in. To what extent swarming is involved in the infection process and in particular
crystalline biofilm formation leading to catheter blockage remains to be elucidated.
Nevertheless, it is interesting to note that motility does not appear to correlate significantly
to biofilm phenotype for the mutants tested in this study (see Figure 4.4.) indicating a
perhaps less obvious link between the two behaviours than previously anticipated.
Nevertheless, swarming has been associated with the initiation of the infection process in
several studies and it is therefore sensible to analyse this trait further in a model that
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resembles the CUT more closely. Equally, biofilm formation in a 96 well assay has not
been related to crystalline biofilm formation and catheter blockage of P. mirabilis in the
past and this is hoped to be pursued further during the remainder of this study.
4.4.3. Assessment of urease enzyme activity of biofilm mutants and P. mirabilis B4
The role of the urease enzyme in P. mirabilis pathogenicity has been studied
extensively. Urease activity is the one of the key virulence factors associated with P.
mirabilis, and is the main cause of the crystalline formations found to block IUCs in
patients (Mobley and Warren, 1987). When the pH of the urine reaches approximately 8.2,
apatite and struvite crystals aggregate on catheter walls and bacterial attachment to the
catheter biomaterial increases vastly (Stickler and Morgan, 2006).
No significant differences in urease activity between the mutants tested and the
wild type B4 were detected during this study. Although this result is perhaps unsurprising
as none of the mutants analysed showed an insertion in the urease gene cluster of P.
mirabilis, some of the mutants identified here were disrupted in genes involved in nitrogen
metabolism (see Table 4.1. and Figure 4.6.) and it stands to reason that these genes could
be involved in urease activity. Indeed, the nitrogen cycle is closely linked to urease activity
in K. pneumonia were the products of the Ntr (i.e. ammonia) work in a negative feedback
loop repressing urease activity (Friedrich and Magasanik, 1977). Interestingly, this has not
been shown to be the case in P. mirabilis, and studies have found that the urease enzyme is
only upregulated upon encountering its substrate urea (Nicholson et al. 1993, Jones and
Mobley, 1988, Jones and Mobley, 1987). This ties in with observations here, as none of the
mutants that have been disrupted in genes involved in the nitrogen cycle seem to differ in
urease activity (see Table 4.1.).
Moreover, the ability to hydrolyse urea does not seem to be significantly correlated
to any other phenotypic traits in the present study (see Figure 4.4.). This may be related to
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the experimental parameters employed here as for example previous studies have shown a
relationship between swarming and urease activity (Rather, 2005, Stickler and Hughes,
1999). Urease activity of cells grown in liquid media was analysed and cells would have
been in the vegetative swimmer cell state throughout the experiment. Deducting a
relationship between swarming and urease activity under these experimental conditions
may not reflect results from previous studies.
Furthermore it is of interest that a variety of membrane transporters are involved in
the altered phenotypic traits observed here. As no known quorum-sensing systems appear
to be involved in the regulation of swarming in P. mirabilis (Schneider et al. 2002, Belas,
1996), the ability of this bacterium to coordinate swarming and biofilm formation through
cell–cell signalling remains an area of debate. The involvement of a variety of proteins
involved in transmembrane transport identified here however seems to suggest that the
sensing of extracellular cues and the import and export of molecules across the membrane
is vital in P. mirabilis biofilm formation and motility. Whether or not they are involved
because of cell-cell communication or transport of vital compounds is yet to be
determined, as is their involvement in the infection process in the CUT.
As none of the mutants tested during this study displayed variable urease activity
when compared to P. mirabilis B4, changes in crystalline biofilm production and catheter
blocking ability of mutants selected for further studies will be independent of urease
activity. This will allow the study of the direct involvement of biofilm formation and the
genes disrupted in transposon mutants in catheter blockage.
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4.5. Conclusions
 Biofilm indices obtained from screens did not significantly correlate to the ability
to swarm, swim or produce urease.


Swarming of transposon mutants was found to significantly correlate to swimming
motility. Swarming-deficient mutants were usually swimming-deficient. Swarming
did not significantly correlate to biofilm forming ability or urease activity.



Swarming velocity measurements identified variations in the ability to swarm
across solid surfaces for most mutants isolated when compared to P. mirabilis B4.
A total of 8 transposon mutants did not swarm after 10 h, and 4 of these mutants
were identified as non-swarmers as they failed to swarm after an overnight
incubation. Only 1 swarming enhanced mutant was isolated.



None of the mutants showed any alteration in the ability to produce the urease
enzyme, and none of the other phenotypic traits were significantly correlated to
urease activity



The regulation of fimbrial operons is involved in both biofilm formation and
motility i.e. via mrpI (in MR/P fimbriae). The downregulation of one type of
fimbriae potentially upregulates the transcription of other fimbrial proteins.



The Ntr and its regulator lrp appear to be involved in both biofilm forming ability
and motility of P. mirabilis and are not related to urease activity.



Membrane transport systems play a role in both motility and biofilm forming
ability although it remains uncertain whether this is due to cell-cell communication
or transport of waste, nutrients or other vital compounds.
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Chapter 5: The role of disrupted genes in crystalline biofilm formation
and catheter blockage
5.1. Introduction
Many in vitro models for biofilm formation exist ranging from relatively basic
microtiter plate-based systems to flow displacement assays, and more advanced cell culture
based systems, and in vivo models (Coenye and Nelis, 2010, Hachem et al. 2009, Nailis et
al. 2010). Selection of a biofilm model hinges on the identification of factors that may
affect the biofilm development and need to consider the hypothesis that requires testing.
Considerations such as cell attachment and stage of biofilm maturation, fluid flow, shear
forces, physiochemical factors including nutrition and waste management will all inform
the choice of the most appropriate model system for the study at hand. Advantages and
disadvantages for some commonly used biofilm models in the research of urinary tract
pathogens are described in Table 5.1.
During this study, an in vitro model of the catheterised urinary tract, also described
as the “bladder model”, was utilized (Stickler et al. 1999). The bladder models consist of a
double walled glass chamber (the bladder) maintained at 37°C with the help of a water
jacket. Catheters are inserted into the chamber via an outlet in the base of the chamber,
which acts as the artificial urethra. Catheters are attached to drainage bags to form a closed
catheter drainage system as described in Chapter 1, and medium is added to the bladder via
supply tubing from a reservoir at a constant flow rate.
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Table 5.1. Summary of commonly used biofilm models for the study of uropathogens.
Biofilm model

Advantages

Disadvantages

Studies

Microtiter
plate-based
systems

Environmental conditions can be tightly
controlled and altered, and treatments such as
antimicrobials can be tested rapidly. Very cost
effective and high throughput.

Cannot accurately simulate normal growth
conditions of most biofilms as systems are static,
and the amount of nutrients decrease with time
as waste materials accumulate. The microtitre
plates may not represent the surface of interest.
The data obtained is often of limited value.

Holling et al. 2014a
Hola et al. 2012
Putamreddy et al. 2011
Kvist et al. 2008
O’Toole and Kolter, 1999

Flow
displacement
assays

Offers a dynamic model system for biofilm
growth, reproducing the constant supply of
nutrients and removal of waste material under
flow conditions. Shear forces found in natural
environments can be replicated an altered.
Environmental conditions can be tightly
controlled and altered, and treatments such as
antimicrobials can be tested.

Flow cell studies are low throughput and do not
simulate all of the conditions encountered in vivo
accurately. Systems have to be maintained at
~37°C for analysis of biofilms pathogenic to
humans. They are furthermore more expensive
than MPS due to an increased cost of reagents
and equipment.

Holling et al. 2014a
Kvist et al. 2008
Jones et al. 2007
Jones et al. 2004
Downer et al. 2003
McLean et al. 1991

Cell culture
based systems

Can mimic the effect of biofilms on cells (e.g.
measure cell damage, and adhesion to
epithelial tissues). Certain cell lines also show
immune responses.

Cell lines used are can behave differently than in Jiang et al. 2010
vivo as repetitive culturing in the laboratory Zunino et al. 2007
setting may alter cellular phenotypes. Cell Zunino et al. 2001
culture requires highly trained staff and costly
equipment.
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Mimics catheterised urinary tract in vitro.
Utilises catheters, and catheter sizes most
commonly used by patients. Variables such as
the urine composition, pH and flow rate can be
controlled or adjusted. Potential treatments for
CAUTIs such as antimicrobials or the
acidification of urine can be explored.
Bacterial species interactions can be studied.

As with all in vitro models, the bladder model
cannot elucidate host pathogen interactions such
as immune responses or cellular invasion, which
may alter the virulence of test strains.

Holling et al. 2014a
Kazmierska et al. 2010
Stickler and Feneley, 2010
Broomfield et al. 2009
Stickler and Morgan, 2008
Jones et al. 2006
Jones et al. 2005
Stickler et al. 1999
Morris and Stickler, 1998

In vivo models Arguably the most representative model of the
disease process in humans as they can
accurately display host pathogen interaction
such as immune responses, bacterial invasion
and systemic dissemination of pathogens.

Living systems are more complex than in vitro
approaches and therefore fewer variables can be
controlled (e.g. immune responses, exact
composition of media). Models utilising small
mammals such as mice may not provide a
representative model for some medical device
studies including the study of urinary catheters,
as devices fitted must either be adjusted in size
or implanted into a general body cavity in an
attempt to mimic situations in humans. They also
require costly facilities and ethical approval.

Armbruster et al. 2013
Pearson et al. 2011
Himpsl et al. 2008
Zunino et al. 2001
Johnson et al. 1987

Bladder
models
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The in vitro bladder model system has been successfully utilised as an alternative to
in vivo models. Advantages of the bladder model include the use of Foley catheters such as
the ones used in healthcare settings providing a good representation of the closed drainage
system, and the ability to regulate several variables such as flow conditions, media
composition, and inoculum density. However, the bladder models cannot replicate the host
pathogen interactions, such as immune responses. Bladder model studies have analysed the
aetiology of CAUTIs and in particular P. mirabilis crystalline biofilm formation, and
catheter encrustation (Macleod and Stickler 2007, Stickler et al. 2006a, b, Stickler et al.
1999). The systems have also been applied to elucidate potential efficacy of bladder
management measures such as different catheter designs (Broomfield et al. 2009,
Kazmierska et al. 2010, Stickler and Feneley, 2010, Williams and Stickler 2007, Stickler et
al. 2006a, b).
Macleod and Stickler (2007) for example, studied different bacterial species
including P. mirabilis, and species interactions in the CUT utilising the bladder model
system. They found that co-infection with organisms such as Ps. aeruginosa increased the
time it took P. mirabilis to block urinary catheters. K. pneumoniae, Pr. stuartii, E. coli, and
M. morganii commonly associated with P. mirabilis, and did not alter the ability of P.
mirabilis to encrust urinary catheters. Notably, when infections with K. pneumoniae, E.
coli, M. morganii were established before the inoculation with P. mirabilis, blockage times
were increased. Because all catheters became blocked eventually, Macleod and Stickler
(2007) proposed that although antagonistic effects are exhibited between some bacterial
species causing CAUTIs, infection with P. mirabilis will eventually lead to encrustation of
urinary catheters (Macleod and Stickler 2007). The study showed the value of the bladder
model to test a variety of uropathogenic species and has highlighted the importance of P.
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mirabilis as the key agent of catheter blockage as found previously on numerous occasions
(Stickler et al. 1998, Mobley and Warren, 1987).
In addition to analysing the blockage time of catheters for different bacterial
species, the model has also been used in order to seek out new preventative measures and
treatments for P. mirabilis CAUTIs, such as different catheter designs, coatings and
instillations of the retention balloon with antimicrobials (Broomfield et al. 2009, Macleod
and Stickler, 2007, Williams and Stickler, 2007, Stickler and Morgan 2006, Percival et al.
2005). Measures for biofilm prevention were recently examined with a study showing that
the modulation of the pH of the urine reduced blockage times in P. mirabilis CAUTIs
(Stickler and Morgan 2006). The increasing pH to a nucleation pH (pHn) at which salts
precipitate from the urine is pivotal for crystalline biofilm formation (see Chapter 1).
Studies have shown that the pH voided by patients (pHv) is required to be significantly
lower than the pHn in order to slow or stop catheter blockage (Mathur et al. 2006).
Macleod and Stickler (2007) thus hypothesised that the modulation of the pH of the urine
could reduce the ability of P. mirabilis to block urinary catheters. They modulated the
artificial urine by diluting it, as well as increasing the citrate content, showing that these
alterations significantly increased the time taken for catheters to block (Macleod and
Stickler 2007).
Instillations of catheter retention balloons with several compounds have also been
carried out in the past using this model, as it is thought that the slow release of compounds
through the balloon could help to prevent infection. Daily instillations with EDTA after
initial formation of P. mirabilis biofilms, showed an increase in mean blockage time by
~22 h, as well as significantly lower encrustation rates (Percival et al. 2005). Nonetheless,
few antimicrobials are able to diffuse through catheter biomaterials sufficiently enough to
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have any significant effect (Williams and Stickler 2007). Triclosan has however shown
some positive results, and retention balloon instillation with this antimicrobial has been
identified to prevent catheter blockage by P. mirabilis (Stickler et al. 2003a).
The ability to utilise the bladder model systems for such varying applications as
described above, have in the last decade shown the usefulness of this biofilm model system
for the assessment of uropathogens including P. mirabilis. The present study aims to utilize
this well published model to further assess the phenotypic changes of isolated biofilm
mutants in this model as it closely resembles the CUT.
5.1.2. Hypothesis and Aims

The bladder model was utilised to test the ability of a subset biofilm mutants to
encrust all-silicone urethral catheters leading to catheter blockage, and generate an insight
into the underlying mechanisms impacted by gene disruptions.
The main aims of this chapter are to:
1. Examine the ability of transposon mutants and the wild type B4 to grow in
artificial urine and increase urinary pH sufficiently for crystal formation to
occur.
2. Analyse the ability of a subset of transposon mutants and P. mirabilis B4 to
encrust and block all-silicone Foley catheters.
3. Identify correlations between the ability to form biofilms, swarm, swim and
produce urease to blocking abilities of transposon mutants and the wild type.
4. Analyse the ability of a subset of transposon mutants and the wild type P.
mirabilis B4 to adhere to silicone.

