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Abstract 

 

Antimicrobial resistance (AMR) is set to be the next global pandemic with AMR 

related deaths set to outgrow cancer deaths by the year 2050 (1). Increasing 

resistance to the traditional arsenal of antibiotics is expanding at an alarming rate 

and novel antimicrobial therapeutics are urgently required to tackle this emerging 

issue. It has been estimated that roughly 1.2 million people died from AMR related 

infections in 2019 which is more deaths than HIV/AIDS and malaria. It was 

determined that drug resistance in respiratory tract infections accounted for more 

than 400,000 of the 1.2 million deaths closely followed by 370,000 deaths being 

caused by AMR related sepsis infections (1). 

To help tackle the emerging AMR issue, intensive global research into novel 

therapeutics is  occurring. Among some of these novel therapeutics, is the use of 

bacteriophages to treat bacterial infections. Bacteriophages are the natural parasite 

of bacteria and are able to kill the cells via an infection and lysis mechanism. The lysis 

of the bacterial cells allows for the release of viral progeny which then continue the 

cycle of bacterial cell lysis.  

Proteus mirabilis and Pseudomonas aeruginosa are two bacterial species commonly 

associated with urinary tract infections in humans. P. mirabilis is capable of forming 

crystalline biofilms in the urine of patients thanks to the production of the enzyme 

urease. Urease effectively increases the pH of the urine which causes the formation 

of struvite crystals (2). These crystals can then cause blockages of urinary tract 

catheters which is a major issue particularly for immunocompromised patients.  

In addition to being a causative agent of urinary tract infections, P. aeruginosa is also 

a bacterium commonly associated with chronic skin wounds as well as causing 

complications in cystic fibrosis patients (3). With an increasing number of AMR 

related strains being reported in clinics, the need for novel antimicrobials to treat 

infections caused by said bacteria is urgently required (4).  
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To contribute to the progression of novel antimicrobials against P. mirabilis and P. 

aeruginosa, this thesis was based on the isolation and utilisation of bacteriophages 

and bacteriophage derived products to help treat biofilms caused by both bacteria.  

Bacteriophages specific to P. mirabilis were isolated from environmental samples 

obtained from several sites across Northern Ireland. The isolation of phage PM-CJR 

showed promising antimicrobial potential against P. mirabilis due to the production 

of a suspected depolymerase enzymes observed as a halo around the central lysis 

region of a plaque assay. Genomic sequencing of phage PM-CJR revealed the 

presence of a pectate lyase domain in the tail-spike protein of the virus. Pectate 

lyases have previously been reported as phage encoded depolymerase enzymes (5). 

Cloning and expression of the tail-spike protein facilitated the production of an active 

recombinant protein which maintained the depolymerase activity against its host P. 

mirabilis BB2000. The host range of the depolymerase enzyme was not as broad 

when compared to the whole phage but nonetheless was capable of displaying 

antimicrobial activity against P. mirabilis BB2000.  

Survivability assays were performed using phage PM-CJR and its recombinant tail-

spike protein to see if they could rescue Galleria mellonella from P. mirabilis 

infections. The whole phage accounted for a 40 % increase in survivability in the                    

G. mellonella larvae. Application of the tail-spike protein resulted in a 20 % increased 

survivability of the G. mellonella larvae highlighting the potential of both the phage 

and its recombinant tail-spike to act as antimicrobial agents.  

In addition to the survivability studies, described above, phage PM-CJR was used as 

an antimicrobial agent in a simulated catheterized bladder model to assess its ability 

to treat P. mirabilis UTIs. The phage alone was able to extend the lifespan of the 

urinary catheters by 10 h. When employing the phage as a combinational component 

with citric acid which is a weak organic acid known to display antimicrobial activity, 

the combined strategy increased the lifespan of the catheters by over 100 h. 

Furthermore, a catheter bridge model was designed which demonstrated the 

effective incorporation of phage PM-CJR into a hydrogel formulation which was 

capable of preventing P. mirabilis from swarming across segments of urinary tract 

catheters.  
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Treatment of P. aeruginosa biofilms involved the use of two bacteriophages (EM-CJR 

& EM-CJR-X) isolated from commercially available phage cocktails. The phages were 

used in combination with another recently emerging antimicrobial in the form of cold 

atmospheric plasma (CAP). CAP is a partially ionized gas with a near room 

temperature. It has recently been shown to display antimicrobial activity against an 

array of bacterial pathogens (6). The order of treatment was assessed to see if 

application of plasma before bacteriophage treatment or after bacteriophage 

treatment would yield a more enhanced antimicrobial effect. 

Application of phage followed by CAP resulted in a 3 log reduction in microbial cell 

counts which was significantly more effective than either CAP or phage alone which 

recorded a 0.5 and 1 log reduction respectively. In contrast, the application of CAP 

followed by the addition of bacteriophage resulted in a 6 log reduction in microbial 

cell counts. The results from these combinational experiments suggest that CAP 

followed by phage exposure is an effective antimicrobial strategy to treat                                     

P. aeruginosa biofilms. Due to the ease of application of both CAP and phage this 

therapeutic option could be translated into the health setting for the treatment of 

chronic wound infections. 

The results generated throughout this thesis demonstrate that bacteriophages hold 

promising potential to act as a re-emerging tool to help tackle the issue of AMR. 

Utilisation of phage derived products is one promising avenue of phage research 

which could lead to the development of novel antimicrobials to help treat such 

infections. The results of this thesis work heavily suggest that phages are best used 

as a combinational or synergistic component to traditional or emerging 

antimicrobials and in doing so could help to treat biofilm related infections caused by 

some of the most notorious pathogens.  
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1.0 Introduction. 
 

1.1 Bacterial Biofilms 

 

“The number of these animalcules in the scurf of a man's teeth are so many that I believe 

they exceed the number of men in a kingdom (7)” 

 

The middle of the twentieth century saw the end of the ‘pure culture period’ of 

microbiology in which bacteria were solely perceived to exist as free floating or 

‘planktonic’ cells. Bacterial growth is characterised based on two major features 

observed. The ability to grow freely as planktonic cells or as a coagulation of cells 

ingrained throughout a polysaccharide matrix referred to as a biofilm. However it is 

now estimated that less than 0.1 % of total microbial biomass is present in planktonic 

form (8). The benefit of biofilm formation allows the cells to engage in a multicellular 

style of living which becomes advantageous when seeking survival in sub-optimal 

environments, where stress factors impact growth. 

Bacterial surface-associated aggregation was first reported in 1684 by the famous 

Dutch microbiologist, Antonie van Leeuwenhoek when describing the ‘animals’ 

present within the plaque of teeth (9). However, it was not until 1933 that Henrici 

produced the first images of surface-associated bacteria and stated that ‘bacteria are 

not free floating organisms but grow upon submerged surfaces’ after having 

submerged pieces of glass in lake water and observing bacterial growth upon these 

entities (10). Today the formation of a biofilm is regarded as a commonly occurring 

natural phenomenon, being a multifaceted process that is extremely dynamic and 

involves a host of biological processes for establishment and maintenance. It has only 

been quite recently that the scientific world has seen a significant ‘boom’ regarding 

biofilm related research (Figure 1.1.) (11). 
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Figure 1.1. The number of biofilm related publications per year (from January 1980 to 

December 2020) based on data obtained from the online search engine National Centre for 

Biotechnology Information (NCBI-Pubmed). Data was obtained via entering the term 

‘Biofilm’ and the date range filtered from 1980 to 2020 

(https://www.ncbi.nlm.nih.gov/pubmed).  

 

1.2  Bacterial biofilms, architecture and composition 

 

Bacterial biofilms are a coalition of microbial cells adhered to each other as well as 

on living/non-living surfaces whilst being encased within a self-produced matrix of 

extracellular polymeric substances (EPS). This EPS equates for 90 % of total biofilm 

biomass and is composed of flagella, carbohydrate binding proteins, curli proteins (an 

amyloid fibre produced by certain enterobacterial strains), pili, extracellular DNA (<1 

%), RNA (<1 %) and adhesive fibres which combine to form the scaffold of the 

complex biofilm structure (12,13). The EPS matrix acts as a nutrient reservoir for the 

cells within, as well as acting as a major defence mechanism against antimicrobial 

agents. The transition from planktonic to biofilm growth mode is a process associated 

with major gene expression, both upregulation and downregulation of genes which 

results in morphological changes in addition to significant deposits of extracellular 

polymeric substances (11). 

  

https://www.ncbi.nlm.nih.gov/pubmed
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The structure of bacterial biofilms is largely impacted by its biological components 

e.g., the high occurrence of hydrogen bonding that is associated with the hydrophilic 

interactions of the polysaccharides present acts as a source of water (97 %) and thus 

moisture for the thriving cells (14). The high-water content is an integral component 

of biofilms as it allows for the distribution of nutrients throughout the complex 3D 

structure. The structure of a biofilm is arranged into two major sections: a network 

of water channels throughout the biofilm and a dense array of cells. The unique 

network of water channels acts as an outflow to the several dense cell regions 

ensuring the cells obtain the necessary components needed to support growth. The 

channels can also act as a supply route for secreted enzymes to modify the surface 

composition of the biofilm in response to different environmental conditions (15). In 

clinical settings biofilm formation is most commonly associated with medical devices 

e.g., Urinary catheters. Upon insertion, the catheter comes into contact with skin and 

urinary components which can become trapped in the indents and surface of the 

catheter providing favourable conditions for rapid biofilm formation reducing the life 

span of the catheter.  
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1.3  Bacterial biofilms in nature and disease 

 

Bacterial cells are known to exist in essentially all naturally occurring environments 

and with this comes the phenomenon of bacterial biofilms. In the biofilm state, the 

bacterial cells are protected from the natural elements of their respective 

environment as biofilm formation can protect the cells from UV exposure, nutrient 

depletion, pH fluctuations, changes in salinity, antimicrobial compounds, 

temperature changes and predation (16).  

Bacteria in natural aquatic environments are known to interact with surrounding 

surfaces (17). In oligotrophic marine environments, bacteria have been reported to 

interact with surfaces in transient apposition. A study of 88 aquatic rivers and streams 

determined that the sessile bacterial biofilm population was 3-4 log higher than the 

free floating planktonic bacterial population and when the same study was 

performed for sewage samples, the sessile population was 200 fold higher than the 

planktonic population. This indicates that bacterial biofilms are a commonly 

occurring phenomenon in natural environments. Interestingly however, in extreme 

oligotrophic environments such as the ocean, bacterial cells are present largely in the 

planktonic state mainly due to the fact that the cells are in ‘starvation’ mode and thus 

have limited resources available for several biofilm related metabolic activities such 

as exopolysaccharide production. With relation to aquatic environments for 

industrial water systems, bacterial biofilms form with relative ease due to the 

abundance of nutrients in the outflow supply of these aquatic systems. This biofilm 

formation can cause issues ranging from the corrosion of metals, largely by sulfate 

reducing bacteria or simply impacting the efficiency of water quality instruments, 

reducing their efficiency (18).  

Bacteria and their respective biofilms are essentially present in all environmental 

conditions, and it is their presence in human habitats which are of most importance 

to the clinics of Western medicine as this is where both acute and chronic diseases 

can occur, and the difficulties involved in treating such infections can come at a high 

cost. 
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In 2017, multidrug-resistant Pseudomonas aeruginosa caused an estimated 32,600 

infections among hospitalized patients and 2,700 estimated deaths in the United 

States. 

In humans, biofilms account for 80 % of the total number of microbial infections 

which include diseases such as periodontitis, rhinosinusitis, endocarditis, 

osteomyelitis and cystic fibrosis (19,20). Infections in which the causative agent is 

mainly present in the planktonic form are referred to as acute infections as these cells 

are more susceptible to antimicrobial agents and thus the infection is more readily 

cleared. In contrast infections caused by biofilm associated bacteria prove difficult to 

treat and are termed chronic infections (21). Chronic wounds are associated with 

bacteria present in the biofilm form and it has been proven that the inner dermal 

tissues of chronic wounds are infected with multi-species biofilms, the most common 

of these species being Staphylococcus aureus however P. aeruginosa is present in a 

vast majority of these wounds (22).  Interestingly P. aeruginosa infected wounds tend 

to be larger and tends to delay the healing process as opposed to wounds which are 

P. aeruginosa free (23). 

P. aeruginosa biofilms cause significant implications for cystic fibrosis (CF) patients. 

CF is a recessive multi organ disease caused by a defect in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene on chromosome 7 which in turn 

causes disruption of chloride channels in cells (24). P. aeruginosa is an opportunistic 

pathogen in CF patients and before 1976 half of all CF patients with a chronic                    

P. aeruginosa infection would die within 5 years (25). In light of the treatment 

advances for CF P. aeruginosa related infections the bacteria still persist in the lungs 

contributing to the degradation of the lung tissue which results in reduced lung 

function and in turn death. In 2012 it was estimated that the average cost to treat a 

patient in the UK for CF was £41,424. Approximately 10,500 people in the UK alone 

suffer from CF suggesting that annually CF treatment for the NHS costs around £44 

million (26). Bacterial biofilms in the clinical health practice often form on a range of 

medical devices, commonly on indwelling medical devices such as urinary catheters.  
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Catheters were first used 3,500 years ago and can be used intermittently on an 

indwelling basis depending on the type of treatment required. The silicone/latex 

Foley catheter is the most commonly used catheter which is held in the place in the 

urethra via an inflatable intra-bladder balloon (Figure 1.2). Catheters are commonly 

associated with bacterial biofilm formation due to their location in nutrient rich urine 

and the indwelling features of such medical devices. 

 

 

 

 

 

 

 

 

 

Figure 1.2. The arrangement of an indwelling Foley catheter inside a urinary bladder. A) 

Represents the eyehole of the catheter in which the urine can be drained. B) Cross section view 

of the catheter lumen and the upper region used to fill the intra-bladder balloon. C) The region 

of the catheter that is attached to the collection bag. D) The insertion port to allow for inflation 

of the intra-bladder balloon. E) A one-way sampling port to test for the presence of 

microorganism in the urine. F) The collection bag for the drained urine. G) The release valve 

for emptying the collected urine (27). (Reprinted with permission from Siddiq et al. Springer 

@ Nature 2012) 

P. aeruginosa also causes catheter associated urinary tract infections (CAUTIs) via the 

formation of biofilms. P. aeruginosa is responsible for around 12 % of all nosocomial 

urinary tract infections placing it 3rd amongst the most common CAUTI 

microorganisms with Escherichia coli being the most common (28). Such infections 

are catheter related and the presence of biofilms associated with catheters causes 

bacteriuria which results in 900,000 hospital visits per year as well as 7,500 deaths 
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per annum in the USA (29). Furthermore, a study published in 2013, revealed that for 

patients in the UK with  catheter associated urinary tract infections (CAUTIs) related 

bacteriuria the mortality rate 7 days post diagnosis was 30.1 % and 40 % 30 days post 

diagnosis. Further analysis revealed that E. coli was most commonly isolated (43.4 %). 

P. mirabilis was the second most commonly isolated (13.3 %) and P. aeruginosa third 

(10.8 %). Of all the isolated species 26.5 % of them were classified as multi-drug 

resistant strains (30). Bacterial biofilms associated with catheters are more 

commonly found to consist of multiple organisms (Table 1.1) 

Table 1.1. The most common organisms isolated from 106 long term indwelling 

catheters (31). P. aeruginosa was the most commonly isolated organism followed by 

Enterococcus faecalis , E. coli and P. mirabilis.  

 

For patients undergoing long term (greater than 30 days) indwelling catheter 

treatment, it is estimated that P. mirabilis is isolated from 40 % of all urine samples. 

The surveillance report published by the National Healthcare Safety Network (NHSN) 

in 2011 reported that 45-79 % of intensive care unit patients required indwelling 

catheters, 9 % on rehabilitation wards, 23 % on surgical wards and 17 % on general 

medical wards (32). It is thought that more than 100 million catheters are issued 

globally to patients each year and thus the scale of associated infections can now 

truly be quantified (33). Advances in the treatment of CAUTIs will not only save 

significant amounts of money for health care systems globally but will also reduce 

the burden on patients and health care professionals 

Isolated 

Organism 

% Catheter colonised 

All Catheter Biofilms Mixed Species Biofilms(76 Catheters) Single Species 
Biofilm         

Pseudomonas 

aeruginosa 

36 41 23 

Enterococcus 

faecalis  

34 45 7 

Escherichia  

coli 

31 41 7 

Proteus 

mirabilis 

30 34 20 
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1.4  Pseudomonas aeruginosa biofilms 

 

Biofilm formation has been largely studied at the in vitro level with the model 

organism being Pseudomonas aeruginosa. P. aeruginosa is a non-fermentative, rod 

shaped, Gram-negative bacterium which possesses the ability to form biofilms under 

a variety of differing stress conditions which is thought to be its main survival 

strategy. In addition, 10 % of the genome of P. aeruginosa codes for regulatory 

processes which attributes to P. aeruginosa’s enhanced survival in adverse conditions 

(34). These regulatory genes may also explain how P. aeruginosa is able to form 

biofilms under a majority of  adverse environmental conditions and on a variety of 

surfaces.  

Many biofilms like those of P. aeruginosa are said to form in five key stages (Figure 

5):  

1) attachment, 2) irreversible attachment and cell-cell adhesion, 3) proliferation, 4) 

maturation, 5) dispersion.    

For P. aeruginosa biofilm formation, the first stage is the reversible attachment to a 

surface which is facilitated using a twitching motion particularly when adhering to 

moist surfaces. The bacteria also use this twitching motility to move across the 

surface (35). Under optimal conditions on smooth semi-solid surfaces P. aeruginosa 

expands at a radial rate of 0.6 mm h-1 or even greater (35). This twitching motility is 

associated with the type IV fimbriae (polymers of the major pilin protein) present on 

the bacteria (Figure 1.3). Although this motility is advantageous for biofilm formation 

it is not essential as twitching negative mutants have also been observed to form 

biofilms, although their biofilms do differ in structure compared to the biofilms 

formed by twitching positive strains (36). Before committing to the irreversible 

attachment phase, the cells sample the attachment surface area before proceeding 

with attachment. The process of irreversible attachment in P. aeruginosa is not 

widely understood but in species such as P. fluorescens, an ABC transporter and 

additional proteins are required for this attachment to proceed (37).     
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Figure 1.3. The structure of a Gram-negative associated type IV fimbriae system in 

addition to its respective cellular components which are responsible for the twitching 

motility observed in Gram-negative microorganisms (38). (Reprinted with permissions 

from Melville & Craig @ASM 2013). 

During the latter attachment stage, non-attached motile bacteria continue to build 

on top of the attached bacteria via employment of their type IV pili, eventually 

forming mushroom like structures referred to as microcolonies (36). During this 

microcolony formation stage the upregulation and transcription of particular genes 

responsible for the production of extracellular polysaccharides occurs. For                            

P. aeruginosa the most abundant EPS is alginate which is a result of the upregulation 

of the algC, algD and algU genes, in addition, Pel and PsI (adhesions important for 

biofilm structure) in addition to eDNA are also notable components of the total EPS. 

(39,40) In addition, upregulation of alg44 produces the soluble Alg44 protein located 

in the periplasm which facilitates alginate polymerization (41). The synthesis of 

alginate begins the embedding of the bacterial cells within the EPS matrix.  

Proceeding this, microcolonies begin to differentiate into authentic biofilms, a 

formation heavily dependent on quorum sensing (Figure 1.4.) (42). P. aeruginosa has 

two quorum sensing systems; 1) LasR-Lasl system 2) RhlR-RhlI system. LasR-Lasl is 

responsible for the expression of virulence factors and also regulates the expression 

of RhlR-RhlI system which itself regulates the expression of genes encoding 
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secondary metabolites. Wild type strains and arhll mutants differentiate into 

compact, resistant biofilms in contrast to lasl mutants which don’t differentiate and 

form thin biofilms vulnerable to dispersion when treated with antimicrobials. 

Interestingly, subjecting the lasl mutants to the signalling molecule 3-

oxododecanoylhomoserine lactone promotes the differentiation of thin vulnerable 

biofilms into thick, antimicrobial resistant biofilms. P. aeruginosa has also been 

reported to synthesise acylhomoserine lactones enabling biofilm formation on 

silicone catheters leading to the blockage of these medical devices in addition to 

potential septicaemia of the patients (43).  

Figure 1.4. The ability of bacterial cells to communicate through cell-cell signalling 

molecules e.g. C4-homoserine lactone (b)  which in turn upregulates the expression of 

virulence genes making the bacteria pathogenic and more resistant to certain types of 

host immune cells (44). (Reprinted with permissions from @Springer 2008). 

Following biofilm maturation, the next stage, although not fully understood, the 

current scientific research and agreed opinion is that the biofilm will begin to disperse 

(Figure 1.5.). Dispersal can occur via single cells or also via small microcolonies being 

scattered from the biofilm by shear force. During the process algL, a gene associated 

with alginate lyase production, located in the biosynthetic region of the P. aeruginosa 

genome, is upregulated to produce alginate lyase which in turn degrades the alginate 

polysaccharide component of the EPS matrix aiding the dispersal of the biofilm to 

other surfaces (45). Dispersal in the medical setting can be regarded as a severe 

implication as it facilitates the spread of the pathogenic cells to various regions of the 

body and increases biofilm surface area on medical devices. 



 

 

 

 

Figure 1.5. The process of biofilm formation for P. aeruginosa. Biofilm formation is initiated via a cluster of planktonic bacterial cells 

which undergo cellular proliferation before forming a monolayer attached to a specific surface. Following several molecular processes, 

microcolonies begin to form. Upregulation of quorum sensing signalling molecules allows for formation of the mature biofilm and the 

process repeats. (Reprinted with permission from AAAS (17)).



1.5 Proteus mirabilis epidemiology, resistance and biofilms 

 

Proteus mirabilis is a Gram negative, opportunistic, rod-shaped bacterium 

characterised as a facultative anaerobe. Recent reports published by Public Health 

England, for England, Wales and Northern Ireland have showed that the overall rate 

of Proteus spp. bacteraemia has increased by 40 % between 2009 and 2017. The 

percentage of P. mirabilis isolates displaying resistance to current antibiotics, has also 

increased since 2015 (Table 1.2.). Furthermore, reports of multi-drug resistance 

isolates being recorded between 2015 and 2017 also increased across England and 

Northern Ireland e.g., P. mirabilis resistance towards Gentamicin and Ciprofloxacin 

increased from 2.11 % in 2015 to 2.53 % in 2017 (46).  

Table 1.2. The antimicrobial susceptibility of P. mirabilis bacteraemia isolates to 

modern antibiotics for the regions of England and Northern Ireland. The results 

indicate that an increase in antimicrobial resistance has been observed across the 

majority of the antimicrobials with the exception of ceftazidime, cefotaxime and 

ampicillin/amoxicillin. A general decrease in susceptible isolates has also been 

recorded across the 2015-2017 period.  

 

 2015 2016 2017 

Antimicrobial 

Agent 

S (%) I (%) R (%) S (%) I (%) R (%) S (%) I (%) R (%) 

Gentamicin 92.12 0.89 6.99 90.13 1.22 8.64 90.82 1.28 7.91 

Ciprofloxacin 91.93 1.90 6.17 92.05 1.43 6.51 92.04 1.37 6.59 

Ceftazidime 98.06 0.95 1.00 97.63 1.23 1.14 98.23 0.97 0.81 

Cefotaxime 97.55 0.58 1.87 97.10 0.77 2.12 98.04 0.54 1.43 

Meropenem 100.00 0.00 0.00 98.82 0.11 0.07 99.93 0.03 0.03 

Ertapenem 99.56 0.38 0.05 99.69 0.09 0.22 99.92 0.00 0.00 

Ampicillin/ 

Amoxicillin 

66.15 0.09 33.76 66.52 0.04 33.45 66.99 0.00 33.01 

Piperacillin/ 

Tazobactam 

98.29 0.92 0.79 97.91 0.99 1.10 97.12 1.63 1.26 

                       *S= susceptible; I= intermediate; R= resistant 
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The natural reservoir of P. mirabilis is the human intestinal tract and the bacterium is 

part of the normal gut flora. P. mirabilis is also found in several environmental 

habitats, most commonly, hospitals and long term care facilities. P. mirabilis is also 

commonly found on the skin and oral mucosa and this natural reservoir can act as a 

source of hospital acquired infections. A common characteristic associated with P. 

mirabilis strains is their ability to swarm in addition to their urease virulence factor 

(47). P. mirabilis has been reported to cause, respiratory tract infections, eye 

infections, meningitis, meningoencephalitis, wound infections and cause 

complications in chronic wounds (48,49). The epidemiology of P. mirabilis is unique 

in that patients which, experience chronic UTIs, have had intensive antibiotic 

treatment and urinary tract obstruction are more prone to P. mirabilis infections as 

opposed to previously healthy individuals in which E. coli is the most common cause 

of infection (50,51).  

As stated, P. mirabilis is most commonly associated with severe urinary tract 

infections and this is due to the production of a nickel containing metalloenzyme 

urease (52). UreR, the transcriptional activator for the expression of the ure gene 

cluster upregulates the production of urease in the presence of urea facilitating the 

hydrolysis of urea into  one molecule of CO2 and two molecules of NH3  which in turn 

facilitates the formation of struvite (MgNH4PO4) or apatite (CaPO4) crystals via 

precipitation of ions in the urine at a pH of ~10 (53).Temperature and the pH of the 

urine play a critical role in the progress of the above reaction (54). 

Formation of crystals within indwelling urinary catheters leads to blockage of the flow 

of urine resulting in serious complications in patients e.g. life-threatening urosepsis 

particularly in immunocompromised patients (55). The presence of P. mirabilis 

throughout the mineral deposit (Figure 1.6.) structure adds further complications as 

after antimicrobial treatment, the persisting bacteria within the crystalline structure 

can reinitiate an infection (56). Furthermore, treatment of catheter associated 

urinary tract infections is becoming increasingly difficult as of 2015 between 10-20 % 

of P. mirabilis strains had developed resistance to 1st gen antibiotics e.g. first 

generation penicillins derived from Penicillium chrysogenum (57).  
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The structure of a bacterial biofilm is important in determining the processes and 

functions occurring within the biofilm complex. The structure of a biofilm is largely 

influenced by the initial bacterial cell density and the availability of nutrients (58). A 

comparison of P. mirabilis biofilms grown in Luria broth (LB) and in artificial urine 

showed that there was a difference in the morphological and structural appearance 

of the resulting biofilms. Biofilms which were grown in LB media were shown to 

display mushroom like structures and possessed a high density of nutrient channels 

throughout the biofilm structure. In contrast, P. mirabilis cells grown in artificial urine 

formed biofilms which were morphologically flat in shape and almost devoid of 

nutrient channels. Furthermore, swarmer cells were observed to be protruding out 

of the biofilm structure into the surrounding media. This could be explained as means 

of additional colonization or as a means of obtaining nutrients from the media (59). 

 

 

Figure 1.6. The crystalline deposits of apatite and/or struvite present on the tip of a 

silicone catheter after being exposed in an artificial bladder flow system to P. mirabilis 

BB2000 in artificial urine for 48 h. Catheter was removed, dried and imaged after 

blockage (Image obtained in-house by the author of this thesis). 
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The process of P. mirabilis biofilm formation follows a similar mechanism to that of 

P. aeruginosa with attachment being the first stage. Facilitated by roughly 17 

different types of fimbriae. P. mirabilis cells attach to target surfaces e.g. urinary 

catheters, and initiate colonization upon the surface (60,61) 

Physical and chemical factors play a role in the initiation of P. mirabilis biofilms in 

catheters. P. mirabilis cells can quickly colonise the ridged surface of urinary catheters 

which also facilitate entrapment of nutrients and urine components promoting rapid 

biofilm formation (62). It has been reported that within 2 h of infection, P. mirabilis 

becomes trapped in indentations and within 4 h microcolonies have become 

established across the surface. During this stage, an initial film, thought to be used 

for biofilm conditioning is formed around the colonizing cells and this film is mainly 

composed of large quantities of carbohydrates. These polysaccharides could act as 

possible antimicrobial targets (63). Following this, a sheet of micro-crystalline 

components coats the conditioning film before abundant quantities of crystalline 

material are added to the biofilm. A further 2 h and as a result of pH increase which 

causes precipitation of cations and polyvalent anions from the urine due to the 

presence of liberated NH3, facilitates the formation of struvite (MgNH3PO4) and 

apatite (CaPO4) crystalline biofilms. After approximately 20 h post infection the 

crystalline biofilm becomes fully formed and begins to diffuse down the lumen of the 

catheter (62). 

In addition to the unique biofilm formation associated with P. mirabilis particularly in 

the urine of animals, P. mirabilis has a host of virulence factors that make it a difficult 

infection to treat in the clinical setting. P. mirabilis can evade the host immune system 

and antimicrobial treatments via several different mechanisms. The establishment of 

crystalline biofilms acts as a mechanical barrier to the host immune system by 

physically protecting the bacteria from leukocytes and antimicrobials (55). Another 

mechanism employed by P. mirabilis to avoid antimicrobial treatment is via the 

degradation of antimicrobials e.g., antimicrobial peptides due to the synthesis of Zap 

proteases. P. mirabilis can also evade antimicrobial treatment by modifying the 

lipopolysaccharide composition and arrangement in the outer membrane of the 
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bacteria. Doing so effectively changes the charge of the surface of the bacteria and 

makes it more difficult for antimicrobials to carry out their function (64). 

1.6 Internalisation of P. mirabilis 

The renal epithelium cells of the kidney act as a barrier to P. mirabilis preventing it 

from reaching the renal interstitium (65). It has been proven that after just 3 h post 

infection P. mirabilis (108 CFU/mL) can become internalised in human renal proximal 

tubular epithelial cells via internalisation of membrane bound vesicles. P. mirabilis 

encodes two hemolysins, HpmA, HlyA which are an important component required 

for internalisation via damage to kidney tissue. Although important, mutations of the 

hpmA gene did not appear to significantly effect internalisation which suggest that 

the in vitro data to date may not truly reflect what happens with regards in vivo 

internalisation (66). Swarming motility is also thought to be vital for internalisation 

of P. mirabilis into renal cells (67). In vitro studies have shown that swarmer cell 

differentiation is coupled with the ability to be internalised by uroepithelial cells. 

Reports have also shown that internalisation can occur in both swimmer and 

swarmer mode, making P. mirabilis a dangerous opportunistic pathogen capable of 

causing cystitis or acute pyelonephritis in any cellular form as a result of urinary tract 

infections (68). 

1.7  Urease production and urolithiasis 

P. mirabilis via its ure cluster (8 genes) encodes the high molecular weight nickel 

metalloenzyme Urease. Urease synthesis is induced in the presence of urea which 

eventually leads to the formation of magnesium ammonium phosphate (struvite) and 

calcium phosphate (apatite) (69). Formation of these crystals adds complications to 

UTIs in several ways. A) Biofilm formation on and within the crystals makes any type 

of antimicrobial treatment burdensome and rarely 100 % effective resulting in re-

infection. B) The stones act as a nutrient reservoir for other urinary tract bacteria to 

establish biofilms e.g., E. coli and P. aeruginosa making the UTI even more difficult to 

eradicate. C) The crystals also act as physical blocks to the flow of urine which 

eventually leads to pyonephrosis and/or chronic pyelonephritis.    
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Unlike most enteric bacteria, P. mirabilis is deficient in the siderophores essential for 

iron acquisition. P. mirabilis could thus be assumed to struggle for survival in iron 

limiting environments. However, P. mirabilis has been shown to encode an amino 

acid deaminase which facilitates the production of α-keto acids. Such acids can bind 

iron (Fe3+). Accumulation of such α-keto acids may explain how P. mirabilis can 

survive in iron limiting environments (70). 

With the array of virulence factors P. mirabilis possesses and its ability to form 

crystalline biofilms in the presence of urine, this makes treating the opportunistic 

pathogen a rather difficult task. In addition, P. aeruginosa is also known to display an 

array of antimicrobial resistance mechanisms to overcome even the most potent 

antimicrobials. Understanding these unique resistance mechanisms will prove 

essential to ensure effective treatment of multi drug resistant (MDR) bacterial 

infections. 

1.8 Mechanisms of Bacterial Resistance 

 

Bacteria have evolved an array of mechanisms that have allowed for their continued 

survival and ability to display resistance towards most of our now limited 

antimicrobial arsenal. Bacterial genetics is arguably the most driving force behind the 

resistance mechanisms displayed by bacteria. Bacterial genomes are said to display 

unique genetic plasticity in that they are able to change at the genomic level as a 

result of potential threats (71). For centuries, pathogenic multi drug resistant (MDR) 

bacteria have co-existed within the same ecological niches from which we derived 

our antimicrobial drugs from. Thus, such a situation has led to an evolutionary arms 

race with the end goal of survival and as a result MDR bacterial species may have 

already developed resistance mechanisms towards our ‘novel’ antimicrobials. 

Bacteria can employ two genetic level mechanisms to display resistance. 1) 

Mutations throughout their genome or 2) The acquisition of foreign DNA.   
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A mutation at the genomic level can occur randomly as bacterial cells divide. The 

resultant mutation reduces the effectiveness of the antimicrobial resulting in the 

survival of the bacterial cells. As a result, the presence of the antimicrobial towards 

the non-mutated bacteria will lead to their death and essentially provide a breeding 

ground for the resistant strains only (72). The obtainment of foreign DNA allows for 

the obtainment of DNA that codes for resistance against antimicrobials. The 

exchange of such DNA between bacterial species is referred to as Horizontal Gene 

Transfer (HGT). Bacteria can also obtain foreign DNA from viral species as in the case 

of Escherichia coli 0157:H7, which obtained a bacteriophage encoded DNA sequence 

coding for two different Shiga toxins via a process known as bacterial transduction 

(73). Figure 1.7. shows three mechanisms bacteria can employ to obtain foreign DNA. 

 

 

 

 

 

 

 

Figure 1.7. Three main mechanisms of HGT, transformation, conjugation and 

transduction) utilised by bacteria to develop novel means of resistance towards a host 

of traditional antimicrobials (Reprinted with permission from @AAAS (74)). 
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1.9 Vertical evolution 

 

The mutation of DNA at different chromosomal loci over a set number of generations 

will inevitably lead to resistance towards antimicrobials. The rate at which mutations 

occur per nucleotide at different loci is referred to the mutation rate (75). Resistance 

occurs only when the mutation does not reduce the species fitness and is capable of 

producing a resistant phenotype hence why not every mutation in a gene that codes 

for an antimicrobial target results in a resistant phenotype. For example, the gyrA 

gene in E. coli that codes for quinolone resistance has a minimum of 7 mutations that 

result in the resistant phenotype compared to the parC gene which only requires 3 

mutations to display resistance (76). 

Vertical evolution occurs when genes that code for antibiotic resistance are selected 

for and passed from generation to generation. Various factors impact the emergence, 

maintenance and spread of resistance genes e.g. epistatic interactions, co-selection 

and selective pressure associated with an environment (77). Most bacteria are 

haploid and can replicate at an alarming rate with short generation times facilitating 

the rapid emergence and accumulation of resistant genes which in turn select for 

resistant phenotypes (78). A common source of mutations (Table 1.3.) is a result of 

the error prone DNA polymerase III. When synthesising a new strand of DNA, the 

polymerase may add, omit or mis-pair a nucleotide resulting in a point mutation.   
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Table 1.3. Summary of the types of mutations that are reported to be responsible for 

the selection of bacterial resistant genes resulting in resistant phenotypes (79). 

 

1.10 Horizontal gene transfer 

 

Bacteria can obtain resistant genes in the form of a mobile plasmids. Transposons are 

mobile genetic elements discovered by Barbra McClintock, that are capable of 

‘jumping’ from one genome and being incorporated into a different genome. 

Plasmids are also mobile genetic elements however they do not incorporate into the 

host genome. Antibiotic resistant genes in plasmids are usually a result of a 

transposons which encode the resistant gene being incorporated into the plasmid 

DNA and  transferred to a new host. Under optimal conditions the obtainment of 

foreign DNA gives rise to genetic variation and in-turn resistance genes (80). 

Transposons employ a cut and paste mechanism in which the gene of interest is ‘cut’ 

from one region on the genome and ‘pasted’ into another region facilitated by a 

transposase, integrase and recombinase enzymes depending on the type of 

transposable element. For example Tn5, a Gram-negative transposon which codes 

for bleomycin, kanamycin and streptomycin resistance (Figure 1.8.) (81). Uptake of a 

Tn5 containing plasmid results in the host strain displaying resistance towards  

bleomycin, kanamycin and streptomycin. 

Mutation Type Mutation Outcome 

 

Silent Mutation 

 

 

A change in the original codon for a 

different codon that codes for the same 

amino acid 

 

Missense Mutation 

 

When a change in the sequence selects for 

a codon to code a different amino acid 

 

 

Nonsense Mutation 

 

Mutant stop codon substitutes a wild type  

codon terminating translation early 

resulting in a shortened abnormal protein 
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Figure 1.8. Transposition of Tn5 genetic element illustrating the ‘cut & paste’ 

mechanism and the action of the transposase enzyme (Tnp). (Adapted with permission 

from (82) @ASM 2007). 

Bacterial conjugation discovered by Joshua Lederberg in 1944 is the main way in 

which plasmids are transferred from one cell to another (83). Conjugation occurs via 

development of a ‘sex-like pilus’ allowing for cytoplasmic contact between cells. The 

second step is mobilization in which the ‘F’ plasmid is uncoiled, and one strand nicked 

at oriT. Said nicked strand is then transferred via the pilus to the recipient cell 5’ end 

first. The 3’ strand remains in the donor cell to allow for DNA replication before 

leaving the cell. The recipient plasmid is then transferred to a doubled stranded 

plasmid and supercoiled. Modification of surface receptors converts the recipient to 

an F+ donor cell (84). The resultant conjugation process leads to the evolution of cells 

with increased antimicrobial resistance. 

  

Target  

Capture 
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1.11 Bacteriophage therapy 

 

Bacteriophages or phages are natural parasites of bacteria, a unique type of virus that 

recognize a specific type of bacteria and then infect, replicate and kill the host via cell 

lysis. This lytic activity is the basis of phage therapy, the application of phages and 

their enzymes for treating bacterial infections, including those associated with 

biofilm formation, has recently gained significant interest from the academic and 

medical industry due to a number of significant advantages compared to traditional 

antibiotics, including high specificity and efficacy, low immunogenicity and 

production costs (85).  

The origin (Figure 1.9.) of bacteriophage therapy is one of scientific debate as phages 

are said to have been co-discovered. Ernest Hankin 1896 reported the presence of an 

antimicrobial activity observed against Vibrio cholerae in the waters of the Ganges 

and Jumna rivers in India (86). Two years passed before a Russian scientist Gamaleya, 

observed a similar situation with Bacillus subtilis which is now believed to have been 

the bacteriophage phenomenon (87). 20 years later Frederick Twort advanced these 

theories by stating that it may be a bacterial virus that is responsible for the 

antimicrobial activity (88). However due to financial limitations Twort didn’t pursue 

these findings and 2 years passed until bacteriophages were ‘officially’ discovered in 

the Pasteur institute Paris by D’Herelle (89).  
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Figure 1.9. The key stages of bacteriophage history, illustrating the co-discovery of 

phages, the decline in phage research when antibiotics were discovered, and their 

recent resurgence now antimicrobial resistance is at an all-time high. (Reprinted with 

permission from (85) @ASM 2019). 

1.12 Phage therapy – early history 

 

Having been used for a century, phage therapy was first employed in 1919 by Felix 

D’Herelle to treat Shigella induced haemorrhagic dysentery (90) Administration of 

phage to patients ceased the symptoms within 24 h. This success promoted the 

establishment of one of the largest phage research institutes in the world, The Eliava 

Institute in Georgia (91). Phages were subsequently used to treat Staphylococcal skin 

infection (1921) via injection of phage into open wounds resulting in ceased 

symptoms (92). Due to the success of these studies, companies began the 

commercial production of bacteriophages against a variety of bacterial pathogens 

e.g. D’Herelle commercial lab in Paris which produced a minimum of 5 phage 

preparations marketed by a company which later became L’Oréal (93). Although 

phage therapy was a major success, the discovery of antibiotics such as penicillin just 

a matter of years later essentially led to the neglect of phage therapy particularly in 

the Western world. Phage therapy however did continue in Eastern Europe 

particularly in the former Union of Soviet Socialist Republics (USSR) and Poland  

thanks to collaboration of Felix D’Herelle with his Georgian colleagues (94) 

1.13 The continued use of phage in the Soviet Union and 

other Warsaw Pact countries 

 

It has been well documented that phage therapy clinical trials were active in the 

former Soviet Union from the 1930s particularly in Georgia, Russia and Ukraine. 

Observing patients with septic infections in addition to road accident patients, 

allowed for the development of treatment methods for intravascular and intravenous 

administration of phage (95). The methods proposed were authorised by the Soviet 

Red Army Military-Sanitarian Office and were used for the treatment of soldiers in 

the Red Army during World War II (96). In the USSR, 1939, a study applying phages to 
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767 soldiers to treat gas gangrene caused by Staphylococcus and Streptococcus was 

conducted. With a survival rate associated with phage treatment equating to 82.2 % 

compared to 57.8 % with alternative treatments, this was considered a major success 

for the advancement of Soviet medicine (97) (98). A similar study was used to 

demonstrate the ability of phages to act as a gangrene prophylaxis. Again, this study 

was considered a success as the occurrence of gangrene in phage treated soldiers 

was 1.4 % compared to 6.8 % in non-treated soldiers. Further analysis revealed phage 

accounted for a 30 % decrease in gangrene symptoms when used as a prophylaxis 

(98). The use of phage continued in the Soviet Union right up until its dissolution in 

December 1991. Today, commercially available phage cocktails are available to use 

in former USSR state countries, for example, Belarus and Ukraine, where phage 

products can be purchased over the counter in pharmacies (99).  

 Of course, not all bacteriophages are capable of being promising antimicrobial 

agents. Phages of lytic nature are the ideal candidates to be used as phage therapy 

components and thus understanding the different bacteriophage lifecycles is 

important. 

1.14 The resurgence of phage therapy in the West 

The antimicrobial resistance issue facing the global health care industry today acts as 

a major issue for human health. A recent study published in The Lancet estimated 

that in 2019, a median of 1.27 million deaths globally were a result of antimicrobial 

resistant infections. This figure is thought to be the same as global malaria (627,000) 

and HIV (680,000) deaths combined annually. It has also been estimated that HIV 

treatment and research receives US $50 billion annually where AMR research 

receives significantly less than this value.  

The outcome of this study indicates that around 4.95 million deaths that were a result 

of AMR infections could have been reduced by preventing the initial infection from 

occurring. It was suggested that preventative vaccines, improved water quality, 

improves hospital hygiene and public health awareness could have helped to 

significantly reduce the 4.5 million estimated deaths recorded in 2019 (1).  
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The study published in The Lancet highlights the need for novel antimicrobial 

treatment options to tackle this emerging pandemic. The resurgence of 

bacteriophages in Western medicine is due to the issues posed by AMR infections. 

Phage therapy acts as an effective alternative or synergistic component to traditional 

antimicrobials and can help to overcome the issues of bacterial resistance. 

Funding for novel phage related research projects has seen a boost in recent years. A 

promising example is the Phagoburn trial (ID: 601857), which was a clinical trial to 

assess the potential for phage to treat E. coli and P. aeruginosa skin-burn wound 

infections. The project was launched in 2013 with a budget of €4 920 435,99. The 

results of this clinical trial were promising in that it allowed for the establishment of 

several advancements. The first being the creation of a legal framework for the use 

of therapeutic bacteriophages in the European Union. The trial also allowed for GMP-

production of bacteriophage products. This allowed for the creation of phage 

cocktails that adhered to GMP standards. The report from the trial suggests that 

promising results were obtained but the design of the phage cocktails used to treat 

infections should be carefully manufactured to avoid competition amongst the 

bacteriophages.  

Since the Phagoburn clinical trial, additional phage research funding has been 

allocated across Europe to improve our understanding and applicability of phages for 

therapeutic applications. A project studying the interaction of phage and bacterial 

biofilms at the University of Basel, Switzerland, was funded (€1 494 963) in 2017 and 

is due to conclude in late 2022 (ID: 716734). Another notable project that was funded 

in January 2019 aims to investigate bacteriophage inhibition of AMR pathogens and 

explore possible novel therapeutic potential of the phages. This project received €1 

499 650 of funding and is set to conclude in late 2023 (ID: 803077).  

This continued investment in bacteriophage research is what is required to advance 

the field of phage therapeutics to allow for the development of an effective phage 

arsenal capable of tackling an array of AMR related bacterial infections and to limit 

the damage that the emerging AMR pandemic is sure to cause. 
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1.15 Use of personalised bacteriophages to treat a MDR 

Acinetobacter baumannii infection 

 

As previously stated, the true power of bacteriophage in the medical field is now only 

recently coming to light, particularly in western medicine and was recently 

demonstrated in 2017.   

Bacteriophages were employed to treat a MDR A. baumannii (strain TP1) infection in 

a 68-year-old patient suffering from necrotizing pancreatitis and diabetes. The 

presence of A. baumannii added severe complications to the patients deteriorating 

condition and immediate medical intervention was required. Multiple antibiotics 

were issued over a 4-week period however the patient’s condition continued to 

worsen. To overcome this, two research teams isolated several bacteriophages with 

lytic activity towards A. baumannii.  

Phage AB-Navy1, AB-Navy4, ABNavy97 and ABNavy71 proved to be the most 

effective at killing and inhibiting the growth of A. baumannii TP1 and thus were 

selected for use in the cocktail. Additional research revealed that the phages selected 

were all different from each other and that the killing effect was enhanced when 

combined as opposed to treatment with each phage alone. Additional phages were 

also isolated with and added to the cocktail based on their killing efficiency and 

degree of difference between each selected phage. The theory behind this is to 

prevent competition between phage for the same receptor facilitating the conditions 

for optimal infection of the bacteria and consequent death. Of the 9 phages selected, 

three different phage combinations were selected for and tested. 

Phage cocktail ΦPC was administered first and although his condition began to 

stabilise, he experienced continued renal failure amongst other complications. As a 

result, the action to administer the second phage cocktail ΦIV was approved at 

frequent periods over a 48 h period. In doing so the patient’s condition began to 

improve and he awoke from his coma. Phage therapy was continued for a further 

three weeks alongside minocycline and after 245 days the patient was deemed fit 

enough to be discharged from the hospital (100). 
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1.16 Genetically engineered Phage cocktail to treat a 

disseminated Mycobacterium abscessus infection 

 

Another striking example involving the clinical use of bacteriophages involves the use 

of a personalised cocktail of phage to treat a 15-year-old cystic fibrosis patient was 

suffering from a disseminated Mycobacterium abscessus and P. aeruginosa infection 

following a lung transplant operation. The patient was administered multiple 

intravenous antibiotics in addition to immunosuppressant drugs post infection. A 

week later it was determined that the patient had a severe M. abscessus infection. 

As a result, Clofazimine and Bedaquiline were also administered with no effect. 

Rituximab was also administered in addition to a strict treatment course however 

over 8 weeks, the situation became ever more critical (101). 

With limited options remaining, researchers at the University of Pittsburgh began 

testing their collection of bacteriophages (10,000 phages) for the presence of lytic 

phages specific to the infective agent (M. abscessus GD01). It was determined that 

one phage notate ‘Muddy’ was effective at killing GD01, with another phage ‘Zoe J’ 

was also effective with a slightly reduced efficiency of plating (EOP). To overcome this 

poor EOP, a derivative of ‘Zoe J’ was genetically engineered using recombination of 

electroporated DNA (102). This procedure removed the repressor gene allowing the 

phage to infect and kill GD01 more effectively. A third phage ‘BPS’ also had mutants 

derived from it which effectively kill GD01 while also impressively maintaining 

infective capability to Mycobacterium smegmatis (103). All three phages selected for 

were coincidentally Siphoviridae viruses and thus possess a non-enveloped capsid 

head, a non-contractile tail and ds-DNA genomes (104). The phage cocktail was 

administered at a titer of 109 PFU/mL every 12 h for 32 weeks. During this period the 

patient’s symptoms began to significantly improve, and the skin lesions began to 

improve also. Phage replication was confirmed by collecting samples and noticing a 

PFU/mL in excess of 109  PFU/mL allowing the team to confirm the phages contributed 

to the reduction of the infection and thus the resolve of the patient’s symptoms. 

From the two examples used, it is evident to see the promise of using bacteriophages 

as antimicrobial agents to fight infections in the clinical setting. Phages are most likely 
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not the answer to such infections when used solo. However, a cocktail of phage or 

even in addition to antibiotic synergistic approaches may also prove to be effective 

in treating clinical infections. In addition to the use of bacteriophages as antimicrobial 

agents, phage derived proteins have also become an area of intense research to 

further expand and characterise the current antimicrobial arsenal. 

 

1.17 Bacteriophage derived proteins to treat bacterial 

infections 

 

The employment of bacteriophages to treat bacterial infections will always face 

certain scrutiny due to the narrow host range and phage-host resistance issue. 

Generally, each bacteriophage is specific to one type of bacterial species, with the 

exception of very few phages e.g. DLP1 and DLP2 which can infect the closely related 

species P. aeruginosa and Stenotrophomonas maltophilia (105). In many cases each 

phage may only be specific to a single strain of a particular species, making the 

treatment of clinical infections increasingly difficult. In addition, the rapid resistance 

displayed by bacteria can make treating infections all the more difficult. Thus, a 

promising solution to overcome this dilemma is to employ phage derived enzymes 

directly to treat infections. Doing so holds the potential (via protein engineering and 

other molecular modification processes) to overcome the host specificity and 

resistance barrier and may result in a more effective phage treatment option. 

Furthermore, using phage enzymes tends to allow for rapid speed of development 

and easier testing for drug development (106). 
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1.18 Phage derived depolymerases 

 

Phage derived enzyme research has already led to promising results, particularly with 

phage enzymes involved in bacterial envelope degradation during phage infection. 

Such polymer degrading enzymes are called depolymerases of which five main types 

can be distinguished. 1) Alginate lyases (AL), 2) Peptidoglycan hydrolases (PH), 3) 

Endosialidases, 4) Hyaluronate lyase (HL), and 5) Endorhamnosidases (107) (108) 

(109) (110). This class also includes virion associated peptidoglycan hydrolases 

(VAPGH) and endolysins which are not commonly called depolymerases. 

Depolymerases have the capability to degrade different polymeric substances such 

as, polysaccharides present on the surface of the bacterial cell wall or found 

throughout the matrix of a bacterial biofilm (111). It is thought that phages which 

possess depolymerase activity have expedited access to their host cell receptors via 

the ability to degrade the host’s capsular polysaccharide or LPS and display increased 

killing. Such phages are also favourable for biofilm related therapy due to their ability 

to break up the biofilm EPS (5). An analysis of fully sequenced phages conducted in a 

recent study revealed the presence of roughly 160 putative depolymerase enzymes 

present throughout the genomes of 143 bacteriophages which infect 24 genera of 

bacteria, suggesting that such enzymatic activities are common amongst different 

groups of phages (Table 1.4.).  

Table 1.4. Summary of the number of known phage derived depolymerase enzymes 

and their distribution across the range of phage families. Data recent up to January 

2021(5). 

Phage Family Number of Depolymerase Enzymes 

Myoviridae 43 

Siphoviridae  47 

Podoviridae 37 

Unclassified 16 
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Recent research has confirmed that phage depolymerases exist in two forms: 1) 

either as integral features of the phage or 2) as a soluble protein released during the 

lysis of the bacterial cells to clear debris for phage to mitigate from the lysis site, 

commonly referred to as virion associated peptidoglycan hydrolases (VAPHs) 

(112,113)  

It has also been reported that phage depolymerase enzymes are encoded for in the 

same regions of the genome as are the structural proteins for the virus, most 

commonly found on the viral capsid head/neck, baseplate and the tail spike/tail fibre 

proteins (Figure 1.10.) (5). 

Any phage depolymerase that is not located within the structural open reading 

frames of the phage genome may be regarded as a soluble protein as they are seen 

as distant from any form of structural gene. 



 

Figure 1.10. The positions on bacteriophages where depolymerase enzymes are commonly located and the types of depolymerase that may be 

found on this region of the phage. For Myoviridae phages, the depolymerase enzymes are commonly located on the baseplate and tail fibres. For 

Podoviridae, the enzymes are either neck or tail-fibres associated. Sipoviridae have been reported to possess depolymerase enzymes on all three 

locations, the neck, baseplate and tail-fibre (5).



1.19 Phage depolymerase– hydrolases 

 

Hydrolases are a class of enzymes commonly used in biochemical processes that 

incorporate water molecules to facilitate the hydrolysis of specific chemical bonds 

resulting in several shorter molecules. Glycoside hydrolases hydrolyse the glycosidic 

bond of glycoside molecules resulting in the formation of either hemiketal or 

hemiacetal compounds along with a free aglycon (114). Such enzymes are able to 

catalyse the hydrolysis of either the O-, N- and S- linked glycosidases (115). Six 

different groups of phage depolymerases have been discovered belonging to the O-

glycosyl hydrolase class (Table 1.5.) (5). 

Table 1.5. Summary of the different types of bacteriophage derived depolymerase 

enzymes belonging to the O-glycosyl hydrolase family of hydrolase enzymes. 

Hydrolase enzyme class Type of phage depolymerase 

 

 

O-glycosyl Hydrolase 

Peptidases 

Sialidases 

Xylosidases 

Dextranases 

Rhamnosidases 

Levanases 

  

Sialidases, commonly referred to as neuraminidases are a group of enzymes that 

work on the α-terminal linkage of an array of sialic acids in a host of different 

organisms (116). Sialidases operate via cleavage of α-glycosidic (e.g., α-2,3, α-2,6, and 

α-2,8) linked sialic acid residues from glycoproteins and glycolipids. All Sialidases to 

date have been reported to possess a conserved arginine triad and catalytic tyrosine, 

thought to be key to the enzymes hydrolytic mechanism (117).  

Sialic acids are commonly used by Enterobacteria as a nutrient source and many 

bacterial species have been shown to coat themselves in sialic acid to avoid or 

increase resistance towards the host immune system e.g., E. coli, Campylobacter and 

Neisseria species. Isolating and employing such enzymes could potentially remove 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sialic-acid
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this sialic barrier and expose resistant strains to host immunological responses aiding 

the treatment of bacterial infections. In addition to coating themselves in sialic acid, 

many bacterial species have also been shown to produce sialic acid to aid bacterial 

pathogenesis (118).  

To date several bacteriophages have been shown to encode for endosialidases on 

their tail spike proteins which is used to degrade the capsular component of bacterial 

hosts to access the receptor binding protein (119) (120) (121). Phages which possess 

endosialidases have been found across an array of phage targeting different bacterial 

hosts however, phage which most commonly encode for endosialidases tend to 

target Streptococcus species as the main host. This may be due to Streptococcus 

species utilising sialic acid not just as its main source of energy but also as a major 

component for host invasion, adhesion and formation of bacterial biofilms on an 

array of different surfaces (122) (123). It has also been shown that although sialidases 

possess no killing effect towards their host, their ability to degrade the host capsule 

can re-sensitize the bacteria to immune attack via phagocytosis and clear subsequent 

infections (124).  

Levan, is a ubiquitous fructan found throughout a variety of differing plant and 

microorganism species and are synthesized from the disaccharide sucrose (125). 

Levanases, are a group of enzymes that degrade levan via hydrolysis of the β-2,6-

linked chain of the levan molecule (126). The polysaccharide levan has been shown 

similarly to sialic acid, to play an important role in bacterial biofilm formation and 

aids the pathogenicity of the bacterium. Levan is commonly associated with Bacillus 

biofilm formation. Levan has also been reported to be employed by the Gram-

negative bacterium P. aeruginosa, as a capsular polysaccharide to protect the host 

from phage infection (127). Despite the fact that levan is produced by several 

bacterial groups, the only phages isolated to date with Levanase activity have been 

isolated against Bacillus species. Phage SP10, a temperate myo-bacteriophage, is the 

only phage isolated with levanase activity against its host, however additional phages 

have been isolated with predicted Levanase activity (128). Apart from the levanase 

in phage SP10 and the genome annotation of very few other phages, not much 
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information is available about phage encoded levanases so to predict their 

mechanism of action and potential antimicrobial applicability is difficult.     

Xylosidases, rhamnosidases and dextranases are three different classes of 

depolymerase but all of which are equally rare and have limited knowledge known 

about them. Xylan is a hemicellulose that is considered the third most abundant 

biopolymer on earth (129). Xylosidases are a type of exotype glycosidases that 

hydrolyse xylooligomers into single xylose sub-units (130). Phage Xylosidase domains 

have only been reported in Caulobacter phages to date, due to the hosts 

environmental and xylan utilisation nature (131) (132).  

Dextranases catalyse the endohydrolysis of (1->6)-alpha-D-glucosidic bonds in the 

complex, branched glucan that is dextran. Dextran was originally found as a product 

of wine, but in terms of microbial importance, dextran is found as a major component 

of dental plaque (133) (134). Dextrin is commonly produced from the sucrose of lactic 

acid utilising bacteria such as Lactobacillus (135). Phages possessing dextranase 

activity would prove beneficial in oral healthcare treatment by targeting dextrin 

utilising strains of bacteria, aiding the removal or delaying the build-up of oral plaque 

on teeth.  

Rhamnosidases are a group of enzymes that catalyse the hydrolysis of rhamnosyl 

links e.g. the α-L-rhamnosyl links in various compounds which possess a α-L-

rhamnose terminal (136). Rhamnolipids from bacteria such as those from P. 

aeruginosa are capable of dispersing other bacterial biofilms allowing the dominant 

P. aeruginosa host to adhere and colonize the new environment (137). Bacterial hosts 

also can use rhamnosyl molecules as a surfactant and a resistance mechanism. Phage 

rhamnosidases activity has been reported in phages such as phage P22, SF6 and 

HK620 by cleaving the host cell receptor via employment of their homotrimeric tail 

spike proteins (138). Recombinantly expressed endorhamnosidases have been 

shown also to act on the LPS of their hosts, via cleavage of the O-antigen. This 

recombinant protein could also hold antimicrobial potential in LPS degradation as 

well as re-sensitizing bacterial hosts to other antimicrobials (139).  
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In contrast to the enzymes covered above, peptidases are a group of enzymes that 

also belong to the hydrolase family, but act on the peptide rather than the glycosidic 

bonds of various molecules. Studies have reported that phage can possess peptidases 

e.g., poly-γ-glutamate (γ-PGA) hydrolase which has been identified in four Bacillus 

phages e.g. phage phiNIT1 (140). Enzymes such as these peptidases have been shown 

to display enzymatic activity against particular glutamate capsular polypeptides 

which possess a poly-γ-glutamate gamma-linkage (141). Due to their ability to 

degrade capsular components, peptidase may prove to be an effective antimicrobial 

for biofilm degradation (142). Recent studies employing the use of phage derived 

peptidases have shown they hold potential in the antimicrobial and antibiofilm field 

(143) (144) (145). A phage derived peptidase ‘CHAPk’ was isolated from a 

bacteriophage specific to Staphylococcus aureus. Isolation and employment of the 

enzyme revealed that the peptidase was able to completely inhibit biofilm formation 

of S. aureus and in addition was also able to eradicate S. aureus biofilms 4 h post 

exposure time. The study also revealed that the recombinant peptidase was capable 

of reducing S. aureus colony counts in a simulated skin de-colonization model. 

1.20  Phage depolymerase– lyases 

 

Lyases are a group of enzymes that are capable of catalysing addition and/or 

elimination reactions (Figure 1.11.) and usually require just one substrate for the 

reaction to proceed in one direction but require two substrates for the reverse 

reaction to occur. 

 

 

 

Figure 1.11. Anti-β-Elimination reaction catalysed via employment of a pectate lyase 

enzyme. R and R’, represent any additional galacturonan residues that may be present 

on either the starting molecule or the end reactant molecule. The above reaction is 

indicative of the mechanism performed by the PL1 family of polysaccharide lyases 

e.g. Pectate lyases (146). 
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Polysaccharide lyases act by cleaving the 1,4-glycosidic bonds of their respective 

substrates via a beta-elimination mechanism (147). The polysaccharide lyases 

encompass three categories of phage depolymerase enzymes: the pectate/pectin 

lyases, alginate lyases and hyaluronate lyases. Pectate or pectin lyases are pectolytic 

enzymes that are capable of degrading galacturonic acid (148). Galacturonic acid is a 

major component of bacterial polysaccharides in addition to plant cell walls (149). 

Pectate/Pectin is essentially a polymer of galacturonic acid in which a number of the 

carboxyl residues have been subject to methylation. Three dominant classes of 

enzymes are capable of degrading pectin, Hydrolytic enzymes e.g., polygalacturonase 

which hydrolyses the glycosidic bond between the acid residues. Pectin lyases, which 

cleave the glycosidic bonds via β-elimination or esterases e.g., pectin methyl esterase 

which cleaves the methyl groups from the target molecule (150). Pectin lyases differ 

from pectate lyases due to the fact that pectin lyases act on substrates with a methyl 

ester group at the C6 position of the molecule.  

For pectate lyases, the α-1,4 glycosidic bond present in pectate substrates, facilitates 

the elimination reaction on the C4-oxygen bonded position of pectate molecules. The 

β-elimination reaction involves the acidification of the C5 proton of the galacturonan 

residue bound to the + 1 site of the enzyme in question. This interaction results in 

abstraction of the acidified proton and facilitates the leaving group elimination. This 

then results in an unsaturated C4-C5 bond as seen in Figure 15 (151). The abstraction 

of the C5 proton is via the catalytic arginine residue and this overall acidification 

process is a result of the binding of two catalytic Calcium ions which are bound in the 

Michaelis conglomerate but not to the free enzyme (152) (153).  

It has been shown that the majority of phage depolymerase enzymes belong to the 

pectate/pectin lyase group of enzymes. Pseudomonas putida phage which possess 

said enzyme activity on their tail spike proteins (gp 17 & 19) have been shown to 

display antibiofilm properties when compared to other similar phages without said 

genes of interest suggesting that the presence of the pectolytic enzymes is beneficial 

in biofilm treatment. Interestingly however, inactivated phage with the enzymatic 

domain still present was not able to clear biofilms as opposed to the viable phage 

particles indicating that the enzyme alone may not be effective enough to degrade 
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the biofilm and requires the other attributes of the whole phage (154) (155). 

Staphylococcus epidermidis phages have also been shown to possess pectolytic 

domains in their structure, most commonly found on the neck region of the virus. 

Regardless of their location on the virus, the enzymes still catalyse the same type of 

β-elimination reaction and also show antibiofilm properties similar to the P. putida 

phages (156) (157).    

Hyaluronate is an unsulfurated glycosaminoglucan found throughout an array of 

bacterial species e.g., Clostridium, Staphylococcus and S. pneumoniae. Such enzymes 

have been found profusely in prophage genomes and it is thought that these phage 

employ the use of the hyaluronate lyase to degrade the capsular layer of bacteria 

such as Streptococcus pyogenes to facilitate infection of the host and subsequent 

integration into the host genome (158).  

Alginate lyases are enzymes that can be classified as guluronate and mannuronate 

lyases which are capable of degrading alginate. Alginate is a linear molecule made up 

of α-L-guluronate constituents and a β-D-mannuronate at its 5C position (159). 

Alginates are commonly synthesised by the Pseudomonadaceae family of bacteria 

and thus phages specific to this family of host species are most likely to possess 

alginate lyases. The Azotobacteriaceae family of bacteria have also been known to 

synthesis alginate and logically, phage possessing alginate lysases may also be 

isolated from similar environments to the bacterial family stated (160). Alginate 

lyases hold potential with regards environmental applications but also antimicrobial 

potential as they can degrade the alginate component of mucoid utilising biofilm 

species and enhance antibiotic treatment of the bacteria (3). Phage PT-6, a P. 

aeruginosa specific phage, has been shown to be able to reduce the viscosity of four 

different alginate polymers by up to 66 % in some cases, suggesting that the phage is 

capable of degrading the alginate of P. aeruginosa biofilms and may indicate what 

makes said phage an effective antibiofilm agent. This phage was also able to degrade 

the capsule of the P. aeruginosa host of cystic fibrosis clinically isolated strains, again 

showing the potential of phage and their enzymes in the clinical setting (161).  
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One additional phage depolymerase that is worth mentioning is the Lipase domain 

found on very few phage. Lipases, commonly referred to as triacylglycerol hydrolases 

work via a mechanism in which they cleave the carboxyl ester bonds of  

triacylglycerols to generate glycerol and sub-units of organic acids (162). Lipases are 

produced by several bacterial species with P. aeruginosa being the most commonly 

reported species. Phages with lipase activity is also seldom and the phages seem to 

be difficult to isolate with such activity. A phage specific to host Cellulophaga and 

another phage specific to Pseudomonas have been isolated and determined to 

possess lipid hydrolysis activity.  

The diversity of phage depolymerases as described above highlights the need for 

continued isolation and identification of relevant phage enzymes to fully understand 

the potential of these enzymes and to assess their antimicrobial activity. The isolation 

of phage enzymes has now allowed for them to be subject to genetic engineering 

again helping to advance the knowledge of phage derived proteins for both 

antimicrobial and environmental application via the generation of mutant enzymes 

with increased enzymatic potential (163).  

1.21 Applicability of phage depolymerase enzymes 

 

As previously stated, phage which encode for depolymerase enzymes such as those 

discussed above, are thought to be better adapted for treatment of biofilm related 

infections and thus are favourable for phage therapy (164). With major advances in 

molecular biology in recent years, phages isolated and determined not to encode for 

depolymerase enzymes, can now be genetically engineered to express such enzymes 

to tackle biofilm related infections. Recent studies have shown that engineering of a 

T7 phage to encode for the biofilm-degrading enzyme ‘dispersin-B’ equipped said 

phage with the necessary antimicrobial tools to lyse the cells of the biofilm but to 

also degrade the biofilm EPS matrix (165). 

Enzymes such as alginate lyase and dispersin B, although they are not obtained from 

bacteriophages, are still commercially available enzymes indicating the potential of 

phage derived enzymes for medical, research and environmental application. In 
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addition, phage derived enzymes can be heterologicaly expressed meaning they can 

have a broader array of applications (Table 1.6.) e.g., the chemical and food industry. 

The depolymerase enzymes can also be used as combinational or adjuvant treatment 

options along with traditional antibiotics to increase the total antimicrobial effect 

displayed towards the targeted bacterial host. Depolymerases have already been 

used as adjuvants to traditional antimicrobial treatment in the case of treating 

bacterial strains which employ alginate to inhibit the diffusing of antimicrobials 

throughout a biofilm. Depolymerases have been capable of degrading said biofilm’s 

alginate network, making the bacterial cells more sensitive to the antimicrobial 

treatment (166). Administration of alginate lyases against mucoid producing strains 

of P. aeruginosa has also shown to make the bacteria more susceptible to 

antimicrobial treatment (3). 

Table 1.6. Summary of the potential applications of bacteriophage derived 

depolymerase enzymes. The table focuses on the phage enzymes discussed previously 

in this chapter and states their potential applications ranging from the food industry to 

the chemical and medical industry. 

Depolymerase Enzyme Potential Application Reference 

 

Dextranases 

 

Food Industry 

(Sugar Beet Process) 

 

 

(167) 

 

Xylanases 

 

Chemical & Food Industry 

Bioenergy Industry 

 

 

(168) 

(169) 

Sialidases Medical Industry (116) 

   

Levanases 

 

Food Industry (170) 

Rhamnosidases 

 

Food, Medical & Medical Industry (171) 

Pectate/Pectin Lyases 

 

Food, Wine and Medical Industry (172) 

Hyaluronidases 

 

Medical Industry (173) 

Alginate Lyases Medical & Environmental Industry (159) 
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Phage depolymerase enzymes can be viewed as promising antivirulence agents for 

the treatment of bacterial infections. Unlike traditional antimicrobials that either 

inhibit bacterial growth or kill the cells, depolymerase enzymes can degrade bacterial 

cell surface polysaccharides to reduce the bacterial virulence factors and expose the 

cells to the host immune system. An example of antivirulence was demonstrated in 

the case of K. pneumoniae phage SH-KP152226 in which its capsular depolymerase 

was able to degrade the K47 capsule of K. pneumoniae consequently inhibiting 

biofilm formation as well as preventing already formed biofilms. Another example of 

phage depolymerases acting as antivirulence agents was shown with the 

depolymerases (Dp042 and Dp043) for K. pneumoniae phage IME205. The pre-

treatment of bacterial cells with the depolymerase enzymes sensitized the bacterial 

cells to serum mediated killing as a 3 log reduction was observed in treatment groups 

when compared to control groups. These innovative applications of phage derived 

depolymerases act as promising results for future phage depolymerase therapeutics 

and show the potential of phage depolymerases to be used as antivirulence agents 

(174). 