5. Evaluate the abilities of P. mirabilis B4 and blocking deficient mutants to form
crystalline biofilms on urinary catheters.
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5.2. Methods
5.2.1. Bladder model

Following the isolation of biofilm transposon mutants in a simple biofilm assay
(see Chapter 3), the more representative bladder model was utilized to identify mutants
defective in catheter blockage. Figure 5.1., shows a diagram of the bladder model, and
Figure 5.2., shows the bladder model set up in the laboratory; the bladder model is further
described below. The variables measured for each bladder model were: (1) the time taken
to block the catheter, (2) the pH of the residual urine within the artificial bladder at time of
blockage or at the experimental end point, (3) the CFU mL-1 of bacterial cells in the
residual urine within the artificial bladder at the time of blockage or at the experimental
end point.
5.2.1.1. Artificial urine production

The artificial urine (AU) protocol was originally described by Stickler et al. (1999).
The medium composed of sodium di-sulfate 11.5 g L-1, magnesium chloride (hexahydrate)
3.25 g L-1, sodium chloride 23 g L-1, tri-sodium citrate 3.25 g L-1, sodium oxalate 0.1 g L-1,
potassium di-hydrogen orthophosphate 14 g L-1, potassium chloride 8 g L-1, ammonium
chloride 5 g L-1, calcium chloride dehydrate 3.25 g L-1, urea 125 g L-1, gelatine 25 g L-1
(Fisher Scientific) and tryptone soya broth (Oxoid) 5 g L-1. Stock solutions of urea and
calcium chloride dehydrate were sterilized separately by membrane filtration (0.45 µm,
Sartorius, UK), and added to other components (which were sterilized by autoclaving), to
provide the final AU medium with all ingredients at concentrations noted above, and a
final pH of 6.1.
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Figure 5.1. Diagram of the bladder model
(a) The artificial bladder consists of a double walled glass chamber with (b) two exits to
the water jacket which is supplied with water from a circulating waterbath at 37°C. (c) A
pipette delivers artificial urine media at the top of the bladder model, and is supplied from
a reservoir via a peristaltic pump at a constant flow rate of 0.75 mL min-1. (d) The Foley
catheter with the inflated retention balloon drains the artificial urine from the bladder, and
is inserted via (e) the urethra.
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Figure 5.2. Photograph of the bladder model set- up in situ in the laboratory
(a) Reservoirs of artificial urine. (b) Peristaltic pump supplying artificial urine at a constant
flow rate of 0.75 mL min-1 to (c) the bladder models. (d) The catheter drainage bags are
attached to the all-silicone Foley catheter draining the artificial urine, in order to form the
closed catheter drainage system. (e) The circulating waterbath set at 37°C supplies the
water jacket surrounding the bladder to keep the system at 37°C.
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5.2.1.2. Bladder model assembly

All bladder model components were sterilised by autoclaving prior to use. The
bladder model was assembled as described by Stickler et al. (1999) (see Figure 5.1. and
Figure 5.2.). The bladder was catheterised aseptically in a class 2 microbiological safety
cabinet, by inserting a size 14 French all-silicone Foley catheter (Bard, Crawley, UK) via
the urethra. 10 mL of sterile saline was used to inflate the catheter retention balloon inside
the bladder to keep the catheter in place and prevent media leakage. The media supply
tubing at the top of the artificial bladder was also fitted (0.1 cm bore all-silicone, Fisher),
and the models were then set- up in the laboratory as depicted in Figure 5.2. The media
supply tubing was attached to the reservoir containing 5 L of AU, and medium was
supplied via a peristaltic pump (Watson and Marlow sciQ323) until catheters began to
drain. Sterile media was supplied for approximately 1 h prior to bladder model operation at
a constant flow rate of 0.75 mL min-1.
5.2.1.3. Bladder model operation

Bacterial strains were cultured in 15 mL of LB broth supplemented with
appropriate antibiotic selection for 4 h with agitation at 37°C, and then calibrated to an OD
of 1 (~109 CFU mL-1). Cells were harvested by centrifugation at 4500 g for 10 min at RT,
the supernatant was discarded, and cells were re- suspended in 15 mL of artificial urine.
Models were then inoculated with mutants of interest, by substituting 10 mL of AU from
within the bladder model with 10 mL of bacterial suspension in AU (~109 CFU mL-1). An
aliquot of 5 mL of inoculated AU was removed from the bladders, in order to measure the
pH and viable counts of the residual urine after inoculation.
Models were activated 1 h after inoculation, to allow bacteria to establish in bladder
models, and then supplied with AU at a constant flow rate of 0.75 mL min-1. The pH of the
AU in the bladder was measured, and the number of viable cells enumerated after catheter
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blockage or at the experimental endpoint. Enumeration of viable cells was carried out as
presented in the general methods chapter (see Section 2.1.3.).
5.2.2. Analysis of catheters removed from bladder model experiments

Timed bladder models were carried out on transposon mutants which when
compared to the P. mirabilis B4 wild type were blocking deficient. Catheters from these
experiments were removed from bladder models after 10 h, and imaged using scanning
electron microscopy (SEM) and environmental SEM (ESEM). The biomass and calcium
deposition on catheter sections was then quantified and compared to that of the wild type
B4 and these approaches have been validated in Holling et al. 2014a, b.
5.2.2.1. SEM analysis of cross sections of encrusted urinary catheters

SEM was carried out on cross sections of catheters removed from timed bladder
model experiments. For this, 1 cm cross-sections were dissected from catheters 1 cm below
the catheter eyehole. Samples were mounted using Leit adhesive carbon tabs (Agar
Scientific, Stansted, UK) before being sputter coated with 4 nm of platinum using a
Quorum Q150T ES (Quorum Technologies). Samples were viewed with a Zeiss-evoLS15
microscope (Carl Zeiss Ltd, UK) under high vacuum (chamber pressure of 3.5 x 10-3 pa,
0% humidity) using an accelerating voltage of 5 kilovolt (kV) extra high tension (EHT)
and using a 5 quadrant backscatter detector (5Q-BSD).
5.2.2.2. ESEM analysis of catheters

Catheters removed from the in vitro models of the catheterised urinary tract were
cut into 1 cm sections and dissected longitudinally to expose the crystalline biofilm, before
being mounted onto aluminium stubs using Tissue-Tek CRYO-OCT compound mountant
(Agar Scientific). Stubs were placed onto a Peltier cool stage (Deben, UK) at a temperature
of ~1.5°C, and viewed in a fully hydrated unprocessed sample state using the ZeissevoLS15 microscope. The following parameters were applied: a 100 µm upper aperture, a
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500µm lower EDS EP aperture, a chamber pressure ~570 pa with 85% humidity, an
accelerating voltage of 20kV EHT, and a 5Q-BSD.
5.2.2.3. Quantification of biomass from encrusted urinary catheters sections using crystal

violet
The catheter sections were harvested as described above. Samples were placed into a
sterile 50 mL centrifuge tube, and carefully washed with SDW to remove loosely attached
or non-adherent debris. They were then submerged in 1 mL of 0.5% crystal violet solution
(Fisher Scientific, Pro-Lab Diagnostics) for 10 min at RT. Catheter sections were then
gently washed 3 times with SDW to remove excess stain, and the SDW was completely
removed before the addition of 1 mL of DMSO (Fisher Scientific). Stained catheter
sections were then agitated using a vortex mixer for 1 min to release the crystal violet dye
from bacterial cells within the biofilm. Absorbance readings were acquired at 595 nm
using a spectrophotometer (Jenway 6300).
5.2.2.4. Calcium quantification on encrusted urinary catheters sections using flame

spectrophotometry
The catheter sections were harvested as described above and were placed into
individual sterile 15 mL tubes, and frozen at -80 °C until processed. For the calcium
quantification, the sections were submerged in a solution of 95% w/v ammonium oxalate at
0.1 mol L-1 and 5% w/v oxalic acid at 0.1 mol L-1 and agitated using a vortex mixer for 3
min. Suspensions were incubated at RT for 30 min before catheter sections were removed,
and tubes centrifuged (3000 g for 10 min). The supernatant was discarded, and 5 mL
perchloric acid (0.05 mol L-1) was added to the pellet. Samples were thoroughly mixed
before being centrifuged (3000 g for 2 min). Levels of calcium dissolved in the
supernatants were then determined using a flame photometer (Corning, Flame Photometer
410), calibrated using calcium standards at 100, 75, 50 and 25 ppm prior to use.
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5.2.5. Parallel plate flow chambers

FC81 transmission flow cells (BioSurface Technologies, USA) were used to assess
the ability of blocking deficient transposon mutants and the wild type B4 to adhere to
catheter biomaterials in the form of silicone coated microscope slides. A schematic of the
flow cell is outlined in Figure 5.3., and flow chamber experiments were set-up as shown in
Figure 5.4.
5.2.5.1. Silicone coating of microscope slides

In a fume hood, glass slides were soaked in chromic acid overnight in a copling jar.
The following day glass slides were removed and placed into individual sterile 100 mL
glass bottles, and thoroughly rinsed with SDW. The pH of the supernatant was measured
using pH indicator strips (Fisher Scientific). When supernatant was at a neutral pH, bottles
containing slides were placed in a vacuum oven at 500 bar and 120°C for 2 h to evaporate
all traces of SDW. Glass bottles containing slides were then removed from the oven and
allowed to cool. For the silonisation, slides were submerged in 2% w/v (3aminopropyl)trimethoxysilane (APTMS) in acetone for 5 min at RT. Slides were then
removed and rinsed thoroughly in SDW, before being dip coated in a 2.5% w/v aqueous
glutaraldehyde solution. Coated microscope slides were then placed into sterile 100 mL
glass bottles, and placed into the vacuum oven at 500 bar and 60°C for 30 min to evaporate
all residual solvent. Silonised slides were removed from the vacuum oven and allowed to
cool to RT before use in flow chambers.
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Figure 5.3. Diagram of the flow cell
After assembly of the flow cell set up, media passes through the interstitial space between
the two cover slips. Bacterial adhesion to the silicone coated surface can then be observed
via the microscope.
(a) Metal housing and spacer plate of flow cell fixed to the other components via screws.
(b) Glass cover slip. (c) Silicone gaskets to prevent leakage of media and hold microscope
slides in place. (d) Silicone coated microscope slide. (e) Attachment site for silicone tubing
for media supply.
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Figure 5.4. Photograph of the parallel plate flow chamber set-up in situ in the
laboratory
The flow cell set-up is maintained at a constant temperature of 37°C in a warm room. (a)
Reservoirs of PBS and PBS inoculated with bacterial cell suspension. (b) Media supply
tubing. (c) Peristaltic pump supplying PBS or bacterial cell suspension at a constant flow
rate of 1 mL min-1 to (d) the flow cell. (e) Waste media tubing. The flow cell is positioned
on (f) the Olympus BX41 microscope fitted with (g) a SC30 camera and long working
distance phase contrast objective lens. Images are obtained via (h) the CellSens software
(Olympus).
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5.2.5.2. Flow cell assembly

Flow cell components were cleaned in 2% w/v Decon (Fisher Scientific) solution,
rinsed and sterilised by autoclaving.
The flow cells were assembled as outlined in Figure 5.3. A silicone coated glass
slide was carefully inserted into the recessed slot on the base of the metal flow cell
housing. A silicone gasket was added onto the slide to stabilise it and prevent media
leakage. The spacer plate was then positioned onto the silicone gasket, and screwed in
place. The glass coverslip, and the second silicone gasket were placed onto the metal cover
plate, and the previously assembled components were carefully inverted and placed onto
the cover plate components, and screwed in place. The flow cell was subsequently inverted
for the silicone coated microscope slide to be situated on the lowermost portion of the flow
cell.
The flow cell was subsequently attached to media supply tubing and media
reservoirs, as well as waste media tubing (see Figure 5.4.). Sterile PBS (Fisher Scientific)
was supplied to the assembled flow cell system via a peristaltic pump (Watson and Marlow
sciQ323) for 10 min prior to use at a constant flow rate of 1 mL min-1.
5.2.5.3. Analysis of adhesion of transposon mutants and P. mirabilis B4 to silicone

Test strains were grown in 100 mL LB broth for 20 h. Cells were harvested by
centrifugation (3000 g for 10 min) and cell density was adjusted to ~3x108 CFU mL-1 in a
final volume of 1 L of PBS. The bacterial suspension was supplied to the flow chamber at
a constant flow rate of 1 mL min-1 using a peristaltic pump (Watson and Marlow sciQ323).
Attachment of cells was monitored at 37°C for 5 h using an Olympus BX41 microscope as
previously described (Jones et al. 2005). The microscope was equipped with a SC30
camera and long working distance phase contrast objective lens and image series were
captured using the CellSens software (Olympus). Cell adhesion was examined at 0, 15, 30,
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45, 60, 120, 180, 240, 300 min. At each time point, images were captured as a TIFF time
stack taking 9 images within ~0.2 sec. Images were collated, and mobile, non-adherent
bacterial cells eliminated before enumeration utilising the ImageJ particle analysis tool.
5.2.6. Statistical analysis of bladder model data