Phage depolymerase application has also be shown to be effective both in vitro and 

in vivo in addition to being effective across a range of species. Application of a Bacillus 

subtilis phage encoded depolymerase, increased the phagocytic killing effect of an 

encapsulated strain of Bacillus anthracis both under in vivo and in vitro test conditions 

(175) (176). Treatment of bacterial species with depolymerase either to re-sensitise 

the bacteria to antimicrobial treatment or to disperse said species from a surface is a 

promising therapeutic option, however phage depolymerase are also have potential 

for diagnosis of bacterial pathogens. Studies have shown than expressed 

depolymerase enzymes particularly capsular depolymerases specific to their hosts 

can degrade the host polysaccharide capsule indicating that the substrates produced 

could be used to identify the presence of the capsular host (177). Further studies 

using Klebsiella phages and their depolymerases have shown that depolymerase 

enzymes are an effective tool for capsular typing and thus identification of certain 

strains of bacteria (178). 
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Phage and their respective enzymes hold promising potential in the antimicrobial 

field but as describes, they also hold potential in the food, chemical and bio-energy 

industry. With major advances in both molecular biology and in silico techniques, in 

addition to genetic engineering techniques, the potential for phage and their 

enzymes is ever expanding. Phages offer a wide array of relatively untapped enzymes 

and proteins which may aid our fight against antibiotic resistance and ease the 

pressure associated with MDR-infections of pathogenic bacteria. 

The issue of phage-host resistance still remains an unresolved problem and although 

phage derived enzymes may provide a novel therapeutic strategy, it is heavily 

believed now that the application of phage and their respective enzymes are best 

served as an adjuvant or as a combinational component to traditional and other novel 

antimicrobials however the selection of the combinational antimicrobial needs to be 

carefully considered to avoid hindering the effect of either antimicrobial (179–181) 

1.22 Combinational therapy approaches 

 

As stated previously, with the continued increase of multi drug resistant (MDR) 

infections, the employment of bacteriophages to treat such infections has received 

renewed interest. It has become widely accepted that phage alone may not be 

sufficient enough in many cases to replace current antibiotics (182) however the use 

of phage as an adjuvant or coupling component in treating MDR-infections is proving 

to be a promising option (183). Phage therapy has many obstacles to overcome 

before reaching the clinics of western medicine with issues ranging from regulatory 

approval, quality aspects, clinical development complications due to the high 

specificity of phage, fast immune clearance by the host, bacterial resistance and of 

course lack of clinical trials (184). Due to the sticking points of narrow host range and 

resistance issues in addition to the ‘personalised medicine’ label, the idea of 

employing phages as combinational/synergistic agents alongside antimicrobials 

seems to be a more fruitful means in getting phage products to the clinics of western 

medicine. 
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It has already been reported in several studies that the use of phage and antibiotics 

together hold promise in the fight against MDR-infections (185–187) Use of 

antibiotics at sub-inhibitory concentrations alongside the addition of phage results in 

a greater reduction of bacterial counts than either antimicrobial applied as a solo 

agent. As a result, the idea of phage-antibiotic synergistic approaches may be one 

option for treating infections (188). However, this approach is not consistent across 

a range of bacteria, antibiotics and phage combinations and thus more teething 

issues need to be addressed (189,190) Studies also suggest the mechanism of such 

synergistic approaches in which phage act on the MDR efflux pumps of their bacterial 

host effectively rendering them sensitive to antibiotics again.(191) Therefore 

combinational approaches outside the realm of phage-antibiotics may hold more 

promise in the fight against MDR-infections and thus the aim of this section will be to 

focus on an array of phage-antimicrobial approaches not involving traditional 

antibiotic use, therefore highlighting the promise of alternative phage combinational 

approaches and the untapped potential of bacteriophages to act as a breakthrough 

antimicrobial agent in western medicine in relation to tackling MDR bacterial 

infections. 

1.23 Phage-naturally occurring antimicrobials synergistic 

combination 

The employment of bacteriophage to treat MDR infections has been studied with 

variable rates of success (192). Again the same problems continue to present 

themselves, e.g., difficulty penetrating the biofilm, careful design of phage cocktails, 

and routes of administration (193–195) With that said, the presence of unique phage 

enzymes present on the phage head, neck and tail proteins, e.g. depolymerases, can 

act by degrading the EPS of biofilms making them favourable antimicrobials 

particularly in relation to robust biofilms (5).     

Honey has be previously shown to display antimicrobial activity due to a variety of 

factors such as high sugar content, hydrogen peroxide generation, low pH and the 

synthesis of an array of phenolic compounds (196). Honey can also facilitate the 

downregulation of genes and pathways associated with biofilm formation and 

virulence factors (197). Thus, the idea of combining two antimicrobials, honey which 
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can act via inhibition of biofilm formation and phages which can degrade established 

biofilm EPS and lyse persister cells at the innermost region of the biofilm may act as 

an effective synergistic approach to treating MDR-infections. Neither honey nor 

bacteriophages are novel therapeutics as both were used before the time of 

antibiotics, phages in the Soviet Union and honey on a global scale, however the use 

of both together is rather novel as described by Oliveria et al (198,199)  

Exposure of biofilms to a combinational treatment of depolymerase producing 

bacteriophage and a low concentration of honey showed promising results for the 

use of both as synergistic antimicrobial agents. The use of a single bacteriophage 

against biofilms appears to be a time and titre dependent process as resistance can 

develop after several hours (200). Application of E. coli phage EC3a (MOI of 10) 

resulted in a 3.2 log reduction of cells after 6 h however after 24 h no reduction was 

observed indicating phage resistance. The use of honey PF250 & PF225 resulted in 5.9 

and 3.2 log reductions respectively after a 12 h treatment. After 6  treatment PF250 

achieved a 5.1 log reduction. 24 h treatment with PF250 obtained a 5.5 log reduction. 

PF25 achieved ~2 log reduction in viable cells after 24 h.   

Combination of the lower concentration of honey PF225 with phage EC3a produced a 

synergistic effect in which a 5.9 and 5.5 log reduction was observed at 12 and 24 h 

respectively. As a result, a synergistic effect which resulted in an additional 3.5 log 

reduction after 24 h was established.  

For 48 h biofilms, EC3a had a statistically similar effect in terms of log cell reduction 

as it had on 24 h biofilms. Together PF225 and EC3a had a combined treatment effect 

of 3 log reduction on 48 h grown biofilms. Comparison of the synergistic approach 

revealed that E3Ca and PF225 has a more prominent antimicrobial synergistic effect 

on 24 h biofilms (>5.5 log reduction of viable cells) as opposed to the effect on 48 h 

biofilms (3.0 log reduction of viable cells) (201).  

The results from this study highlight the potential for a phage-honey antimicrobial 

synergy. Using a lower concentration of honey in addition to bacteriophage allowed 

for a similar log reduction of viable cells that was observed when using honey twice 

as concentrated. The synergistic effect achieved could hold promise in clinical 



 

67 
 

treatments of several infections but perhaps more specifically in the treatment of 

chronic wounds where both phage and honey can be easily applied. Further testing 

against an array of bacterial species and the employment of a cocktail of differing 

phages, followed by clinical trials of the most effective combinations, would be 

beneficial in assessing the true effectiveness and translatability of this synergistic 

approach for employment in western clinics.  

1.24 Combined antimicrobial activity of phage enzymes 

 

The use of bacteriophage alone usually results in inefficient clearance of well-

established biofilms due to impeded access to cells (202). In many cases the use of a 

cocktail of bacteriophage can result in near eradication of bacterial biofilms (203). 

However, the issue of host specificity remains and as a result the infectivity efficiency 

can be seriously reduced. Furthermore, the overloading of phage cocktails with too 

many phages can result in competition between phage and thus decreased effectivity 

of the cocktail (204).   

Such issues could be overcome by using phage derived enzymes thus removing 

phage-host specificity and the need for an abundance of phage in a cocktail. Phage 

enzymes have been used in several studies showing potential to act as alternative 

antimicrobials (205–207). One major challenge of using phage enzyme is that they 

require more in-depth characterisation and are more difficult to isolate than 

bacteriophages. The combination of phage enzymes together is rather similar to the 

employment of two or more antibiotics together in which the expected outcome is a 

greater antimicrobial efficiency against the target bacteria. One study described 

below, involving the use of two phage derived enzymes (HolSMP and LySMP) a holin 

and lysin from S. suis phage SMP, were utilised to assess their antimicrobial activity 

alone and in combination. Application of HolSMP revealed a narrow host range only 

working on Staphylococcus aureus and Bacillus subtilis while the bacterial strains 

were insensitive to LySMP. However, when applied in combination, the spectrum of 

LySMP was extended suggesting the application of holins and lysins together is a 

more effective antimicrobial therapeutic option (208). 
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Bacteriophage lysis usually requires the holin and lysin enzymes. Lysins degrade the 

bacterial cell wall while holins accumulate in cell cytoplasm and assist with cell lysis 

(209,210). LySMP, is a phage encoded endolysin effective against Streptococcus suis, 

a common zoonotic pathogen, clinically presented as meningitis. LySMP can 

effectively degrade susceptible (PMSF-treated) S. suis strains and showed a broader 

spectrum of activity than the phage it was derived from. In addition LySMP can 

achieve extremely effective dispersal of S. suis biofilms (211). HolSMP, is the holin 

enzyme derived from the SMP phage of S. suis. Use of LySMP as a solo agent resulted 

in effective lysis of seven strains of S. suis. HolSMP, a holin enzyme isolated from the 

same phage as LysSMP, employed alone was not able to lyse any strains of S. suis. 

Nevertheless, it did show lytic activity against S. aureus and B. subtilis. The 

combination of both HolSMP and LySMP resulted in the lysis of 15 strains of S. suis in 

addition to S. aureus, B. subtilis and S. enterica. In contrast, the plaque assay for the 

whole phage only resulted in the lysis of 3 strains of S. suis. As a result, it was 

determined that the employment of both phage derived proteins as a combinational 

therapy resulted in a synergistic effect.  

Such a study illustrates that in cases where bacteriophage alone is not able to infect 

and lyse more than a few target bacterial strains, phage derived enzymes can be used 

more effectively as an alternative. The issue of phage-host specificity was a clear 

obstacle for this study and thus the employment of the derived enzymes allowed for 

the effect to be observed across a greater array of S. suis strains in addition to 

different species of bacteria, something which is very rarely seen when whole phage 

are used. The synergistic effect observed by employing two antimicrobials once again 

shows promise for the use of phage and phage derived products to act as alternative 

antimicrobial agents in the era of antibiotics resistance.  
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1.25 Use of bacteriophage and benign bacteria to prevent 

CAUTIs 

 

Catheter associated urinary tract infections (CAUTIs) are some of the most common 

hospital associated infections and are usually caused by the presence of Gram-

negative bacteria. P. aeruginosa is one of the most common CAUTI causing 

microorganisms and its increasing antimicrobial resistance makes it harder to treat 

such infections. The use of catheters coated in benign microorganism e.g. specific 

strains of E. coli is a promising technique that has the potential to be an effective way 

to prevent catheter associated infections and the addition of bacteriophage to said 

catheters may prove even more effective (212). Liao et al., 2012 have demonstrated 

that the use of benign E. coli HU2117, coated catheters with bacteriophages against 

the respective CAUTI causing pathogen (P. aeruginosa) showed a synergistic effect in 

preventing the establishment and thus infection of CAUTIs. The pre-treatment of the 

catheter segments with 1x105 CFU/mL and 1x108 PFU/mL of E. coli and P. aeruginosa 

specific bacteriophage respectively resulted in a 4-log reduction in the adherence of 

P. aeruginosa to the catheter segments when compared to the control group. It was 

also revealed that the use of phage and E. coli individually had no significant effect 

on the adherence of P. aeruginosa to the catheter segments indicating that the 

combination of both resulted in a synergistic effect (213).  
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1.26  Neutrophil-phage synergy for the resolution of 

Pneumonia 

 

The paradigm that the success of phage therapy depends on bacterial permissiveness 

may now be called into question after recent research showed a synergistic approach 

between bacteriophages and host immune system factors leading to the clearance of 

P. aeruginosa induced pneumonia. It was reported that phage PAK_P1 at a PFU/mL 

of 1x108 was capable of rescuing 100 % of the mice tested with reduction in bacterial 

counts as quickly as 2 h post treatment. The control group with no phage saw death 

of all mice within 24 h. It was reported that mice deficient in essential immune system 

components such as myeloid deficient primary response 88 (MyD88) a protein 

involved in immune signalling, lymphocytes and neutrophil depleted cells 

experienced a lower survival rate against the P. aeruginosa infection and thus it was 

determined that a phage-neutrophil synergy mechanism is required for the complete 

clearance of the infection.  

It was also demonstrated that neutrophils are required for the control of phage 

sensitive and evolving phage resistant mutants which helps to improve the efficiency 

of the phage therapeutic effect resulting in 100 % survival of the mice. It was also 

shown that pulmonary effector cells did not possess the ability to clear the 

therapeutic phages and that the lung cells were able to tolerate the phages extremely 

well. This study highlights the importance to factor in the supporting role of the 

immune system when designing phage therapy related studies, as a pre-existing 

synergy between the host immune system and the phage in question may bolster the 

efficiency of the in-vitro data (214).  

From the case studies used above, it is evident that bacteriophages are best utilised 

in many cases as a synergistic or combinational components of an antimicrobial 

therapeutic treatment. Utilising phages against MDR bacterial strains can act as 

major stressor components to the bacterial hosts and potentially result in 

antimicrobial resistance trade-offs, re-sensitizing the host to traditional 

antimicrobials. The possible combinational options are endless and thus additional 

research is required to provide novel phage based therapeutics.  
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1.27 Phage-cold nitrogen plasma sequential approach 

 

E. coli O157:H7, a notorious food borne pathogenic microorganism is commonly 

found on fresh fruit and vegetables. E. coli  O157:H7 is a rapidly growing bacterium 

capable of forming robust biofilms (215). Such strains of E. coli are responsible for 

causing diarrhoea, haemolytic uremic syndrome and haemorrhagic colitis, largely due 

to the production of shiga toxins (216). The EPS of such biofilms makes antimicrobial 

treatment increasingly difficult (217).    

Plasma is a collation of partially ionized gases which generates a reactive cocktail of 

excited atoms and electrons in addition to reactive species e.g., ozone, nitric oxide 

and nitrogen dioxide. Furthermore, the composition of each of these reactive agents 

within plasma can be optimized depending on the application for plasma.(218) 

Plasma can be regarded as both thermal and non-thermal (cold) depending on the 

temperature required for the application of the plasma. Cold plasma is most 

commonly used in the treatment of bacterial biofilms. Such cold plasma is produced 

by the application of an electric field to a gas. The energy from this field causes the 

acceleration of free electrons which ionizes the gaseous atoms and molecules which 

has a knock-on effect to release more free electrons and thus more ionization (219).  

The use of bacteriophages in treating E. coli O157:H7 biofilms has already been 

proven to be quite effective on an array of surfaces such as steel, rubber and plastic 

(220). Log reductions of >3 log CFU/cm3, 3.1 log CFU/peg and 2.4 log CFU/cm3 were 

reported on steel, plastic and rubber respectively.  

Because both bacteriophage and cold atmospheric plasma are considered to be 

relatively harmless to humans, their use in the treatment of infections as well as the 

preservation of food shelf life is a possible route of employment (221) (222). A single 

study involving the sequential employment of cold atmospheric plasma and 

bacteriophage in tackling E. coli O157:H7 biofilms present on the surface of fresh 

foods and steel surfaces showed extreme promise for this combinational therapy.  

The results from this study revealed that cold nitrogen plasma treatment of 120 

seconds at both 400 W, 500 W and 600 W resulted in a 0.40, 1.46 and 1.52 log 
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CFU/cm2 reduction. A reduction of 1.13 log CFU/cm2 was observed after 60 seconds 

at 500 W. Although still a significant reduction, treatment time and power applied 

can’t be extended much further due to the implications it may have on the food 

product. As a result, a combinational approach was selected for employing the use of 

host specific phages at set treatment times. Phage concentrations of 2.5 × 109 

PFU/mL, 5 × 109 PFU/mL, 1010 PFU/mL were used. Biofilms grown on steel coupons 

subject to plasma treatment for 2 min and phage treatment 5.0 x PFU/mL and 10 x 

1010 PFU/mL resulted in reductions of > 5.82 and 5.74 log CFU/cm2 which eventually 

fell below detectable levels for growth. 

Biofilms grown on carrots, lettuce and cucumber and stored at 4 °C were subject to 

the same treatment conditions to assess the effect of the combinational approach in 

treating food borne biofilms. Controls of E. coli O157:H7 reached a reduction of 3.79 

log CFU/g after a 14-day period and was attributed to natural bacterial death. The 

combinational approach employed on lettuce saw bacterial counts drop to 1.21 log 

CFU/g by the third day and by day 9, no bacterial growth was present. Estimating that 

complete kill occurred between day 3 and 6 of treatment. A similar trend was 

observed at both 12 °C and 25 °C. The same trend was observed on cucumber sample. 

Biofilms grown on carrots subject to the combinational treatment saw a more rapid 

case of cell death most likely due to the difference in the surfaces of the vegetables 

used impacting biofilm formation (223).  The benefits of such a study highlight the 

effectiveness of phage-plasma combinational approaches. Due to the application of 

bacteriophage, the conditions of time and power at which the plasma could was 

applied were reduced and yet biofilms on the surface of the vegetables were still 

effectively eliminated. This study acts as a primitive combinational approach for 

phage and plasma which could be easily translated to the medical field for treatment 

of chronic wounds, medical devices and sterilisation of surfaces. Thus, an array of 

different species of bacteriophage and species of bacteria need to be subject to this 

combinational approach to assess the true effectiveness and therein the applicability 

of this treatment option. The employment of a bacteriophage cocktail alongside 

plasma may again reduce the treatment time and power required to generate the 

plasma resulting in a more economical and more rapid therapeutic option.  
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Aims & objectives of this project 
 

The increasing prevalence of multi drug resistant (MDR) bacteria amongst clinical isolates, 

requires the need for novel antimicrobials and thus the intensified research into the potential 

application of phage and their enzymes against biofilm associated infections either alone or 

in combination with other antimicrobials. With the aim to identify new avenues of phage 

therapy, the following objectives for this project were set out as follows: 

 

1. To isolate novel bacteriophages that show lytic activity against CAUTI pathogens, 

Proteus mirabilis and Pseudomonas aeruginosa. 

  

2. To explore the use of newly isolated bacteriophages against Proteus biofilm 

formation on urinary catheters under conditions mimicking real life scenarios in 

patients. 

 

 

3. To isolate, characterise and investigate the antibiofilm activity of Proteus phage 

derived depolymerase enzymes. 

 

 

4. To study the effects of the combinational use of cold plasma and phages to target 

Pseudomonas biofilms. 

 

 

The research conducted will allow for the establishment of novel therapeutic options 

involving the use of bacteriophages and their derived enzymes. Assessment of the isolated 

phages in real life simulation models allows for a more accurate analysis of their true 

antimicrobial activity helping to identify translation of such techniques to the clinics of 

Western medicine. Assessing novel synergistic/combinational therapeutics strategies is also 

a major aim of this project, again helping to provide alternative therapeutics in the age of 

antimicrobial resistance. 
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Isolation and Characterisation of 
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2.1 Abstract 

 

Presented in the following chapter is data detailing the isolation and characterisation 

of novel Proteus mirabilis bacteriophages (PM-CJR and TS1) isolated from 

environmental park regions from various areas across the landscape of Northern 

Ireland.  

Environmental samples were enriched for five days, and spot tests performed 

confirming the presence of lytic bacteriophages. Transmission Electron Microscopy 

(TEM) analysis confirmed that phage PM-CJR belongs to the Sipoviridae family of 

phages due to its characteristic long contractile tail. Phage PM-CJR was also further 

characterised at the microbiological level to assess its potential to act as an effective 

antimicrobial agent against its host strain P. mirabilis BB2000.  

The DNA from the novel bacteriophages was extracted using phenol:chloroform 

extraction and the DNA was sequenced using the BGISEQ-500 at MGI (BGI Hong 

Kong). Post-sequencing processing of the viral genomic datasets was performed, and 

the genomes of the novel bacteriophages were assembled using standard 

approaches.  

Genomic annotation revealed the sequenced Proteus phages shared high similarity 

with four other previously sequenced phages: VB_PmiS-Isfahan isolated in Isfahan 

(Iran), 2207-N35 discovered in Russia and vB_PmiP_RS10pmA isolated in the United 

Kingdom. Key genes encoding targeted enzymes were predicted in phage genomes, 

including a potential pectate lyase encoded by the tail spike protein of bacteriophage 

PM-CJR.  
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2.2 Introduction 

 

Antimicrobial resistance (AMR) is one of the most concerning threats that health 

sectors worldwide face. The number of AMR related research publications has 

drastically increased in recent years, highlighting the predicted burden AMR will pose 

and the importance to finding alternative treatments for AMR related infections 

(Figure 2.1.). With reported cases of antimicrobial resistance continuously increasing 

each year, novel treatment options are imminently required. Several techniques to 

aid the discovery of novel antimicrobial agents to combat AMR have been used e.g. 

metagenomic analysis of gut microbiomes to discover novel antimicrobials, (224) the 

employment of antimicrobial peptides to treat bacterial infections (225) and the use 

of nanoparticles to treat bacterial biofilms (226). One technique alone will not be 

sufficient in tackling AMR infections and thus various novel avenues must be explored 

(227). 

 

 

 

 

 

 

 

Figure 2.1. The number of AMR related publications over the past 40 years, showing 

that recently AMR has been classified as a serious issue and more intensive research 

is needed. Data obtained from the online search engine National Centre for 

Biotechnology Information (NCBI-Pubmed). Data was obtained via entering the term 

‘Antimicrobial Resistance’ and the date range filtered from 1980 to 2020 

(https://www.ncbi.nlm.nih.gov/pubmed).  

 

https://www.ncbi.nlm.nih.gov/pubmed
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Phages are the natural parasites of bacteria and thus have promise as antimicrobial 

agents (228) (229). Phages typically display three different types of lifecycle: 1) Lytic 

2) Lysogenic 3) Pseudo-lysogenic cycles (230,231) 

2.2.1 Bacteriophage Lifecycle 

 

The lytic lifecycle refers to the lifestyle in which bacteriophages firstly recognise a 

specific host bacterium via tail fibre-cell- bacterial surface protein associated 

complementarity. The phage binds irreversibly before injecting its DNA/RNA into the 

host. Hijacking of the host cell’s replication machinery ensues leading to the 

replication of the nucleic acids and thus the production of phage progeny. The viral 

progeny then lyse the host cell via employment of endolysins resulting in the release 

of many hundred bacteriophage (231). 

The lysogenic lifecycle involves a similar process to the lytic cycle. Firstly, the host is 

infected via tail fibre-cell surface protein recognition and again the DNA of the virus 

is injected into the host. At this point the phage decides whether to enter lysogeny 

of continue with the lytic approach. For example, Escherichia coli phage lambda is 

known to possess Int and CI proteins, which are synthesised and used for the 

development of the lysogenic lifestyle eventually leading to the integration of the 

viral DNA into the host genome where it will remain until further prompted to excise 

and replicate (232).   

Pseudo-lysogeny, refers to the delayed phage induced cell lysis that occurs post 

infection and is usually a result of a nutrient deficiency to the host (233). It has been 

reported that once the host comes into contact with a nutrient rich environment 

again, phage propagation and subsequent cell lysis occurs almost immediately (234). 

For phages to be used as effective antimicrobial therapeutic agents, those which 

display the lytic lifecycle only must be selected for to ensure efficient killing and thus 

clearance of any infection in patients. 
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2.2.2 Desirable phage attributes for therapeutics 

 

Bacteriophages are the most biologically abundant entity on earth with estimations 

that there are around 1031 bacteriophages present at any given time (228). Phages 

are the natural parasites of bacteria and thus have promise as antimicrobial agents 

(229), often being considered to be the best therapeutic alternative to antibiotics. As 

stated, bacteriophages demonstrate several distinct lifestyles. While lysogenic 

phages can be considered for therapeutic applications in certain situations,  

especially after genetic engineering to eliminate genes known to be involved in the 

maintenance of a lysogenic life cycle, they are widely considered to be a suboptimal 

option compared to lytic phages. Nevertheless, simply selecting a lytic phage for 

therapeutic use is not sufficient in determining its ability to act as an effective 

antimicrobial agent. Several factors play a role in the success of phages as 

antimicrobials. Desirable characteristics required by an effective phage would be a 

diverse host range to ensure it can target more than one strain of a particular 

bacterial species, a rapid host adsorption rate is also desirable in addition to a large 

burst size to enhance the rate at which an infection may be cleared. 

Furthermore, phages must also lack the ability to produce toxins that could be 

potentially harmful to patients and must also not be able to enter the lysogenic 

lifecycle (235). Furthermore, bacteriophages which can encode therapeutically useful 

enzymes such as peptidoglycan-degrading endolysins or various depolymerase 

enzymes which can be effectively used in clearing bacterial biofilms due to the 

depolymerase induced degradation of the exopolysaccharide (EPS) matrix. It has also 

been shown that the presence of depolymerase enzymes can inhibit the formation 

of bacterial biofilms such as those formed by Klebsiella pneumoniae (236). 

Furthermore, it has been demonstrated that phage depolymerases may act as a 

useful synergistic tool in degradation of biofilms. The addition of depolymerase 

enzymes alongside antibiotics such as polymyxin has shown an enhanced killing 

effect towards bacterial biofilms (236). 

The selection of bacteriophages for therapeutic use therefore requires an in-depth 

characterisation of each phage and thus the techniques used for such 
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characterisation need to be accessible, affordable and reliable. The arrival of next 

generation (NGS) sequencing has opened a plethora of novel ways in which the 

genome of an array of organisms can be studied, understood and even modified. In 

spite of these novel sequencing techniques employed, the study of viral genomics 

remains largely unresolved due to the limited sequencing information available to 

create reliable databases for computational analysis and processing (237). 

2.2.3 Phage discovery and selection 

 

Due to massive diversity of bacteria, even the phages with the broadest host ranges 

might fail to infect a particular strain. In such a situation new phages would be 

required. Several approaches exist to obtain a phage, and, although they can be 

received from collaborators, retrieved from in in-house phage banks or purchased 

from a culture collection, the most popular way is ad hoc isolation, followed by 

characterisation. Newly isolated phages also serve to expand existing collections, 

which is the key to finding a suitable therapeutic phage and formulating effective 

phage cocktails (238).  

Phage isolation techniques are well established and refined and can be divided into 

two main categories: direct isolation (with or without sample concentration) and 

enrichment cultures (233). Although alternative methods (e.g., phage capture using 

immobilised bacteria or antibodies) also exist, phages are obligate intracellular 

parasites. Bacterial strains suitable for isolation and subsequent propagation of 

phages are thus a necessary component of all methods and should be carefully 

selected to ensure the success of phage isolation projects. Another important factor 

that should be considered in isolation experiments is the sample used for phage 

isolation procedures. The sample can be collected from fresh or saline water 

reservoirs, soils, raw sewage and other sources – the main consideration is the actual 

or potential presence of the phage natural host. 
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2.2.4 Phage genome characterisation complications 

 

Following the successful isolation of a new phage, several characterisation steps 

should follow, among which one of the most popular and important is genomic 

sequencing and annotation (239). The sequencing of bacteriophage genomes poses 

several issues ranging from lab based to computational problems. The obtainment of 

a pure phage lysate/culture is of great importance when preparing samples for 

sequencing as the genomic material to be sequenced needs to be of high quality. 

Avoiding PCR biases is also a difficult obstacle to overcome when sequencing 

bacteriophages. Unique features throughout phage genomes such as large repeat 

sequences and methylated bases also make sequencing difficult. The presence of 

methylated bases makes DNA shearing and cloning rather recalcitrant in addition to 

making sequencing increasingly problematic and the assembly of the genome even 

more difficult (237). 

Furthermore, many phage genomes are rich in GC content and thus this provides a 

problem for both PCR of genetic material and sequencing. Phages also have regions 

of terminal redundancies and inverted repeat segments which make the post 

sequencing assembly complicated (237). Another issue for phage genome 

sequencing exists as many phage genomes uploaded to databases are ‘draft’ 

genomes and thus mapping newly sequenced genomes to these reference genomes 

is not ideal as the output alignment can of low quality and thus phage researchers 

need additional resources to complete phage genome assembly.  

As a result of the issues stated above, phage research and in-depth characterisation 

of phage genomics will continue to face difficulties. The lack of properly trained 

bioinformaticians to handle and analyse the post sequencing data is a stumbling block 

for many phage researchers and the computational knowledge required is quite high 

and a trained bioinformatician can be costly for an academic lab. However, as phages 

are now being seen as a promising route for tackling AMR, the need for investment 

and proper training is imperative to fully utilise these unique viruses and to allow for 

the development of an arsenal capable of treating a host of differing multi-drug 

resistant bacterial infections. 
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2.2.5 Proteus phages as a therapeutic agent 

 

Although the discovery and isolation of first Proteus bacteriophages dates back to the 

very first experiments by d’Herelle in late 1910s-early 1920s (240), the majority of 

more recent reports on their use in clinical practice come from publications in 

scientific literature of Eastern Europe and the former Soviet Union. A more 

systematic study of Proteus phages began in early 2010s. A study in 2013, involved 

the metagenomic analysis of a coliphage cocktail and although Proteus phages were 

present, at this time, there were limited Proteus phages present in public databases 

essentially limiting the annotation of such phages (241). In 2016, a novel P. mirabilis  

phage (PM16) was isolated with lytic activity against its host strain. This phage was 

assigned to the Phikmv genus of viruses. PM16 was isolated from human faecal 

content and the phage has been shown to have a short latency period, large burst 

size and the occurrence of limited phage resistance. The phage was also 

demonstrated to be a highly stable phage, an important attribute for formulation 

design (242).  

In 2018, another novel Proteus phage (PM75) was discovered which shared homology 

with the Sp6virus genus in the Autographivirinae subfamily but was still distinct from 

said subfamily and was thus assigned to the PM16virus genus within the 

Autographivirinae subfamily. Again, this newly isolated phage was highly lytic against 

its host strain and was also able to target several multi drug resistant P. mirabilis  

strains (243). 

In 2016, a phage cocktail was developed to treat P. mirabilis  catheter associated 

urinary tract infections (CAUTIs). The phage cocktail was composed of just two 

bacteriophages Pm546o and Pm5461. The phage were both in equal concentration 

within the cocktail mixture and their ability to treat P. mirabilis  CAUTIs was assessed. 

The lifespan of the phage coated catheters was increased by up to 7 days when 

compared to control groups indicating that the phage cocktail was able to improve 

the lifespan of the catheters due to their antimicrobial activity. It was also revealed 

that the presence of the phage cocktail significantly reduced the number of 

cultivatable P. mirabilis  cells after both 96 and 168 h post inoculation (244).   
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Additionally in 2016 another study revealed that P. mirabilis  phages were also able 

to prevent catheter encrustation and blockage of urinary catheters. This study 

involved the use of an artificial bladder model to simulate a real life infection of the 

urinary tract. Treatment with bacteriophages was able to significantly increase the 

lifespan of the catheters by 3 fold when compared to untreated control groups. 

Furthermore, analysis of the crystalline biofilm formation after 10 h was also 

significantly reduced in groups which received phage treatment when compared to 

untreated groups. Although the levels of crystalline biofilm were reduced, there was 

no significant reduction in planktonic cell numbers (245). However, as the crystals are 

what cause catheter blockage this is seen as a very promising result.   

The same research group also developed an infection response catheter coating 

which releases the bacteriophages at a defined pH level. Due to the fact the P. 

mirabilis  increases the pH of its host’s urine, a pH dependent release coating is an 

effective method for treating such infections. Utilisation of the pH trigger release 

hydrogel coating was able to increase the lifespan of the catheters from 13 to 26 h, 

essentially doubling the lifespan of the catheter. It was also determined that the 

hydrogel formulations were stable in the absence of P. mirabilis  infection and in the 

presence of urease-negative bacterial strains. This novel hydrogel formulation is a 

promising method for treating CAUTIs due to its effectiveness and low cost 

production of the hydrogel formulation (2). 

Proteus phage research has only recently been studied in detail and much still 

remains unknown about this group of bacteriophages and their potential to act as 

antimicrobial agents for the treatment of infections. Utilising the phage as a solo 

agent, in a phage cocktail or employment of a phage derived protein are also possible 

avenues to explore. Due to the low cost associated with phage formulations, they are 

an ideal candidate for clinical applications as was demonstrated in the hydrogel 

formulations. Furthermore, Proteus phages can be employed alongside traditional 

antimicrobials to improve their antimicrobial efficiency. 
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2.3 Materials and Methods 
 

2.3.1 Bacterial strains used 

To determine the host range of the isolated phages, 14 different clinically isolated 

and reference strains of Proteus mirabilis were used, in addition to Proteus vulgaris 

UM266 and Proteus penneri NCTC 12737. Proteus mirabilis BB2000, P. mirabilis 

51286, P. mirabilis ATCC 35508 (Table 2.1.).  

Table 2.1. List of bacterial strains used for various studies throughout the experiments 

of this chapter. All strains were stored at -80 °C and grown on the respective nutrient 

agar plate when required for experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Reagents, buffers, solutions 

1) LB Broth: Prepared by dissolving 20 g of LB Broth (Invitrogen, UK) powder 

in 1 L of sterile Milli-Q water and then autoclaved for a 15 min sterilisation cycle 

before being allowed to cool to room temperature before use. Solution was stored 

at 4 °C until required. 