All statistical analysis was performed using GraphPad Prism 6.0 (Graphpad
Software inc. USA; www.graphpad.com) or Microsoft Excel (Microsoft Office 2010.
USA). Data were analysed using either Student’s t-test, or ANOVA with Dunnett’s
multiple comparisons test. Correlation studies were carried out between biofilm formation,
swarming, swimming, urease indices and blockage time by calculating the Pearson’s
correlation coefficient.
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5.3. Results
In order to determine if high-throughput screens had recovered mutants relevant to
catheter blockage, 12 transposon mutants identified and characterised in previous chapters
were selected and compared to the wild type using an in vitro model of the catheterized
urinary tract (see Figure 5.1. and Figure 5.2.) (Stickler et al. 1999). The bladder model
analysed the ability of mutants to form crystalline biofilms and encrust urethral catheters
compared to that of the wild type, as well as examining their ability to elevate pH and
survive in this system at levels corresponding with the wild type by measuring the pH of
the urine as well as the viable cells in bladders at the end of experiments (see Figure 5.5.
and Figure 5.7.).
Generally, all transposon mutants and P. mirabilis B4 were able to grow in
artificial urine, and were shown to persist in bladder models for the duration of time taken
for catheters to block (see Figure 5.5.a). All transposon mutants and the wild type B4
managed to increase the pH sufficiently for crystalline biofilm formation to occur (see
Figure 5.5.b), and all managed to block catheters.
Although none of the pH values for transposon mutants after blockage were
statistically significantly different to that of P. mirabilis B4, there was a moderate yet
significant negative correlation between the time taken to block urinary catheters and the
pH recorded at catheter blockage (r= -0.58, p= 0.0386), and mutants that took longer to
block urinary catheters usually had a decreased pH at catheter blockage (see Figure 5.6.a).
Notably, mutant NHBFF9 had a marginally reduced pH of ~8.6 at the time of blockage,
and mutant NHBFG8 had an increased pH of ~9.2.
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Figure 5.5. Viability and elevation of pH in bladder models.
The bladder model was used to identify transposon mutants with an altered ability to block urinary catheters. (a) Survival in bladder models was
tested after catheter blockage and all mutants were able to persist in the bladder models. (b) The ability of mutants to increase the urinary pH to
levels required for crystalline formation was measured after catheter blockage. Error bars= standard error of the mean; n=3. ■ = P. mirabilis B4
wild type at 100%; ■ Biofilm deficient (BFD) and ■ Biofilm enhanced (BFE) mutants.
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Figure 5.6. The pH after catheter blockage is related to blockage time
Although none of the selected mutants were significantly different in their ability to
increase the urinary pH, the pH after catheter blockage was moderately correlated to
blockage time (r= -0.58, p= 0.0386). Mutants with a lower pH at catheter blockage than the
wild type B4 usually took longer to block catheters.
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Four mutants were shown to be significantly different in the amount of time taken
to reach catheter blockage when compared to the wild type B4 (see Figure 5.7.). Mutants
NHBFG8 and NHSH1 disrupted in genes with unknown functions took significantly
shorter periods of time to block urinary catheters, and mutants NHBFF9 and STS8.1D7
took significantly longer. They were disrupted in genes associated with a putative
multidrug efflux pump (NHBFF9), and nitrite metabolism (STS8.1D7) as previously
discussed.
However, the ability of mutants to block all-silicone catheters in the bladder models
did not correlate well to their ability to produce biofilms in the 96-well plate biofilm assay
(see Figure 5.7. and Figure 5.8.). BFD and BFE mutants displayed a similar range of
blockage times with 50% of mutants isolated as BFE found to exhibit reductions in
blocking ability. On the other hand, 50% of BFD mutants were found to be blocking
enhanced.
Although there was no significant difference in urease activity between transposon
mutants and P. mirabilis B4, and there was a weak negative correlation between the traits
(r= -0.45) (see Figure 5.8.), meaning that transposon mutants with a small reduction in
urease activity showed and increased time taken to block urinary catheters. There was also
a weak correlation between swarming and blockage time (r= 0.4) and a significant
moderate to good correlation between swimming and the ability of mutants to block
catheters (r= 0.64, p= 0.0189) (see Figure 5.8.).
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Figure 5.7. Ability of biofilm altered transposon mutants to block catheters
Selected mutants isolated from biofilm assays were examined for their ability to block
urinary catheters in bladder models. The time taken for mutants to block catheters was
compared to that of the wild type B4. ■ = P. mirabilis B4 wild type at 100%; ■ Biofilm
deficient (BFD) and ■ Biofilm enhanced (BFE) mutants. n=3, Error bars= standard error of
the mean, * p≤ 0.05, *** p≤ 0.0001.
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Figure 5.8. Correlation studies between phenotypic traits of transposon mutants and
time taken for catheters to block
Urease activity was previously found to be not statistically different between mutants and
the wild type B4, and only showed a weak relationship to catheter blockage. Although
swarming motility was not related to catheter blockage, swimming was found to be
moderately correlated to catheter blockage (r=0.64, p= 0.0189).
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5.3.2. Timed bladder model experiments

Since mutants with a reduced ability to block urethral catheters are more likely to
provide insights relevant to preventing these processes, crystalline biofilm formation by
mutants NHBFF9 and STS8.1D7, significantly attenuated in catheter blockage was
investigated in greater detail. In order to allow for a direct comparison of biofilm
development between mutants and the wild type, in vitro bladder models were again
utilised, but experiments terminated after a set experimental end point (10 h), and levels of
biofilm formation and biofilm structure then assessed. The ability of these mutants to raise
urinary pH and survive in models was also again compared to the wild type B4.
The pH and viable count at the end of each 10 h experiment was observed and is
summarised in Table 5.2. The pH at the 10 h time point was significantly decreased for
mutant NHBFF9 when compared to P. mirabilis B4; however this was not the case for
STS8.1D7. The viable counts at the end of the experiment were significantly higher for
NHBFF9, indicating an increased ability to sustain the environmental conditions
encountered during this experiment.

152

Table 5.2. Summary of the bladder model data obtained during timed bladder models
The table shows data collected from bladder models including pH and viable count data
before and after inoculation, as well as at the selected time point (10h).
Strain

CFU mL-1 start

-1

pH start

pH end point

6.3 ± 0.1

9.1 ± 0.1

4.0x108 ± 1.5x107

5.6x10 ± 6.9x10

NHBFF9

6.1 ± 0.1

8.7 ± 0.1*

3.7x108 ± 2.0x107

1.1x10 ± 1.3x10 ***

STS8.1D7

6.1 ± 0.1

8.9 ± 0.1

3.9x108 ± 6.2x107

6.5x10 ± 1.3x10

CFU mL end point

Wild type
B4

7

6

8

7

7

7

Transposon
mutant

n≥6
± indicates the standard error of the mean.
* p≥ 0.05, *** p≥ 0.001.

153

Scanning electron microscopy (SEM) examination of catheter cross-sections clearly
showed reduced crystalline deposition and biofilm thickness for blocking deficient mutants
NHBFF9 and STS8.1D7 when compared to images of P. mirabilis B4 (Figure 5.9.).
Environmental scanning electron microscopy (ESEM) was optimised by Holling et al.
2014b, and utilized to view unprocessed, fully hydrated biofilms directly on catheter
surfaces for the wild type (see Figure 5.10.). Images showed that this method was well
suited for the analysis of crystalline material within the catheter lumen, and images
obtained were able to visualise the very fine detail of the crystal biofilm architecture.
The ESEM analysis of catheter sections indicated a general decrease in crystalline
biofilm deposition along the length of the catheter, with crystalline biofilm formation
greatest in regions directly adjacent to the catheter eye-hole (see Figure 5.11.). There was a
reduction in crystal biofilm formation by mutants NHBFF9 and STS8.1D7 when compared
to P. mirabilis B4, which was particularly visible in sections distal to the catheter eyehole,
and alterations in biofilm architecture were apparent (see Figure 5.11. Sec 2 and 3).
To support ESEM and SEM observations, levels of biomass and encrustation
developed on catheter sections were also quantified (Holling et al. 2014a, b). Both
techniques supported the visualised reduction in crystalline biofilm deposition (see Figure
5.11.). Blocking-deficient mutants developed significantly less crystalline biofilm after 10
hours when compared to the wild type and this was clearly shown by a reduction in both
calcium and biomass deposited on catheters (see Figure 5.11. pie chart inserts).
Overall, visualization and quantification of crystalline biofilms demonstrated that
both of the blocking deficient mutants tested were attenuated in biofilm formation in
bladder models.
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Figure 5.9. Comparison of crystal biofilm deposition on catheter cross-sections removed from timed bladder models for blocking
deficient transposon mutants and P. mirabilis B4
SEM analysis of cross-sections of urinary catheters visualises differences in the intraluminal crystalline biofilm deposition and biofilm thickness
between blocking deficient transposon mutants and P. mirabilis B4 wild type.

155

Figure 5.10. ESEM analysis of catheter surfaces for the P. mirabilis wild type B4
Catheters were removed from bladder models and ESEM images of regions of mature crystal biofilm were obtained. () show large electron
dense crystalline structures; () indicate the delicate sheet like structures.
156

Figure 5.11. Comparison of crystalline biofilm and biomass deposition on urinary catheters by P. mirabilis B4 and blocking deficient
transposon mutants
The figure shows a schematic of a Foley catheter displaying the sectioning approach used to obtain data. ESEM images show the crystalline
biofilm deposition on catheter sections. The pie charts indicate the calcium (ppm) and biomass (Abs at 595) quantified on sections as a
proportion of the wild type (taken as 100%). n=3, * p≥ 0.05, Bars = ~50µm.
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5.3.1. Determination of the ability of mutants to adhere to silicone

To examine if blocking deficient mutants were attenuated in their ability to attach
to catheter biomaterials, adherence to silicone was evaluated using a parallel plate flow
chamber system (see Figure 5.3. and Figure 5.4.). The results of the flow cell studies show
that mutants NHBFF9 and STS8.1D7 were not statistically different in attachment to
silicone when compared to the P. mirabilis B4 wild type (see Figure 5.12. and Figure
5.13.). The results from the flow chamber studies therefore demonstrated that the initial
events in biofilm formation and attachment are unaffected in these mutants, indicating
defects during the later stages of biofilm development and maturation.
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Figure 5.12. Assessment of the ability of blocking deficient transposon mutants and P.
mirabilis B4 to adhere to silicone surfaces using parallel plate flow chambers
The Figure shows the number of cells adhering per field of view over 300 min comparing
blocking deficient mutants to the wild type B4. n= 3, error bars = standard error of the
mean, no significant differences were observed between mutants NHBFF9, STS8.1D7 and
the wild type.

159

Figure 5.13. Example of flow chamber images obtained for P. mirabilis B4 and
blocking deficient transposon mutants
A gradual increase of cells adherent to the silicone coating can be observed in the images
over time, and a large amount of cells have attached after 300 min. The images and the cell
numeration data (see Figure 5.12.) do not indicate a significant difference in the number of
cells adhering between mutants NHBFF9, STS8.1D7, and the wild type B4.
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5.4. Discussion
The use of urinary catheters is ever increasing owing in part to the aging population
and the increased use of such systems in hospitals and the community (McNulty et al.
2003, Glynn et al. 1997). Catheterisation can increase the mortality and morbidity in
patients, and although measures currently used to prevent CAUTIs have benefitted shortterm catheterised patients, those undergoing long-term catheterisation are still exposed to
this increased risk to their health (Kunin et al. 1997, Jacobsen et al. 2008b).
As previously discussed (see Chapter 1) P. mirabilis commonly complicates
bladder management in long-term catheterised patients, and P. mirabilis CAUTIs are
characterised by their crystalline biofilm formation leading to catheter blockage (Warren,
1991, Stickler and Zimakoff, 1994, Mobley et al. 1996, Stickler et al. 1999, Macleod and
Stickler, 2007). Although the involvement of genes regulating P. mirabilis swarming
motility in the development of these crystalline biofilms has previously been assessed
(Jones et al. 2004, Jones et al. 2005), the impact of biofilm formation and the genes
regulating this phenotype have not been examined in relation to catheter blockage. Jones et
al. (2005) identified that swarming was not involved in crystalline biofilm formation
leading to catheter blockage per se, and other studies have indicated that swarming and
biofilm work in an antagonistic fashion (Nielubowicz and Mobley, 2010). Swarming
motility decreases the amount of attachment fimbriae on the cellular membrane, and upregulates flagella. Flagella then cross link, and cells swarm in multicellular rafts to new
sites of infection. In contrast, when the swarmer cells de-differentiate into their adhesive
state, fimbriae are up-regulated and expression of flagella is reduced (Nielubowicz and
Mobley, 2010, Jacobsen et al. 2008b, Jones et al. 2004)
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Out of the 12 previously isolated and characterised biofilm mutants tested in
bladder models, four showed alterations in their ability to form crystalline biofilms and
block catheters. Interestingly the ability to block catheters was not related to biofilm
forming ability as observed in the preliminary microtitre plate based screen (see Figure
5.7., and Figure 5.8.). As indicated in the introduction this was however not completely
unexpected as the simple, static, crystal violet screen can be a poor predictor of behaviour
in the more complex biofilm models such as the bladder models. This difference in
phenotypes observed in both models emphasises the impact of the physicochemical
parameters on biofilm formation within the CUT, such as the contestant urine flow which
provides nutrients and relief from the ever increasing pH as well as removing waste
products (Stickler, 2008). It therefore clearly highlights the importance of utilizing
representative models to study this process. Nonetheless, the biofilm assay aided in the
identification of 4 mutants that were significantly different in the ability to block catheters
two of which were delayed in causing blockage.
During the present study, none of the tested biofilm mutants were significantly
impaired in their ability to persist in bladder models or to increase the urinary pH (see
Figure 5.5.). Although there was no significant difference in the ability of mutants to
elevate urinary pH the subtle differences observed were found to significantly correlate to
blocking time (p= 0.0386) (see Figure 5.6.).
Urease activity is arguably the primary mechanism driving alkalinisation in vitro
and in vivo (Mobley and Warren, 1987). Urease is upregulated by its substrate urea which
is regulated by ureR and H-NS (Dattelbaum et al. 2003, Poore and Mobley, 2003, Coker et
al. 2000, Mobley et al. 1995, Nicholson et al. 1993, Jones and Mobley, 1988, Jones and
Mobley, 1987), and its activity was determined at ~5.7 mmol urea hydrolysed min -1 (mg
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protein)-1 for P. mirabilis B4 (see Chapter 4). Studies have shown that swarmer cells have
an increased urease activity (Allison et al. 1992), and it is well established that urease is
required for the infection process leading to the formation of crystalline biofilms and
infection stones (Mobley et al. 1995, Nicholson et al. 1993, Jones and Mobley, 1988, Jones
and Mobley, 1987).
The ability to increase the urinary pH has been identified to be important to
bacterial cell adherence and catheter blockage in vitro and in patients (Mathur et al. 2006,
Stickler et al. 2006c, Choong et al. 1999, Hedelin et al. 1991). In a study by Mathur et al.
(2006), 20 patients were followed and their bacterial burden, as well as the pH of their
urine analysed for at least 12 weeks, in order to determine the urine voided (pHv) and
nucleation pH (pHn, pH at which crystals begin to precipitate) for each patient and
catheters were analysed. Patients whose catheters took longer to block had a signiﬁcantly
higher mean pHn of 8.1, whereas patients that were rapid encrusters had a mean pHn of 7.3.
They concluded that intervention studies artificially decreasing the urinary pHv of patients
could reduce the incidents of catheter blockage caused by P. mirabilis, and re-affirmed
prior studies indicating that the increase of the urinary pH by this pathogen as one of the
key virulence attributes (Mathur et al. 2006, Choong et al. 1999, Hedelin et al. 1991).
Although the ability to increase the urinary pH was correlated to crystalline biofilm
formation, urease activity was only weakly related to catheter blockage during the present
study.
Although the upregulation of the urease activity is the causative agent for the
increase of urinary pH, debatably the formation of crystalline material in the urinary tract
is a simple by-product of the bacterium’s need for nitrogen as an energy source and
building block for amino acid synthesis. The exponential pH increase itself however will
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eventually cause precipitation of crystalline deposits (at the pHn ~8.0) and thus it is directly
involved in crystalline biofilm formation. Although the ability to produce urease and
increase urinary pH are undoubtedly important for crystalline biofilm other attributes
which underpin catheter colonisation and biofilm formation may also be as important as
pH elevation in the encrustation process.
Interestingly, one of these attributes was identified as swimming motility (see
Figure 5.8.). Swimming has been shown to be important for biofilm formation in other
organisms (Watnick et al. 2001, O'Toole and Kolter, 1998b, Pratt and Kolter, 1998),
particularly in the initial stages of biofilm formation (Watnick et al. 2001, Pratt and Kolter,
1998). V. cholerae for example approaches surfaces via swimming motility and circles the
surface creating a positive potential for adherence (Watnick et al. 2001). Upon adherence
the flagellae become attached to the surface initiating biofilm formation. However,
Watnick et al. (2001) also identified a relationship between the development of EPS and
motility whereby flagellar mutants deficient in motility showed increased EPS generation
and microcolony formation in a planktonic growth phase in liquid media. These
microcolonies would then attach to surfaces and initiate biofilm formation.
During the current study, swimming-deficient mutants were shown to be enhanced
in the ability to form crystalline biofilms in bladder models. Although the mutants were not
imaged in an attempt to analyse potential effects of the genetic disruptions on flagellae,
Jones et al. (2004) identified that mutants lacking the ability to swim generally showed
alterations in flagella structures as expected. Importantly these mutants were not
necessarily disrupted in genes associated with flagella synthesis but showed disruptions in
genes such as surA (mutant G93) or L-asparaginase aminohydrolase (mutant G78) (Jones
et al. 2005, Jones et al. 2004). An alteration to the flagella structures in at least some of the
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swimming deficient mutants isolated during this study is therefore probable. Future
analysis of the flagellae using transmission electron microscopic (TEM) techniques utilised
by Jones et al. (2004) may be able to elucidate the involvement of swimming in crystalline
biofilm formation of mutants isolated more clearly by identifying potential cellular and
flagellar abnormalities.
Genes identified in this study (see Chapter 4), their actions and potential
relationship with phenotypic traits such as biofilm formation and catheter blockage have
been summarised in Table 5.3. As previously noted, some of the phenotypic traits analysed
during this study such as swarming seem to be unrelated to crystalline biofilm formation
and catheter blockage.
Some of the mutants which were initially thought to be potentially interesting in
respect to virulence (see Chapter 4), such as the mutants with disruptions in genes
involving the GS-GOGAT system and glutamate uptake were not altered in their ability to
block urinary catheters. In the previous chapter the GS-GOGAT system was identified to
be important for P. mirabilis swarming motility which corroborated results by Armbruster
et al. (2013). It was therefore postulated that members of the GS-GOGAT, namely
glutamine synthetase (GS, glnA), may also have a potential effect on bacterial virulence in
the CUT and theoretically crystalline biofilm formation.
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Table 5.3. Summary of the functions of genes disrupted in transposon mutants tested in bladder models.
Mutant
ABBF1.1C8

Gene identity
Sodium/glutamate
symport carrier
protein gltS

Summary
gltS is of unknown function in P. mirabilis but has been identified in E. coli and B. subtilis catalysing the
sodium-dependent uptake of extracellular glutamate. During infection P. mirabilis uses the glutamate
dehydrogenase (GDH) to assimilate nitrogen as ammonia is readily available, hence glutamate import may
become extraneous during this time (Armbruster and Mobley, 2012). The disruption in the gltS gene did
not seem to cause a significant effect on the ability of mutants ABBF1.1C8 to cause catheter blockage.

DLD1A6,
NHSH1

Putative membrane
proteins

Putative membrane proteins can have many functions and many of which have yet to be discovered but
many putative proteins are upregulated during infection (Pearson et al. 2011). Putative membrane proteins
are likely to represent transport channels or could affect surface adhesion which may lead to an alteration
in the biofilm phenotype of mutants showing disruptions in these genes (Kaplan et al. 2009). A membrane
protein phosphate transporter for example, has recently been observed to be involved in biofilm formation
in P. mirabilis (O'May et al. 2009), and the protein disturbed in mutant NHSH1 (PMI1608, putative transmembrane protein) seems to be involved in crystalline biofilm formation. On the other hand the disruption
of the putative membrane protein in mutant DLD1A6 (PMI2861) showed no alteration in blocking ability.

DLD1D11

Leucine responsive
regulator lrp

Lrp was identified to be important for the regulation of >200 genes in E. coli, several of which play a role
in amino acid synthesis and pilin synthesis (Hart and Blumenthal 2011, Hart et al. 2011, Newman and Lin
1995) and has also been identified as an important regulator in P. mirabilis (Jacobsen et al. 2008, Hay et
al. 1997). Disruption of this gene could affect the regulation of many others and could make a useful
treatment target. However, the disruption of lrp was not shown to cause alterations in blockage ability for
mutant DLD1D11. Lrp was not upregulated in any of the studies looking at global gene expression during
infection (Pearson et al. 2011, Himpsl et al. 2010, Burall et al. 2004), although an involvement with this
regulator has been identified during swarming and regulating the glutamate synthase (GOGAT) (Jacobsen
et al. 2008, Reitzer et al. 2003, Hay et al. 1997).
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NHBFA5

Swarming
behaviour
regulation twocomponent system
rsbA

RsbA was previously discussed and postulated to be a sensor of environmental conditions required to
initiate swarming (see Chapter 4) (Belas et al. 1998). The disruption in this gene was not found to be
involved in crystalline biofilm formation in the present study. This indicates that the role of this gene is
more important in swarming and that its use as a sensor of environmental conditions such as cell density
may not be used during crystalline biofilm formation.

NHBFE8,
NHBFH4

Fimbrial associated P. mirabilis has several distinct fimbrial operons and has been shown to have at least 6 different fimbriae
genes
types aiding cell attachment (Rocha et al. 2007, Zunino et al. 2007). NHBFH4 was disrupted in the mrpI
gene, mrpI is in the MR/P operon mrpABCDEFGHIJ and transcribes the sole recombinase for the MR/P
operon. It “flips” the promoter region between on and off (Li et al. 2002). The promoter for the MR/P
operon is found to be adjacent to mrpI and a disruption of the promoter region could result in a MR/P on
or off mutant, disrupting the control of operon expression. Disruptions in genes of neither of these mutants
caused significant alterations to the ability to block urinary catheters, indicating that these fimbriae may
not be vital for attachment to catheters and crystalline biofilm formation.

NHBFF9

MFS transporter
(bcr)

The transporter produced by the bcr gene was recently shown to export L-cysteine out of E. coli cells
(Yamada et al. 2006), and this amino acid has been associated with cell signalling in the past. A disruption
of signalling pathways between bacteria could have an effect on the ability to produce biofilms, and this
mutant was found to be deficient in the ability to produce crystalline biofilms. Furthermore, MFS family
transporters have been shown to regulate antibiotic resistance in some bacteria (Holling et al. 2014a,
Okandeji et al. 2011, Kvist et al. 2008, Paulsen et al. 1996). The MFS transporter transcribed by the bcr
gene has been identified to contribute in catheter blockage during this study.

NHBFG8

Putative MuA-like
DNA binding
protein

NHBFG8 was disrupted in a putative MuA-like DNA binding protein (PMI3402), and most sequenced
bacterial genomes encompass prophage elements including P. mirabilis HI4320 which contains 3 known
complete prophages and 3 additional partial prophages (Pearson et al. 2008). Prophages can be associated
with important functions, such as pathogenesis (Boyd and Bruessow, 2002), and interestingly the
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disruption of the MuA-like binding protein produces a blocking enhanced phenotype.
NHBFH5

Glutamateammonia-ligase
glnE

GlnE is an adenylyl transferase enzyme involved in the regulation of glutamine synthetase (GS), one of
the key ammonia assimilation enzymes (Carroll et al. 2008, Reitzer et al. 2003, Merrick and Edwards
1995, Kustu et al. 1984). The adenylylation of GS normally inhibits this enzyme (Reitzer et al. 2003),
therefore the loss of glnE should lead to a constitutively expressed GS. The disruption in this gene was not
shown to be important for catheter blockage and it was hypothesised that the GS-GOGAT system was still
able to assimilate nitrogen to wild type levels, leading to an unaltered phenotype of this mutant when
compared to the wild type.

NHSE5

Putative
lipoprotein

Mutant NHSE5 (PMI1551, putative lipoprotein) was not involved in catheter blockage, however, many
bacteria are predicted to have >100 lipoproteins which also play a role in lipopolysaccharides and thus the
EPS, and adhesion (Okuda and Tokuda 2011). They have been shown to play a direct role in virulence and
colonisation of many bacteria and mutations have in many cases lead to an attenuation of virulence (Narita
et al. 2004). Nevertheless, the role for lipoproteins in crystalline biofilm formation remains unknown, and
data suggests that they may not be directly involved in catheter blockage.

STS8.1D7

Nitrite reductase
nirB

Nitrite reductase is involved in the nitrogen cycle, and is expressed when the bacterium encounters high
levels of nitrate in the environment (Wang and Gunsalus, 2000). A disruption in its function could have an
effect on the nitrate cycle within the cell which could affect nutrient acquisition or the removal of nitrogen
waste from bacterial cells. The disruption of this gene directly affected the ability of mutant STS8.1D7 to
block urinary catheters, greatly prolonging the time until catheters became occluded.
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However, a recent study by Pearson et al. (2011) identified that unlike E. coli, P.
mirabilis utilises the glutamate dehydrogenase (GDH, gdhA) for nitrogen assimilation
during infection (see Figure 5.14. for the 3 enzymatic pathways). In fact, P. mirabilis
decreased the expression of glutamine synthetase (glnA) during experimental infection
(Pearson et al. 2011). The cells would therefore not depend on external glutamate intake
disrupted in ABBF1.1C8, as GDH mediates the conversion of ammonia and αketoglutarate to glutamate when ammonia is abundant. The hydrolysis of urea by urease
hereby generates ample ammonia to work as a substrate for this reaction. Interestingly, the
disruption of glnE (NHBFH5) the adenylyltransferase that usually downregulates GS was
also not involved in crystalline biofilm formation.
As discussed previously, the GS is involved in nitrogen assimilation under low
concentrations of ammonia. GS has a greater affinity to its substrate ammonia than GDH
(Reitzer et al. 2003). It was anticipated that the inability to adenylylate, and therefore down
regulate GS, would potentially have an impact on virulence in the CUT as the higher
affinity of this enzyme to ammonia would drive the assimilation of ammonia down the GSGOGAT pathway rather than the GDH pathway. However, data suggests that either
pathway is suited for the assimilation of nitrogen during infection, and as previously
mentioned a UPEC strain of E. coli utilises the GS-GOGAT pathway as its primary means
of nitrogen assimilation during infection (Pearson et al. 2011).
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Figure 5.14. Nitrogen assimilation in P. mirabilis
The figure shows the 3 enzymatic pathways used for nitrogen assimilation by P. mirabilis.
Glutamate dehydrogenase (GDH) is utilised under ammonia rich conditions, and the
glutamine synthetase- glutamine oxoglutarate aminotransferase (GS-GOGAT) system is
used when nitrogen sources are scarce in the environment.

.
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Nevertheless, other aspects of the nitrogen metabolism appear to be crucial factors
for the virulence of P. mirabilis during ascending UTI based on the in vivo gene expression
and other study data (Pearson et al. 2011). During this study, several other mutants with
genes disrupted in nitrogen pathways such as lrp (which also does not appear to be
involved in catheter blockage), D-alanine/D-serine/glycine permease, membrane transport
of serine glycine and alanine, nitrite extrusion protein, and valine--pyruvate transaminase
(see Chapter 3 Table 3.4.) were identified. The analysis of these mutants in future studies
may reveal the effects of these genes on crystalline biofilm formation, aiding the
elucidation of the effects of amino acid metabolism and nitrogen assimilation in P.
mirabilis mediated catheter blockage.
Little is known about the involvement of fimbriae in catheter adherence and
colonisation (Armbruster and Mobley, 2012). Although Rocha et al. (2007) concluded that
P. mirabilis forms biofilm on catheter material and the MR/P fimbriae are involved in such
phenotype, only one previous study tested the involvement of MR/P fimbriae in biofilm
formation on abiotic surfaces (Jansen et al. 2004). Jansen et al. (2004) tested their
hypothesis that MR/P fimbriae contribute to adherence to catheters using a multiwell plate
system similar to the one used here and identified that strains that constitutively expressed
MR/P fimbriae formed biofilms more readily. Earlier it was hypothesised that mrpI
mutants isolated during this study may also be locked in the on position for MR/P fimbriae
(see Chapter 3 and Chapter 4) as this mutant also showed a biofilm enhanced phenotype.
However, surprisingly both of the fimbrial mutants isolated here, NHBFH4 and NHBFE8,
showed no difference in their ability to block urinary catheters in bladder models.
Adherence to renal and uroepithelial cells by P. mirabilis has been shown to be
mediated by fimbriae (Jansen et al. 2004, Li et al. 2002, Zunino et al. 2001, Wray et al.
1986), and the colonization of the urinary epithelium obviously contributes to the ability of
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an organism to establish infection in the urinary tract. Studies in other organisms have
shown that although attachment to an epithelial surface may be important for colonisation,
biofilm formation on abiotic surfaces may require a host of completely different genes
(Watnick et al. 1999), although MR/K fimbriae have been shown to aid the attachment of
Pr. stuartii to catheter biomaterials (Mobley et al. 1988).