Bacterial Host Source Reference 
P. mirabilis CI1 Clinical Isolate - 

P. mirabilis BB2000 Reference Strain (246) 

P. mirabilis 35508 Reference Strain - 

P. mirabilis 51286 Reference Strain - 

P. vulgaris UM266 Clinical Isolate - 

P. penneri 12737 Reference Strain - 

P. mirabilis B2 Clinical Isolate (247) 

P. mirabilis B4 Clinical Isolate (248) 

P. mirabilis RS1 Clinical Isolate (249) 

P. mirabilis RS6 Clinical Isolate (250) 

P. mirabilis RS17 Clinical Isolate (251) 

P. mirabilis RS18 Clinical Isolate (251) 

P. mirabilis RS28 Clinical Isolate (251) 

P. mirabilis RS40 Clinical Isolate (251) 

P. mirabilis RS47 Clinical Isolate (251) 

P. mirabilis RS50A Clinical Isolate (251) 
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2) LB-agar plates: Prepared by dissolving 20 g of LB agar (Invitrogen, UK) 

powder in 1 L of sterile Milli-Q water and then autoclaved for a 15 min sterilisation 

cycle before being allowed to cool and then while still molten, poured into sterile 

petri dishes and left to cool. Agar was stored at 4 °C until required. 

3) Low swarm LB-agar: Prepared by dissolving 20 g of LB low swarm 

(Invitrogen, UK) agar powder in 1 L of sterile Milli-Q water and then autoclaved for a 

15 min sterilisation cycle before being allowed to cool and then while still molten, 

poured into petri dishes and left to cool. Agar was stored at 4 °C until required. 

4) LB-Top agar: Prepared by dissolving 20 g of soft agar powder (Invitrogen, 

UK) into 1 L of water then of sterile Milli-Q water and then autoclaved for a 15 min 

sterilisation cycle before being allowed to cool. Agar was stored at 4 °C until required. 

5) SM buffer (phage buffer): Phage buffer was prepared by dissolving 5.8 g of 

Sodium Chloride (NaCl) (Thermo, UK) in sterile Milli-Q water along with 2 g  

Magnesium Sulfate (MgSO4.7H2O) (Thermo, UK) in addition to 50 mL 1M Tris HCl pH 

7.5 (Thermo, UK) and made up to 1 L with sterile Milli-Q water before being 

autoclaved for a 15 min sterilisation cycle before being allowed to cool. Solution was 

stored at 4 °C until required. 

6) Phage enrichment broth: Bacteriophage enrichment broth was prepared. 

by dissolving 200 g of LB powder (Thermo, UK) in a Duran flask via the addition of 1 L 

of sterile Milli-Q water and then autoclaved for a 15 min sterilisation cycle before 

being allowed to cool. Solution was stored at 4 °C until required. 

2.3.3 Bacterial overnight cultures 

Bacterial overnight cultures were prepared by suspending a single bacterial colony 

previously streaked onto an LB nutrient agar plate into 5-10 mL of sterile LB broth 

and placed in a shaking incubator (SI600/120V/60 Incubator, Orbital Shaker, Stuart, 

UK) at 37 °C overnight. 
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2.3.4 Isolation of bacteriophages against bacterial species 

Over 200 different samples were screened for the presence of Proteus 

bacteriophages. Faecal samples of several farm animals, namely, cow, donkey, 

chicken, and sheep, soil samples from their habitats, wastewater, and commercial 

phage cocktails were used as sources for isolation of bacteriophages against a panel 

of several Proteus strains listed in Table 1. For this, 1 mL of an overnight culture of 

each strain was enriched with 0.5 g of faecal matter, soil or the respective wastewater 

sample in addition to 10 mL x 10 strength LB media and 35 mL of autoclaved ultrapure 

water and were incubated for 3-5 days to allow for the amplification of the phages. 

After the set period of time the enrichments were spun down at 4000 x g for 5-10 

min and the supernatant filtered through a 0.22 µm filter (252). 

2.3.5 Spot tests to determine phage presence 

Spot tests of the enriched filtrates were performed against different strains of 

Proteus bacteria employing the use of the top agar overlay as described elsewhere 

(253). Briefly, 250 µL of bacterial overnight culture was inoculated into 5-6 mL of top 

agar (75 % LB-agar) and quickly swirled before being poured on top of low swarm LB 

agar plates and left to set for 40 min. After the setting period, 10 µL of the previously 

prepared, enriched 0.22 µm filtrate was spotted onto the plates and allowed to dry 

for 25 min, before being incubated in a stationary incubator at 37 °C overnight. The 

next day phage spots were visualized, and their morphology and diameter recorded 

(254). 

2.3.6 Plaque assay of isolated phages 

Phages that produced spots in the spot assays were then picked and propagated on 

their respective host strain using the plaque assay as described elsewhere (255). 

Briefly, using a 10 µL sterile pipette tip, the point of the tip was touched against the 

centre of the phage spot ensuring to avoid contact with the surrounding bacteria. The 

tip was then placed into 90 µL of sterile SM (Phage) buffer (pH 7.5) and 

subsequentially serially diluted with sterile SM buffer (pH 7.5), 1 in 10 until a final 

dilution of 10-8 was achieved. To propagate phages, a plaque assay was performed, 

in which 10 µL of phage at different concentrations was inoculated into 250 µL of an 

overnight culture of the respective bacterial culture. The mixture was shaken gently 
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by swirling before being left for 10 min to allow for phage adsorption to the bacterial 

cells. After the adsorption period, 5-6 mL of top agar was added to the mixture and 

swirled before being poured on top of LB agar plates and allowed to set for 40 min. 

The plates once set were incubated in a stationary incubator at 37 ° C overnight and 

the plaques were visualized the next day (256).  

2.3.7 Isolation of single phage colonies 

The phage lysates which displayed a relatively high number of plaques but not 

forming a webbed plate were selected for lysate collection (usually the 1:10-4 dilution 

plate). To further ensure that only a single phage was selected, any plaques that were 

too near each other were ignore. A minimum of 2 cm acted as a guideline for a 

suitable distance between phage plaques to ensure that only one type of virus was 

picked. Using a sterile 10 µL pipette tip, the point of the tip was again placed into the 

centre of the isolated plaque, again ensuring to avoid the surrounding bacteria. The 

picked plaque was then suspended into 90 µL of phage buffer (pH 7.5) and again 

sequentially serially diluted in sterile phage buffer (pH 7.5) via a 1 in 10 dilution series. 

These phage solutions were then subject to a plaque assay again and the picking 

process was repeated a further two times, and thus three times in total until plaque 

morphology all looked similar indicating that most likely only a single type of phage 

is present in the buffer solution. 

 

2.3.8 Obtainment of high titer phage lysates using webbed plates 

For the downstream processing of bacteriophages, phage lysates were grown to a 

high titer (109 - 1011 PFU/mL) via use of webbed plates. Webbed plates were obtained 

by performing the plaque assay with a 1:10 dilution of phage stock. Obtainment of 

the phage lysate was performed via addition of 8-10 mL of phage buffer (pH 7.5) or 

sterile Milli-Q water (pH 7.5) to the agar plates. The plates were allowed to incubate 

at 4 °C overnight. After incubation, the buffer and top agar were collected and spun 

down in a sterile 50 mL centrifuge tube (Thermo, UK) at 4000 x g. The supernatant 

was then filtered through a 0.22 µm filter and stored at 4 ° C (257). 
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2.3.9 Determining the titer of the phage lysates 

Phage titer concentration was determined via a titer spot test. Using the top agar 

overlay assay, 250 µL of overnight culture of the respective bacteria was inoculated 

with 5-6 mL of top agar and swirled before being poured on top of LB agar plates. The 

high titer lysate was subject to a 10-fold serial dilution using sterile phage buffer (pH 

7.5) to establish a range of titer values. After the 20 min setting time, 10 µL spots of 

the serially diluted phage lysate was spotted onto the top agar plates and then 

allowed to dry before being incubated at 37 ° C overnight. The next day the phage 

titre (PFU/mL) value was calculated by counting the plaques observed within the 

spots and dividing this value by the dilution factor X the volume of lysate spotted 

(258). 

𝑃ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 (𝑃𝐹𝑈/𝑚𝐿) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑞𝑢𝑒𝑠

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑃𝑙𝑎𝑡𝑒𝑑 (𝑚𝐿)
 

2.3.10 Amplification of phage titer 

In some cases, combining several of the webbed plate-SM buffer mixtures was not 

sufficient enough to achieve a high phage titer of 1x1010 PFU/mL which is required 

for downstream processing. To enhance the phage titer, a 150 mL bacterial culture 

was grown to an OD550 of 0.3 before 1.5 mL of phage lysate was added to the culture. 

The inoculum was then incubated for a period of 18 h before being centrifuged at 

5000 x g for 15 min. A few drops of chloroform were also added to the solution. The 

solution was then filtered through a 0.22 µm filter before being subject to titer 

determining assays. 

2.3.11 Transmission electron microscopy of phages 

Transmission Electron Microscopy was performed by aseptically transferring 100 µL 

of high titer (1x1011 PFU/mL) phage lysate into a sterile 1.5 mL Eppendorf tube. The 

lysate was centrifuged at 4000 x g for 22 min before being resuspended in 100 µL of 

sterile phage buffer (pH 7.5). Using sterile EM forceps, a fresh EM grid (Ted Pella 

INC.) the EM grid was placed on a clean KIM wipe with the dark shiny side facing 

up. 5 µl of phage lysate was added to the grid and allowed to sit for 8 min. The grid 

was rinsed at a 45 ° angle with 60 µL of Ultrapure autoclaved water. Any excess water 
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was allowed to drain off. 5 µL of either 1 % Uranyl acetate (Sigma, UK) or 

phosphotungstic acid (Sigma, UK) was added to the grid and immediately wicked off 

again using strips of filter paper. The grid was allowed to dry before being imaged on 

a TALOS F200X G2 Transmission Electron Microscope.    

2.3.12 Phage host adsorption assay 

The phage host adsorption assay was performed as described elsewhere (259). 

Briefly, 950 µL of sterile LBB media and 60 µL of chloroform (Thermo, UK) was added 

to 12 capped 13 x 100 mm sterile test tubes and chilled on ice for 10 min. A log phase 

culture of the respective host culture was diluted to give an OD550 of 0.2 nm. To one 

flask was added 9 mL of the cells and to the other 9 mL sterile media. Both flasks were 

incubated at 48 ° C for 5 min before 1 mL of warmed phage was added to each and a 

timer started. At 1 min intervals a 100 µL aliquot was taken and added to the chilled 

tubes. Finally, the tubes were vortexed vigorously and 100 µL samples taken and 

added to top agar with 250 µL host cells and a top agar assay performed. After 

suitable incubation, the plaques were counted, and the adsorption rate determined. 

In addition, 100 µL of bacterial suspension was plated and the Colony Forming Units 

per millilitre (CFU/mL) was determined (260). 

2.3.13 Thermal stability assay 

The thermal stability of bacteriophage PM-CJR was performed as described 

elsewhere with slight modifications (261). Briefly, 500 µL of bacteriophage lysate (1 × 

1010 PFU/mL) was incubated at the defined temperature ranges for an allocated period 

of time of 1 h. After said period of time, the phage suspension was subject to a top 

agar overlay assay. The plates were incubated at 37 ° C overnight and the plaques 

observed the next day were counted and quantified. Experiments were carried out in 

triplicate and the average number of plaques were used to determine the PFU/mL 

(262). 
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2.3.14 Host range determination of phage library 

The host range of different bacteriophages was determined via a top agar assay 

against a range of their respective host strains. LB agar plates were overlaid with 5-6 

mL of top agar containing 350 µL of the respective strain. Once dried (30 min) 10 µL 

of phage lysate (1 × 1010 PFU/mL) was spotted on to the plate and allowed to dry before 

being placed in a 37 ° C incubator for 18 h. After the incubation period spot like 

plaques were observed on the bacterial lawn and the degree of lysis was determined 

visually. 

2.3.15 Genome assembly of sequenced phage DNA 

Phage DNA was sequenced using an external company, BGI Hong Kong. The 

sequencing was performed on the BGISEQ-500 sequencer (263). Library preparation 

was also performed by BGI Hong Kong. The reads were returned in FASTQ format as 

paired end reads. The FASTQ reads were trimmed when required using Sickle v 1.33 

to produce reads with a quality score greater than 30 (Q>30) (264). Reads were later 

assembled using Unicycler v 0.4.8. using the -conservative assembly mode (265). 

The assembly of the contigs was checked using Bandage v 0.8.1. Annotation of the 

assembled phage genome was carried out using Sanger Artemis genome annotation 

tool (266), in addition to using NCBI Blast and HH-Pred (267) (268).   

2.3.16 Extraction of phage DNA for downstream processing 

 

Phage DNA was extracted as follows. The lysate was treated with 1.25 µL of DNaseI 

(20 mg/mL) (Sigma, UK) and incubated at 4 ° C overnight. The next day the lysate had 

1.25 µL of proteinase K (20 mg/mL) (Sigma, UK) added to it along with 25 µL of 10 % 

SDS (Sigma, UK) and 20 µL of 0.5 M EDTA pH 8.0 (Merck, UK). The contents were 

mixed and incubated at 60 ° C for 1 h. Once cooled, an equal volume of 

Phenol:Chloroform:isoamyl alcohol mixture (25:24:1 v/v) (Sigma, UK) was added and 

inverted several times before being spun at 6000 x g for 5 min at room temperature. 

Using a wide bore tip, the aqueous phase was transferred to a fresh 2 mL tube and 

the process repeated. The aqueous phase was once more transferred to a new tube 

where an equal volume of chloroform was added before being spun and transferred 

once more. 1/10 volume of 3M NaOAc (pH 7.5) (Thermofisher, UK) was added along 
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with 2.5 volumes of 95 % ice-cold ethanol (Sigma, UK) and mixed well then incubated 

on ice for 30 min. The mixture was centrifuged at max speed for 20 min and the 

supernatant transferred before being washed with an equal volume of 70 % ethanol 

and spun for a further 2 min and this step repeated. The ethanol layer was discarded 

and allowed to evaporate before eluting the DNA in 30 µL of nuclease free water.  

2.3.17 DNA concentration measurement with QUBIT 

For DNA quantification, the Quantiflour Qubit device was used and prepared as 

described elsewhere, based on the manufacturers protocol (269). The Quantiflour 

dsDNA dye working solution (Thermo, UK) was prepared by dilution the dsDNA dye 

1:400 in 1 X TE buffer (Thermo, UK). 200 µL of this working solution was added to a 

sterile 0.5 mL PCR tube and used as a blank calibration. To prepare the standards 2 

µL of the standard DNA (100 ng/µL) (Thermo, UK) was added to 200 µL of the working 

solution in a sterile 0.5 mL PCR tube, vortexed and stored away from light sources. 2 

µL of DNA samples was then added to 200 µL of working solution before being 

incubated for 5 min in the dark. The device was calibrated, and the sample’s DNA 

values recorded. 
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2.3.18 Local BLAST nucleotide database 

The database was constructed via obtaining 610 phage genomes from the NCBI 

online database. The FASTA sequences were merged into one file via the following 

command: ‘cat *.fasta > Phage_database.fa’. Duplicated sequences were removed 

using the ‘dedupe.sh’ script included as part of the BBtools package v 35.85 (270). 

The duplicate sequences were removed using the following command: ‘dedupe 

in=Phage_database.fa out=dedupe-phage_db.fa’. The local nucleotide database was 

then constructed using the following command: ‘makeblastdb -in dedupe-

phage_db.fa -parse_seqids -dbtype nucl’. To run the local blast analysis, the following 

command was used: ‘blastn -query PM-CJR-Tail-spike.fa -db 

/home/cormac/bin/microbiology2/phage/dedupe-phage_db.fa outfmt "6 ppos 

qaac qlen sseqid sacc qseq sseq evalue bitscore length pident" -num_threads 64 -

out blasted-ts’. 

2.3.19 Local protein BLAST database 

 The local protein BLAST was performed on a high-powered Linux (Ubuntu, v 18.04) 

operating system PC. The database was constructed via obtaining 600 phage 

genomes from the NCBI online database and running the ‘makeblastdb’ command. 

The FASTA sequences were merged into one file via the following command: ‘cat 

*.fasta > Phage-protein.fasta’. The local nucleotide protein database was 

constructed using the following command: ‘makeblastdb -in Phage-protein.fasta -

parse_seqids -dbtype prot’. Following the database creation, the local BLAST was 

performed using the following command: ‘blastp -query PM-CJR-protein-seq.fasta -db 

/home/cormac/bin/microbiology2/phage/phage-protein/phage-protein.fasta -outfmt “6 ssciname ppos 

qaac qlen sseqid sacc evalue bitscore length pident” -num_threads 64 -out blasted.ts’. 
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2.4 Results 
 

2.4.1 Spot test to assess presence of bacteriophage PM-CJR 

 

The traditional top-agar spot assay was employed to detect the presence of 

bacteriophage particles present in the enriched environmental cultures. Ten 

microliters (µL) of enriched culture was spotted onto a lawn of P. mirabilis BB2000 

and incubated at 37 °C. Analysis of the spots after 24 h were presented as below 

(Figure 2.2.). Several samples were collected from different regions across Northern 

Ireland, samples were of soil, aquatic and faecal nature. Phage PM-CJR was isolated 

from the ‘Park Muck’ sample. As can be seen from the figure, this particular sample 

produced a large and clear spot when compared to the other turbid phage spot tests 

indicating the potential presence of a high titer of lytic bacteriophages against P. 

mirabilis BB2000 As a result of this initial spot lysis zone, this bacteriophage (PM-CJR) 

was selected for subsequent downstream purification and processing.  

 

 

 

 

 

 

 

 

Figure 2.2 Spot test of five different environmentally enriched phage samples (park 

muck, park swamp, mud puddle, GP soil-1 & GP soil-2) on a lawn of P. mirabilis 

BB2000. Ten microliters (µL) of enriched phage lysate was spotted onto the top agar 

BB2000 lawn with each one producing a positive spot result indicative of 

bacteriophage activity.  
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2.4.2 Plaque assay to confirm presence of PM-CJR 

 

To confirm that the spot observed for the ‘Park Muck’ sample in Figure 2.2. was 

indeed a bacteriophage, a plaque assay was performed again using P. mirabilis 2000. 

The results of the plaque assay are presented above in Figure 2.3. It can be seen that 

the phage has produced individual plaques on the P. mirabilis lawn confirming the 

presence of bacteriophage in the environmental sample. The phage plaques were 

roughly 1 to 3 mm wide on the bacterial lawn and had a halo region surrounding each 

individual plaque.  

Furthermore, an additional phage (Figure 2.4.) with unique plaque morphology was 

observed on the agar plate. These plaques were about 3 mm wide on the bacterial 

lawn also. This phage in pure culture, produced plaques with a turbid centre region. 

This turbid region is usually indicative of lysogenic bacteriophages. Due to the fact 

that two bacteriophage were present in the environmental sample, this might explain 

the enhanced spot zone observed in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. The preliminary plaque assay of the newly isolated ‘PM-CJR’ phage, 

indicating the presence of potentially more than one phage. Phage dilution of 10-3 was 

used for the plaque assay producing plaques on a lawn of P. mirabilis BB2000. 

(A) (B) 
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Figure 2.4. Secondary plaque assay of the plaques produced in the preliminary plaque 

assay revealing different plaque morphology (turbid plaques indicative of lysogenic 

phage activity). Phage dilution of 10-3 was used for plaque assay producing plaques on 

a lawn of P. mirabilis BB2000. 
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2.4.3 PM-CJR purification plaque assay to obtain single phage 

colonies 

Several rounds of bacteriophage purification were performed by repeatedly picking 

a well isolated phage plaque and subjecting the phage to serial dilutions (1 in 10). The 

dilutions were plated out several times until phage plaques which were similar in 

morphology were achieved. The purpose of this was to obtain a single pure 

bacteriophage from the ‘Park muck’ sample which has at least two different, viable 

phage present in the enriched culture. As can be seen in Figure 2.5. A & B, the phage 

plaques are all of the same morphological shape and possess a halo around each 

plaque. This confirms that the isolated phage is now in a pure culture and ready for 

further processing. 

The phage shown in Figure 2.5. A was designated PM-CJR and was selected for 

further experiments based on the presence of the expanding halo surrounding the 

central lytic zone (Figure 2.5. A). The halo region observed around the initial lysis 

zones may be due to the presence of a depolymerase enzyme encoded for by the 

virus.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Third purification plaque assay of a phage plaque which when isolated 

purely was notated as ‘PM-CJR’. Phage dilution of 10-4 (A) and 10-8 (B) used for the 

plaque assay producing plaques on a lawn of P. mirabilis BB2000. 

(A) (B) 
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2.4.4 Identification of potential depolymerase activity of phage PM-CJR 

 

The halo region observed around the initial lysis zones as a result of bacterial lysis 

caused by phage PM-CJR on the lawn of P. mirabilis may be due to the presence of a 

depolymerase enzyme encoded for by the virus. Figure 2.6. shows an in-depth view 

of the phage plaque and its respective halo. This halo is different in appearance from 

the lysis region suggesting that the potential depolymerase is working via a different 

mechanism on the bacterial host. Depolymerases have been reported to expand 

across the bacterial lawn with increased incubation periods and this phenomenon is 

evident from Figure 2.7. (A) and (B). From this image it can be seen that after a 

further 24 h the halo region has significantly expanded across the surface of the 

bacterial lawn leaving very little of the original bacterial lawn. Figure 2.7. (C) shows 

the expansion of the halo from the spot zone after 24 h incubation clearing showing 

the definition between the phage lysis of the bacteria and the possible depolymerase 

degradation of a component of the bacterial host. Furthermore, when the spot assay 

is allowed to incubate at room temperature for a further 2 days, a second halo can 

be seen emerging from the initial lysis zone as can be seen in Figure 2.8. This may be 

due to the phage possessing two depolymerase enzymes or bacterial regrowth being 

subject to the enzyme again (271) .    

 

 

 

 

 

 

 

 

 

Figure 2.6. The activity of phage PM-CJR showing both the lytic zone activity on a 

lawn of P. mirabilis BB200 but also showing a halo around the lysis zone indicative 

of depolymerase activity.    
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Figure 2.7. Phage PM-CJR depolymerase activity. (A) Plaque assay of PM-CJR phage 

at a 10-4 dilution showing the lysis zone and surrounding halo after 18 h incubation. 

(B) The same plaque assay after 24 h showing the rapid expansion of the surrounding 

halo. (C) Rear view of the lysis zone and halo zone of PM-CJR spotted on a P. 

mirabilis BB2000 lawn.  

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Spot test of PM-CJR on a lawn of P. mirabilis BB2000 showing both the 

lysis region and two surrounding halo zones emerging from the lysis zone. 

  

  

(A) (B) (C) 
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(A) 

(B) 

2.4.5 Transmission electron microscopy of PM-CJR 

 

Transmission electron microscopy (TEM) was employed to further characterise phage 

PM-CJR. Uranyl acetate (1 %) was used to stain the phage sample to identify different 

regions of the virus. It can be seen from Figure 2.9, that phage PM-CJR possesses 

morphological characteristics indicative of viruses belonging to the Siphoviridae 

family of bacteriophages. The capsid of PM-CJR is roughly 76 nm in diameter and the 

long, flexible non-contractile tail is roughly 180 nm in length. The tail of the virus can 

also be seen to be striated in Figure 2.9. (A) which too is indicative of Sipoviridae virus 

members.   

 

 

Figure 2.9. Transmission electron microscopy of phage PM-CJR stained using 1 % 

uranyl acetate and visualised at 40,000 x (left) and 30,000 x (right) magnification.  
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2.4.6 PM-CJR genome assembly and annotation 

Genome annotation of newly isolated viruses is important to study the diversity 

between different viruses but to also identify any unique, potentially useful features 

that the viral genome might encode. Genome assembly and annotation were 

performed as described in the materials and methods. The reads obtained from BGI 

Hong Kong were in FASTQ format (Figure 2.10.) and subject to a FASTQC quality check 

which output a report detailing the quality of the FASTQ files. The quality score of 

Q>30 was met for both read files R1 and R2 after trimming the reads and the 

percentage of N bases (unidentified bases) was checked and confirmed to be 0%, 

indicating high quality reads (Figure 2.11.).  

Artemis genome viewer and annotation tool was used to assign function to particular 

genes via employment of NCBI BLAST and HHPRED. The genome of phage PM-CJR 

encoded an array of potentially useful genes some of which are of interest in the 

antimicrobial field. The Bandage assembly graph displayed in Figure 2.13. shows that 

the genomic contigs were assembled correctly and re-circularised at the end of the 

assembly process. A single contiguous sequence was assembled from 8,409,016 

reads using Unicycler v 0.4.8. with more than 150× coverage and visualised using 

Bandage v 0.8.1, as can be seen in Figure 2.13. Furthermore, the Bandage graph 

shows that the genome of the virus is composed of 54,169 nucleotide base pairs (bp).  

Figure 2.12. shows that the genome of PM-CJR coded for a pectate lyase in addition 

to a potential endo-pectate lyase. These enzymes have previously been reported as 

phage encoded depolymerases. The linear dsDNA genome of the phage PM-CJR was 

sequenced to describe its main genomic features and determine the localisation of 

the gene encoding polysaccharide depolymerase (Figure 2.12.). 

The list of important genes with both biocatalytic and antimicrobial potential are 

presented in Table 2.2. with their respective gene number. There are three 

genes/enzymes of antimicrobial interest, the two pectate lyase genes and the 

peptidoglycan protease which is a phage encoded endolysin for rupturing the cell of 

the bacterial host.  
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Figure 2.10. FASTQ file quality report generated via the open-source software 

package FASTQC v 0.11.09. The chart shows the Quality score assigned to the 

‘FASTQ R1 and R2 files’ received from BGI Hong Kong post sequencing. It can be 

seen that most of the reads are above a quality score of 30 (>Q30) indicating good read 

quality and a high-quality sequencing output.  

 

 

 

 

 

 

Figure 2.11, The FASTQC report showing the percentage of N (% N) bases sequenced 

in the phage PM-CJR sample. It can be seen from both charts that the percentage of N 

bases sequence in both the R1 and R2 files is effectively 0 % again suggesting that 

good quality sequencing occurred, and high-quality output reads were obtained. 

Report was generate using the open-source software package FASTQC v 0.11.09. 

  

R1 R2 

R1 R2 
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Figure 2.12. Assembled genome of PM-CJR and the respective key genes of interest, 

showing in particular two phage encoded depolymerase enzymes, 1) Pectate lysase, 2) 

Potential endo-pectate lyase. 

 

 

 

 

 

 

Figure 2.13. The Bandage graph assembly of phage PM-CJR showing the contiguous 

contig assembly of the phage genome from 8,409,016 reads and the total number of 

base pairs (bp) in the genome.  

 

 

 

PM-CJR 

Genome 
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Table 2.2. Summary of the key genes with putative enzyme activities discovered via 

sequencing the genome of PM-CJR. Gene products 23, 26 and 71 present interest as 

potential antibacterial agents.  

 

 

 

 

 

 

 

 

2.4.7 Bioinformatic analysis of tail-spike protein 

Construction of a local BLAST database for nucleotide comparison of the tail-spike 

gene of phage PM-CJR to a database of 600 phage genomes was performed by 

downloading the phage genomes from the NCBI sever in the FASTA format. The 

downloaded FASTA files were then merged, and a database created using the NCBI 

‘makedb’ command. The tail-spike gene, also in FASTA format was blasted against 

the database and returned two phage genomes which has significant similarity to the 

blasted query FASTA. The two top hits were Proteus phage VB_PmiS-Isfahan and 

Proteus phage vB_PmiP_RS10pmA both recently isolated bacteriophages. The 

respective genes had an alignment length of both 393 and 389 nucleotides 

respectively (Table 2.3.). The analysis also returned a percentage identity score of 

81.37 % and 91.54 % respectively.  The analysis was also performed using the NCBI 

web server as a means of validation and the results of Table 2.3. and Figure 2.14.  

complemented each other well as both retuned the same output information. The 

region of homology was localised in the N terminus of the protein - a known feature 

of depolymerases that have conserved N-terminal domains used for attachment to 

phage particles and highly variable C-terminal domains responsible for recognition of 

host polysaccharides.  

Gene Number Gene Description 

Gene 23 Pectate/Glycosidase (Tail Spike Protein) 

Gene 26 Peptidoglycan Protease 

Gene 37 CRISPR/Cas system associated Protein 

Gene 47 Potential Nuclease Hydrolase 

Gene 59 Antitoxin Hydrolase 

Gene 71 Potential Endo Pectate Lyase 

Gene 84 Nuclease 

Gene 85 HNH Endonuclease 

Gene 91 Pro-Head Core Protein Protease 



 

103 
 

Table 2.3. The output report of the local nucleotide BLAST database showing the 

comparison of the gene encoding the tail-spike protein of PM-CJR against a database 

of 600 bacteriophage genomes. The database was constructed via downloading the 

genomic sequences from the NCBI database and performing a BLAST search using 

the command line interface (CLI). 

 

 

 

Figure 2.14. The online nucleotide BLAST search showing the top two BLAST hits 

from bacteriophages in the online NCBI database. The top two hits were the same 

bacteriophages as seen in the local command line Nucleotide BLAST (Table 3). Phage 

VB_PmiS-Isfahan had an alignment length of 393 (Top red band) and phage 

Vb_PmiP_Rs10pmA has an alignment length of 389 (Bottom red band).    

 

 

 

Accession 

no. 

Description Sequence 

Length 

Bit-

Score 

Per. 

Ident 

Alignment 

Length 

Pident 

NC_041925 
 

 

Proteus 

phage 

VB_PmiS-

Isfahan 

1937 510 81.37 % 393 90.076 

MG575420.1 
 

Proteus 

phage 

vB_PmiP_RS

10pmA 

1937 503 91.54 % 389 89.974 
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For the local protein BLAST, the database was constructed in the same method used 

to construct the local nucleotide database. The amino acid sequence of the tail-spike 

for phage PM-CJR was then blasted against the database of 600 phage tail-spike-

depolymerase protein sequences.  

In doing so, close to 60 phage protein hits were returned. Filtering based on bit scores 

of 40 or above was performed to see the most relevant hits and in doing so, 4 

significant hits were obtained. The top hit was a tail-spike from Providencia phage vB 

PstP PS3 with a bit-score of 48.9 (for average length proteins a bit score of 50 is 

regarded as significant) (Table 2.4.), however the alignment length was only 69 amino 

acids. Regardless, bacteriophage vB PstP PS3 was reported to possess a phage 

encoded depolymerase capable of enhancing serum-mediated killing of its host 

bacterium (272). This may indicate similarly between the depolymerase of this phage 

and the potential pectate lyase gene identified in phage PM-CJR.  

The tail-spike protein of phage PM-CJR was also aligned to the top two phage hits 

observed in the nucleotide BLAST search (Figure 2.15.). The alignment of the tail-

spike sequence to the sequences of bacteriophage VB_PmiS-Isfahan bacteriophage 

vB_PmiP_RS10pmA showed an alignment similarity of 81.37 % and 91.54 % 

respectively. As these are both Proteus targeting phages, it is therefore 

understandable to see why they share significant sequence similarity at the protein 

level. To assess what family of proteins the tail-spike of phage PM-CJR belonged to, 

the amino acid sequence was deposited to the online analysis tools InterPro-Scan and 

CDD. Both analysis tools confirmed that the protein belonged to the pectate lyase 

family of proteins as can be seen in Figure 2.16. (A) and (B). 
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Table 2.4. The output results from the local BLAST database showing the comparison 

of the tail-spike protein of PM-CJR against a database of 600 bacteriophage tail-

spike/depolymerase genes. The top 4 hits from the analysis are shown below. The 

database was constructed via downloading the protein sequences from the NCBI 

database and performing a BLAST search using the command line interface (CLI). 

 

Hit & 

Accession no. 

Sequence 

Length 

Alignment 

length 

E-score Bit-

score 

Pident-

Score 

Providencia phage 

vB PstP PS3 

(YP_009819277) 

 

644 

 

69 

 

4.13E-07 

 

48.9 

 

36.232 

Providencia phage 

vB PstP PS3 

(QAX92390) 

 

644 

 

69 

 

4.13E-07 

 

48.9 

 

36.232 

Enterobacter phage 

phiKDA1 

(AFE86154) 

 

644 

 

49 

 

6.84E-05 

 

41.6 

 

46.939 

Enterobacter phage 

phiKDA1 

(YP_009167707) 

 

644 

 

49 

 

6.84E-05 

 

41.6 

 

46.939 
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Figure 2.15. (A) The protein alignment of the tail-spike sequence of phage PM-CJR 

with bacteriophage VB_PmiS-Isfahan. (B) The protein alignment of the tail-spike 

sequence of phage PM-CJR with bacteriophage vB_PmiP_RS10pmA.  

(A) 

(B) 
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Figure 2.16. (A) InterPro-Scan analysis of the amino acid sequence of the Tail-spike 

protein of bacteriophage PM-CJR. The protein sequence was input to the online 

analysis tool (InterPro-Scan v86.0) and the results output in graphical format. (B) The 

NCBI conserved domains database (CDD) output results for the analysis of the protein 

sequence of the tail-spike of phage PM-CJR.    

  

(A) 

(B) 
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2.4.8 Host range of P. mirabilis bacteriophage library 

 

Establishing the host range of newly isolated phages is important in determining their 

antimicrobial potential. The top-agar spot assay was employed to determine the host 

range of three Proteus phages against an array of P. mirabilis, P. penneri and P. 

vulgaris strains. 10 µL of phage was spotted onto the bacterial lawn in top agar and 

incubated overnight at 37 °C before checking the plates for lysis zones. The results of 

the host range assay is presented above in Table 2.5. Phage PM-CJR was able to 

effectively lyse 11 out of the 16 strains tested including showing activity against both 

P. penneri and P. vulgaris. When compared to Proteus phages TS1, phage PM-CJR 

displayed a slightly broader host range. 

Table 2.5. The host range of phage PM-CJR, and TS1 ( a second phage isolated during 

this project) on 14 different strains of P. mirabilis, 1 strain of P. vulgaris and 1 strain 

of P. penneri. A positive result was indicated by a + symbol. A negative result was 

indicated by a – symbol. A positive result is defined as the appearance of a turbid zone 

on the bacterial lawn where the phage was added to. 

Bacterial Host PM-CJR TS1 
P. mirabilis CI1  - - 

P. mirabilis BB2000 + + 

P. mirabilis 35508 + + 

P. mirabilis 51286 + + 

P. vulgaris UM266 + + 

P. penneri 12737 + + 

P. mirabilis B2 + + 

P. mirabilis B4 + + 

P. mirabilis RS1 - + 

P. mirabilis RS6 - - 

P. mirabilis RS17 - + 

P. mirabilis RS18 - + 

P. mirabilis RS28 + + 

P. mirabilis RS40 + + 

P. mirabilis RS47 + - 

P. mirabilis RS50A + + 
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2.4.9 Host adsorption assay of PM-CJR 

 

The host adsorption assay is a technique used to further characterize bacteriophages 

and determine their pharmacokinetic ability. This particular assay effectively 

determines the rate at which the phage adsorbs to the cell surface receptor of the 

bacterial host. If the phage has a rapid adsorption rate this indicates it may target 

several receptors. The adsorption assay was performed against P. mirabilis BB2000 

and the assay was performed over a 15 min period. During that time aliquots were 

taken from a phage-bacterial host solution and chloroform added before plating the 

samples out via the plaque assay method (Figure 2.18.). As can be seen from Figure 

2.17, as the samples were taken with progressing time, the percentage of viable 

phage particles in the starter culture began to decrease due to adsorption of the 

phage to the bacterial host’s surface receptor. Phage PM-CJR was determined to have 

a rapid host adsorption rate as 90 % of the viral particles had adsorbed to the host 

cells within the first 5 min. This is pharmacokinetically favourable especially when 

employing the virus as an antimicrobial to treat bacterial infections. The rapid rate 

may suggest that phage PM-CJR targets more than one cell surface receptor of P. 

mirabilis BB2000.  

 

 

 

 

 

 

 

 

 

Figure 2.17. The host adsorption assay for phage PM-CJR showing a general decrease 

in the number of viable phage plaques over a period of 15 min.   



2.4.10 Host adsorption assay of PM-CJR, plate images 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18. Schematic flow diagram showing the reduction in PM-CJR plaques formed over a period of 15 min on a lawn of P. mirabilis 

BB2000.The plaque reduction was used to derive the host adsorption rate of PM-CJR. (A) The plaque assay after 1 min. (B), (C),( D) The plaque 

assay after 2, 6 and 13 min respectively.  (E) The plaque assay after the 15th minute (endpoint) of the assay.

(C) (A) 

(B) (D) 

(E) 



2.4.11 One-step growth curve of PM-CJR 

 

The one-step growth curve assay is also an important technique required to allow for 

full characterisation of a novel bacteriophage. The one-step growth curve is essential 

as it allows for the life cycle of the virus to be studied in great detail and to identify 

life cycle stages e.g., the latent phase, release phase and then the plateau phase. The 

one-step growth curve also allows for the burst size of the virus to be determined. 

The inoculation stage and eclipse phase occur during the latent period of the viral 

lifecycle notated on Figure 2.19. The inoculation period is where the virus attaches 

to the host cell followed by the eclipse phase where the viral nucleic acids physically 

enters the host cell. The burst phase then follows the eclipse period in which new 

viral progeny are released from the cell. From the above chart, it can be seen that 

phage PM-CJR has a short latent period indicating that the virus can attach to the cell 

and enter the host rather quickly. The replication stage of the virus also seems to be 

a quick process as the maximum viral load is released after the 30-minute time point. 

This one-step growth curve is similar to that of other P. mirabilis phages e.g., P. 

mirabilis phage Pm5460 (244). 

 

 

 

 

 

 

 

 

Figure 2.19. The one-step growth curve for phage PM-CJR. The data presented shows 

the individual stages of the phage infection cycle. The chart also shows the latent 

period, the release period and the plateau stage. The chart also shows the respective 

burst size for phage PM-CJR.  

L 

Burst Size Burst Size 

Plateau 
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2.4.12 Thermal stability of PM-CJR 

 

Determining the thermal stability of bacteriophages is also an important factor to  

know as this allows  one to determine the potential applications the phage can be 

used for to treat bacterial infections e.g., as a component in a hydrogel  formulation.  

The thermal stability of phage PM-CJR was determined by exposing the phage to 

different temperatures for a defined period of time before plating the heat-treated 

lysate onto a lawn of P. mirabilis BB2000 to determine the titer of the treated 

solution.  From the data presented in Figure 2.20, is it clear to see that phage PM-CJR 

is rather thermally stable and can remain viable across an array of different 

temperatures. The phage is most stable up to a temperature of about 60 °C before it 

experiences a significant decrease in  PFU/mL at 70 °C. The phage is however still 

viable up to 80 °C  although not many phage particles remain at this temperature. 

From this data it could be assumed that phage PM-CJR is best suited for applications 

and formulation design that involve temperatures of around 60 °C which many 

hydrogel formulations can be synthesised at (273). 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. The thermal stability of phage PM-CJR, showing a gradual decrease in 

phage plaque forming units with increasing temperature. Phage titer was determined 

intermittently at a temperature range of 40 ° C to 100 ° C. The PFU/mL was determined 

using the Plaque assay protocol as described above.  
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2.4.13 Genomic comparison of PM-CJR to similar phage of the same 

family  

 

 Based on the overall nucleotide identity to the PM-CJR genomic sequence, three 

closely related bacteriophages were identified in NCBI Genbank. These 

bacteriophages were annotated as Proteus phages 2207-N35 (MN840487.1), 

vB_PmiP_RS10pmA (MG575420.1), and VB_PmiS-Isfahan (NC_041925.1), all being 

classified as members of the Gorganvirus genus in the Siphoviridae family. The 

results of comparison of genome structure and organization of all four closely related 

phages are presented in Figure 2.21. 

 Although all genomes are quite similar in terms of length, overall sequence identity, 

and gene number, several differences can be seen in the illustration. The most 

noticeable is a large inversion present in the genome of VB_PmiS-Isfahan compared 

to the other three phages. A number of regions of low sequence identity are also 

present, the majority of which are concentrated in genes encoding proteins with 

unknown function, mainly co-localized with early genes responsible for hijacking of 

the transcriptional and translational machinery of the host cell. Another noticeable 

difference is present in the 3′ end of the tail spike protein (gp059 in PM-CJR) 

responsible for host recognition and infection.



 

Figure 2.21. Genomic organisation and whole-genome comparison of PM-CJR and closely related phages. Areas of substantial 

similarity between two genomes are shown as trapezia connecting two genome regions coloured according to average nucleotide 

identity levels of these regions (as calculated by BLASTn). Arrows on the genome map represent identified genes and demonstrate 

the direction of their transcription. They are coloured to reflect common functions of the encoded products. Putative genes with 

unidentified function are shown in grey colour. Original functional annotations were used for each of the gene.



2.4.14 Isolation of bacteriophage TS1 

 

Several other phages were isolated during this PhD project with TS1 being the second 

phage to be isolated. TS1 was isolated from an enriched environmental sample of 

cow faecal matter and its host bacteria P. mirabilis ATTC 35508. Similarly, to phage 

PM-CJR a spot test of the enriched environmental sample followed by a plaque assay 

of the isolated phage was performed on the respective bacterial host. As can be seen 

from Figure 2.22, both the spot assay and plaque assay result are different from that 

observed when isolating PM-CJR. This suggests that phage TS-1 is potentially a 

different phage to PM-CJR based solely on the phage’s plaque morphology. TS-1 also 

possessed a halo around the central lysis region again indicating potential 

depolymerase activity of the virus. The plaque size was similar to that of PM-CJR in 

that it was between 1-3 mm in diameter.  

 

  

  

 

 

 

 

 

 

Figure 2.22. Phage TS1 isolation. (A) The spot test of several environmental isolated 

on a lawn of P. mirabilis ATTC 35508 with particular focus on the ‘Cow’ spot (Red). 

(B) The plaque assay for purified phage TS1 obtained from the ‘Cow’ spot.   

 

 

 

 

(A) (B) 
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2.4.15 Genome assembly of TS1 

 

The genome of TS1 was processed, assembled and annotated via the same approach 

as PM-CJR. The reads were trimmed, assembled via Unicycler assembly tool and 

annotated via Artemis with the help of NCBI BLAST and HHPRED. Genes of phage TS1 

were compared to the NCBI and HHPRED online databases and assigned function. 

The bandage assembly graph (Figure 2.23.) showed that the contigs assembled 

correctly indicating that the assembler managed to utilise the Kmer graphs correctly 

to assemble the viral genome. The genome of TS1 was 58,454 base pairs (bp) in length  

and on the graph the genome was not circularised, this may be due to a gap in the 

genomic reads obtained post sequencing and annotation.   

As can be seen from Figure 2.24, several interesting genes are encoded for by the 

genomic material of this phage. Of the genes annotate 4 genes were of particular 

interest due to their potential antimicrobial attributes. Phage TS1 codes for an 

alginate lyase enzyme and a potential alginate lyase enzyme. These enzymes have 

been classified as depolymerase enzymes and have shown antimicrobial potential 

against a wide host of bacterial pathogens (274–276) Also encoded was a lysis protein 

A and a peptidoglycan hydrolase, both known to act on the bacterial membrane and 

cell wall respectively during the lysis process of bacteriophage infection.  
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Figure 2.23. The Bandage assembly graph of phage TS1 showing the contig assembly 

of the phage genome and the total number of base pairs (bp) in the genome. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24. Assembled genome of TS1 and the respective key genes of interest, 

showing in particular two phage encoded alginate lysase enzymes and a peptidoglycan 

hydrolase.  

 

Phage TS1 

58,454 bp 
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2.5 Discussion 
 

The development and evolution of antimicrobial resistance is a natural phenomenon 

and the resistance to our current antibiotics is inevitable (277). However more can 

be done with regards surveillance, treatment and discovery of novel antimicrobials 

(278). The continued isolation and characterisation of novel bacteriophages is 

required to establish an effective arsenal of therapeutic agents which can be used to 

treat an array of MDR-infections in situations where antibiotics fail to do so. As 

resistance continues to increase every day, the use and evaluation of bacteriophages 

as alternative antimicrobial agents is being reconsidered (279) (280) (281). The 

predator-prey relationship between phage and bacteria make them an obvious 

candidate to be used in place of or alongside other antimicrobials.   

Bacteriophages are commonly isolated in relatively high abundance from 

environments which are rich with bacteria e.g. wastewater or faecal matter (282). 

The high density of bacteria present increases the chances of the respective phage 

being present and thus isolation of the virus is somewhat easier.  

Several bacteriophages were isolated during this research project. Eight 

bacteriophage were isolated from animal faecal matter and an additional seven 

bacteriophages were isolated from wastewater samples. Due to the early 

observations of two particular phages on their host, this chapter focused on these 

two phages (PM-CJR and TS1).  

Bacteriophage PM-CJR (NCBI GenBank accession number: MZ643249) was isolated 

from mud samples collected from the vicinity of the Shaw’s Bridge on River Lagan, 

Northern Ireland. The spot test of the enriched PM-CJR supernatant resulted in a 

clear zone of lysis on a lawn of P. mirabilis BB2000. Several phages were detected 

during this spot test from different environmental regions, however PM-CJR 

substantial lytic activity and thus was selected for subsequent plaque assays (Figure 

2.2.). Initial plaque assay of the enriched sample revealed the presence of potentially 

two bacteriophages in the sample, one lytic, designated PM-CJR (Figure 2.3.) and one 

showing lysogenic features (Figure 2.4.). The purified PM-CJR showed small circular 

lysis zones on a lawn of P. mirabilis BB2000 with a halo around each lysis region which 
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is indicative of phage associated depolymerase activity (283). The second phage 

observed during the plaque assays showed a cloudy/turbid lysis zone indicative of 

lysogenic bacteriophages. The presence of lysogenic phage plaques can also be 

described as a “bulls eye” appearance due to the re-growth of the bacteria such as in 

the case of the lambda like phage P22 (284) (285). However the turbid plaque 

morphology observed could also have been due to a case of rapid bacterial resistance 

to said phage either via spontaneous mutation by the host or by antigenic phase 

variation resulting in a change to the initial receptor the phage used to attach to the 

host cell, a situation commonly seen particularly in Gram-negative bacteria such as 

Salmonella enterica and P. mirabilis (286). Further characterisation of this potentially 

novel lysogenic phage could have been made possible via purification and 

downstream genomic sequencing however as this thesis is solely focused on lytic 

bacteriophage for therapeutic use, this was not considered a priority study, although 

the phage was purified and preserved for future studies. 

As stated, PM-CJR produced small plaques on a lawn of its host strain (P. mirabilis 

BB2000) and displayed a rather prominent halo around each lysis zone (Figure 2.5.). 

Said halo is thought to be an indicator of depolymerase activity as a result of phage 

infection (287). Such halos tend to lack or possess extremely low numbers of whole 

bacteriophage and are thought to be a result of the diffusion of phage encoded 

enzymes which due to their attribute of being smaller than the phage itself, can 

diffuse more easily through the bacterial lawn (288). The depolymerase act on 

extracellular components of the bacterial cell such as the bacterial capsule (289). 

Phages which possess the ability to code for depolymerase enzymes are known to be 

able to show an enhanced ability to tackle bacterial biofilms due to their ability to 

degrade the EPS of the biofilm via depolymerase associated hydrolysis (202).  

The depolymerase of PM-CJR shows favourable expansion rate (Figure 2.7.) as after 

just 24 h the halo zones have almost completely merged into one large zone of 

degradation. Several P. mirabilis strains have been reported to possess extracellular 

capsules, the halo zones observed could be a direct result of the enzymes mode of 

action and consequent hydrolysis of the P. mirabilis capsule as it expands across the 

bacterial lawn (290). Interestingly as can be seen in Figure 2.8, when the plate in left 
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at room temperature for a further 3 days, a second zone of potential depolymerase 

activity can be seen emerging from the lysis zone. This could be explained as 

potentially a secondary depolymerase enzyme encoded by the phage or perhaps 

simply as the renewed activity of the original depolymerase acting on now resistant 

P. mirabilis that has recolonised the original halo zone. It is also thought that 

bacteriophages coding for two or more depolymerase enzymes would be more 

effective at degrading biofilms because in theory the enzymes can work more rapidly 

or on different components of the biofilm leading to more successful hydrolysis. 

Employment of two depolymerase enzymes which target bacterial capsules, has been 

shown to greatly affect the virulence of certain bacterial species e.g., Klebsiella 

pneumoniae. Removal of bacterial capsule also makes cells more susceptible to 

phagocytic degradation and thus holds promise for the use of phage as an 

antimicrobial agent in the clinics of western medicine (291).           

Transmission electron microscopy of PM-CJR suggests that the phage can be 

classified as a siphovirus due to the presence of a thin, long tail extending from the 

phage capsid head (Figure 2.9.). Said tail is also thought to be rather flexible and non-

contractile (292). The tail of Sipoviridae phages and therefore that of PM-CJR are built 

of stacks of disks composing of 6-subunits. In addition, phages belonging to the 

Sipoviridae family have their heads and tails assembled separately during the 

replication process (293).  The isometric capsid head of PM-CJR is roughly 60 nm in 

length and the tail is around 140 nm in length which is what is to be expected from a 

phage belonging to the Sipoviridae family.  

The genomic analysis of PM-CJR revealed the phage had a 54,169 bp genome (Figure 

12) which is typically observed for other Proteus phages. The genome was assembled 

from trimmed reads using a quality score of 30 and above (Q>30) as can be seen in 

Figure 2.10. Figure 2.10. and 2.11, both validate that the sequencing was of good 

quality as the FASTQ reads obtained were both of a high standard with effectively no 

N bases (0 % N-bases) recorded. The aim of genomic sequencing was to firstly 

annotate each phage and then identify key enzymes that may hold antimicrobial and 

more specifically antibiofilm activity. Phage PM-CJR genome sequence analysis 

revealed several genes of interest. The genome assembly was performed using 
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Unicycler which incorporates the SPADES assembly software which is beneficial for 

smaller genomes such as those of bacteriophage as SPADES use de-Bruijn graphs and 

a K-mer assembly approach to construct a whole consensus sequence (294). 

Annotation of PM-CJR (Figure 2.12.) revealed 9 genes that were of particular interest 

and of these 9 it is believed that at least 3 may hold potential as antimicrobial agents 

with particular focus on gene 23, a pectate lyase, gene 26, a peptidoglycan protease 

and gene 71, a potential endo pectate lyase (Table 2.2.).  Pectate lyases are a type of 

enzyme belonging to the lyase group of enzymes. Hyaluronate, pectate and alginate 

lyases are all classic examples of lyase enzymes (295). Pectate/pectin lyase enzymes 

are commonly characterised via the cleavage of α-1,4 bonds of polygalacturonic acids 

and have previously been described in Pseudomonas, Vibro and Klebsiella phages 

however less literature is available on the depolymerases and in particular the 

pectate lyases of P. mirabilis phages (155,296,297) This pectate lyase which is 

thought to act on the extracellular components of bacterial cells may be the causative 

agent of the halos observed during the plaque and spot assays previously mentioned 

in Figures 2.7. & 2.8. in which the polysaccharide capsule of P. mirabilis BB2000 is 

being degraded (298). Such depolymerases hold promise as antimicrobial agents as 

described by Zhimin et al., 2017, in which they showed the antimicrobial effect of a 

phage depolymerase on E. coli biofilm formation (299). 

In both Gram-positive and Gram-negative bacteria, peptidoglycan is known to be a 

major component of the bacterial cell envelope (300). Peptidoglycan is essentially a 

repeating cycle of disaccharide backbones of N-acetylglucosamine and β-(1-4)-N-

acetylmuramic acid cross-linked via peptide chains (301). Such a unique structuring 

of these molecules provides the bacterial cell with structural integrity and thus 

identifying antimicrobials that can break down such components would prove to be 

effective antimicrobial agents.  

Peptidoglycan hydrolyses/proteases are unique types of enzymes that possess the 

ability to degrade the peptidoglycan layer of the bacterial host. Phage encoded 

peptidoglycan hydrolyses are commonly referred to as endolysins and VAPGHs/virion 

associated lysins (VALs) as they degrade the peptidoglycan layer of the host from 

within the cell and usually at the end of the viral replication cycle (302). 
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Compromising the structural integrity of the peptidoglycan of bacterial cells creates 

a disruption in the osmotic balance between the cell and its surrounding environment 

and thus the cell is eventually lysed and the viral particles are released (303). The 

activity of phage endolysins are largely controlled by the presence of holins which are 

synthesised during late-stage phage replication. Holins puncture holes in the 

cytoplasmic membrane allowing the release of the endolysins and thus the 

destruction of the bacterial hosts peptidoglycan region. 

Gene 26 of phage PM-CJR codes for a peptidoglycan protease. As stated, this enzyme 

possesses the ability to degrade the peptidoglycan layer of the host cell. Such 

enzymes are considered an attractive antimicrobial agent due to their specificity and 

efficiency; a number of endolysin clinical trials are in different stages of clinical and 

preclinical trials (304,305). However, as P. mirabilis is a Gram-negative 

microorganism, accession of this purified enzyme to the peptidoglycan layer of the 

cell is restricted due to the presence of an lipopolysaccharide outer membrane 

‘shielding’ the peptidoglycan region (306). As a result of this, application of the phage 

endolysin directly to the cell may not be an effective mode of antimicrobial therapy. 

One method to overcoming this issue and ensuring the enzyme is bactericidal 

towards its host is via enzyme engineering. The addition of the endolysin with an 

‘artilysin’ effectively allows for the enzyme to cross the outer membrane and reach 

its targeted site in which peptidoglycan hydrolysis occurs and subsequent cell death. 

Briers et al., 2014 showed that combination of an endolysin with an artilysin carrier 

allowed for a 4 to 5 log reduction of various multi drug resistant bacteria within just 

30 min. Such a study highlights the importance for the in-depth characterisation of 

phage endolysins and their true potential to act as alternative antimicrobial agents 

(307). As a result, the endolysin of PM-CJR may hold promise in the treatment of P. 

mirabilis associated infections without affecting beneficial microbiota.  

The genome assembly and annotation of PM-CJR revealed not only proteins which 

may hold promise in the bid to tackle antimicrobial resistance but also key proteins 

which illustrate the battle between phage and host in the bid for dominance while 

locked in their own evolutionary arms race e.g. Gene 37, the CRISPR/Cas system 

associated protein. It is now widely accepted that bacteria can employ CRISPR/Cas 
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mechanisms as a means to establish resistance towards bacteriophage (308). 

Bacterial CRISPR/Cas systems, consists of two components, the CRISPR locus and the 

Cas nuclease genes. CRISPR/Cas immunity involves the integration of foreign DNA 

(such as bacteriophage or plasmid DNA) into its own nucleic acid assembly which 

allows for the transcription of small RNAs which facilitate the degradation of the 

foreign DNA by the Cas nuclease resulting in host protection from foreign  genetic 

material (309). However, as the relationship between phage and host is that of a 

predator prey situation, phage have also developed their own mechanism to 

overcoming CRISPR/Cas immunity. 

Many phages have been discovered to possess anti-CRISPR proteins (Acrs) which 

inactivate the host CRISPR/Cas system. These proteins usually act by inhibiting the 

action of the Cas nuclease (310) Gene 37 of PM-CJR was annotated to be a CRISPR/Cas 

associated protein. This indicates that said phage may possess the ability to overcome 

the resistance CRISPR/Cas resistance mechanism of P. mirabilis. Although P. mirabilis 

BB2000 has been shown to not possess any CRISPR/Cas locus throughout its genome 

(311), the employment of PM-CJR against other various strains of P. mirabilis may 

prove a more effective antimicrobial against other resistant strains of P. mirabilis due 

to its ability to potentially counteract the CRISPR/Cas resistance mechanism. 

The host range of a bacteriophage is possibly one of the most vital factors in 

determining if a phage will be suitable for phage therapy. The ability of a 

bacteriophage to infect and kill a wide number of targeted host strains of the same 

species while not disrupting the normal microbial flora of the patient is effectively an 

‘ideal’ situation (233). PM-CJR shows a relatively efficient infectivity rate in relation 

to the strains tested (Table 2.5.). Out of 16 strains tested, of which 15 were clinical 

isolated, PM-CJR  had a 69 % infectivity rate, infecting 11 of these strains, of which 10 

were clinical isolates. Although this is still a relatively high infectivity rate, more 

reliable results could have been achieved if more Proteus species and strains were 

available for testing. The fact that PM-CJR was not able to infect every single strain 

highlights one of the major challenges that faces phage therapy. The inability of PM-

CJR to infect strains such as P. mirabilis RS17 indicates that RS17 and BB2000 may 

possess different types of cell surface receptors or that RS17 may be more greatly 
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equipped to stop phage replication after injection of the viral nucleic acid (312). 

Regardless of the defence mechanism the host bacterium employs to prevent phage 

mediated lysis, research into expanding the host range of phage and overcoming the 

resistance issue is pivotal in for phage therapy. One method to overcoming phage 

host range complications involves the use of multiple host strains when originally 

isolating the virus essentially allowing for the selection of a virus which can infect 

multiple strains of the same species (235). Furthermore another technique which 

involves phage incubation with several strains allows for the production of phage 

clones with a more greatly enhanced host range and in many cases more effective 

anti-biofilm properties (313). Such techniques could be applied to PM-CJR to make it 

a more lethal antimicrobial agent with an expanded host range and with improved 

antibiofilm properties.  

Phage TS1 showed an 81 % infectivity rate in relation to the strains tested. TS1 was 

able to successfully infect and kill 13 out of the 16 strains of which 12 were clinical 

isolates. The use of both phages (PM-CJR and TS1) in a cocktail formulation for the 

treatment of P. mirabilis infections could be a possible method to improving their 

antimicrobial efficiency, however as they have similar host ranges, the use of 

alternative phages with a more diverse host range would probably result in a greater 

antimicrobial effect as more successful lysis would most likely occur due to less 

competition between the phages for the same cellular receptors etc (314).     

During the infection stage of the phage lifecycle, the first step is the adsorption of the 

virus to a cell surface receptor on the host. This process is described using mass-

action kinetics to determine the adsorption rate of the phage in question (259). The 

general basis of host adsorption rate is based on the theory that an environment with 

a high density of host bacteria is considered equivalent to a phage which has a high 

rate of adsorption to the host cell. Furthermore, as a result of this assumption it is 

thought that phages with a fast adsorption rate will also have a shorter lysis time and 

thus an overall quicker infection rate. Studies have also shown that the rate of 

adsorption plays a major role in the fitness of a bacteriophage (315).  It was 

determined that 90 % of the phage PM-CJR had adsorbed to the bacterial cells within 

the first 5 minutes of the adsorption assay post phage addition (Figure 2.18.). Using 
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this information it can be assumed that PM-CJR’s fast adsorption rate may be due to 

its ability to recognize several different receptors on its host and can initiate infection 

quickly due to an array of attachment sites available to the phage. This fast 

adsorption rate would be beneficial if phage PM-CJR was to be used as a component 

of a phage cocktail  

The one step growth curve is an imperative technique for phage characterization as 

it gives an idea of how quickly the phage replication cycle can proceed at and thus is 

important when considering infection clearance times. The one step growth curve 

assay for PM-CJR allowed for identification of unique stages of the phage lifecycle. 

From the data in Figure 2.19, the latent period and the plateau period can both be 

seen. The burst size can also be seen due to the significant increase in phage titre 

(PFU/mL) caused as a result of phage lysis from the cells into the surrounding 

solution. The burst size of PM-CJR was determined to be roughly 30 Plaque forming 

units per cell (PFU/cell). This is considered to be an average burst size for other similar 

P. mirabilis bacteriophages (244,316,317). 

The role external factors play on bacteriophage preparations are of immense 

importance to the pharmaceutical industry when attempting to develop phage 

therapeutics. As a result certain physical traits of each phage need to be well 

understood. The thermal stability of bacteriophages is fundamental knowledge for 

phage based pharmaceutical preparations.  Previous studies have shown that tailed 

bacteriophages have a slight advantage in terms of thermal stability over phages 

which lack tails (318). PM-CJR was relatively stable at 40 °C for 1h (Figure 2.20.) with 

a slight decrease at 50 °C and a further slight decrease at 60 °C. A significant decrease 

in phage titer was evident between 60 °C and 70 °C. Some phage was still present at 

low titer at 80 °C, 85 °C and 90 °C after 1 h incubations.  Similar results have been 

reported in other phages e.g. Listeria phages P100 and A511, which both saw 

significant reductions in phage titre at temperatures around 70 °C (319). The fact that 

PM-CJR displayed quite a stringent thermal stability across a range of temperatures 

suggests that once again this phage may be useful to the pharmaceutical industry for 

phage therapy and may prove to be of benefit for phage preparations or applications 

requiring high temperatures (320).   
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Genomic comparison (Figure 2.21.) of PM-CJR with four other recently isolated 

phages revealed that it shared high similarity with three other bacteriophages, RS-10 

isolated in the UK, vB_PmiP_RS10pmA discovered in Russia and VB_PmiS-Isfahan 

isolated in Iran (321,322) The four phages were annotated as Proteus phages 2207-

N35 (MN840487.1), vB_PmiP_RS10pmA (MG575420.1) and VB_PmiS-Isfahan 

(NC_041925.1), all being classified as members of the Gorganvirus genus in the 

Siphoviridae family. All phages share high sequence homology and as a result it can 

be assumed that they would all target very similar cell surface receptors on their host 

(323,324) However as can be seen from Figure 2.21, there are some differences 

between the phage genomes. The most noticeable of the differences is the presence 

of a large inversion present in the bacteriophage genome of VB_PmiS-Isfahan 

compared to other three phages. A number of regions of low sequence identity are 

also present, the majority of which are concentrated in genes encoding proteins with 

unknown function, mainly co-localized with early genes responsible for hijacking of 

the transcriptional and translational machinery of the host cell. Another noticeable 

difference is present in the 3’ end of the tail spike protein (gp059 in PM-CJR) 

responsible for host recognition and infection. 

Despite these difference, the phages tend to share a generalized sequence homology 

and most likely prey on a similar host range. Due to this it would be beneficial if 

different Proteus phages were used together in a therapeutic cocktail to prevent 

competition between the phages for adsorption to the host. The use of genetically 

diverse phages is more beneficial as they can each target different cell receptors and 

in the event of resistance to one phage e.g. via antigenic phase variation, the other 

phages are still able to infect via different receptors and kill the host. Although issues 

would arise in relation to competition between phages for adsorption to the host, 

the isolation and characterization of these novel phages allows for the identification 

of a wider array of enzymes that could potentially be isolated and applied for 

therapeutic use. The combination of the enzymes from several different phage may 

even be capable of enhanced antimicrobial synergy (325). 
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An additional P. mirabilis phage was isolated during this PhD research project 

however the phage is not as fully characterized as PM-CJR due to timing constraints. 

Phage TS1 was isolated from the fecal matter of a dairy cows from a farmland in 

Northern Ireland. The plaque assay of this phage showed quite a unique morphology 

with large “Bubble” like plaques. TS1 was isolated against P. mirabilis ATCC35508. 

The original spot test for TS1 (Figure 2.22, A) indicated that TS1 may have been a 

lysogenic bacteriophage due to the turbid lysis zone, however after several plaque 

assay purifications it was confirmed that TS1 was lytic due to the presence of clear 

plaques produced on the agar lawn of P. mirabilis ATCC 35508 (Figure 2.22, B) 

Furthermore genomic sequencing of TS1 did not reveal any lysogenic genes such as 

integrase confirming it was not a lysogenic phage.  

Genomic analysis of TS1 revealed that the phage had a 58,454 bp genome indicating 

that TS1 had a slightly larger genome than that of PM-CJR (Figure 2.23 & 2.24.). 

Analysis of the key genes for TS1 revealed some interesting genes of therapeutic 

interest. Genomic annotation revealed that TS1 may indeed possess two different 

types of depolymerase enzymes. An alginate lysase gene was identified along with a 

potential alginate lyase. Phage encoded alginate lyases cleave the β-1,4 bonds of the 

subunits of hyaluronic acid and are thought to aid phage access to cell surface 

receptors (326). The isolation and purification of the alginate lyase of TS1 could 

potentially be applied to biofilm treatment of P. mirabilis and theoretically other 

alginate rich biofilms (327).  

The use of both phages (PM-CJR and TS1) in a cocktail formulation for the treatment 

of P. mirabilis infections could be a possible method to improving their antimicrobial 

efficiency; however, as they have rather similar host ranges, the use of alternative 

phages with a more diverse host range would probably result in a greater 

antimicrobial effect as more successful lysis would most likely occur due to less 

competition between the phages for the same cellular receptors (314).     
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2.6 Conclusion 

 

The continued isolation and characterisation of novel bacteriophages is imperative 

to ensure the establishment, maintenance and up-to-date arsenal of bacteriophages 

capable of tackling multi-drug resistant strains of bacteria. As stated, P. mirabilis is an 

opportunistic pathogen which can cause major complications for catharized patients, 

particularly those who are immunocompromised. The goal of this thesis chapter was 

to isolate a novel P. mirabilis bacteriophage, capable of infecting its respective host 

strain. Furthermore, the full characterisation of the phage was essential to fully 

determine its potential antimicrobial applications. 

Bacteriophage PM-CJR was successfully isolated from a park land region (Shaws-

Bridge) in Northern Ireland. The phage was successfully able to infect and lyse its 

bacterial host P. mirabilis BB2000 in addition to several other clinical strains of 

Proteus bacteria. Bacteriophage PM-CJR was fully characterised at both the 

microbiological and genomic level to assess its antimicrobial efficacy in depth. At the 

microbiological level, it was determined that the novel bacteriophage had quite a 

rapid host adsorption rate due to the 90 % adsorption observed within the first 5 min 

of phage addition to the culture of P. mirabilis BB2000. Furthermore, the one step 

growth curve for phage PM-CJR revealed that the phage had a short latent period 

when infecting P. mirabilis BB2000 and had a subsequent phage burst size of 30 

PFU/cell. The phage also proved to be relatively thermally stable across an array of 

differing temperatures which is a promising result especially when considering 

potential phage based pharmaceutical formulations to take bacteriophages to the 

clinical setting. 

Genomic analysis of phage PM-CJR revealed the phage possessed several potential 

antimicrobial enzymes encoded throughout its genome with the most interesting 

being a pectate lyase gene. This gene is thought to be a bacteriophage associated 

depolymerase enzyme which could hold promising antimicrobial potential to treat P. 

mirabilis associated infections.  
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The genomic comparison of phage PM-CJR with several other bacteriophages showed 

that the phages all belonged to the novel Gorganvirus genus in the Siphoviridae 

family. The high sequence homology between these phages was evident after 

extensive genomic analysis. Apart from a major inversion as previously stated the 

phages are highly similar at the genomic level. 

The successful isolation and in-depth characterisation of phage PM-CJR has provided 

an addition to an ever-growing phage arsenal with the ability to treat P. mirabilis 

infections. The enzymes encoded by the genome of phage PM-CJR also act as a 

promising antimicrobial option in addition to the bacteriophage itself and will be 

further explored throughout this thesis.  
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Chapter 3. 

Testing of Phage PM-CJR as a 

Potential agent for The Treatment 

of Proteus mirabilis Catheter 

Associated Urinary Tract Infections 
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3.1 Abstract 
 

The following chapter aims to present data illustrating the potential application of 

Proteus mirabilis phage PM-CJR as a therapeutic treatment option for catheter 

associated urinary tract infections (CAUTIs). Here the potential of PM-CJR to treat 

Proteus associated infections in a range of differing scenarios is assessed. The phage 

will be applied via in vitro assays, ranging from an artificial bladder model system to 

its incorporation into a hydrogel formulation to prevent bacterial swarming across 

urinary catheters. In addition to employing PM-CJR as a solo antimicrobial agent, 

experiments designed show the potential of PM-CJR to act as a promising 

combinational treatment option alongside citric acid (C6H8O7), a weak organic acid, 

which has been previously demonstrated to act as an effective antimicrobial against 

P. mirabilis strains. The unique combination and antimicrobial activity of the 

bacteriophage PM-CJR and citric acid is demonstrated to prove its effectiveness 

against P. mirabilis both in hydrogel formulations and in preventing catheter 

encrustation caused by P. mirabilis.  
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3.2 Introduction 
 

Proteus mirabilis as is a Gram-negative, rod-shaped bacterium that is a common 

cause of catheter associated urinary tract infections, as well as being responsible for 

90 % of all Proteus infections in humans. 

One characteristic feature of P. mirabilis that is of significant clinical relevance is its 

ability to form unique crystalline biofilms which is mainly due to the ability of                    

P. mirabilis to produce the enzyme urease. Urease causes the hydrolysis of urea in 

patients’ urine and results in a pH shift which facilitates conditions favourable for the 

formation of struvite and apatite crystals. These crystals become embedded in a 

polymeric biofilm matrix harbouring the P. mirabilis bacteria and continue to grow, 

ultimately leading to the blockage or urinary catheters, which can prove quite serious 

to catharised patients (328,329) In addition to urease activity, other virulence factors 

have been linked to Proteus ability to form crystalline biofilms including its swarming 

activity (330). 