Zunino et al. (2001) summarised that the precise role of different P. mirabilis
fimbriae in ascending UTI has not yet been elucidated. Identifying previous studies as well
as evaluating the results from the current study, it is proposed that the fimbrial operons
involved here (i.e. MR/P, and a putative fimbrial subunit) are not involved in attachment to
catheters and catheter blockage per se. It is more likely that their activity lies with the
colonisation of epithelial cells within the urinary tract. Unfortunately, the bladder models
are unable to strengthen this hypothesis as they cannot replicate host pathogen interactions
and hereby lays a possible weakness in many in vitro systems applied for the study of
bacterial virulence (summarised in Table 5.1.).
5.4.1. Analysis of blocking deficient transposon mutants and P. mirabilis B4 in timed bladder
model experiments

As mentioned above, mutants with a reduced ability to block urethral catheters are
more likely to provide insights relevant to preventing this process and therefore blocking
deficient transposon mutants NHBFF9 and STS8.1D7 were further analysed in timed
bladder model experiments.
Mutant STS8.1D7 was disrupted in nirB, the large subunit of nitrite reductase
(PMI1497) (Pearson et al. 2008) and was shown to be deficient in several virulence factors
such as swarming and biofilm formation (see Chapter 4). Van Alst et al. (2007), showed a
similar attenuated phenotype in a Ps. aeruginosa strain with disruptions in the nitrate and
nitrite metabolism. Disruptions in nitrogen regulation in Ps. aeruginosa resulted in a
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swarming, and biofilm deficient strain, showing no alteration in swimming motility, and
this mutant was avirulent in the model organism Caenorhabditis elegans (Van Alst et al.
2007). NirB is activated in an anaerobic environment and within eukaryotic cells such as
macrophages and has been shown to be involved in nitrite reduction in E. coli generating
ammonia as an end product (see Chaper 4, Figure 4.8.) (Huang et al. 2000, Wang and
Gunsalus, 2000).
Although it has not been described in P. mirabilis, Wang et al. (2000) discussed
two distinct nitrite reductases nrfA and nirB in E. coli and showed a differential gene
expression for both enzymes whereby nrfA was expressed at low to intermediate levels of
nitrate, and nirB at high levels of nitrate in the environment. NirB knockouts reduce nitrate
very slowly during anaerobic growth as nirB contributes to ~75% of nitrite reduction in the
wild type (Huang et al. 2000, Wang and Gunsalus, 2000). It could be hypothesised, that in
the oxygen limited, nitrate rich urinary tract environment, nirB would be readily expressed
in P. mirabilis. The ammonia generated by nirB can then diffuse through the cell wall or
be used to generate glutamate and glutamine via the GHD or potentially the GS-GOGAT
system for use in amino acid biosynthesis.
The importance of the nitrogen assimilatory pathway in P. mirabilis was discussed
previously (see Chapter 4 and the current Chapter), and recent studies have identified
members of this pathway to be important in virulence of P. mirabilis during infection
(Pearson et al. 2011). Although two other associated mutants described above were not
altered in their ability to block catheters, it was hypothesized that the nitrogen metabolism
was still involved in crystalline biofilm formation and indeed this was observed for mutant
STS8.1D7. Interestingly, the nitrogen metabolism in P. mirabilis is not involved in urease
activity (Nicholson et al. 1993, Jones and Mobley, 1988, Jones and Mobley, 1987) and this
was validated by the data obtained here, as STS8.1D7 was not significantly different in the
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ability to hydrolyse urea (see Chapter 4) or increase the urinary pH in bladder models (see
Figure 5.5., Figure 5.7. and Table 5.2.). Furthermore, the nirBD pathway exists in nonurease producing bacteria such as E. coli that do not increase urinary pH upon infection,
indicating that pH regulation of the urine is not impacted by the nirB gene (Stickler, 2008 ,
Stickler et al. 2006, Wang and Gunsalus, 2000, Stickler et al. 1998).
In other closely related species, nitrite reduction by nirBD has been identified to be
involved in the detoxification of cellular nitrite generated during anaerobic growth (Page et
al. 1990; Wang and Gunsalus, 2000), and it was initially thought that this may have an
effect on the persistence of STS8.1D7 in the bladder model system. However, as the ability
to survive in bladder models was also not found to be impacted by the disruption of nirB
when compared to the wild type (as shown by the CFU mL-1 at the experimental endpoint,
see Table 5.2.), it was further hypothesised that the ability of STS8.1D7 to remove excess
nitrogen waste may have been affected by the disruption in the nirB locus and that this
could have had an effect on biofilm formation. In biofilm formation, the balance between
nutrient supply and waste removal is carefully orchestrated (Donlan and Costerton, 2002,
Costerton et al. 1999).
Previous studies have shown that in urine, the universal biofilm structure of P.
mirabilis is altered (see Chapter 1) (Jones et al. 2007, Pratt and Kolter, 1999, O’Toole and
Kolter, 1998a, Costerton et al. 1995). Biofilms formed within urine become flattened,
devoid of nutrient/waste channels and are restricted in organisation by crystals which may
obstruct the channels that are usually formed within developing biofilms further (Jones et
al. 2007, Stickler, 1998). As the biofilm community matures, it is expected that availability
of nutrients and oxygen will be reduced whilst waste products accumulate in the biofilm,
and must be removed or neutralized (Kvist et al. 2008, Donlan and Costerton, 2002,
Costerton et al. 1999). The additional obstruction of the biofilm channels in P. mirabilis
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crystalline biofilms could hinder the efficient removal of waste products including nitrogen
compounds via the channels, leading to an increased nitrogen waste build-up within the
biofilm. One hypothesis is that this unique biofilm structure may contribute to the
importance of nirB in P. mirabilis crystalline biofilm development, and that the disruption
of nirB could have a limiting effect on biofilm formation.
Observations made from catheters removed from timed bladder model experiments
further reinforced this hypothesis (see Figure 5.9. and Figure 5.11.). The biomass detected
in 10 h STS8.1D7 catheter biofilms was significantly reduced, however no significant
reductions in numbers of planktonic viable cells in the media removed from bladder
models were observed. This indicated that the fitness of the planktonic cells was not
impaired in the bladder model system, but that the biofilm itself could not properly form.
Results of flow chamber experiments also pointed towards defects in biofilm maturation
and expansion rather than initial attachment to catheter surfaces, as STS8.1D7 was not
shown to significantly differ in adherence when compared to the wild type B4 (see Figure
5.12. and Figure 5.13.). While these theories will require further study to validate,
characterization of the nirB deficient mutant in this study has provided an additional clue
to the importance of the nitrogen in crystalline biofilm formation, and identified that the
removal of nitrogen waste may be vital for crystalline biofilm development on catheter
surfaces.
The blocking deficient mutant NHBFF9 was disrupted in the bcr bicyclomycin
resistance gene (PMI0829), a multi facilitator superfamily (MFS) transporter (Pearson et
al. 2008). MFS transporters are usually linked to antibiotic resistance in pathogenic
bacteria (Okandeji et al. 2011). This class of transporter is thought to be less specific than
others, and the recognition of transportable molecules is governed by physical
characteristics such as molecular charge and hydrophobicity, rather than specific chemical
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structures (Paulsen et al. 1996). Recently for example the transporter produced by the bcr
gene was shown to export L-cysteine out of E. coli cells, and furthermore displayed that
the bcr gene was constitutively expressed at a substantial level in E. coli, suggesting
another significant role for this transporter (Yamada et al. 2006). This led to the hypothesis
that there may be other physiological roles for the bcr multidrug efflux pumps and that the
excretion of antibacterial compounds may be a rather fortuitous evolutionary coincidence
for the bacterial cells (Paulsen et al. 1996).
Studies have recently highlighted a role for MFS family transporters in bacterial
biofilm formation, indicating an increased expression of efflux systems in biofilm
associated cells (Soto et al. 2013, Baugh et al., 2012, Matsumura et al. 2011, Kvist et al.
2008). The inhibition of these transporters using efflux pump inhibitors (EPIs) such as
thioridazine or 1-(1-napthylmethyl) piperazine or the deletion of the relevant genes, have
demonstrated significant reductions of biofilms formed by other uropathogenic species
such as S. aureus, E. coli, K. pneumoniae and Ps. aeruginosa (Matsumura et al. 2011,
Zhang and Mah, 2008, Kvist et al. 2008). The importance of efflux systems in biofilm
formation was further substantiated here, as the disruption of the MFS family transporter
resulted in a mutant with significantly reduced crystalline biofilm formation ability when
compared to the wild type (Figure 5.7.). NHBFF9 furthermore showed a considerably less
motile phenotype with both swarming and swimming deficiencies (see Chapter 4).
Although swimming was previously found to be involved in biofilm formation (discussed
above), the swarming reduction of the mutant is less easily explained and may relate to a
more systemic effect caused by the disrupted efflux system.
It has however been suggested that efflux constitutes an important waste
management process (Kvist et al. 2008). Disruption in these systems could hence cause the
accumulation of waste material within the bacterial cells having a detrimental effect on
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bacterial cell metabolism, leading to an overall less fit mutant. This hypothesis is
particularly attractive given the biofilm phenotype of mutant NHBFF9. As NHBFF9 was
not shown to differ in the ability to adhere to silicone biomaterials in flow chambers (see
Figure 5.12. and Figure 5.13.), defects in biofilm development and expansion are likely to
have caused the observed reduction in crystalline biofilm formation on catheters. As the P.
mirabilis biofilm develops it becomes increasingly spatially challenged, there is an
increasing need for waste removal by the biofilm associated cells. Due to the stresses
imposed on the bacterial cells biofilms may dissolute, which could have also resulted in the
increase of planktonic cells observed at the experimental end point of timed bladder model
experiments for mutant NHBFF9 (see Table 5.2.). Although the precise role of efflux
pumps in bacterial biofilm formation remains to be elucidated, it is likely that their
involevement in waste management and potentially stress responses will affect P. mirabilis
biofilm development in the CUT.
Overall, additional analysis of these mutants, such as additional time points during
catheter encrustation in bladder models, may give a greater insight to changes the genetic
mutations causes. Furthermore, it may be relevant to obtain antibiotic resistance profiles
for both blocking deficient mutants. As biofilm forming ability increases antimicrobial
resistance (Donlan and Costerton, 2002), and both blocking deficient mutants showed
significant reductions in biofilm forming ability, the antimicrobial resistance profiles of
these strains may also have changed. For instance, mutant NHBFF9 was recently shown
have an increased susceptibility to fosfomycin (Holling et al. 2014a).
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5.5. Conclusions


The ability to swarm, and to form biofilms in 96-well plates was not correlated to
catheter blockage for the transposon mutants analysed during the present study,
although swimming motility was related to catheter blockage.



Initial bladder models identified 4 significantly different mutants in terms of
blocking ability and two blocking deficient mutants, NHBFF9 and STS8.1D7, were
further characterised in timed bladder model studies.



A biofilm-enhanced mutant NHBFF9, as well as biofilm deficient mutant
STS8.1D7, were not significantly different in the ability to adhere to silicone
biomaterials than the P. mirabilis B4 wild type, indicating that later stages of
biofilm development were affected by genes disrupted.



The mutant STS8.1D7 was disrupted in nirB a nitrite reductase subunit, and the
nitrite reductase system is thought to be involved in nitrogen compound removal
under nitrogen rich, anaerobic conditions which are also found in biofilms. The
inhibition to remove such nitrogen waste could therefore limit crystalline biofilm
growth.