The name Proteus was assigned to this particular species of bacteria by Hauser due 

to its likeness to the Greek God of the ocean ‘Proteus’ ‘who would take many shapes 

to escape questioning’ rather like the morphological changes observed in P. mirabilis 

and Proteus vulgaris which swarm from a central zone (47). The swarming motility 

associated with P. mirabilis  (Figure 3.1.) has been of great interest to microbiologists 

since it was first described in 1885 by Hauser (331). The rod-shaped cells of P. 

mirabilis are usually between 1-2 µm in length and roughly 0.6 µm wide. When grown 

on solid medium it has been observed that the cells undergo an extreme 

morphological metamorphosis into remarkably elongated cells roughly 20-80 µm in 

length and 0.7 µm wide. During this process it was also determined by Hoeniger that 

the elongated cells had a greater abundance of flagella per volume of cell and an 

increased length in flagella (from 0.75 µm to 5.25 µm). The undifferentiated cells 

usually possess between 1 and 100 flagella however the elongated swarmer cells 

possessed between 500 and 5000 (332). Studies relating to Pseudomonas aeruginosa 

swarming and phage infection of these cells have shown that infection of a 

subpopulation of swarming cells abolishes swarming in the remaining bacterial 



 

133 
 

population and repulses the uninfected population of bacterial cells away from the 

infecting phage zone. This abolishing of swarming in the P. aeruginosa cells is a result 

of the release of a quinolone signalling molecule ‘PQS’. There is no reported evidence 

of this phenomenon occurring in P. mirabilis strains, but it is still a possibility due to 

the nature of the swarming cells. 

 

 

 

 

 

 

 

Figure 3.1. Bulls-eye swarming appearance of P. mirabilis BB2000 on a low swarm 

LB agar plate incubated for 48 h at 37 ° C. Swarming appears macroscopically as 

concentric rings of growth from the central inoculum, with each ring resulting from 

one of the periodic migration of bacteria outwards. (Image obtained in-house by the 

author of this thesis). 

 

Swarming initiation and progression are facilitated via several factors ranging from 

surface moisture to physical barriers and even growth inhibiting factors. Inhibiting 

the initiation of swarming in Proteus may prove to be an effective method in treating 

Proteus related infections. Dry surfaces have been demonstrated to be sub-optimal 

towards P. mirabilis in terms of swarming. It has been shown that using dried agar 

plates or even plates pre-treated with alcohol (to remove the moisture content of the 

agar) has prevented Proteus from initiating swarming. Growth inhibitors have also 

proven effective in preventing swarming of P. mirabilis e.g. the addition of several 

antibiotics and metabolic inhibitors i.e. sodium azide, fusidic acid, neomycin and 

polymyxin have been shown to inhibit swarming (333,334) In addition the purine 

bases of DNA also appear to  be effective in inhibiting the swarming of P. mirabilis 

due to the ramification of its growth inhibitory nature (335).  
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In addition to swarming P. mirabilis possesses a host of other various virulence factors 

that enhance its roles as an opportunistic pathogen particularly of the urinary tract 

to aid the formation of crystalline biofilms. P. mirabilis adhesive mechanisms is one 

of its most powerful tools for initiating infections. The bacterium’s unique ability to 

colonize and establish on a host of different surfaces including medical devices makes 

it a significant clinical problem in the health care setting. P. mirabilis utilises and 

employs a variety of different fimbriae to aid attachment to a surface of medical 

devices such as urinary catheters to initiate biofilm formation (336). P. mirabilis 

employs several main fimbriae e.g., the Uroepithelial cell adhesion fimbriae (UCA). 

The UCA fimbriae play an essential role in the adhesion of the P. mirabilis cells to 

uroepithelial cells and in addition plays an important role in the colonization of the 

urinary tract. Another fimbria is PMF (Proteus mirabilis Fimbriae), this particular 

fimbriae is essential for the internalisation and colonization of bladder and kidney 

cells during infection (337).    

Motility is defined as the ability of an organism to move independently using 

metabolic energy. Motility is one of P. mirabilis greatest virulence factors which 

allows this opportunistic pathogen to quickly colonise the urinary tract of various 

organisms and initiate biofilm formation. P. mirabilis infection usually begins via 

invasion of the periurethral region before travelling to the bladder and other regions 

of the urinary tract via the urethra (338). Motility for P. mirabilis is brought about via 

the swarming mechanism stated above and an increase in swarming results in an 

increase in virulence factors to allow for rapid production of crystalline biofilms in 

which the P. mirabilis cells are embedded. (339).  

P. mirabilis also encodes for a number of toxins and enzymes that enhance its ability 

to infect, outcompete competitor bacteria and colonise different regions of the 

urinary tract, bladder and kidneys. Proteus toxic agglutinin (PTA) is an outer 

membrane autotransporter targeting protein that facilitates the aggregation of cells 

and also possesses the ability to lyse the cells of the kidney and bladder. P. mirabilis 

pta deficient strains have decreased pathology as well as a reduced ability to colonize 

the urinary tract and kidneys (340,341). The production of haemolysins from                                

P. mirabilis are another important virulence factor which aid the establishment of                
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P. mirabilis in the urinary tract. Because the iron content of the urinary tract and 

bladder is relatively limited, the bacteria  is well adapted to scavenge the limited iron 

ions in the urine. Iron is clearly required for P. mirabilis pathogenicity as the genome 

of P. mirabilis has five dedicated genes for the acquisition of iron. Furthermore, 

mutation of these five genes has been shown to reduce the virulence of P. mirabilis. 

One of these five genes, notated hmuR2 encodes a haem receptor which is highly 

important for P. mirabilis colonization of the kidney and bladder and thus aids 

formation of crystalline biofilms. Two other iron receptors PMI2596 and PMI0842 

have also been shown to be important for P. mirabilis colonization of the urinary tract 

(342,343).  

Evasion of the host immune system is another noteworthy virulence factor that                 

P. mirabilis possesses. Generally speaking, any foreign body present within a host will 

trigger an innate or adaptive immune response. The ability of P. mirabilis to evade 

the host immune system is brought about via several evasion methods (344).                      

P. mirabilis encodes for a metalloproteinase called ZapA. ZapA is a broad spectrum 

proteinase that can cleave serum and secretory immunoglobins (IgA1, IgA2 & IgG) 

(345). ZapA can also regulate the abundance of MR/P flagella expression and in doing 

so can trick the host immune system aiding its evasion (346). There is also the 

potential for ZapA to degrade or cleave a component of the tail-spike region of 

bacteriophages which may interfere with bacteriophage infection during phage 

therapy. Most reported cases of bacterial proteases preventing successful phage 

infection include those which interfere with the phage replication cycle however as 

ZapA is an externally secreted protease it may interfere with the protein structure of 

the bacteriophage particle (347).  

This ZapA mechanism described above allows for P. mirabilis to establish itself in the 

urinary tract of patients and effectively form struvite and apatite crystals and harbour 

itself within these crystals which are most commonly found in the bladder and urinary 

tract of a patient. In doing so this makes antimicrobial treatment for P. mirabilis 

infections painful and difficult especially for immunocompromised patients and even 

after symptoms cease, the bacteria may still be present within the crystals and can 

re-initiate infection at any time. Complete eradication of persistent P. mirabilis 
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infections is also complicated by the increasing prevalence of strains resistant to 

antibiotics.   It is clear to see the looming threat P. mirabilis poses in relation to 

Urinary tract infections (UTIs) and in the age of peak antibiotic resistance, novel 

therapeutics are readily required to attempt to ease the burden cause by such an 

opportunistic pathogen. In the past two decades, isolated strains of P. mirabilis 

strains have been susceptible to today’s standard clinical antibiotics (Table 3.1.) e.g. 

Ampicillin, amoxicillin and trimethoprim (348). However, it has also been noted that 

of these recently isolated strains around 10 % of them were resistant to a large 

quantity of traditional antibiotics e.g., cefepime, ceftazidime, ceftriaxone, 

highlighting the need for novel antimicrobials (349). Furthermore, it has been 

reported that antibiotics such as teicoplanin, linezolid, vancomycin dalfopristin and 

quinupristin have now no clinical use towards the treatment of P. mirabilis infections 

anymore and a high level of resistance (over 60 %) observed in P. mirabilis strains 

against said antimicrobials including even novel antibiotics and ‘last resort’ antibiotics 

such as colistin (350). Other novel antibiotics such as the recent discovered 

glyclcycline, tigecycline has shown poor in vitro activity against P. mirabilis when 

compared to other pathogenic Gram-negative bacilli (351).    
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Table 3.1. The percentage of resistant P. mirabilis strains isolated in recent years, to 

traditional antibiotics. Table illustrates the resistance of P. mirabilis across six 

different families of antibiotics (352–355) 

Antibiotic Percentage (%) of Resistant  

P. mirabilis Isolates 

Aminoglycosides: 

Amikacin 64/1500 (4.3) 

Gentamicin 195/1532 (12.7) 

Tobramycin 143/1073 (13.3) 

 

Carbapenems: 

Meropenem 11/1390 (0.8) 

Oripenem 0/44 (0) 

Imipenem 

 

1st Gen Cephalosporins: 

Cefalothin 

Cephazolin 

754/2142 (35.2) 
 
 

 
 

13/106 (12.3) 
3/25 (12.0) 

 
 

Polymyxins:  

Polymyxin B 133/142 (93.7) 

Colistin (Polymyxin E) 238/242 (98.3) 

  

Tetracyclines:  

Tetracycline 158/164 (96.3) 

Tigecycline 357/1040 (34.3) 

 

Quinolones: 

 

Ciprofloxacin 1063/3337 (31.8) 

Gatifloxacin 20/62 (32.2) 

Levofloxacin 368/1839 (20.0) 

Ofloxacin 45/204 (22.0) 
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In addition to the resistance observed of P. mirabilis strains towards the antibiotics 

listed in Table 3.1, the number of extended spectrum beta-lactamases (ESBLs) found 

across P. mirabilis strains has also increased in recent years (356). ESBLs work via a 

hydrolysis mechanism in which the enzyme hydrolyses the peptide bond (Figure 3.2.) 

of the beta-lactam ring essentially rendering the antibiotic ineffective against its 

target host (357). The origin of these ESBLs is thought to occur via recombinational 

processes and is most likely the result of conjugative and integrative elements of the 

hosts genome and also of plasmid origin e.g., the CTX-M ESBL found across an array 

of P. mirabilis strains in Japan (358,359)  

 

Figure 3.2. Hydrolysis of the peptide bond of the four carbon (4C) Beta-lactam ring 

of Cephalosporin, a beta lactam antibiotic belonging to the Cephems group of 

antibiotics. Hydrolysis of the Beta lactam ring results in the production of an inactive 

metabolite which is no longer potent to the targeted bacteria (360,361).  

Because P. mirabilis can cause an array of infections ranging from CAUTIs, cystitis, 

prostatitis, to wound infections and burn infections, its ubiquitous nature makes it a 

concerning opportunistic pathogenic microorganism of clinical significance (362). 

Due to the increase in the number of drug resistant strains of P. mirabilis, novel 

therapeutics are required to treat P. mirabilis facilitated infections. Bacteriophages 

and their enzymes were named as one of the most promising alternative therapeutic 

agents in the influential AMR Review 2016 (https://amr-review.org/). Nevertheless, 

while a substantial number of bacteriophages have been isolated against P. mirabilis 

to date (as was mentioned in Chapter 2), one of the main problems facing phage 

Cephalosporin Inactive Metabolite 

https://amr-review.org/
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therapy against P. mirabilis infections is the ability to effectively administer the phage 

antimicrobial particularly in CAUTI patients with indwelling catheter devices.  

A limited number of P. mirabilis phages have actually been studied to assess their 

effectiveness against P. mirabilis and their associated crystalline biofilms. The in vitro 

bladder model of the catheterized urinary tract, is a popular method of studying the 

formation of Proteus biofilms and have been successfully employed in investigations 

of antimicrobial agents, including several studies of phage cocktails (363). 

Two virulent phages were isolated in 2016 and were employed together as a phage 

cocktail to assess their ability to treat P. mirabilis biofilms. The phages showed 

promising activity by inhibiting and reducing the amount of P. mirabilis biofilm that 

was able to form under simulated catheterized conditions (a continuous flow model) 

for up to 168 h (244). The phages also showed promising ability in adhering to the 

surface of the silicone catheters, potentially preventing the P. mirabilis bacteria from 

swarming on the catheter and blocking the eye hole region of the foley catheters with 

struvite crystals. 

Another experiment assessing the effect of phages against P. mirabilis CAUTIs was 

performed using a 3-phage cocktail of P. mirabilis phages to determine their ability 

to reduce the time taken for catheter blockage to occur. Addition of the phage to the 

simulated system was able to extend the time taken for catheter blockage to occur 

by 3-fold when compared to the untreated systems. Addition of phage in early 

infection systems resulted in the complete eradication of the host and no blockage 

of the catheters occurred. In addition, the analysis of the catheters subject to phage 

treatment significantly reduced the quantity of crystalline biofilm in the catheters but 

interestingly did not reduce the number of planktonic cells present in the catheter 

(245).  

Another study aiming to assess the ability of phage to act as effective antimicrobials 

towards P. mirabilis and the respective UTIs was performed in 2018. A synergy study 

involving Phage vB_PmiS-TH, a Siphoviridae phage with ampicillin displayed greater 

antimicrobial activity against both planktonic cells and against biofilms of P. mirabilis. 

This again shows the applicability of phage alone and phage as a combinational 



 

140 
 

therapeutic for the treatment of P. mirabilis and the respective infections they cause. 

Combinational therapeutics of phage and alternative antimicrobials may prove to be 

the most effective treatment option for the treatment of P. mirabilis CAUTIs and 

other associated infections particularly with an increase in drug resistant strains 

(364). 
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3.3  Materials and Methods 
 

3.3.1 Bacterial and bacteriophage strains used 

Proteus mirabilis BB2000 (246). 

Bacteriophage PM-CJR (Isolated in Chapter 2) 

3.3.2 Reagents, buffers, solutions 

1.) LB Broth: Prepared by dissolving 20 g of LB Broth (Invitrogen, UK) powder in 1 

L of sterile Milli-Q water and then autoclaved for a 15 min sterilisation cycle before 

being allowed to cool to room temperature before use. Solution was stored at 4 °C 

until required. 

2.) LB-agar plates: Prepared by dissolving 20 g of LB agar (Invitrogen, UK) powder 

in 1 L of sterile Milli-Q water and then autoclaved for a 15 min sterilisation cycle 

before being allowed to cool and then while still molten, poured into sterile petri 

dishes and left to cool. Agar was stored at 4 °C until required. 

3.) Low swarm LB-agar: Prepared by dissolving 20 g of LB low swarm (Invitrogen, 

UK) agar powder in 1 L of sterile Milli-Q water and then autoclaved for a 15 min 

sterilisation cycle before being allowed to cool and then while still molten, poured 

into petri dishes and left to cool. Agar was stored at 4 °C until required. 

4.) SM buffer (phage buffer): Phage buffer was prepared by dissolving 5.8 g of 

Sodium Chloride (NaCl) (Thermo, UK) in sterile Milli-Q water along with 2 g  

Magnesium Sulfate (MgSO4.7H2O) (Thermo, UK) in addition to 50 mL 1M Tris HCl pH 

7.5 (Thermo, UK) and made up to 1 L with sterile Milli-Q water before being 

autoclaved for a 15 min sterilisation cycle before being allowed to cool. Solution was 

stored at 4 °C until required. 

3.3.3 Bacterial overnight cultures 

 

Bacterial overnight cultures were prepared by suspending a single bacterial colony 

previously streaked onto an LB agar plate into 5-10 mL of sterile LB broth and placed 

in a shaking incubator (SI600 Large Shaking Incubator, Stuart Equipment, UK) at 37 °C 

overnight. 
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3.3.4 P. mirabilis BB2000 growth curve assay 

 

Growth curve of P. mirabilis BB2000 was performed by diluting an overnight culture 

of P. mirabilis BB2000 (OD600 1.5) grown in 1 mL of sterile LB medium, 1:1000 dilution. 

150 µL of culture was then added to a 96 well NUNC plate and placed in a FLUOstar 

Omega plate reader (BMG Labtech, Germany) at 37 °C. The absorbance (OD600) was 

recorded every 30 min after brief shaking for 24 h. For phage treatment groups, 50 

µL of PM-CJR bacteriophage lysate (1 x106 PFU/mL) in sterile LBB was added to the 

culture after five hours (OD600 0.4). As a control 50 µL of sterile LBB was also added 

to the control wells to account for any optical density shifts observed. The assays 

were then allowed to run for 24 h with readings taken every 30 min.   

3.3.5 Citric acid MIC for P. mirabilis BB2000 

The minimum inhibitory concentration (MIC) of citric acid (Thermo, UK) towards P. 

mirabilis BB2000 was determined using a modified version of a previously described, 

published MIC 96 well plate protocol (365). Briefly 100 µL of a defined concentration 

of citric acid solution in sterile LB broth was added to 100 µL of a 0.1 OD culture of P. 

mirabilis BB2000. The final concentrations of citric acid in the inoculum were as 

follows; 12, 6, 3, 2.75, 2.5, 2.25, 2, 1.75, 1.5, 0.75, 0.375 and 0.187 mg/mL. The 96 

well NUNC plate (Thermo, UK) was placed inside a plastic box with damp lint free 

cloth  and placed at 37 ° C for 24 h before the results were viewed and recorded.  

3.3.6 Preparation of P. mirabilis BB2000 for bladder model assay 

 

P. mirabilis strain BB2000 was inoculated in 30 mL of sterile LB broth at 37  C at 100 

rpm overnight.  30 mL of the overnight broth cultures in falcon tubes (Sigma, UK) 

were centrifuged at 4000 rpm for 20 min. The bacterial pellet was re-suspended in 

PBS (10 mM Phosphate, 150 mM Sodium chloride, pH 7.4) and the OD (OD600) 

adjusted to 0.1 (approx. 1 x 107 CFU/mL). 1 mL of the inoculum was then added to 35 

mL of preheated LB broth and incubated until the culture reached mid-log phase (5 

h). Log phase, bacteria were re-suspended in artificial urine, optical density (OD600) 

of 0.7, equating to a concentration of 1 x 107 CFU/mL. The inoculum was re-

suspended in the same artificial urine to be used for the bladder model assay (366). 
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3.3.7 Preparation of artificial urine 

 

Artificial urine was composed of 3.25 g magnesium chloride hexahydrate (Thermo, 

UK), 3.25 g trisodium citrate (Sigma, UK), 14 g potassium dihydrogen phosphate 

(Thermo, UK), 8 g potassium chloride, 23 g sodium chloride, 5 g ammonium chloride, 

11.5 g sodium sulfate (Thermo, UK), 25 g gelatine, 0.1 g disodium oxalate (Sigma, UK) 

and 5 g tryptone soya (Thermo, UK) broth dissolved in 850 mL deionised water and 

the pH altered to 5.7 via addition of NaOH or HCl dropwise to prevent precipitation. 

The solution was made up to 1 L via the addition of deionised water before 

autoclaving five times. A second solution with a final volume of 1 L was made which 

contained 2.45 g calcium chloride and 125 g urea (Thermo, UK), and when required 

for combinational treatment groups, 7.5 g of citric acid (Thermo, UK) in 400 mL of 

deionised water. This solution was stirred in addition to heating at 40 C for 5 min to 

ensure complete dissolution before being filtered through 0.45 m pore size filter. 

Both solutions were mixed together with 3.6 L of sterile deionised water (31).  
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3.3.8 In vitro bladder model 

The custom made in vitro bladder model was designed and run as previously 

described and represented in Figure 3.3. (366). Briefly, dual walled glass ‘bladders’ 

were pre heated to 37 ° C via a water supply from a water bath which formed a water 

jacket around the bladders. Foley catheters (BARD Catheters Siliconee Coated Male 

D1658/68 10 mL 14ch, Bard Care, UK) were inserted into the bottom of the bladders 

and the intra-bladder balloon inflated via the injection of 10 mL of sterile water. 

URIPLAN drainage bags (Bard Care, UK) were attached to the corresponding points of 

the catheters. To the bladders, 10 mL of the previously prepared bacterial suspension 

with a concentration equating 1 x 107 CFU/mL was added via a sterile 10 mL 

serological pipette. The culture was allowed to adjust to the environment for 1 h. 

After 1 h the pump was started and artificial urine containing the antimicrobials 

flowed in at a rate of 0.75 mL min-1. Control bladders for the respective experiments 

were also included. The assay ran until blockage of the catheters was observed and 

the blockage time calculated via the following equation.  

 

 

𝐵𝑙𝑜𝑐𝑘𝑎𝑔𝑒 𝑇𝑖𝑚𝑒 (𝑚𝑖𝑛) =
Volume of urine collected (mL)

Flow rate (mL min
−1

)
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Figure 3.3. Diagram representing the set-up of the artificial bladder model used to 

assess the ability of phage PM-CJR to treat P. mirabilis BB2000 catheter associated 

urinary tract infections.  The above image shows the flow direction of urine from the 

urine storage tanks into the artificial glass bladders before flowing into the catheter 

collection/drainage bags. Phage PM-CJR is present in the urine and flows constantly 

at a rate of 0.75 mL min-1.  

  



 

146 
 

3.3.9 Scanning electron microscopy (SEM) of catheters 

Upon blockage of the bladder model, both the control and test catheters were 

removed from the glass ‘bladders’. Using a sterile scalpel, 1 cm (in length) sections of 

the catheter were cut from the respective catheters from various regions. The cut 

sections were then mounted onto aluminium specimen mount vice using carbon 

tape. The mounted samples were stored in a desiccator over night to remove excess 

liquid from the samples. The lumens of the catheters were imaged using a Hitachi 

TM3030 bench top Scanning electron microscope. The SEM was operated in the 

range of 5-15 kV using the respective Hitachi TM3030 software. For elemental 

analysis a TESCAN LYRA3 Dual beam SEM was used to determine the elemental 

composition of the crystalline biofilms. Biofilm material obtained from the blocked 

catheters were prepared in a similar way as described above and the elemental 

composition determined at various segments and magnifications. 

 

3.3.10 Bacteriophage citric acid hydrogel formulation for the catheter 

swarming bridge model 

The Phage based hydrogel was formulated via a Polyvinyl alcohol (PVA) and polyvinyl 

pyrrolidone (PVP) method. PVA stocks (25 % w/w in H2O) were made by dissolving 

PVA (Thermo, UK) (High molecular weight 85,000-124,000 kDa) in the respective 

volume of autoclaved and filtered Milli-Q water and melted in an oven at 95 °C with 

mixing. The PVP stock (40 % w/w in H2O) was made by dissolving K29/32 PVP (Sigma, 

UK) via sonication in the respective volume of autoclaved and filtered Milli-Q water 

and again the mixture melted until a yellow/brown colour was observed. 40 g of the 

PVA-PVP (15 % PVA, 10 % PVP and 1.5 % Citric acid) formulation was made by adding 

0.6 g of Citric acid (Thermo, UK), 10 g PVP stock and 24 g PVA stock to a minimum 

volume of autoclaved and filtered Milli-Q water. The solution was made up to 40 g 

weight using autoclaved and filtered Milli-Q water. In the case of adding phage to the 

hydrogel, the water component was replaced with bacteriophage PM-CJR (1x1010  

PFU/mL) in sterile water. For controls, the citric acid component was replaced with 

water and phage was omitted for a gel only control. 
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3.3.11 Catheter coating with hydrogel formulation for the swarming 

bridge model 

UROSID Latex-Silicone coated catheter segments cut to respective lengths of 0.7 and 

1.3 cm were suspended in the appropriate hydrogel solutions for 5 min before being 

removed under sterile conditions and were allowed to dry in an aseptic flow fume 

hood for 1 h. The hydrogels used contained 1) phage suspension and Citric acid, 2) 

Phage suspension only, 3) Citric acid only 4) Water as a control. LB agar plates were 

divided into sections as shown in Figure 3.4, below. Segments of LB agar were cut 

using a sterile scalpel to provide a gap of 0.5 cm and 1 cm for the catheter segments 

to sit across. The dried hydrogel coated catheters were then place across the gaps 

and 10 µL of an overnight culture of P. mirabilis BB2000 (OD600 1.0) was spotted on 

the shorter segment of LB agar and allowed to dry before being incubated at 37 ° C 

for 24 and 48 and 72 h time points. A low swarm LB agar plate was used also as a 

swarming control also.  

 

 

 

 

  

 

 

 

Figure 3.4. The set up for the catheter swarming bridge model. Segments of LB agar 

were aseptically removed using a sterile scalpel to form gaps in the agar. The hydrogel 

coated UROSID latex-silicone catheters were then placed across the gaps and 10 µL 

of P. mirabilis BB2000 was spotted onto the short slab of agar and incubated for the 

defined time points. The top lane represents the experimental set up before incubation 

and the bottom lane illustrates the expected result of the water control hydrogels. 

Hydrogel containing Phage 

and Citric acid. 

Hydrogel containing no 

antimicrobial. 
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3.4 Results 
 

3.4.1 Phage PM-CJR as a treatment option for catheter associated 

urinary tract infections (CAUTIs) 

Determining bacterial growth parameters and how they are impacted by different 

antimicrobials is imperative in determining the efficiency and possible mode of action 

of novel antimicrobials (367). To assess the impact of the recently isolated phage PM-

CJR on the growth of P. mirabilis BB2000 over a 24 h period, a growth curve assay 

was performed while spiking the bacterial culture with bacteriophage at mid log 

phase.  

The growth curve analysis (Figure 3.5.) demonstrated that the phage PM-CJR causes 

an immediate reduction in bacterial numbers (with the effect on bacterial growth 

continuing  for 10 h). before the emergence and proliferation of phage-resistant 

mutants takes place. Considering that the bacterial growth inhibition assay is a closed 

system, promoting the selection of phage-resistant variants in a planktonic culture, 

the initial test of PM-CJR was considered successful and the phage was used in all 

subsequent experiments more authentically simulating the initial stages of Proteus 

biofilm formation on catheters.  

With P. mirabilis being a notorious urinary tract infection associated pathogen, novel 

antimicrobials are constantly being evaluated to assess their potential as clinically 

relevant antimicrobials. Recently it has been demonstrated that weak organic acids 

are capable of treating UTI simulated infections in artificial bladder model systems 

(368). As a result, the MIC of citric acid against P. mirabilis BB2000 was assessed to 

see if a potential synergistic/combinational treatment between phage and the 

organic acid could be established. The MIC of citric acid against P. mirabilis BB2000 

was determined to be roughly 2 mg/mL (Figure 3.6.). The MIC was determined as the 

lowest concentration of antimicrobial required to inhibit the visible growth of P. 

mirabilis when treated with citric acid.   
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Figure 3.5. Growth curve of P. mirabilis BB2000 (blue curve) alongside a phage 

treated P. mirabilis BB2000 growth curve (red curve) with phage added at 5 h post 

inoculation (Mid-Log phase). Optical density (OD600) used to record absorbance. Eight 

technical replicates (n=8) were used, and three biological replicates (n=3) used. 

 

 

 

 

 

 

 

 

Figure 3.6. 96 well NUNC plate with the results of the MIC for citric acid against P. 

mirabilis BB2000. MIC was established to be around 2 mg/mL citric acid after a series 

of dilutions. Represented is 8 technical replicates of each concentration (n= 8).  
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3.4.2 Analysis of crystalline biofilm formation in the artificial bladder 

model system 

To assess the ability of phage PM-CJR to treat catheter associated infection, the 

phage was introduced to a simulated/artificial bladder model system as previously 

described elsewhere (366). After the host bacterium was allowed to establish in the 

artificial bladders, bacteriophage was introduced, and the time required for catheter 

blockage was recorded. The treated groups were compared to untreated control 

groups. Upon blockage of the control group, the catheters were removed and 

analysed visually and via a scanning electron micrograph (SEM) technique. Figure 3.7, 

(A) shows the condition of the urinary catheter after becoming blocked by the P. 

mirabilis synthesized apatite/struvite crystals. From this figure, it can be seen that 

the entire catheter tip and lumen is full of crystals and the eye-hole region is no longer 

visible explaining why the catheter blocked. Figure 3.7, (B) shows the condition of 

the catheter treated with phage and removed at the same time as the control 

catheter. This treated catheter is visually in better condition due to less crystalline 

biofilm accumulation than the control group, however the lumen of the catheter still 

has some crystalline build up. 

 

 

 

 

 

 

 

Figure 3.7.  (A) Image of the 14 Ch Bard siliconee foley catheters (D1658) having 

been removed from the artificial bladder model after blockage caused P. mirabilis 

BB2000. (B) PM-CJR treated (1x109 PFU/mL) 14 Ch Bard silicone foley catheters 

(D1658) having been removed from the artificial bladder model after blockages post 

inoculation with P. mirabilis BB2000. 

 

(A) (B) 
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To further understand the extent of the crystalline build up in the infected catheters, 

SEM was employed to segments of the catheters removed 24 h into the experiment 

and the lumen region inspected in greater detail. Figure 3.8 (A) shows the condition 

of the phage treated 14 Ch catheter at a magnification of x30. From said image it can 

be seen that the middle segment of the lumen of this catheter is relatively free of 

crystalline debris 24 h post inoculation with P. mirabilis BB2000. This indicates that 

phage may be able to delay the build-up of crystals formed via the presence of P. 

mirabilis. When compared to Figure 3.8. (B), the control group, a significant build-up 

of crystalline debris can be seen in the lumen of the urinary catheter again indicating 

that that the lack of phage may facilitate favourable conditions for P. mirabilis to 

synthesize more crystals due to increased P. mirabilis biomass present in the absence 

of phage. 

To assess the condition of the urinary catheters upon blockage of the lumen and eye-

hole regions due to crystal build-up, again the catheters were removed, and 

segments analysed using SEM imaging.  Figure 3.9, (A) shows the catheter lumen just 

below the eyehole region after becoming blocked with crystals. Extensive crystal 

build-up can be seen at both sides of the eyehole regions suggesting this is why the 

catheter became blocked. Figure 3.9, (B) shows the SEM of the rear end of the lumen 

region of the urinary catheter at the point of blockage. As can be seen the urinary 

catheter was completely blocked from the open to rear end of the catheter with 

crystalline biofilm. 
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Figure 3.8. (A) SEM (x30 Magnification) of the lumen of a phage treated 14 Ch Bard 

silicone foley catheters (D1658) removed from the artificial bladder model after 24 h 

post inoculation with P. mirabilis BB2000. (B) SEM (x30 Magnification) of the lumen 

of a 14 Ch Bard silicone catheter not subject to phage treatment removed from the 

artificial bladder model 24 h post inoculation with P. mirabilis BB2000. 

 

 

 

 

 

 

 

 

Figure 3.9. (A) Replicate 1, SEM (x 30 Magnification) of the eye-hole region of a 14 

Ch Bard silicone catheter not subject to phage treatment removed from the artificial 

bladder model at the point of blockage. (B) Replicate 2, SEM (x 40 Magnification) of 

the lumen of a 14 Ch Bard silicone catheter not subject to phage treatment removed 

from the artificial bladder model at the point of blockage. 

 

 

 

 

 

(A) (B) 
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Enhanced SEM imaging allowed for individual crystals within the catheter lumens to  

be observed. From the images depicted it can be seen that small oval, large square 

and coffin-shaped crystals formed in the catheter lumens. Crystals from within the 

lumen were analysed on SEM grids at both x 800 and x 1000 magnification. Figure 

3.9, (A) & (B) were both taken from the blocked control group catheters. The unique 

structure of the crystals can be seen in greater detail from both figures. Both oval and 

square like crystals can be seen in the above images. Figure 3.10, (A) shows oval-like 

crystals roughly 90 µm in width and 190 µm in length. The crystal shown in Figure 

3.10, (B) is significantly larger, again helping to understand how such large crystals 

can block urinary catheters and cause major clinical issues for catheterised patients.  

SEM analysis of the crystals retrieved from the lumen of the non-phage treated 

catheters revealed that the crystals observed in this group were of a coffin-like shape 

which has been previously reported when analysing urinary catheter crystals (369). 

The crystal observed in Figure 3.11, is roughly 200 µm in length which is similar to the 

dimensions observed for the untreated control group. The ‘coffin-like’ shape is due 

to the underlying mechanism of crystal formation and the truncated, rectangular, 

pyramidal shape influenced by a flowing system such as that of the artificial bladder 

model, as previously described in a time-resolved dynamics study (370). Due to the 

size and unique structure of the P. mirabilis synthesised crystals, it is more apparent 

to see how easily they can obstruct urinary catheters.  



 

 

 

 

 

 

Figure 3.10. (A) SEM (X800 Magnification) of the crystalline product obtained from 

the blocked catheters removed from the artificial bladder model, showing the large 

crystals coated in P. mirabilis BB2000. (B) SEM (X1000 Magnification) of the 

crystalline product obtained from the blocked catheters retrieved from the artificial 

bladder model. 

 

 

 

 

 

 

 

 

 

Figure 3.11. SEM (x 120 Magnification) of a 14 Ch Bard silicone catheter not subject 

to phage treatment and removed from the bladder model 24 h post inoculation with            

P. mirabilis BB2000. SEM shows the crystal structures that are commonly associated 

with P. mirabilis catheters associated infections. 
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3.4.3 Elemental analysis of treated and untreated urinary catheters 

SEM and chemical analysis of the crystals retrieved from the lumen of the catheters 

was performed to see if the elemental composition of the crystals differed between 

control and treated groups. Although both groups had large quantities of calcium ions 

present in the crystals, the untreated groups (Figure 3.12) appeared to be richer in 

magnesium ions in comparison to the phage treated groups (Figure 3.13). The 

elemental difference observed may indicate a different type of crystal formation 

between the two treatment groups. The calcium rich crystals are most likely apatite 

while the magnesium rich crystals are likely to be struvite. There might be an 

underlying mechanism in which phage treatment results in increased struvite 

formation as opposed to apatite crystals, but additional experimental work will be 

required to validate these preliminary findings 

 

 

 

 

 

Figure 3.12. SEM and subsequent Elemental analysis of the crystalline biofilm formed 

in the lumen of the control 14 Ch Bard silicone catheter caused by the urease activity 

of P. mirabilis BB2000. 

 

 

 

 

  

Figure 3.13. SEM and subsequent Elemental analysis of the phage treated crystalline 

biofilm formed during the blockage of the 14 Ch Bard silicone catheter caused by the 

urease activity of P. mirabilis BB2000. 



 

156 
 

3.4.4 Artificial bladder model assay of P. mirabilis BB2000 and PM-CJR 

To determine if the newly isolated phage, PM-CJR would be an effective antimicrobial 

to treat P. mirabilis related urinary tract infection, as stated previously the phage was 

introduced into the artificial bladder model system and the time take until blockage 

of the catheters recorded. The untreated control group blocked on average after 40 

h post inoculation with P. mirabilis BB2000. In comparison the addition of the 

bacteriophage lysate allowed the system to flow on average for a further 10 h until 

the catheters became blocked with crystals and the flow of artificial urine ceased 

(Figure 3.14). The additional 10 h delay in blockage times as a result of the addition 

of bacteriophage can be seen as a successful result in treating CAUTIs particularly in 

Intensive care units where additional time in any situation is imperative (371). The 

addition of phage which allows for the extended blockage time may be due to the 

initial killing of the bacterial load by the phage as after 24 h the absence of phage has 

allowed for greater P. mirabilis biomass and crystallisation as can be seen when 

comparing Figure 3.15 and Figure 3.16. A significant increase in crystalline mass can 

be seen in the untreated control group (Figure 3.15). 

 

 

 

 

 

 

 

Figure 3.14. Results of the artificial bladder model illustrating the mean time take for 

a 14 Ch Bard silicone catheter to completely block due to the presence of P. mirabilis 

BB2000 being present in the urine. Bacteriophage PM-CJR was added as an 

antimicrobial to assess its effect in prolonging the life span of the catheter. Statistical 

analysis was performed using a Student T-test on Graph Pad Prism 7. Represented is 

six biological replicates (n=6) and three technical replicates (n=3). Statistically, ** 

represents P ≤ 0.01 and the error bars represent the standard deviation (SD) .  
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Figure 3.15. In-depth view of the control artificial bladder model 24 h post inoculation 

with P. mirabilis BB2000. It can be seen after 24 h that the crystalline struvite/apatite 

crystals have aggregated at the base of the bladder and have begun to accumulate 

towards the eye hole region of the catheter.  

 

 

 

 

 

 

 

 

 

Figure 3.16. In-depth view of the phage treated artificial bladder model 24 h post 

inoculation with P. mirabilis BB2000. It can be seen after 24 h that the crystalline 

Struvite/apatite crystals have aggregated to a much lesser degree at the base of the 

bladder and have not become a potential blockage to the eye hole region of the catheter 

at this point.  
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Like many antimicrobial studies, experimentation with combinational or synergistic 

studies is often a more feasible and effective option. Having observed that the MIC 

of citric acid against P. mirabilis BB2000 was 2 mg/mL a combinational study was 

designed to test both antimicrobials in the artificial bladder system. Addition of the 

two antimicrobials, citric acid (Sub MIC concentration) and phage together resulted 

in 100 h extended catheter lifespan when compared to untreated control.  

The addition of phage alone experienced again, roughly a 10 h increase in the 

catheters lifespan when compared to the untreated control. Citric acid alone more 

than doubled the life span of the catheter (115 h) when compared to the control 

group. A urease negative strain was also used which did not cause any catheter 

blockage as expected. From the data presented in Figure 3.17 it is evident that a 

combinational treatment option is the most effective at extending catheter lifespan 

against P. mirabilis BB2000.  
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Figure 3.17. Results of the artificial bladder model illustrating the time required for a 

14 Ch Bard silicone foley catheter to be completely block by P. mirabilis BB2000 

crystalline biofilm in the presence of phage PM-CJR. Bacteriophage PM-CJR was 

added as an antimicrobial to assess its effect in prolonging the life span of the catheter.  

In addition, citric acid and a combinational treatment of citric acid and phage PM-CJR 

was used to prevent catheter blockage. Controls of BB2000 and a urease negative P. 

mirabilis strain (Urease negative strain showed no blockage) were used for 

comparison. A one-way Anova test was performed assuming Gaussian distribution 

was performed using Graph pad v7. Experiments were conducted in triplicate, mean 

values ± SD are reported; ns—not significant, ****—p < 0.0001, *** p ≤ 0.001, **—

p ≤ 0.01  (one-way ANOVA with Tukey’s post-hoc test). 
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3.4.5 Hydrogel formulated catheter bridge model 

With the phage-citric acid combinational treatment option proving to be quite 

effective in the artificial bladder model experiment, especially considering the high 

bacterial load, the phage was incorporated into a citric acid based PVA-PVP hydrogel 

formulation to assess the ability of the therapeutics to prevent P. mirabilis BB2000 

from swarming across segments of a urinary catheter.  Assessing the ability of the 

citric acid formulation without any phage proved to be an effective antimicrobial 

formulation alone as no P. mirabilis cells were able to migrate across the catheter 

after 24 h post inoculation (Figure 3.18.). The removal of citric acid from the hydrogel 

formulation meant that the bacterial cells were able to migrate easily across the 

catheter after 24 h due to the lack of any antimicrobial agent (Figure 3.18.).  

Furthermore, the removal of citric acid from the gelling agent and the addition of 

phage PM-CJR also proved to be an effective antimicrobial formulation for preventing 

P. mirabilis migration across the catheter segments 24 h post inoculation (Figure 

3.19.). Likewise, the combinational treatment of  both phage and citric acid as major 

components of the hydrogel formulation proved very effective at preventing 

swarming across the segments after 24 h (Figure 3.19.). To further prove that the 

swarming nature of P. mirabilis is a major virulence factor that facilitates its migration 

across catheters, the bacteria was inoculated on low swarm LB agar and the model 

repeated. The water only control which previously saw migration across the catheter 

did not observe migration when using low swarm agar (Figure 3.20.).  

Testing the hydrogel formulation 48 h post inoculation revealed that the P. mirabilis 

bacterium was eventually able to swarm over the citric acid only control. This 

suggests that the citric acid gel is effective up to a time period between 24 and 48 h. 

The water control seen a more extensive degree of bacterial migration when 

compared to the citric acid control suggesting the citric acid control still interferes 

with swarming/migration (Figure 3.21.). Furthermore, the citric acid and phage 

combination seen no migration across the catheter after 48 h and likewise the phage 

only hydrogel formulation also prevented bacterial migration across the catheter 

segments (Figure 3.22.). The low swarm agar control also seen no migration across 

the catheter segments after 48 h (Figure 3.23.). 
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Extending the length of the catheter segments from 0.7 cm to 1.3 cm as expected 

proved more difficult again for the bacteria to swarm across the catheters. The water 

only control allowed the bacteria to swarm/migrate across the catheter after 48 h. 

With regards the treatment groups, citric acid only, phage only and the combinational 

treatment option prevented migration across the 1.3 cm segments of urinary 

catheter up to 48 h post inoculation  (Figure 3.24. & 3.25). The results of the 

swarming bridge model are summarised in Table 3.2. 

 

 

 

 

 

 

 

 

 

Figure 3.18. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top row lane is the gelling component with only citric acid (0.24 

%) as the antimicrobial component coated around a UROSID latex silicone catheter 

segment of 0.7 cm in length. The  bottom lane is a gel control with only water as the 

additive component again using a 0.7 cm UROSID latex silicone catheter segment. 

Image taken 24 h post inoculation on an LBA plate.  
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Figure 3.19. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top row lane is the gelling component with citric acid (0.24 %) 

and phage PM-CJR (1 x 1010 PFU/mL) as the antimicrobial component coated around 

a UROSID latex silicone catheter segment of 0.7 cm in length. The  bottom lane is a 

phage only control containing only PM-CJR  (1 X 1010 PFU/mL) as the antimicrobial 

component again coated around a 0.7 cm UROSID latex silicone catheter segment. 

Image taken 24 h post inoculation on an LBA plate. 

 

 

 

 

 

 

 

 

Figure 3.20. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Image displayed represents the water gel control as detailed 

above on a low swarm LBA plate. Image taken 24 h post inoculation. 
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Figure 3.21. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top lane is the gelling component with only citric acid (0.24 %) 

as the antimicrobial component coated around a UROSID latex silicone catheter 

segment of 0.7 cm in length. The  bottom lane is a gel control with only water as the 

additive component again using a 0.7 cm UROSID latex silicone catheter segment. 

Image taken 48 h post inoculation on an LBA plate.  

 

 

 

 

 

 

 

 

Figure 3.22. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top lane is the gelling component with citric acid (0.24 %) and 

phage PM-CJR (1 x 1010 PFU/mL) as the antimicrobial component coated around a 

UROSID latex silicone catheter segment of 0.7 cm in length. The  bottom lane is a 

phage only control containing only PM-CJR  (1 X 1010 PFU/mL) as the antimicrobial 

component again coated around a 0.7 cm UROSID latex silicone catheter segment. 

Image taken 48 h post inoculation on an LBA plate. 
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Figure 3.23. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Image displayed represents the water gel control as detailed 

above on a Low Swarm LBA plate. Image taken 48 h post inoculation. 

 

 

 

 

 

 

 

 

Figure 3.24. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top row lane is the gelling component with only citric acid (0.24 

%) as the antimicrobial component coated around a UROSID latex silicone catheter 

segment of 1.3 cm in length. The  bottom lane is a gel control with only water as the 

additive component again using a 1.3 cm UROSID latex silicone catheter segment. 

Image taken 48 h post inoculation on an LBA plate. 

 



 

165 
 

 

 

 

 

 

 

 

 

Figure 3.25. Catheter bridge swarming model to assess the ability of phage 

incorporated into a hydrogel to prevent P. mirabilis BB2000 motility/swarming across 

the catheter segment. Top row lane is the gelling component with citric acid (0.24 %) 

and phage PM-CJR (1 x 1010 PFU/mL) as the antimicrobial component coated around 

a UROSID latex silicone catheter segment of 1.3 cm in length. The  bottom lane is a 

phage only control containing only PM-CJR  (1 X 1010 PFU/mL) as the antimicrobial 

component again coated around a 1.3 cm UROSID latex silicone catheter segment. 

Image taken 48 h post inoculation on an LBA plate. 

Table 3.2. Summary of the results from the different experiments utilized to represent 

the effectiveness of the novel hydrogel formulation described above. A + symbol 

indicates swarming of P. mirabilis across catheter. A – symbol indicates no swarming 

of P. mirabilis. 

Hydrogel Formulation Swarming 

after 24 Hours 

Swarming after 48 

Hours 

Water Control + + 

Phage & Citric Acid - - 

Phage Only - - 

Citric Acid Only - + 

Non Swarm Agar Control - - 
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3.5 Discussion 
 

Catheter associated urinary tract infections (CAUTIs) are one of the most commonly 

acquired infections for patients in the health care setting due to the use of an 

indwelling urinary catheter. It has been estimated that around 80 % of all nosocomial 

UTIs are CAUTIs particularly in immune-compromised or critically ill patients who are 

subject to indwelling catheterization (30 days or longer). The causative organism for 

CAUTIs varies greatly from patient to patient, but it has been reported that 

Escherichia coli, Proteus, Pseudomonas and Klebsiella  are the most commonly 

isolated pathogens (372,373). The aim of this chapter was to investigate in different 

scenarios the methods that phage PM-CJR can be employed in to prevent and/or 

treat CAUTIs caused by P. mirabilis. 

The Gram-negative bacterium Proteus mirabilis, has been reported to cause a host of 

human infections e.g., burn infections, cystitis and prostatitis however it is most 

commonly found in the urinary tract of animals as a commensal and thus is described 

as an opportunistic pathogenic microorganism due to its ability to quickly colonise 

it’s environment when conditions become optimal (342,374) Although CAUTIs are 

normally caused by a multiplex of microorganisms, those that are caused 

predominately by P. mirabilis result in the formation of crystalline biofilms, whose 

formation is facilitated by the bacteria’s urease production. As a result permanent 

renal damage is commonly observed and in many cases can lead to bacteraemia (375) 

(376). As a consequence of the issues posed by P. mirabilis and in light of the 

increasing multi-drug resistance being observed on a daily basis, novel therapeutics 

are required to tackle this mounting problem. 

Bacteriophage PM-CJR as described in Chapter Two, was isolated from a sample of 

mud collected near Shaw’s bridge in Northern Ireland. The ability of PM-CJR to infect 

and lyse its host P. mirabilis BB2000 was illustrated also in Chapter Two, Figure 2.2. 

To assess the effect of phage PM-CJR on BB2000 in liquid culture, phage PM-CJR was 

added to a mid-log culture of P. mirabilis BB2000. It became evident from Figure 3.5, 

that Phage PM-CJR had an almost immediate effect in terms of cell lysis against the 

host strain as the OD600 absorbance measurements decreased from 0.5 to roughly 0.2 
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within the first 2 h post phage addition. The OD600 remained at around 0.2 for almost 

7 h before reaching its original OD600 value of 0.5. At this stage it could be concluded 

that as the phage was exposed to P. mirabilis BB2000 in a ‘batch culture’ resistance 

was inevitable, and it took roughly 10 h for the host to reach a similar cell count prior 

to infection with phage. 

As a result of the data obtained from Figure 3.5, it became evident that phage PM-

CJR may be best used as a synergistic component to enhance its effect as an 

antimicrobial agent. Citric acid has been described as a weak organic acid and 

recently its potential as an antimicrobial agent both in solo form and as a synergistic 

component in treating CAUTIs particularly P. mirabilis has been demonstrated (368). 

As a result, an MIC value for citric acid against P. mirabilis BB2000 (Figure 3.6.) of 2 

mg/mL was determined.    

Following the results of the MIC value,  phage PM-CJR was firstly applied to the 

artificial catheter-bladder model system as described by Milo et al, 2016 (249). The 

model was set up using artificial urine and set to a flow rate of 0.75 mL min-1 to 

simulate patient like conditions. It was determined that the addition of phage PM-

CJR was able to extend the lifespan of the urinary catheters by 10 h, which is 

comparable to the time required for P. mirabilis cells to develop resistance against 

phage PM-CJR (Figure 3.14.). Figure 3.16 shows the crystalline biofilms accumulation 

on the surface of the urinary catheters from phage treated and control groups caused 

by the urease activity of P. mirabilis BB2000 after their blockage. The degree of crystal 

formation on the surface of the catheter does not appear to be as prominent as in 

the untreated control group perhaps reflecting why the action of phage PM-CJR 

treated catheter has a greater length of time before blocking. 

Additional studies involving the use of a cocktail of P. mirabilis bacteriophages could 

further extend the life span of the catheter as this new set of conditions would 

potentially make it more difficult for P. mirabilis to develop resistance towards just 

one of the phages and as a result would make colonisation of the catheter eye hole 

more difficult. However, a phage cocktail would need to be carefully designed as to 

not overload the cocktail with several phages of a similar type as in doing so would 

introduce competition between the phages and potentially result in  a reduced killing 
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efficiency and could allow for the P. mirabilis to develop resistance more easily and 

colonise the catheter at a greater rate. The Phagoburn clinical trial performed in 2018 

has raised awareness as to what needs to be considered in terms of making phage 

cocktails a success and the same rules would apply to a Proteus phage cocktail (377). 

SEM imaging of the catheter segments allowed for the build-up of P. mirabilis induced 

crystals to be observed in the lumen region of the catheters. Figure 3.8 (A) illustrates 

that the addition phage has had a positive impact on the life span of the catheter as 

little crystal formation can be observed. In contrast to Figure 3.8 (B) the control group 

of BB2000 subject to no phage treatment, can be seen to be subject to rather 

extensive crystalline build-up in the lumen of the catheter and thus is understandable 

to know why this control group blocks more quickly. The addition of the phage results 

in less crystalline biofilm formation due to the fact that the phage will lyse reduce the 

microbial load via cell lysis resulting in less urease facilitated crystalline formation.  

SEM and chemical/elemental analysis of the crystalline structures from phage treated 

and control groups, revealed a difference in the chemical composition. The untreated 

control groups has segments of crystal removed and the composition of each 

analysed. It was revealed that calcium was a major component of both untreated and 

treated groups however for the untreated groups, magnesium was present in greater 

abundance, almost 10 times greater. In the phage treated catheters the crystals that 

were subject to elemental analysis appeared to have a lower abundance of 

magnesium (0.52%) compared to the control group (10.78 %). Carbon was somewhat 

less evenly abundant in the control group, whereas it was determined to constitute 

10.16 % of detected elements versus 13.93 % in the phage treated groups. The 

composition of calcium in both groups also differed quite drastically. In the control 

group the calcium composition was close to 5 % however in the phage treated group 

the composition of calcium was 16 %. The chemical formula of apatite is 

Ca5(PO4)3(OH,F,Cl) and that of struvite is NH4MgPO4·6H2O (378). It is therefore 

plausible to hypothesise that the addition of phage may cause P. mirabilis to form 

apatite crystals more readily as opposed to the struvite crystals readily observed in 

the control groups. However, further experiments are required to validate this initial 

observation.  
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Due to phage PM-CJR’s ability to extend the life span of the catheter by several hours, 

a synergistic/combinational study was designed to assess the effect of both phage a 

citric acid together. It is evident from Figure 3.17 that the combinational approach of 

using phage and citric acid to treat the P. mirabilis infection was a much more 

favourable approach compared to either antimicrobial alone. The extension of the 

catheter lifespan by 100 h can possibly be explained based on several assumptions.  

Citric acid works as an effective antimicrobial due to its ability to cross the cell 

membrane of bacteria and reduces the intercellular pH. A reduction in pH within the 

bacterial cell can result in damage to a variety of essential systems e.g., DNA 

replication, protein synthesis and can also damage external membranes. As a result 

the damage to such essential components of a cell can lead to death of the bacteria 

(379). The results behind the extended catheter life span observed via the 

combinational treatment of phage and citric acid could be cause by a variety of  

mechanisms. It is plausible that the phage simply reduces the number of bacterial 

colonies quite drastically when introduced to the bladder model and then then non-

favourable conditions that the presence of citric acid presents makes it more difficult 

for the bacteria to re-establish in the system and thus P. mirabilis cannot colonise the 

eye hole region of the catheter as quickly and as a result a delay is observed in the 

time taken to form crystalline biofilms and block the catheter. It is also plausible that 

the citric acid component acts as a chelating agent for the calcium and magnesium 

ions making it more difficult for the crystalline biofilms to form (380).  

Although the determination of the exact mechanism of the interaction of these two 

antimicrobials to extend the lifespan of the urinary catheters will require further 

studies, it can still be considered a substantial progress in terms of development of 

novel therapeutics for of Proteus associated CAUTIs. Milo et al., 2017, also discussed 

the possibility of bacteriophage extending the life of catheters via the employment 

of bacteriophage and they demonstrated that blockage time could be doubled from 

13 to 26 h . Although a direct comparison of our study and that of Milo et al. cannot 

be made due to differences in the host strain, phage and the material of catheter 

used, were we report an extension of the catheter lifespan by 103 h via the 

combinational treatment of phage and citric acid.  
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Nevertheless, the delivery of the phage and/or citric acid into the urinary tract of the 

catheterized patient can be problematic and the potential corrosive effect of citric 

acid on the tissues of urinary tract might make it uncomfortable for the patients. 

Therefore, to address the aforementioned issues slow release hydrogel coatings for 

urinary catheters could aid in the delivery of the antimicrobials and reduce the pain 

associated with this therapeutic option.  

To further assess the true therapeutic potential of bacteriophage as an antimicrobial 

agent to treat CAUTIs, a catheter bridge model was established based on a previously 

described model (381,382). The purpose of this model is to demonstrate the ability 

of phage PM-CJR to act as a stable component of a polyvinyl acetate- 

polyvinylpyrrolidone (PVA-PVP) hydrogel formulation and to also highlight its ability 

to inhibit P. mirabilis from swarming across latex-silicone coated urinary catheters. 

PVA-PVP hydrogels are considered to be the most commonly used hydrogels for 

medical applications due to their favourable characteristics such as being water 

soluble, biodegradable and showing low toxicity and impressive biocompatibility. 

Such gels are commonly used for biomedical purposes e.g. wound dressings, drug 

delivery and medical implants (383).    

 In our experiments, a PVA-PVP hydrogel formulation was shown to prevent 

migration of the target bacteria P. mirabilis BB2000 across segments of urinary 

catheters coated in the hydrogel formulation. All three antimicrobials tested in the 

hydrogels- citric acid, phage PM-CJR and their combination, effectively restricted the 

movement of the bacteria showing their potential to act as a novel slow releasing 

hydrogel formulation for the coating or urinary catheters. Phage has been shown to 

be an effective antimicrobial for incorporation into hydrogel formulations. Such 

formulations included the use polymers such as alginate for wound dressings, PEG-

polyurethane for urinary catheters, agarose-Hyaluronic Acid Methacrylate), and PEG-

4-Maleimide also for wound dressings. However our hydrogel formulation to our 

knowledge is the first reported case of a phage-citric acid hydrogel formulation using 

PVA-PVP (384). In addition, our PVA-PVP hydrogel formulation is also an easier 

hydrogel to formulate as the gel can form cross links at room temperature as opposed 

to subjecting the phage to a freeze-thaw protocol as has been previously performed 
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in the case of Milo et al with their phage hydrogel formulation for urinary catheters. 

Our PVA-PVP formulation can form cross linkages at moderately low temperature of 

40 °C and below. Our study has helped to confirm the results of other studies in 

showing that phage can act as an effective antimicrobial in hydrogel formulations, 

and we have furthermore showed it prevent P. mirabilis migration across urinary 

catheters as both a solo and combinational component. 

The fact that the phage and phage-citric acid PVA-PVP formulation can prevent P. 

mirabilis swarming across both lengths (0.7 cm and 1.3 cm) is a promising result and 

again highlights the potential for phage and this combinational therapeutic option as 

a viable option for the treatment of CAUTIs. From these plates it is evident that phage 

alone is an effective antimicrobial agent in terms of preventing migration/swarming 

of the bacteria across the urinary catheter. Together however phage and citric acid 

also prove to be a promising combinational therapeutic for preventing Proteus 

associated catheter motility which holds potential for preventing catheter 

colonization and crystalline biofilm formation and accumulation in turn extending the 

life span of urinary catheters. 
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3.6 Conclusion 
 

Due to the major complications caused by P. mirabilis in catheterised patients, the 

employment of novel therapeutics to combat this opportunistic pathogen is 

becoming more heavily researched. Bacteriophages have been previously reported 

and effectively demonstrated to be a viable option for P. mirabilis UTI treatment (2). 

The aim of this chapter was to assess the ability of the newly isolated bacteriophage 

PM-CJR to act as a viable biocontrol agent against P. mirabilis and its potential to 

prevent and treat Proteus related infections. This work advances the previously 

published literature by demonstrating the effectiveness of a combinational 

treatment option of the bacteriophage PM-CJR and a weak organic acid, citric acid.  

Bacteriophage PM-CJR was successfully able to impact the optimal growth cycle of its 

host strain P. mirabilis BB2000. A subsequent decrease in OD600 upon addition of the 

virus to a bacterial culture indicates lysis of the cells and reduction in cell numbers. 

With the aim of developing a combinational treatment of phage and citric acid, the 

MIC of citric acid against the host bacterium was determined to be 2 mg/mL. As a 

result, a sub-MIC value of 1.5 mg/mL was used for the bladder model assays.  

Initial analysis of the catheters blocked by the crystalline biofilm revealed that the 

catheter became blocked around the eye-hole region and the lumen region after 

roughly 40 h post inoculation with P. mirabilis BB2000. Addition of the bacteriophage 

alone was able to extend the life of the catheter by an additional 10 h. The 

combinational treatment of phage and citric acid was the most effective treatment 

option as together the life span of the catheter was increased by roughly 100 h (4 

days) when compared to the bacterial growth control group. This promising result 

highlights the potential of the phage and organic acid to work well in combination to 

treat P. mirabilis CAUTIs and increase the lifespan of urinary catheters. As both phage 

and citric acid are inexpensive to produce, this is favourable for material 

pharmaceutical companies when developing novel treatment options. Due to the 

success see in the in vitro bladder models via the combination of the phage and the 

citric acid component, a hydrogel was developed to assess the ability of the hydrogel 

formulation to prevent P. mirabilis BB2000 from swarming/migrating across 
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segments of urinary catheters. The catheter bridge model was designed as previously 

described utilising a novel hydrogel formulation in which citric acid was used as a 

major component in the hydrogel to allow for greater water adsorption. The citric 

acid component in the hydrogel was effective alone to prevent P. mirabilis swarming 

across the catheter segments for up to 24 h. However, between the 24 h and 48 h 

time point the bacteria managed to effectively swarm across the catheter segments 

(0.7 cm in length). The addition of phage PM-CJR to the hydrogel formulation proved 

to be another effective treatment option for preventing bacterial 

swarming/migration across the catheter segments.  

The promising potential of phage to act as an effective antimicrobial for the 

treatment of P. mirabilis related UTIs and CAUTIs has been demonstrated in this 

chapter. The fact that the phage in combination with citric acid results in a 100-h (4 

day) increase in the life span of the urinary catheters in the artificial bladder model 

system, highlights the ability of bacteriophages to act as an effective antimicrobial 

along with other antimicrobials. This chapter also suggests that phage are best 

employed as part of a combinational treatment option to overcome the issue of rapid 

phage-host resistance as the presence of a second antimicrobial adds increased 

stress to the bacterial cells. 

Incorporating the phage into a novel hydrogel formulation also suggests that this 

method was an effective therapeutic for preventing bacterial associated swarming 

across catheter segments which may prove to be an effective catheter hydrogel 

formulated coating which can both prevent swarming of the host bacteria in addition 

to lysis of the bacterial cells. Such a formulation could be integrated to the current 

formulations market for treatment of CAUTIs.  

 

 

 

 



 

174 
 

 

 

 

 

 

 

 

Chapter 4.  

Isolation, characterisation and 

employment of Phage PM-CJR’s 

tail-Spike protein as a potential 

therapeutic for the treatment of     

P. mirabilis UTIs.   
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4.1 Abstract 
 

Proteus mirabilis is an opportunistically pathogenic Gram-negative bacterium which 

is a leading cause of Urinary Tract Infections particularly in catheterised patients. The 

ability of P. mirabilis to form crystalline biofilms via the action of encoded urease 

enzymes makes infections difficult to treat due to the inability of traditional 

antibiotics to penetrate said crystalline biofilm. The adherence and swarming ability 

of P. mirabilis on the surface of urinary catheters allows for colonization and eventual 

blockage of the catheter via crystalline encrustation. Bacteriophages have recently 

gained significant interest in Western medicine again due to the rising number of 

antimicrobial resistance strains being reported and thus novel means of treatment 

are now being considered. Phages and more recently their derived enzymes are being 

considered for antimicrobial therapy due to their host specificity, low 

immunogenicity and cost. One class of phage enzymes, polysaccharide 

depolymerases, are being currently investigated as antibiofilm and antivirulence 

agents. 

In this chapter, the gene of the tail-spike protein of the phage PM-CJR shown to have 

a depolymerase domain, was cloned and expressed to allow for purification of a 

recombinant depolymerase enzyme. The enzyme maintained activity after the 

purification process and displayed antimicrobial activity. The recombinant protein 

was employed to inhibit P. mirabilis BB2000 biofilm formation on MBEC pegs, 

significantly reducing the microbial load which adhered, highlighting its potential for 

preventing microbial attachment to urinary catheters. In addition, the enzyme was 

able to prolong the survivability of Galleria mellonella larva (Greater wax worm) 

having been infected with a range of P. mirabilis concentrations. Molecular modelling 

was also performed to further characterise the novel phage enzyme. The data 

presented in this chapter, effectively demonstrated the cloning, expression and 

purification of the tail-spike protein of phage PM-CJR and reveals that the 

recombinant protein still maintains activity. The data presented also highlights the 

antimicrobial activity of the phage depolymerase enzyme and potential clinical 

applications. 
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4.2  Introduction 
 

Due to the ever increasing prevalence of antibiotic resistance among clinically 

important bacteria, phage research is undergoing a renaissance at the moment with 

the number of phages being isolated and studied as a therapeutic agent growing 

daily. Phage cocktails are being tested in clinical trials (385) and a number or recent 

high profile publications reported successful use of phage therapy for otherwise 

untreatable infections, this type of last ditch treatment option is often referred to as 

‘salvage therapy’ (100,101,386). 

Nevertheless, there are certain disadvantages and limitations associated with the use 

of phages compared to more traditional antibacterial agents. The main disadvantage 

with the use of phage therapy is the narrow host range commonly associated with 

phages. In many situations a single phage may only be able to infect a single strain of 

bacteria meaning its use as an antimicrobial agent would be limited. In addition, the 

emergence of rapid bacterial resistance to the therapeutic bacteriophage can pose 

issues when treating infections. Some phages may also display poor adsorption 

properties to the target bacteria and thus would have a low virulence and poor killing 

potential. The fact that phage are also protein-based, live biological agents means 

that they do have the potential to interact with a patient’s immune system (387). 

Another possible drawback with phage therapy is the ethical issue of consent. 

Patients would have to consent to the being exposed to a ‘live’ virus in order to cure 

their infection, this again is an issue which receives negative attention. Possibly the 

most fundamental issue that challenges phage therapy is that the Western 

medicine’s establishment is highly unfamiliar with the use of phage therapy and 

incorporation of phage based therapeutics may be received in a negative image (388). 

Due to the issues listed above, this has prompted the research into proteins with 

antimicrobial properties produced by phages.  

It should be mentioned here that while some of virus-derived proteins have been 

successfully used as molecular biology tools (e.g. T4 DNA ligase, AMV and MMLV 

reverse transcriptases) and have also been employed in the 

biotechnology/biocatalysis field to tackle environmental issues and aid reaction 
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processes (389,390) the majority of viral proteins still remain functionally 

unannotated due to remarkable diversity of viral genes and protein folds. This allows 

us to expect discoveries of novel antibacterials encoded by phages in the future. 

Nevertheless, the following classes of phage enzymes with antibacterial potential 

have been described to date: 1) endolysins, 2) virion-associated peptide glycan 

hydrolases (VAPGH), 3) holins, 4) polysaccharide depolymerases, and 5) recently 

described disruptins (112). In addition, it can be expected that some other enzymes 

involved in viral lytic cycle (e.g., pinholins, spanins) or phage-encoded nucleases can 

be eventually employed as antibacterials.   

The most well-studied and commercially successful of phage-derived enzymes are 

endolysins. Endolysins are phage encoded enzymes which work via a hydrolysis 

mechanism effectively degrading the bacteria cell wall. Endolysins target the 

peptidoglycan layer of the bacterial cell wall. Hydrolysis of this peptidoglycan layer 

results in a shift in turgor pressure of the cell and consequently cell lysis. Staphefekt 

(https://www.staphefekt.com/en/) is a nice example of a commercially available 

phage endolysin which is used to treat Staphylococcus aureus infections. Staphefekt 

is available commercially in both gel and cream form and is usually intended for 

topical applications.  

Due to the additional protective outer membrane layer of Gram-negative bacteria, 

phage enzymes, particularly phage derived endolysins will generally encounter 

difficulty when treating Gram-negative infections. However there has been evidence 

that suggests phage derived endolysins can still display considerable antimicrobial 

activity against Gram negative bacteria both in planktonic and biofilm form. Phage 

endolysin, plyF3017 showed good antimicrobial activity against Acinetobacter 

baumannii infections both in planktonic state and biofilm forming state with in vivo 

and in vitro infection models being used. This successful antimicrobial activity is 

largely thought to be a dependent on the C-terminal regions of the phage endolysin 

in facilitating access to the peptidoglycan layer via disruption of the outer membrane 

region (391). The evidence for C-terminal antimicrobial activity is based on data 

which showed utilisation of peptide P307 derived from plyF3017 still resulted in good 

https://www.staphefekt.com/en/
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antimicrobial activity against its host and also displayed antimicrobial synergy when 

combined with polymyxin B (392).  

In addition to endolysins, there is another group of phage derived proteins which 

hold significant therapeutic potential. Phage derived depolymerases are a type of 

enzyme encoded by bacteriophages used to cleave surface located polysaccharide 

proteins of bacteria. Most phage polysaccharide depolymerases are associated with 

the surface of the virus and are most commonly encoded as a component of the tail 

fibres and other structural proteins. Phage depolymerases have been shown to act 

on the capsular polysaccharides (CPS), lipopolysaccharides (LPS) and 

exopolysaccharides (EPS) of their host bacterium. The cleaving of these polymeric 

molecules exposed the bacterial host’s cell surface receptors which the phage will 

then use to initiate infection (Figure 4.1.). Due to the importance that CPS, EPS and 

LPS play in the formation of bacterial biofilms, phage derived depolymerases are now 

being researched to assess their potential in preventing and treating biofilm related 

infections.  

 

 

 

 

 

 

 

 

 

Figure 4.1. The potential polymeric targets for phage polysaccharide depolymerases 

of Proteus bacteriophages (Image obtained with permissions from MDPI (393)). 
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Phage enzymes in general and depolymerases in particular can be used as standalone 

therapeutics or in combination with other antimicrobials. Recent studies have shown 

that a combinational treatment of phage depolymerase and antibiotics against the 

phages host results in an increased antimicrobial effect. For example, the tail fibre 

protein of Klebsiella pneumoniae phage SH-KP152226 containing a phage 

depolymerase ‘Dep42’ which was shown to enhance the activity of polymyxin against 

K. pneumoniae K47. The combinational treatment resulted in a 1 log reduction of the 

K. pneumoniae cell counts. Again, such a study shows that the utilization of phage 

enzymes as antimicrobial tools can be an effective option particularly when 

administered alongside traditional antimicrobials (236).  

As phage enzymes are unique to each virus they are derived from, each enzyme may 

have a different mechanism of action and thus complete characterisation of each 

enzyme such as the enzyme’s structure and kinetics could aid the employment of the 

correct enzyme to treat the correct type of infection. A recent study involving the 

application of depolymerase enzymes at different times during the bacterial infection 

process revealed that some depolymerases were able to display antimicrobial activity 

at both early and late stages of infections whereas other types of depolymerase 

enzymes lost antimicrobial activity as the infection developed into the latter stages 

(394). 