The mutant NHBFF9 was disrupted in a MFS family transporter, and disruptions or
inhibition of these efflux systems have previously been associated in a reduction in
biofilm forming ability potentially due to inefficient waste management in
developing biofilms lacking these systems.
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Chapter 6: General discussion and conclusions
Indwelling urinary catheters are commonly used for bladder management in
hospital or community care patients. Over 100 million Foley catheters are fitted each year
and unsurprisingly, CAUTIs are the most common hospital-acquired infection (Saint et al.
2009). During catheter fitting, bacteria from the environment and periurethal meatus can
get introduced into a nutrient rich body cavity; the bladder (Tambyah 2004, Trautner and
Darouiche, 2004). Patients often experience complications such as pyuria, back pain and
fever in association with CAUTIs and need to be treated with antibiotic therapy, however,
some patients will encounter more serious health risks such as cystitis, pyelonephitis, renal
scarring, bacteraemia and even endotoxic shock leading to death (Stickler and Feneley,
2010, Blodgett, 2009, Wald et al. 2008). CAUTIs greatly increase the rate of mortality and
morbidity, and patients catheterised for more than 76% of the time were up to three times
more likely to die within one year (Kunin et al. 1992). The prevalence of CAUTIs, and
complications associated with the disease, have created a vast economic burden (Scott,
2010, Getliffe and Newton, 2006). Around 560,000 cases of CAUTIs are reported to
Centres for Disease Control and prevention annually translating into an annual cost of
$424-451 million in the US (Blodgett, 2009, Cope et al. 2009), and an even higher figure
of £1 billion has been suggested for western Europe (Hamill et al. 2007). The financial
burden of CAUTIs to the NHS is approximately £99 million annually, with an estimated
cost of approximately £1968 per episode (Davenport and Keeley, 2005, Plowman, 2000).
Despite the fact that catheterisation is often a last resort bladder management option
and was initially developed for short-term use, 20% of all people hospitalised are fitted
with a urinary catheter (Jacobsen et al. 2008b, Getliffe and Newton, 2006). Measures to
prevent CAUTIs, such as the application of the closed catheter drainage system, and
different catheter biomaterials and coatings currently in use (outlined in Table 6.1.), have
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shown limited success in long-term catheterised patients (Loveday et al. 2014, Beuter and
Langer, 2012, Trautner, 2010, Hooton et al. 2010). The research conducted on such
interventions has often focused on short-term catheterised patients (Trautner, 2010). For
example, the evaluation of antimicrobial catheters in research, as well as in clinical
settings, has been diverse, and the duration of protection is usually short; in addition there
is a risk of increasing bacterial resistance to the antimicrobials used (Loveday et al. 2014,
Beuter and Langer, 2012, Hooton et al. 2010, Sabbuba et al. 2002). Other intercessions
such as the acidification of urine, have shown some positive results (Broomfield et al.
2009), however they need to be tested in vivo in a clinical trial situation, as the urinary
system is a highly regulated system and may prevent the unnecessary increase of urinary
pH by buffering actions.
It has been noted by several recent reviews that clinical studies assessing
preventative measures of CAUTIs are lacking in substance and that double-blind clinical
trials comparing current treatments to new interventions must be carried out in order to
extrapolate meaningful data on the use of such measures (Loveday et al. 2014, Beuter and
Langer, 2012, Hooton et al. 2010, Hamill et al 2007).
To date, the best prophylaxis for CAUTIs remains avoiding the use of IUCs
altogether (Hooton et al. 2010, Tambyah, 2004). The use of condom catheters or other
catheterisation methods should be considered where appropriate (Tambyah, 2004).
Although the efforts to reduce use of IUCs are admirable, many patients remain in need of
catheterisation (Trautner, 2010, Tambyah, 2004). As the population ages, incidence rates
of incontinence, diabetes and stroke will increase and so will the population requiring
appropriate bladder management and therefore novel treatment targets for the prevention
and treatment of CAUTI must be elucidated (Trautner, 2010).
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Table 6.1. Summary of methods tested for CAUTI prevention
Preventative measures
Improved catheter care
guidelines
Closed catheter drainage
system

Intervention and Outcome

Studies/Reviews

Out of 98 hospitals analysed in the EU, 90% had bladder catheter guidelines in place, Bouza et al. 2001
conversely, only 55% of the 43 non-EU hospitals evaluated had similar measures
prepared, and 21.5% operated open drainage systems. Raising awareness of the closed
catheter drainage system in non-EU countries may benefit the prevention of CAUTIs in
those countries; however, it will be unlikely to aid the matter in the EU.

Early catheter removal

It was identified that physicians were often unaware that their patients were fitted with Blodgett, 2009
IUCs, but reminder systems were found to be very useful in reducing CAUTIs, decreasing Huang et al. 2004
the excessive use of antibiotics and associated costs by 69% per month.
Bouza et al. 2001
Saint et al. 2000b

Meatal cleansing and
lubricating gels

The use of lubricating gels containing chlorhexidine when inserting catheters had a
preventative effect. The use of water, versus the use of antiseptic wash containing 0.05%
chlorhexidine before catheterisation showed no significant differences between the two
treatments. Overall treatments with antimicrobial solutions were not beneficial and often
caused skin irritation. Furthermore, P. mirabilis is intrinsically resistant to chlorhexidine.

Cheung et al. 2008
Stickler et al. 2003a
Sabbuba et al. 2002
Saint and Lipsky, 1999

Catheter biomaterial

Out of the majority of different catheter biomaterials tested, none are resistant to
encrustation and blockage by P. mirabilis. Silver alloy catheters have shown some benefit
in short term catheterised patients. On the other hand, hydrogel coating seemed to increase
aggregation of bacterial cells in some studies.

Desai et al. 2010
Kazmierska et al. 2010
Privett et al. 2010
Hamill et al. 2007
Getliffe and Newton, 2006
Morris and Stickler, 1998
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Use of antimicrobials

Catheter design
Valve regulated
catheter
Sensor of microbial
infection.

Immunisation
Nasal vaccination
against the P. mirabilis
fimbrial protein mrpA.

Nitrofurazone impregnated catheters have shown to reduce CAUTIs in short term
catheterised patients by decreasing bacterial adherence when compared to silicone
catheters and triclosan showed some protection against catheter encrustation by P.
mirabilis.

Desai et al. 2010
Kazmierska et al. 2010
Hamill et al. 2007
Williams and Stickler, 2007
Percival et al. 2005
Daily catheter balloon instillations with EDTA after initial formation of biofilms showed Lee et al. 2004
an increase in mean blockage time of ~22 h, as well as significantly lowering encrustation Stickler et al. 2003a
rates. Inflation of the catheter balloon with a 10 g L-1 solution of triclosan was shown to Morris et al. 1997
dispense at high enough concentrations into artificial bladders to prevent biofilm
formation of common urinary pathogens, including P. mirabilis, and allowed catheters to
drain freely over 7 days.
Implementation of a valve regulated catheter to drain urine at intervals rather than Sabbuba et al. 2005
continuously, and drainage at 4 hour intervals increased the time taken until catheters
became blocked.
Sensors were implemented as an early warning system of bacterial infection and predicted Malic et al. 2012
infection and catheter blockage ~17-24 h in advance. The use of these systems in healthcare Stickler et al. 2006a, b
settings would allow catheters to be removed and antimicrobial therapy to be commenced
before catheter blockage, and therefore before associated complications manifest.
Nasal immunisation with attenuated Salmonella typhimurium expressing a fusion protein Scavone et al. 2011
consisting of P. mirabilis mrpA, and a non-toxic antigenic fragment of the tetanus toxin
was carried out in mice and showed increases of serum IgG against mrpA as well as a
decrease in P. mirabilis colonisation.
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Nasal vaccination
against the P. mirabilis
toxic agglutinin Pta.

A pta mutant was less able to infect the upper urinary tracts of mice, thus an intranasal Alamuri et al. 2009
vaccine was generated composing of the puriﬁed intact toxin Pta conjugated with cholera Alamuri et al. 2008
toxin. Vaccinated mice had signiﬁcantly lower bacterial counts in their kidneys and spleens
after bacterial challenge.

Vaccination against P.
mirabilis MR/P fimbrial
surface antigen and
mrpH fimbrial tip
adhesin.

MR/P fimbriae are expressed during ascending UTI in mouse models, hence several Li et al. 2004
vaccines were developed. Subcutaneous or intranasal immunization with killed bacterial
vaccine and intranasal or transurethral immunization with puriﬁed MR/P ﬁmbriae protected
mice from ascending urinary tract infection by P. mirabilis. Vaccination against mrpH via
the intranasal route also conferred protection.

Other preventative measures
Acidification of urine
High dietary intake of ascorbic acid or cranberry extracts showed little success. However a Broomfield et al. 2009
recent study testing increased intake of citrate containing drinks showed some scope to Hamill et al. 2007
reduce urinary pH which may delay catheter blockage.
Stickler and Morgan, 2006
Stickler et al. 1996
Urease inhibitors

Urease inhibitors such as acetohydroxamic acid work by reducing the ability of P. mirabilis Morris and Stickler, 1998
to increase the urinary pH, and studies have shown the usefulness of these drugs. However, Griffith et al. 1991
severe side effects and toxicity have been reported.

Quorum sensing
antagonists

The application of quorum sensing antagonists such as p-nitrophenyl glycerol or tannic acid Jones et al. 2009
showed a reduction of P. mirabilis biofilm formation in artificial urine.

Phage treatment

Lytic bacteriophages were impregnated into hydrogel coated catheters and reduced the Carson et al. 2010
biofilm formation of E. coli and P. mirabilis by around 90% in comparison to untreated allsilicone Foley catheters.
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Over 44% of CAUTIs in long-term catheterised patients may be attributed to P.
mirabilis (Armbruster and Mobley, 2012), and it is believed, that a key process in the
pathogenicity of P. mirabilis CAUTIs is the ability of this bacterium to adhere to surfaces
such as catheter biomaterials and urothelial cells, and to form biofilms (Jacobsen et al.
2008b). A common complication of P. mirabilis CAUTIs is the encrustation and blockage
of catheters owing to crystalline biofilm formation, causing catheter leakage and
incontinence as well as painful bladder distension for the patient. The accumulation of
infectious urine can also initiate ascending urinary tract infections (Jacobsen et al. 2008b).
Currently there is no effective treatment for P. mirabilis catheter encrustation and CAUTIs,
making these infections exceedingly hard to manage, and multidrug resistant species of P.
mirabilis have been isolated (Cohen-Nahum et al. 2010, Hooton et al. 2010).
Although crystalline biofilms produced by P. mirabilis have been studied in the
past, there seems to be a gap in the existing knowledge towards the relationships between
virulence attributes such a biofilm formation and swarming and the development of P.
mirabilis CAUTIs and catheter blockage. Furthermore, there is a lack of understanding of
the genetic basis of P. mirabilis infection in the CUT despite recent transcriptomic
approaches (Pearson et al. 2011, Pearson et al. 2010), and signature tagged mutagenesis
(STM) approaches (Himpsl et al. 2010, Burall et al. 2004), and in particular the genes that
are involved in crystalline biofilm formation. The research conducted during this study
attempted to address some of these shortcomings, by elucidating the genetic basis for
catheter blockage and encrustation in P. mirabilis. A greater understanding of these
processes, and the underlying genetic regulation, will potentially aid the identification of
novel therapeutic targets, and facilitate the development of strategies to control P. mirabilis
CAUTIs in the future.
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As shown in previous studies by Jones et al. (2005, 2004) and as discussed by
Pearson et al. (2008), P. mirabilis is more easily attenuated by a single gene mutation than
other Enterobacteriaceae as, although P. mirabilis has multiple fimbriae and iron
acquisition pathways, fewer redundant pathways for other virulence factors exist.
Mutagenesis of P. mirabilis was first described by Belas et al. (1991) and Jones et al.
(2004) optimised the mini-Tn5 random transposon mutagenesis approach for the clinical
isolate P. mirabilis B4. They showed that the mini-Tn5 transposon inserts into the bacterial
genome in one single transposition event, causing a genetic mutation, and did not show
hot-spots for the transposition event (Jones et al. 2005, Jones et al. 2004).
During this study, 35 mutants disrupted in genes with a broad distribution across
the bacterial genome were identified. The transposon mutants were disrupted in a wide
array of functions, including those not previously associated with biofilm formation in this
organism. A small number of clusters of transposition events were identified, although it is
unknown whether these were caused by true transposon hot-spots or potentially as an
artefact of the biofilm screen used. For instance, two transposon mutants altered in biofilm
forming ability had insertions within the mrpI fimbrial recombinase. Nevertheless, this
could also simply highlight pathways that may be important to biofilm formation.
As discussed previously, P. mirabilis has several distinct fimbrial operons aiding
cell attachment including MR/P fimbriae, and mrpI transcribes the sole recombinase for
the MR/P operon regulating the transcription of MR/P fimbriae (Li et al. 2002). Mutant
NHBFH4 disrupted in the mrpI gene was biofilm enhanced and it was theorised that the
mrp operon was constitutively expressed in this mutant owing to its adherent phenotype
and that this overexpression was driven by the disrupted mrpI regulator. NHBFH4 was
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hence used as a representative in order to analyse the impact of MR/P fimbriae on catheter
blockage.
Although disruptions in the mrpI gene seemed like logical contenders by altering
the ability of bacterial cells to adhere to surfaces, the transposon mutant NHBFH4 showed
no differences in the ability to block urinary catheters when compared to P. mirabilis B4. It
was therefore concluded that MR/P fimbriae are not involved in crystalline biofilm
formation and catheter blockage per se. However, there appears to be a large body of
evidence on the importance of fimbriae (MR/P and others) in the infection process of P.
mirabilis in the upper urinary tract (Pearson et al. 2011, Himpsl et al. 2010, Pearson et al.
2010, Pearson et al. 2008, Burall et al. 2004). It has been theorised that fimbriae aid P.
mirabilis adherence to urothelial cells (Jansen et al. 2004, Li et al. 2002, Zunino et al.
2001, Wray et al. 1986).
The role of amino acids in swarming motility has been extensively studied as
previously described, for example excess glutamine was recently found to be a strict
requirement for swarming (Armbruster et al. 2013), however no such studies have been
carried out in relation to biofilm formation and the role of amino acids in biofilm formation
as perhaps a potential cell-cell signalling system needs further research. Nitrogen
assimilation and therefore amino acid synthesis has recently been identified to be important
in virulence of P. mirabilis in ascending UTIs (Pearson et al. 2011).
In P. mirabilis, at least two distinct pathways for nitrogen assimilation exist, the
GS-GOGAT and the GHD system (Pearson et al. 2011, Pearson et al. 2008). During this
study it was identified that glutamate import and the GS-GOGAT pathway does not appear
to be important in order to generate energy and amino acids during the encrustation and
blockage of catheters, as mutants with genes disrupted in these systems showed no
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significant phenotypic alterations in bladder models when compared to the wild type. This
was supported by results by Pearson et al. (2011), showing a downregulation of the GS
during infection.
Nevertheless, Pearson et al. (2011) identified that the GHD pathway is involved in
the infection process in the ascending urinary tract, potentially by acting as a sensor
between the carbon and nitrogen systems. However, none of the mutants isolated here were
disrupted in the GDH pathway, and it has therefore not been possible to analysis the
involvement of GHD in catheter encrustation during this study. Although it may
anticipated that a disruption in the GDH could have an effect on crystalline biofilm
formation due to amino acid synthesis, P. mirabilis also transcribes a GS-GOGAT system,
and therefore the GDH null mutants may be able to offset these effects. E. coli for instance
uses the GS-GOGAT system for nitrogen assimilation in the urinary tract (Snyder et al.
2004) and furthermore GDH mutants of other species have not shown to be attenuated
(Reitzer, 1996, Helling, 1994).
Although the initial hypothesis that mutants that would be enhanced in their ability
to form biofilms in a 96-well plate assay would also be enhanced in their ability to block
urinary catheters was challenged (because the phenotype of the selected mutants in the
bladder models did not correlate well with biofilm assay phenotypes in the 96 well assay),
differences in the time taken to block urinary catheters were observed in 4 distinct
transposon mutants tested (see Chapter 5).
Because mutants with reduced ability to encrust and block urethral catheters are
most likely to provide insights relevant to preventing these processes, crystalline biofilm
formation by mutants significantly attenuated in catheter blockage was investigated in
greater detail for transposon mutants NHBFF9 and STS8.1D7. The crystalline biofilms
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produced by these transposon mutants were compared to the P. mirabilis B4 wild type
utilising ESEM coupled with calcium and biomass quantification.
ESEM allowed the biofilm matrix to be viewed in a hydrated state without altering
its appearance on electron micrographs, which often occurs due to dehydration and coating
in SEM (Bergmans et al. 2005). ESEM therefore visualized the ultrastructure of crystalline
biofilms in fine detail, identifying crystal formations such as coffin shaped struvites, and
delicate sheets of hydroxyapatite (Holling et al. 2014b). As expected, crystalline biofilms
produced by the blocking deficient mutants NHBFF9 and STS8.1D7 showed a less mature
crystalline biofilm structure when compared to the P. mirabilis B4 wild type, which
displayed significantly more crystalline material deposition across all catheter sections, and
included more mature struvite crystal formations.
While the imaging of biofilms provided a subjective assessment of biofilm
formation, additional quantification of biofilm needed to be carried out to substantiate this
visual data. Here, ESEM offered a major advantage to other microscopic techniques such
as SEM as samples could be utilized directly for other forms of measurement and analyses
during and after viewing, such as calcium quantification and analysis of biomass. Results
of these quantitative experiments demonstrated that transposon mutants NHBFF9 and
STS8.1D7 were attenuated in their ability to form crystalline biofilms showing a
significant reduction in calcium and biomass on catheter sections.

As well as being the obvious candidates for further analysis due to previous
experiments, the genes disrupted in blocking deficient transposon mutants NHBFF9 and
STS8.1D7 seemed especially interesting. Mutant STS8.1D7 was mapped to a homologue
of nirB (PMI1497). NirB is a soluble siroheme containing enzyme using NADH as an
electron donor to reduce nitrite to ammonia within the cytoplasm (Wang and Gunsalus,
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2000). The enzyme is activated in an anaerobic environment and within eukaryotic cells
such as macrophages (Huang et al. 2000). Wang et al. (2000) discussed two distinct nitrite
reductases nrfA and nirB in E. coli. They showed a differential gene expression for both
enzymes, and noted that nrfA was expressed at low to intermediate levels of nitrate, and
nirB at high levels of nitrate in the environment (Wang and Gunsalus, 2000). A
comparable pathway for nitrate metabolism exists in P. mirabilis which also results in
production of ammonia from nirBD driven nitrite reduction (Holling et al. 2014a) and the
presence of nitrites in urine is considered diagnostic of infection with E. coli, P. mirabilis
and other Enterobacteriacea (Franz and Hörl, 1999).
E. coli nirB knockouts reduce nitrate very slowly during anaerobic growth as nirB
contributes to ~75% of nitrite reduction in the wild type (Wang and Gunsalus, 2000,
MacDonald et al. 1985, Cole et al. 1980). It was therefore hypothesised, that in the oxygen
limited, nitrate rich environment of the urinary tract, nirB would also be readily expressed
in the closely related P. mirabilis.
NirB was anticipated to be involved in the nitrogen cycle, and due to the generation
of ammonia through this pathway it was hypothesized that this may lead to differences in
the alkalinisation of urine. However, no differences in the ability of this mutant to increase
urinary pH was observed during bladder models, indicating that ammonia production via
this pathway does not contribute significantly to the initial elevation of urinary pH, which
is undoubtedly driven by the potent P. mirabilis urease enzyme (Armbruster and Mobley,
2012, Stickler, 2008). Furthermore, nirB is also produced by other species such as E. coli
(Wang and Gunsalus, 2000), and catheter blockage is not an outcome of infection with
these organisms as they do not produce urease. Urease negative mutants of P. mirabilis
also fail to form crystalline biofilms in laboratory models, providing further argument
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against an integral role of ammonia produced via nirB in crystal formation (Stickler, 2008,
Stickler et al. 2006c Stickler et al. 1998, Stickler et al. 1993)
As discussed, the nirB disruption could alternatively lead to a more general impact
on growth and survival of cells within the bladder model system (see Chapter 5), however,
assessment of viable cell numbers in bladder model systems indicated survival of P.
mirabilis STS8.1D7 was not compromised. Nevertheless, there remains considerable scope
for nirB to fulfil an important role specifically in biofilm development, and contribute to
later stages of this process, in P. mirabilis. Gennis and Steward (1996) indicated that the
nirB does not primarily act as an assimilatory reductase but detoxifies nitrite that
accumulates form nitrate within the bacterial cells, and this has also been supported by
other sources (Weiss, 2005, Wang and Gunsalus, 2000, Page et al. 1990). During
anaerobic growth and at high nitrate and nitrite conditions such as those encountered by P.
mirabilis during biofilm formation in the urinary tract, bacterial cells protect themselves
from the accumulation of intracellular nitrate and nitrite by the action of the nitrate
reductase narG, and the nitrite reductase nirB respectively (Weiss, 2005, Gennis and
Steward, 1996). Reactive nitrogen species (RNS) formed during the denitrification process
are hereby tightly bound to the enzymes throughout the reduction to ammonia (Weiss,
2005, Gennis and Steward, 1996).
RNS have been found to have mutagenic properties eliciting nitrosative stress, and
bacterial cells need to protect themselves from these reactive compounds (Vine et al. 2011,
Weiss, 2005). Although a small amount of RNS such as NO˙ or HNO2 may be formed as
by-products of nitrite reduction (Weiss, 2005, Corker and Poole 2003), a majority of these
compounds are now thought to be generated by the narG in response to high nitrite and
low nitrate concentrations (Vine et al. 2011, Gilberthorpe and Poole, 2008). The
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accumulation of intracellular NO˙ has a damaging effect on proteins and DNA, and it has
recently been suggested that the powerful nitrite reductase enzyme reduces the intracellular
levels of toxic NO˙ protecting bacteria against nitrosative stress (Vine et al. 2011). A nirB
null mutant would therefore not on only accumulate waste nitrite, but the deletion would
also lead to an accumulation of RNS and in particular NO˙ within the cytoplasm of
bacterial cells. This accumulation of waste and toxins would significantly increase
nitrosative stress and could in turn reduce the fitness of the nirB mutant STS8.1D7 in the
CUT.
Recently another gene involved in stress response has been evaluated as a treatment
target in P. mirabilis and a knock-out mutant was found to be severely attenuated in a
mouse model (Wang et al. 2014). Wang et al. (2014) identified that the Hfq RNA
chaperone affected a number of virulence traits including biofilm formation and the stress
response to reactive oxygen species (ROS), as well as osmoregulatory stresses. As opposed
to RNS, ROS are produced during aerobic respiration, and the hfq null mutant was
increasingly susceptible to ROS stress in the form of H2O2 (Wang et al. 2014). This study
highlights the importance of the ability of P. mirabilis to withstand environmental stresses
within the urinary tract. It would be of interest to analyse mutant STS8.1D7 in more detail
in regard to its stress response to RNS. Designing an experiment similar to the one
employed by Wang et al. (2014) may permit the elucidation of the role of nirB in the
response to NO˙ stress within the urinary tract and more importantly during crystal biofilm
formation in the future.
Somewhat unexpectedly, the nirB disruption did not seem to affect the survival of
the mutant in bladder models but caused alterations as the biofilm community matured and
cell numbers increased. As discussed previously, it is expected that availability of nutrients
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and oxygen will be reduced whilst waste products accumulate in the developing biofilm
and that this maybe accentuated in the spatially compromised crystalline biofilm of P.
mirabilis. It was therefore hypothesised, that the need to remove such compounds becomes
more critical as the biofilm matures. It is conceivable that the inability of nirB to rid the
bacterial cell of nitrite and NO˙ is a cumulative process, limiting the rate at which biofilms
can develop and expand.
Intriguingly, a recent study has shown that E. coli cells convert to anaerobic
respiration in response to silver nanoparticle exposure (Du et al. 2012). Although not the
main focus of the study, Du et al. (2012) observed that nirB was highly upregulated in
response to silver nanoparticles, and that an E. coli knock out mutant for nirB only showed
a ~6% survival rate when subjected to these nanoparticles. This enhanced response to
silver nanoparticle treatment presents an exciting prospect for the further study of nirB, as
it suggest that the disruption of this gene may not only reduce encrustation of catheters, but
may also make these mutants more susceptible to treatment with silver nanoparticles.
Although further characterisation is needed, there is arguably scope for nirB to act as a
potential treatment target of P. mirabilis CAUTIs.
As described previously, blocking deficient mutant NHBFF9 was disrupted in MFS
transporter bcr. The bcr transporter is a proton antiporter 12-spanner drug efflux pump,
meaning that protons are pumped into the cell as the drug or other compound is pumped
out of the cell (Paulsen et al. 1996). MFS efflux systems are commonly associated with
antibiotic resistance; however, it is thought that they have primarily evolved in order to
remove a great variety of harmful substances from bacterial cells (Paulsen et al. 1996).
MFS family transporters have been identified as the largest class of transporters in E. coli
as well as B. subtilis (Szakonyi et al. 2007). They have been shown to be upregulated in
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biofilms (Kvist et al. 2008, Matsumura et al. 2011, Baugh et al. 2012, Soto et al. 2013) and
P. mirabilis infection of the ascending urinary tract (Pearson et al. 2011), indicating that
they are necessary for biofilm formation and virulence. This involvement in biofilm
formation has been further validated by several studies which have demonstrated a
reduction in biofilm forming ability following genetic disruption or chemical inhibition of
efflux systems (Kvist et al. 2008; Zhang and Mah, 2008; Matsumura et al. 2011)
During biofilm formation bacterial cell waste products accumulate within cells and
must to be transported out of cells and the developing biofilm (Kvist et al. 2008, Donlan
and Costerton, 2002). As the phospholipid membrane of bacterial cells is impermeable to
most of these substances, membrane proteins are employed for the active transport of
waste out of the cell (Szakonyi et al. 2007). The MFS efflux systems such as bcr have been
theorised to be involved in this type of waste removal, and the non-specific nature of the
bcr transporter was recently highlighted when Yamada et al. (2006) found it to also export
L-cysteine out of E. coli cells. L-cysteine is an amino acid and a precursor of glutathione
which is a protective agent against ROS, however cysteine can be toxic in high quantities if
not secreted from cells (Yamada et al. 2006, Harris, 1981). During biofilm formation in the
urinary tract, waste products, and in particular nitrogen containing compounds such as
cysteine, may build-up within bacterial cells, and a reduced ability to remove these
compounds from the intracellular environment may decrease the ability of the bcr mutant
NHBFF9 to form biofilms.
A cysteine-containing compound able to competitively inhibit cysteine metabolism,
namely N-acetylcysteine (NAC) (Olofsson et al. 2003) has recently been shown to reduce
P. mirabilis biofilm formation of urethral stents (El-Feky et al. 2009). Due to the relative
broad spectrum of molecules transported by bcr and due to the close relationship of NAC
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to cysteine indicated by its ability to act as a competitor during cysteine metabolism, it is
conceivable that the potential inability of mutant NHBFF9 to export cysteine may therefore
also increase this mutants’ susceptibility to NAC. Although the relationship between
excess cysteine transport by bcr and biofilm formation will require further analysis, NAC
has been identified as a potential treatment for biofilm formation by urinary pathogens.
Naves et al. (2010) furthermore identified that urine concentrations of NAC after standard
therapy are much higher than the concentration needed to inhibit bioﬁlm formation by E.
coli (~2000 mg L-1), and hypothesised that NAC may be a useful prophylactic agent for
patients with IUCs (Naves et al. 2010). However, even if the reduced biofilm formed by
NHBFF9 was not caused in response to the accumulation of excess cysteine to toxic levels,
it may be hypothesised that the build-up of other waste products may have negatively
affected crystalline biofilm formation, and waste management during biofilm formation
was recently linked to efflux systems (Kvist et al. 2008).
An interesting added benefit of the disruption of efflux systems via genetic
mutation or chemical intervention is that these bacteria generally become more susceptible
to antibiotic therapy (Kvist et al. 2008, Zhang and Mah, 2008). Further characterisation of
the mutant NHBFF9 showed an increased susceptibility to fosfomycin and resulted in a
clinically sensitive phenotype when compared to the wild type (Holling et al. 2014a). This
corroborated results by Nishino and Yamaguchi (2001) who found that the bcr conferred a
4 fold resistance to fosfomycin to a previously drug sensitive E. coli mutant. When the P.
mirabilis B4 wild type was treated with the EPI 1-(1-napthylmethyl) piperazine (NMP) at
100 µg mL-1, it also became susceptible to fosfomycin (Holling et al. 2014a). Nishino and
Yamaguchi (2001) also indicated that the bcr efflux system conferred resistance to
tetracycline, kanamycin, acriflavin and bicyclomycin, and although P. mirabilis is usually
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intrinsically resistant to tetracycline (Stickler, 2002), the antibiotic resistance profile of
NHBFF9 to these four antibiotics should also be evaluated.
The findings clearly illustrate a potential use for EPIs as a treatment option for P.
mirabilis CAUTIs in conjunction with current antimicrobial agents, as well as highlighting
the importance of efflux systems in P. mirabilis catheter blockage. The use of EPIs has
shown similar results in studies with other uropathogens such as such as S. aureus, E. coli,
K. pneumoniae and Ps. aeruginosa (Kvist et al. 2008, Zhang and Mah, 2008; Matsumura et
al. 2011), and the use of these chemical inhibitors of efflux systems could therefore also
benefit the treatment of multispecies biofilms which are commonly encountered in the
urinary tract. Interestingly, many EPIs are compounds already in use as human approved
drugs for other purposes, which should significantly shorten the time taken for EPIs to be
approved by the relevant governing bodies (Holling et al. 2014a).
Overall, the present study has highlighted the need for waste removal systems
within P. mirabilis crystalline biofilm formation, as both blocking deficient mutants
isolated were deficient in genes associated with these processes. The importance of waste
management has been previously highlighted (Kvist et al. 2008, Donlan and Costerton,
2002, Costerton et al. 1999), and it may be particularly important to P. mirabilis due to the
formation of its unique biofilm ultrastructure within the CUT. As identified by Jones et al.
(2007), P. mirabilis biofilms in urine develop differently to the conventional biofilm
model. P. mirabilis biofilms formed in urine show a flattened architecture with a distinct
loss of the waste removal channels which are commonly associated with biofilms (Jones et
al. 2007, Donlan and Costerton, 2002, Costerton et al. 1999). The biofilm is furthermore
disrupted by large crystalline deposits (Jones et al. 2007, Stickler, 1998), overall resulting
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in an exceptionally spatially challenged biofilm ultrastructure which is rarely described in
other bacterial species.
Although this distinctive biofilm is generally associated with increased resistance
of P. mirabilis in the CUT, novel therapies targeting the putative waste management
systems of this bacterium (as described here) appear to have a detrimental effect on
crystalline biofilm formation. It is postulated that this negative effect is caused by the
unique spatial challenges faced by P. mirabilis during biofilm formation in the CUT.
Intriguingly, it seems that the usually protecting crystalline biofilm may be advantageous
for the treatment of these infections on this occasion, creating a self-limiting biofilm by the
disruption of these putative waste removal systems.
The disruption of both of the possible waste removal systems identified here could
in theory increase the susceptibility to treatments such as silver nanoparticles and
antibiotics in vivo. Furthermore, the reduction in the ability to produce biofilms when these
genes are disrupted should increase their antibiotic susceptibility, as biofilm associated
cells can usually withstand higher concentrations of antibiotics and are normally more
antibiotic resistant than their planktonic counterparts (Donlan and Costerton, 2002).
Although the novelty and potential value of the findings of this research was
shown, none of the mutants examined during this research were completely deficient in
their ability to encrust and block catheters, and the potent urease enzyme of P. mirabilis
remains the key causative agent of crystal formation, and catheter blockage. Even though
the prevention of biofilm formation will most likely only reduce time to blockage rather
than afford total prevention, the stringent and conservative conditions under which the
bladder models were operated should ensure that the genes identified here have a
pronounced impact on reducing biofilm formation and associated complications in vivo.
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Undoubtedly, strategies that prolong the life of urinary catheters will be of much clinical
benefit to the patient, as well as reducing the economic burden on healthcare providers.
6.1. Limitations of the study
It was identified during the present study that biofilm formation in a static
multiwell plate assay did not relate well to crystalline biofilm formation or catheter
blockage by the bacterium P. mirabilis as assessed in the more representative bladder
model. The 96-well plate biofilm assays and the flow cell studies carried out have
recognised limitations in the study of P. mirabilis biofilms, and one of the main limiting
factors of both models was the use of different media to urine.
For the initial analysis of biofilm forming ability in the 96-well plate, LB broth
media was selected. LB broth medium has been used as the standard laboratory media for
many enteric strains such as E. coli and P. mirabilis. The use of urine media when
analysing P. mirabilis in a multiwell assay had several drawbacks. The main obstacle as
quickly identified here and also as described by Pearson et al. (2011) was that prolonged
culture in urine media is cidal to P. mirabilis owing to its potent urease enzyme and
subsequent pH increase. Secondly, the execution of the biofilm assay as proposed by
O’Toole and Kolter (1999) was significantly affected when P. mirabilis was grown in AU
even for short periods of time. Since the biofilm assay utilises a spectrophotometric
technique, crystalline deposits embedded within the P. mirabilis biofilms significantly
interfered with the correct measurement of biofilms formed. Collectively, these factors
challenge the utility of AU in these high-throughput screens. The growth and biofilm assay
were therefore carried out in LB growth medium and these high-throughput screens
allowed the elimination of mutants with undesirable phenotypes such as defects in growth
and helped identify mutants most likely to exhibit altered biofilm forming ability in the
more representative but low-throughput bladder models.
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Flow chamber studies were carried out in PBS during this study. Although studies
in the past successfully utilised AU in flow cell experiments in order to analyse the ability
of P. mirabilis to form biofilms on newly developed potential catheter biomaterials, they
identified that the formation of crystalline material and the clumping of large numbers of
cells obscured the ability to quantify bacterial cells after only 3–4 h (Stickler et al. 2006c).
As the only aim of the flow cell analysis here was to observe the initial attachment
bacterial cells to silicone biomaterial, it was not deemed essential to provide bacterial cells
with growth media or indeed AU for the short duration of the experiment (5 h). As
transposon mutants of interest were also exposed to the bladder models which closely
replicates the CUT, data obtained during the flow chamber experiments was further
validated by examining the crystalline biofilms of mutants using ESEM, as well as calcium
and biomass quantification. A way to circumvent the necessity for the high-throughput 96well screen may be the use of signature tagged mutagenesis (STM) in conjunction with the
bladder models as described in Figure 6.1.
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Figure 6.1. Signature tagged mutagenesis approach utilizing bladder models.
Random transposon mutants are generated and tagged with a unique DNA region which is
flanked by regions common to all mutants and mutants are stored individually. DNA from
each individual mutant is spotted onto a membrane. Mutants are then pooled and
inoculated into bladder models. After catheter blockage, mutants are recovered and DNA
tags can be amplified. The mixture of DNA tags is then used to probe the membrane. Tags
of attenuated mutants that failed to persist in bladder models will not have been present in
the recovered mutant pool and are therefore not present in the mixture. There will be a
negative result for these mutants when analysing the membrane and they can then be
identified from the original mutant library.
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Similarly to the technique described during this study, STM utilises a random
mutagenesis approach however, each mutant is tagged with a unique DNA sequence,
flanked by a region that is common to all mutants generated (Dale and Park, 2010,
Mazurkiewicz et al. 2006, Hensel, 1998). This way the tags act as unique identifiers which
can be amplified using PCR from a mixed mutant sample (Mazurkiewicz et al. 2006).
STM approaches have been used in the past to analyse the virulence of P. mirabilis
in the urinary tract using mouse models (Himpsl et al. 2010, Burall et al. 2004). Burall et
al. (2004) verified the usability of the approach and identified 25 STM mutants that were
significantly attenuated in mouse models and genes disrupted in these mutants were
associated with motility, iron transport, urease activity, etc. Although many different
virulence factors were identified in the previous study, Himpsl et al. 2010 essentially
repeated the experiment in order to increase the theoretical genome coverage. However,
they also introduced a secondary LB broth growth assay to eliminate mutants with growth
deficiencies (Himpsl et al. 2010).
Overall, both studies highlight the usefulness of the STM approach in order to
identify genes involved in P. mirabilis virulence during infection. However as the studies
employed the commonly used CBA mouse model of ascending UTI (Hagberg et al. 1983),
genes identified during the experiments are more likely to represent genes upregulated
during later stages of infection and in response to contact with urothelial tissues. STM has
not been used to analyse genes involved in crystalline biofilm formation, adherence to
catheters and thus CAUTIs by P. mirabilis, and as illustrated in Figure 6.1. there is scope
to use this technique in combination with the bladder model systems in order to identify
such genes.
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Another limitation to the present study is that CAUTIs are often polymicrobial
infections caused by a consortium of organisms such as P. mirabilis, K. pneumoniae, Ps.
aeruginosa and P. stuartii (Williams and Stickler, 2008, Macleod and Stickler, 2007). The
genes identified in transposon mutants here may have had a significant effect in this model,
however, interactions with other bacteria could reveal different results. Despite that, P
mirabilis has been identified as the most common causative agent of catheter blockage,
thereby significantly complicating the treatment of long term catheterised patients (Mobley
and Warren, 1987). Arguably the identification of genes involved in catheter blockage
(aiding the identification of new treatments for P. mirabilis CAUTIs) will therefore have a
greater impact on patient morbidity and mortality by controlling catheter blockage, than
the study of polymicrobial interactions. Furthermore, Armbruster and Mobley (2012)
reasoned that because P. mirabilis has the potential to facilitate entry and maintain
persistence of other species to the urinary tract, therapeutics aimed at limiting P. mirabilis
colonization may also impact the CAUTI burden caused by other species.
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6.2. Future work
 Additional analysis of these mutants, such as additional time points during catheter
encrustation in bladder models, may give a greater insight to changes the genetic
mutations causes.


Further phenotypic characterisation such as the proteolytic activity of transposon
mutants could identify additional genes of interest involved in the infection process.



Cell culture based or in vivo analysis of transposon mutants could give a better
insight into the interactions between bacterial cells and urothelial tissues, and cell
invasion by transposon mutants could be explored.



Sequencing of P. mirabilis strain B4 utilised during this study will identify strain
variations between HI4320 and B4. As some of the genes identified in this study
could not be identified in P. mirabilis HI4320, further investigation will be required
to elucidate the functions of these additional genes and their effect on the P.
mirabilis B4 phenotype.



The use of reporter genes such as green fluorescent protein (gfp) or gene cassettes
such as luciferase (lux) should be investigated. During the present research,
attempts were made to generate a lux tagged mini-Tn5 transposon construct in
order to generate a labelled mutant bank. Although the results of this were
unsuccessful, P. mirabilis B4 was successfully gfp and lux tagged using
constitutively expressed mini-Tn7 based systems, which could also be applied to
transposon mutants of interest from the present study (Choi and Schweizer, 2006,
Dr. Holger Loessner, Paul Ehrlich Institute, Germany, personal correspondence).
The reporter gene systems could be used to optimise 96-well based biofilm assays
or flow chamber experiments utilising AU, as well as cell invasion assays.
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To analyse the genes identified here in more detail, a promoter fusion protocol such
as the one developed by Bron et al. (2006) could be used. They suggested, that a
plasmid construct containing a lux gene cassette, could be coupled to a promoter of
choice by overlapping the ATG start codon of luxA. Cloning of PCR-amplified
promoter elements into the SalI and SwaI restriction sites would allow the
construction of exact translational fusions of promoters to luxABCDE, and the
promoter then drives the lux cassette and thus operates light emission (Bron et al.
2006). When the plasmid is transferred into the bacterium of interest,
bioluminescence would be produced whenever the promoter in this bacterium was
induced, thereby creating a real time expression system for the analysis of genes.



STM, transcriptomic microarrays or proteomic approaches should be carried out
during biofilm development in e.g. bladder models not during ascending UTI as
observed in the CBA mouse model. These techniques will yield invaluable
information on global gene expression during early biofilm formation, crystalline
biofilm formation and catheter blockage.
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6.3. Conclusions


A random transposon mutant bank was successfully screened for the ability of
mutants to form biofilms, and transposon mutants with alterations in biofilm
forming ability were successfully isolated for further study.



Genes disrupted in 35 of the biofilm mutants were identified and genes were
associated with membrane transport, nitrogen assimilation, global regulators,
fimbrial proteins and putative functions.



The ability of mutants to form biofilms was not related to motility or urease
activity, however the ability of transposon mutants to swim and swarm was closely
related and the majority of mutants isolated were attenuated in swarming and
swimming.



The Ntr, fimriae as well as membrane transporters were shown to be involved in
both, biofilm formation and motility.



Swimming was correlated to catheter blockage.



The ability of transposon mutants to produce biofilms in a static 96-well plate assay
was a poor predictor of their behaviour in the more representative bladder model
system. However the screen identified 4 significant transposon mutants, and genes
disrupted in these mutants were clearly involved in urinary catheter encrustation
and blockage.



ESEM has been verified as a valuable method to visualise fully hydrated crystalline
biofilms on urinary catheters and was able to analyse crystalline biofilms in an
unaltered, hydrated state identifying delicate sheet like crystal formations which
have not been visualised previously.
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The combination of techniques used in order to analyse crystalline biofilms, namely
SEM, ESEM, as well as calcium and biomass analysis, allowed for the comparative
study of transposon mutants, and P. mirabilis B4.



This study identified 4 genes that are explicitly involved in crystalline biofilm
formation by P. mirabilis B4.



A disruption of genes bcr and nirB caused a significant delay in the time taken for
urinary catheters to become occluded and this delay was not caused by an inability
to adhere to silicone biomaterials.



Blocking deficient mutant STS8.1D7 was disrupted in nirB a nitrite reductase
subunit and it is hypothesized that the inability of this mutant to denitrify the
bacterial cells within the developing biofilm appears to limit crystalline biofilm
growth.



Blocking deficient mutant NHBFF9 was disrupted in a MFS family transporter bcr,
and it is theorized that disruptions of the bcr efflux system may be associated with
inefficient waste management (potentially the removal of excess cysteine) in
developing biofilms limiting crystalline biofilm formation. Further analysis of this
mutant showed increased susceptibility to fosfomycin, which was also imparted to
the wild type upon treatment with EPIs.



Treatment with EPIs, chemically blocking membrane transport systems have been
identified as a potential new treatment for P. mirabilis CAUTIs.



Waste management is hypothesised to be highly important in the severely spatially
challenged P. mirabilis crystalline biofilm which is produced in the CUT, as
disruptions in waste management systems for denitrification and potential removal
of excess cysteine have generated severely attenuated strains.
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Appendices
Appendix A: Calibration plot for ammonium chloride standards for use with the
urease assay
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Calibration plot for ammonium chloride standards for use with the urease assay
The urease assay was performed as described in Section 5.2.4., OD readings obtained for
mutants were compared to readings of the ammonium chloride standards to give the
amount of urea hydrolysed in mM.
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