When considering phage derived enzymes such as phage endolysins, relatively 

limited knowledge is available on the molecular structure and mode of action on 

which the enzymes recognise the cell wall components of the bacterial host. As a 

result, the application of these enzymes to treat particular types of bacterial 

infections can resulted in mixed success. With improved understanding behind the 

endolysin-host cell wall recognition mechanism would come, an advancement of the 

phage enzybiotics due to improved function and timing of enzybiotic application. For 

example, X-ray crystal analysis of the enzybiotics in question can help identify the 

interactive residues which have potential to act on bacteria cellular components and 

thus aid the correct application of the enzymes to treat the correct type of bacterial 

infection (395). Recent advancements in microscopy imaging, protein modelling and 

molecular dynamics simulations have substantially accelerated the research into 
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phage enzybiotics and improved our understanding of their molecular mechanisms 

of action. The same general approach can be applied to other phage enzymes, 

including phage depolymerases (396). 

From the evidence discussed above, complete characterisation of phage derived 

proteins is important for determining the antimicrobial activity of phage derived 

enzymes ranging from endolysins to phage depolymerase enzymes. Understanding 

the molecular structure of novel phage derived enzymes, their associated enzyme 

kinetics and possible modes of action can lead to a more effective antimicrobial 

treatment based on an effective antimicrobial application strategy (397) and for the 

development of novel recombinant enzybiotics with the help of genetic engineering 

and synthetic biology approaches.  

With respect to P. mirabilis related infections, prevention over treatment is 

sometimes the best option due to the difficulty encountered with treating the 

crystalline biofilms associated with P. mirabilis infections. Some phage and their 

enzymes may be able to prevent infections from occurring and thus hold promising 

potential in the health care setting. Hydrogel formulations possessing antimicrobials 

such as traditional antibiotics and phage have been shown to be effective in both 

preventing and treating said infections (398). Effective coating of catheters with 

phage or their respective enzymes could be one method to preventing or delaying P. 

mirabilis facilitated catheter colonization and subsequent infection. Phage 

depolymerase enzymes which act on bacterial surface components important for 

surface adhesion e.g., LPS or capsule could be a viable hydrogel component to 

prevent catheter colonization. 

Through various experiments and in silico studies, we predicted that phage PM-CJR 

showed potential depolymerase activity (CHAPTER 2) and we demonstrated that the 

phage could be used to postpone encrustation of catheters and as a component of 

hydrogel coatings (CHAPTER 3), in this study and current chapter we aimed to isolate 

and characterise the enzyme with the depolymerase activity.      
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4.3 Materials and Methods 
 

4.3.1 Bacterial strains used 

P. mirabilis BB2000 in addition to 15 other P. mirabilis isolates, Escherichia coli KRX 

and Pseudomonas aeruginosa PAO1 (Listed in Table 4.1.). 

Table 4.1. The list of bacterial species and subsequent strains used for molecular and 

microbiology experiments performed throughout this chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Reagents and buffers used 

 

1) LB Broth: Prepared by dissolving 20 g of LB Broth (Invitrogen, UK) powder 

in 1 L of sterile water and then autoclaved for a 15 min sterilisation cycle before being 

allowed to cool to room temperature before use. Solution was stored at 4 °C until 

required. 

Bacterial Host Source Reference 
P. mirabilis CI1 Clinical Isolate - 

P. mirabilis BB2000 Reference Strain (246) 

P. mirabilis 35508 Reference Strain - 

P. mirabilis 51286 Reference Strain - 

P. vulgaris UM266 Clinical Isolate - 

P. penneri 12737 Reference Strain - 

P. mirabilis B2 Clinical Isolate (247) 

P. mirabilis B4 Clinical Isolate (248) 

P. mirabilis RS1 Clinical Isolate (249) 

P. mirabilis RS6 Clinical Isolate (250) 

P. mirabilis RS17 Clinical Isolate (251) 

P. mirabilis RS18 Clinical Isolate (251) 

P. mirabilis RS28 Clinical Isolate (251) 

P. mirabilis RS40 Clinical Isolate (251) 

P. mirabilis RS47 Clinical Isolate (251) 

P. mirabilis RS50A Clinical Isolate (251) 

Escherichia coli Reference Strain - 

Pseudomonas 

aeruginosa PA01 

 

Reference Strain 

 

- 
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2) LB-agar plates: Prepared by dissolving 20 g of LB agar (Invitrogen, UK) 

powder in 1 L of sterile Milli-Q water and then autoclaved for a 15 min sterilisation 

cycle before being allowed to cool and then while still molten, poured into sterile 

petri dishes and left to cool. Agar was stored at 4 °C until required. 

3) Low swarm LB-agar: Prepared by dissolving 20 g of LB low swarm 

(Invitrogen, UK) agar powder in 1 L of sterile Milli-Q water and then autoclaved for a 

15 min sterilisation cycle before being allowed to cool and then while still molten, 

poured into petri dishes and left to cool. Agar was stored at 4 °C until required. 

4) LB-Top agar: Prepared by dissolving 20 g of soft agar powder (Invitrogen, 

UK) into 1 L of water then of sterile water and then autoclaved for a 15 min 

sterilisation cycle before being allowed to cool. Agar was stored at 4 °C until required. 

5) SM buffer (phage buffer): Phage buffer was prepared by dissolving 5.8 g of 

Sodium Chloride (NaCl) (Thermo, UK) in sterile water along with 2 g  Magnesium 

Sulfate (MgSO4.7H2O) (Thermo, UK) in addition to 50 mL 1M Tris HCl pH 7.5 (Thermo, 

UK) and made up to 1 L with sterile Milli-Q water before being autoclaved for a 15 

min sterilisation cycle before being allowed to cool. Solution was stored at 4 °C until 

required. 

4.3.3 Bacterial overnight cultures 

Bacterial overnight cultures were prepared by suspending a single bacterial colony 

previously streaked onto an LB nutrient agar plate into 5-10 mL of sterile LB broth 

and placed in a shaking incubator (SI600/120V/60 Incubator, Orbital Shaker) at 37 °C 

overnight. 

4.3.4 Amplification of the tail spike region of phage PM-CJR 

Amplification of the tail spike region of phage PM-CJR was performed via PCR on the 

Eppendorf Nexus gradient thermal cycler (Eppendorf, Hamburg, Germany). Five 

microliters of Phage PM-CJR DNA was used as template DNA and 2.5 µL of both the 

forward (1µm) (TTTTTTGGATCCATGAGTGATTGCAAAAATTACGTATC) and reverse 

(1µm) primers (TTTTTTAAGCTTTTATAGTATCCTTGCCTGACCACCAAG) used. In 

addition, 12.5 µL of LongAmp Taq 2X Master Mix (New England Biolabs, UK) was 

used. The reactant volume was made up to 25 µL using nuclease free water. The PCR 
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conditions were as follows, 94 °C for 30s, 30 cycles of 94 °C for 20 seconds, 68 °C for 

20 seconds, 65 °C for 50 seconds followed by a final extension of 65 °C for 10 minutes 

and then held at 4 °C until ready to use. 

4.3.5 Gene synthesis & vector transformation 

The gene construct containing the tail spike protein gene was synthesised by 

Genscript (Leiden, The Netherlands). The synthesized gene was supplied in a pET-

28a(+) plasmid vector (Novagen, Madison, WI, USA) cloned using BamHI and HindIII 

restriction sites. The plasmid construct was resolubilized to a concentration of                 

5 ng/µL in nuclease free water and 5 µL transformed in E. coli KRX (Promega, UK) cells 

using a heat shock method as described elsewhere (399). Briefly 5 µL of plasmid was 

added to 50 µL of KRX competent cells and left on ice for 30 min. An alternative pET-

28a(+) vector with a different size gene and 5 µL of nuclease free water were used as 

positive and negative controls, respectively. The tubes were placed in a water bath 

at 42 °C for 1 min before returning to ice for 2 min. After that, 300 µL of SOC media 

(Thermo Fisher Scientific, Loughborough, UK) was added and the culture incubated 

at 37 °C for 1 h, followed by overnight incubation at 37 °C on pre-warmed LB agar 

plates containing 50 μg/mL kanamycin (Merck, Watford, UK). 

4.3.6 Colony PCR for determination of plasmid presence in KRX Cells 

Colony PCR was performed on the transformed E. coli KRX cells to determine if the 

plasmid containing the tail spike gene was taken up by the cells. PCR using the primers 

specific to the tail spike of PM-CJR was performed using the Eppendorf Nexus 

gradient thermal cycler (Eppendorf, Hamburg, Germany). A single transformed 

colony was picked using a sterile 10 µL pipette tip and placed into the PCR master 

mix. The master mix composition was as follows accounting for 25 µL per sample: 2.5 

µL 10x standard Taq reaction buffer, 0.5 µL 10 mM dNTPs, 0.5 µL of both forward 

(TTTTTTGGATCCATGAGTGATTGCAAAAATTACGTATC) and reverse primers 

(TTTTTTAAGCTTTTATAGTATCCTTGCCTGACCACCAAG)  (10 µM), 0.125 µL of Taq DNA 

polymerase (New England Biolabs, UK). The master mix was then made up to a final 

volume of 25 µL per sample using nuclease free water. The reaction conditions were 

as follows: 95 °C for 30 seconds, 30 cycles of 95 °C 30 seconds, 68 °C for 25 seconds, 
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68 °C for 70 seconds, followed by a final extension a 68 °C for 5 minutes and then 

held at 4 °C until ready to use.  

 

4.3.7 Agarose gel for visualization of amplified PCR products 

To analyse the amplified PCR products, traditional agarose gel electrophoresis 

techniques were employed as described elsewhere (400) (401). Briefly, 1 g of agarose 

powder (Thermo, UK) was dissolved in 1 L of sterile, milli-Q water and heated in a 

microwave for 1 minute to completely dissolve the agarose powder. The solution was 

allowed to cool until warm to touch before 5 µL of ethidium bromide solution was 

carefully added to the mixture. The mixture was swirled several times before being 

poured and cast into a gel mould with well indents. The gel was allowed to dry for 40 

minutes before the well indents were removed and the gel placed into an 

electrophoresis tank. 15 µL of the PCR product was ran for  1  h at 200 V before the 

gel was imaged using a UV transilluminator. 

 

4.3.8 Tail spike protein expression in Escherichia coli KRX cells 

Protein expression was performed by growing starter cultures in sterile LB medium 

containing Kanamycin sulfate (50 µg/mL) (Merck, Watford, UK) and 0.4 % glucose 

(Merck, Watford, UK) at 37 ° C overnight. Overnight E.coli KRX (NEB, UK) starter 

cultures were then diluted 1:100 into fresh LB broth containing Kanamycin (50 

µg/mL). Cultures were then grown at 37 °C at 200 rpm until an optical density (OD600) 

of 0.4 was achieved. The culture was then placed at 25 °C until optical density reached 

0.5 at which point 1 µL of 20 % rhamnose (Merck, Watford, UK) was added along with 

IPTG (Merck, Watford, UK) to a final concentration of 1mM. Cultures were then 

grown overnight at 25 °C before harvesting the cells via centrifugation at 10,000 g for 

5 min. Cells were lysed via sonication on ice (10 s on 10 s off for 9 cycles)  in sterile 1× 

Dulbecco’s phosphate-buffered saline (PBS) (BR0014, Oxoid, Basingstoke, UK). 

  



 

185 
 

4.3.9 His-tag-mediated purification of tail-spike protein 

Clarified via centrifugation (5000 rpm for 15 min) cell-free extract was purified by 

immobilized metal affinity chromatography (IMAC) using the N-terminal 6x His-tag 

encoded by the pET28a+ vector. An ÄKTA Prime Plus Liquid Chromatography System 

was used to load the clarate on a HisTrap™ HP 1 mL column (both GE Healthcare Life 

Sciences, UK) at a rate of 1 mL min-1. This was washed using buffer containing 50 mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, made up to 1 L with dH2O and adjusted to 

pH 8.0 with NaOH. Purified protein was eluted in 1 mL fractions using buffer 

containing 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole made up to 1 L with 

dH2O and adjusted to pH 8.0 with NaOH. 

4.3.10 SDS PAGE analysis 

Five microliters (µL)  of 5x SDS-PAGE denaturing Laemmli buffer (20 % 1.5 M Tris-HCL 

pH 6.8, 50 % Glycerol, 25 % β-mercaptoethanol, 10 w/v % SDS, 5 % of 1% 

bromophenol blue) was added to 20 µL of respective sample and heat treated at 95 

°C for 10 min on a heat block. The gel cassette was filled with Novex 1x MES SDS 

running buffer (Thermo, UK) made from a 20 x stock. 10 µL of each denatured sample 

was loaded into an Invitrogen NuPAGE 4-12 % Bis-Tris gel (1.5mm X 10 well) (Thermo, 

UK) along with 5 µL of SeeBlue Plus2 Pre-stained standard reference ladder (Thermo, 

UK) and run at 200 V for approximately 1 h. The gel was then stained for 1 h using 

Coomassie blue (2 w/v % Coomassie blue R-250, 42.5 % water, 50 % ethanol and 7.5 

% acetic acid).  The gel was then placed in de-stain solution overnight (87.5 % ddH2O, 

5% Methanol and 7.5 % acetic acid) and then washed three times with water. The Gel 

was imaged using G:BOX Chemi XRQ imager (Symgene, Cambridge, UK).  
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4.3.11 Molecular dialysis of purified protein 

Protein dialysis was performed using dialysis cassettes with a molecular weight (MW) 

cut off value at 10,000 kDa. Cassettes (ThermoFisher, UK,) were used according to 

the manufacturers protocol. Briefly, 3 mL of the collected protein fractions were 

injected into the top right corner of the cassette and allowed to settle for 10 min 

before proceeding. A 5 L beaker was filled with either 10mM Tris HCL pH 7.5 or sterile 

PBS pH 7.5 (for Galleria mellonella work) to be used as the buffering solution. The 

cassette was fixed in place to the beaker and placed at 4 ° C overnight to allow for 

the dialysis to occur. The next day, the solution was drained from the opposite corner 

of the cassette and purity, concentration determined via Qubit protein quantification 

assay and reverse phase HPLC (402).  

 

4.3.12 Western blot of tail-spike protein 

SDS PAGE protocol was performed as previously described earlier in the materials 

and methods section above. For the western blot, the SDS cassette was filled with 

transfer buffer (3.48 g tris, 14.42 g glycine and 200 mL of methanol made up to 1 L 

volume using dH2O). The SDS gel was then placed in a transfer cassette (Nitrocellulose 

membrane, filter paper, cushioned sponge pads) and transferred to a nitrocellulose 

membrane via running at 30 V for 2 h. The membrane was then washed in 0.1% PBS-

T (dH2O, PBS & Tween 20) for 5 m before blocking with 5 % milk-PBS-T solution (70 

RPM). 1 µL of monoclonal primary anti-polyhis-antibody (Sigma monoclonal mouse) 

was added and left to incubate for 1 h (70 RPM, 4 °C). Membrane was again washed 

with PBS-T several times before adding a solution of 5 % milk-PBS-T containing the 

secondary antibody (Goat, anti-mouse Horseradish peroxidase, 1:10,000 dilution). 

Membrane was allowed to incubate for 1 h (70 RPM). Following this, the membrane 

was washed a further 5 times with PBS-T before being stained with a 

chemiluminescent substrate solution (250 mM luminol in Tris, 100 mM tris pH 8.5, 50 

mM p-coumaric acid in DMSO and 6 % H2O2). Membrane was visualised using 

ImageLab software. 
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4.3.13 Reverse phase HPLC 

The purity of the recombinant Tail-spike protein was determined using reverse phage 

HPLC. Tail-spike purity was determined by adding 10 µL of different protein 

concentrations into a Kinetec 5 u C18 100A column (50 x 4.6 mm) and placed into an 

agilent 1260 infinity system at room temperature. The purity of the sample was 

determined using the diode-array detection method at a wavelength of 254 nm over 

a period of 30 min with a defined solvent gradient (0.1 % Trifluoracetic acid in water 

and 0.1 % Trifluoracetic acid in Acetonitrile) The flow rate was set to 1 mL/min and 

set to run for 30 min per sample.   

4.3.14 Spot test to confirm activity of tail-spike protein 

To confirm the activity of the purified recombinant protein, the top agar assay, similar 

to the assays described in previous chapters was used. Briefly, 350 µL of an overnight 

culture of P. mirabilis BB2000 grown in 15 mL of LB broth at 37 ° C, was added to 5-7 

mL of molten soft LB agar in a glass test tube. The solution was swirled to mix before 

being poured over the surface of a sterile LB agar plate and allowed to solidify for 40 

min. Following the setting period, 10 µL of the purified Tail-spike protein was spotted 

onto the surface of the agar plate and allowed to dry for 25 min. The plates were then 

incubated at 37 ° C for a defined period of time before being analysed for the 

presence of tail-spike induced degradation. 
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4.3.15 Protein/molecular modelling of tail-spike protein 

Predicted molecular modelling and protein structure was performed using a variety 

of protein prediction software packages. The nucleic acid sequence of the tail-spike 

protein was converted to a translated amino acid sequence and uploaded to the I-

Tasser online server (https://zhanggroup.org/I-TASSER/; accessed on 1 January 

2021). The predicted structure obtain from I-Tasser was then compared to a database 

of similar structures (Protein Data Bank (PDB) database). The predicted structure 

from I-Tasser was then uploaded to TM-align (https://zhanggroup.org/TM-align/ 

accessed on 1 January 2021.) to compare the structure to other predicted structures 

to visually assess the structural similarity between the query and comparative tail-

spike structures (403) (404). For visualisation of the structures, the models were 

loaded into PYMOL 2.4 (https://pymol.org/2/) .  

4.3.16 Host range determination for the tail-spike protein 

The host range of the tail-spike protein was determined in a similar way to the host 

range assay of the whole bacteriophage employing the top agar assay. Briefly, 350 µL 

of an overnight culture of the respective host strains were added to 5-7 mL of molten 

soft top agar. This solution was swirled gently to mix before being poured over LB 

agar plates and allowed to dry for 40 min. After the setting period, 10 µL of purified 

tail-spike protein was spotted onto the bacterial lawns and allowed to dry for 25 min. 

The plates were then incubated overnight at 37 ° C and the plates analysed for zones 

of degradation the next day. 
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4.3.17 MBEC adherence assay of tail-spike protein 

The MBEC (Innovotech Inc, Edmonton, Canada) adherence assay was performed by 

firstly adjusting the OD600 of an overnight culture of P. mirabilis BB2000 to 0.1 in 

sterile LBB media. The optical density was adjusted using sterile LB broth with tail-

spike protein added to a final concentration of 100 µg/mL. 150 µL of culture was then 

added to the rows of the MBEC plate. The MBEC lid with pegs protruding from the 

surface was added to the bacterial culture wells supplemented with tail-spike protein 

and placed into a sterile plastic container with a damp lint free cloth. The container 

with the MBEC plate was incubated at 37 ° C for 4 h before colony counts were 

performed via the Miles and Misra method (405). Control wells of LB broth and a 

vehicle control (50 mM Tris-HCl pH 8.0 diluted into sterile LBB) was added to the 

MBEC plate. Phage PM-CJR solution was used for comparison (final titer – 1x106 

PFU/ml). The collected data was analysed using Prism 7 (GraphPad Software, USA). 

One-way ANOVA with Tukey’s post-hoc test was used for comparison of treatment 

groups. 

 

4.3.18 Optical density post MBEC adherence assay 

The optical density of the MBEC wells was recorded after the colony counts for the 

MBEC adherence assay. The 96-well NUNC plate was placed in a BMG Labtech 

FLUOstar Omega plate reader. The software was set to record the optical density at 

OD600 as an endpoint assay. The absorbance values were recorded, and the averages 

were used to deduce the mean OD600 value for the post adherence assay.  
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4.3.19 Galleria mellonella survivability study 

Fresh Galleria mellonella (greater wax moth) larvae were used for this study. Larvae 

were injected with 20 µl of an overnight culture P. mirabilis BB2000 at a range of 

different concentrations diluted down using sterile 1× PBS (pH 8.0) . Using sterile 29 

gauge insulin needles, 20 µl of the bacteria was injected into the lower left anal end 

proleg and the larvae placed in a sterile petri dish (Figure 4.1). For treatment 

conditions, 20 µl of the treatment solution to be used was immediately injected into 

the lower right proleg at the anal end of the larva after injection of the bacteria. 

Treatment of both phage and recombinant tail spike protein were used. Phage PM-

CJR was used at a concentration of 1 × 107 PFU/ml. The tail spike protein was 

administered at a concentration of 100 µg/ml. Controls of 1× PBS (pH 8.0)  were used 

to ensure correct injecting technique was used. Larvae were incubated at 37 °C and 

survivability recorded at 24 and 48 h time points. Experiments were carried out using 

10 replicates for each condition and repeated three times. Survivability was 

determined as the percentage (%) of G. mellonella alive and motile after the defined 

incubation periods. 

 

 

 

 

 

 

Figure 4.1. The experimental design for the G. mellonella survivability assay.                   

G. mellonella larva were injected (29 Gauge Insulin needle) in the lower left proleg 

with 20 µL of various dilutions of P. mirabilis in PBS. For treatment experiments, 20 

µL of either phage of recombinant tail-spike protein was injected into the lower right 

proleg immediately after injection of the bacteria. The larva were then incubated at 37 

° C for the defined incubation periods. Controls of PBS were used for each 

experimental replicate.  
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4.4 Results 
 

4.4.1 Analysis of the tail-spike protein of PM-CJR 

 

From the next generation sequencing (NGS) data obtained from BGI Hong Kong, the 

assembled contigs allowed for the production of a fully annotated genome for phage 

PM-CJR. Gene prediction and annotation was performed using Artemis, NCBI BLAST 

and HHPred programs (see CHAPTER 2). A number of different phage genes were 

assigned functions; gene gp059, localised in the tail morphogenesis region, was 

annotated as a tail spike protein gene containing a putative pectate lyase domain 

(Figure 2). The gene of interest is 1935 bp in length and oriented in the opposite 

direction compared to other genes of the tail morphogenesis cluster. 

 

Figure 4.2.  Annotated Genome map of phage PM-CJR showing the position of the 

tail- spike (Pectate lyasegp059) gene containing a pectate lyase domain to be cloned, 

expressed and then screened for its antimicrobial activity against P. mirabilis BB2000 

to assess its potential as a treatment option for catheter associated urinary tract 

infections (CAUTIs). Arrows on the genome map represent identified genes and 

demonstrate the direction of their transcription. They are coloured to reflect common 

functions of the encoded products. Putative genes with unidentified function are shown 

in grey colour.  
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Translation of the nucleotide sequence for the tail-spike protein of phage PM-CJR 

resulted in an amino acid sequence 644 amino acids in length. Molecular weight 

prediction of the amino acid sequence estimates that the protein is 72 kDa in size. 

Amino acid composition indicates that the most abundant amino acids in the 

sequence are leucine, glycine, asparagine, iso-leucine and lysine (Table 4.2). 

Table 4.2. Protein sequence for the tail spike protein cloned from P. mirabilis BB2000 

phage PM-CJR. The tail-spike protein is 644 amino acids in length. In addition, the 

composition of the different amino acids is also represented below. Analysis 

performed using Gapped BLAST and PSI-BLAST (406). 

PM-CJR Protein Sequence 

 

 

MSDCKNYVSEEDIKALKESELHIEHVARSRNLAGEKVLSVTDTIRGEKVTNRTL

DGLEDLYQDALSNIGYQQMGDFEQGINITGRNQIVFENGSWYIYRGDLPHVTTG

ASLAEDGGVWSEENPNGQWVNVGQAGIKEELASSNGANMIGYKLPHDLSILRKL

SVKIDERVSLLDFGLIGDGIADDSNAIQKALDYCYEKKVGLTGKYGLKSKVTKT

IYLPPFEDRFKMVDLDFCGLMLLPTSEVKKVFISGKKSGNDWVSSMEDPIMSQN

ISNLTVRNLIINNDDVNDSYGRVAFGFKELHINCKTENLISRNFELGFDFNNCF

YLHSLNNIVLNSEPLLKTSTGHKYRNGCNLMKIEAAIALNTKDGYVFEAGVTGV

VLDKMSFEGQGVSIISKGEIFDMTIQNSYLENVGDDRDICFDFQSYSHVTFSNN

YMWAKRAKHLVKHKPLQPRNMIEIQKNNFIYELPVENYFIDKGLHYSEIHLKNT

QASPDLSNTLFRMKDMGQGVILHKNAINLDGLGRPTHISTVVNEFIPGNYSGKY

DNGYKSESMYGLYDPVKDTVNGSCEFKTKILYSDTQLLKLGIKIADVNNVKEYT

GLIWGNKCYKPDGAIDDRVLITSNDEFVVIKITGISKGNFNILGGQARIL 
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4.4.2 Secondary structure analysis 

The analysis of the secondary structure of 644 aa tail-spike protein of phage PM-CJR 

using Reproof from the PredictProtein software package (predictprotein.org) has 

shown that 32.6% of the protein was organised into strands, helices (including alpha, 

pi- and 3_10-helix) constituted 8.1%, while other secondary structure states 

accounted for the remaining 52.3% (Figure 4.3). The overall protein structure also 

appeared to be lacking in di-sulphide bonds  as none were predicted in the above 

model. The presence of these strands indicates a high occurrence of hydrogen 

bonding across the structure which might suggest the protein is quite soluble in a 

variety of solvents depending on the abundance of polar and non-polar residues 

(370).  

 

Figure 4.3. The amino acid sequence of the tail-spike protein of phage PM-CJR. The 

different types of sub-structures that make up the overall protein structure can be seen 

across the sequence i.e., helices, strands or other secondary structures such as coils. 

Image obtained using RePROF (407) (408). 
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4.4.3 Structural modelling of the tail spike of PM-CJR 

Protein prediction/modelling tools were employed to predict the structure of the tail 

spike protein from phage PM-CJR. The I-TASSER online server was used to predict the 

structure by comparing homology against a database of structurally similar proteins. 

The predicted model is presented in Figure 4.4 in both cartoon (A) and stick model 

(B) structures. Two metrics were used to assess the accuracy of the generated model. 

The confidence score (C-score) typically ranges from -5 to 2, where a C-score of higher 

value signifies a model with a high confidence. A C-score of -1.29 was assigned by I-

TASSER to the above predicted model suggesting that the predicted model is 

reasonably accurate and reliable. TM score is a novel scale used to measure similarity 

between two protein structures, with TM ≥ 0.5 indicating correct topology of the 

resulting model. As the TM score was 0.55 ± 0.15  this suggests that the predicted 

model is of correct topology, and that the similarity has not been randomly assigned. 

 

 

 

 

 

 

 

 

Figure 4.4. (A) The I-Tasser predicted model of the tail-spike protein cloned from 

phage PM-CJR. Predicted structure was downloaded and animation edited using 

PYMOL 2.4. Predicted model had a C score of – 1.29, a TM score of 0.55 ± 0.15 and 

a Root-Mean-Square Deviation (RMSD) score of 11.0 ± 4.6Å. RMSD is an average 

distance of all residue pairs in two structures, The TM and RMSD scores are a set of 

defined values usually employed to give an accurate measurement of structural 

similarity between two structures. A TM score of > 0.5 indicates a model of correct 

(B) (A) 
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topology. (B) Stick structure view of the predicted tail-spike protein from PM-CJR 

(409) (407).  

The output prediction model for the tail-spike protein of PM-CJR showed a high 

similarity with tail spike proteins of other previously characterised bacteriophages 

from the PDB (Table 4.3). The  most commonly referenced bacteriophage was E. coli 

phage CBA120. A significant TM score was assigned to the similarity model between 

the tail-spike of PM-CJR and tail-spike 4 and tail-spike 2 of bacteriophage CBA120. A 

TM score of 0.931 and 0.595 was assigned to tail-spike 4 and tail-spike 2, respectively. 

This suggests that the tail spike protein of PM-CJR shares topology with phage 

CBA120 tail spike 4 and, to a lesser extent, tail spike 2. Similarity was also assigned to 

four additional bacteriophage tail-spike proteins; however, this value fell below the 

0.5 TM-score, suggesting that those proteins are less structurally similar to the tail 

spike of PM-CJR. The RMSD values of protein model alignments corroborate this 

conclusion. 

Table 4.3. The top 6 Predicted structural analogues of PM-CJR Tail-spike protein 

determined using the I-Tasser online server for protein modelling.  Detailed also are 

the relative TM and RMSD  scores. 

Rank PDB Hit PDB Details TM-Score RMSD 
 

1 
 

5w6hA Phage CBA120 Tail-
spike protein 4 

 

 
0.931 

 
1.81 

 
2 

 
5w6pA 

Phage CBA120 Tail-
spike protein 2 

 

 
0.595 

 
4.65 

 
3 

 
6eu4A Phage 

vb_AbaP_AS12 
gp42 Tail-spike 

 

 
0.479 

 
5.01 

4 40j5A Phage CBA120 Tail-
spike protein  

 

0.479 6.49 

5 2vjjA TAILSPIKE PROTEIN 
BACTERIOPHAGE 

HK620 
 

0.477 6.26 

6 5w6fA 
Bacteriophage 

CBA120 Tail-spike 
protein 3 

0.465 5.76 
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For a more in-depth view of the structural alignment between the tail-spike of 

CBA120 and PM-CJR, the top hit from the I-Tasser prediction, a subunit of tail-spike 4 

from phage CBA 120 was selected to align with the tail-spike of PM-CJR. From Figure 

4.5, it can be seen that a significant degree of structural similarity is present between 

the two structures as the overlap observed is quite high. Alignment of the 618 amino 

acids from tail-spike 4 of phage CBA120 had a reliable TM score of 0.9331 indicating 

reliable topology (410).  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Alignment of the tail-spike protein model from PM-CJR (Red cartoon 

structure) to a more localised region (697 residues) of  the top hit from the I-TASSER 

analogue database Phage CBA 120’s Tail-spike protein 4 (Blue Cartoon structure). 

Alignment was performed using TM align online server. The aligned length was 618 

amino acids, and the respective TM score was 0.9311. The RMSD score was recorded 

at 1.81 Å (404).  
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4.4.4 Comparison of PM-CJR tail-spike to the tail-spike of phage 

vB_PmiP_RS10pmA 

To assess the similarity of the tail-spike protein of phage PM-CJR to other genetically 

similar phages which utilise the same host bacterium, structural alignment between 

the tail-spike of PM-CJR and a second P. mirabilis phage (Proteus phage 

vB_PmiP_RS10pmA) was performed. Firstly, the tail-spike structure  of Proteus phage 

vB_PmiP_RS10pmA (Genbank accession no QDU35678.1) was modelled using I-

TASSER before being aligned to the tail-spike of PM-CJR using TM-align and then 

PyMOL. From the structural alignment in Figure 4.6, it can be seen that there is again 

a high degree of similarity between the two structures with relation to the main body 

of the protein; however, significant differences are still present at both the C and N-

terminals of the proteins. Alignment of 388 amino acids resulted in a TM score of 

0.49633. This value is slightly below the 0.5 reliability score which suggests that some 

topology may have been assigned randomly due to the size difference between the 

amino acid sequences as the tail-spike protein of PM-CJR is near 300 amino acids 

longer than Proteus phage vB_PmiP_RS10pmA. 

 

 

 

 

 

 

 

 

 

Figure 4.6. Alignment of the Tail-spike protein from PM-CJR (Blue cartoon structure) 

to the tail spike region of Proteus phage vB_PmiP_RS10pmA. Alignment was 

performed using TM align online server. The aligned length was 388 amino acids, and 

the respective TM score was 0.49633. The RMSD score was recorded at 6.02  Å (404).  
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4.4.5 PCR amplification of the PM-CJR tail-spike protein 

After the structural bioinformatics analysis confirmed the initial prediction of the 

functional role of the ORF gp_059 to be a tail spike with depolymerase activity, PCR 

amplification of the tail spike gene (Figure 4.7) using phage PM-CJR DNA as a 

template in the reaction was conducted. Successful amplification of the targeted 

region of  DNA was achieved. Gel electrophoresis of the DNA showed that the gene 

amplified at roughly 1900 bp which correlates to what was predicted for the DNA 

sequence. This confirms that the predicted pectate lyase gene is present in the phage 

DNA as the specific primers selected for this gene sequence. The purity of the bands 

also show that no contaminant or non-specific DNA amplification occurred during the 

PCR reaction.  

 

 

 

 

 

 

 

 

Figure 4.7. PCR of the tail spike gene using gene specific primers and template DNA 

extracted from phage PM-CJR. LongAmp Taq 2X master mix (NEB, UK) was used as 

the polymerase master mix. 25 µL reactions were set up and 15 µL of the PCR product 

run on a 1 % agarose gel for 50 min at 90 V. Lane 1, represents high range DNA 

standards, lane 2 represents low range DNA standards. Gene amplified at around 1900 

bp. Lanes 3 to 10 represent the amplified tail spike gene. Mass-Ruler HR & LR DNA 

ladders used as size references (Thermo, UK). 
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4.4.6 Transformation of the gene vector into E. coli KRX cells 

After the presence of the tail spike gene of the correct size was confirmed in the 

phage genome, the gene cloned into pET-28a(+) vector was ordered from GenScript. 

The gene expression construct synthesized by GenScript was transformed into the 

E.coli KRX cells and the resultant colonies plated onto kanamycin (50 µg/mL) 

containing LB agar plates. The negative control of water (Figure 4.8, A) instead of 

DNA was used and plated to confirm no growth of the E.coli KRX cells was possible 

without the presence of the Kanamycin resistant gene on the pET28a(+) plasmid. A 

positive control (Figure 4.8, B) was also used to prove that the experiment worked 

by transforming the cells with a previously known vector which accounted for the 

Kanamycin resistance. Colonies were seen on the positive plate as expected. Heat 

shock transformation of the target gene (Figure 4.8, C) in the pET28a(+) plasmid was 

also successful as the colonies were able to grow on the Kanamycin plates indicating 

that the circularised plasmid with the gene of interest had been taken up and utilized 

by the E. coli KRX cells.      

 

 

Figure 4.8. Transformation of the tail spike gene cloned in pET28a(+) into E. coli KRX 

cells (New England Biolabs, UK). (A) The negative control using nuclease free water 

as the transformant resulting in no colonies. (B) Positive control using pET28a(+) with 

a different insert. (C) Tail spike gene expression construct. 

 

 

 

(A) (B) (C) 
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4.4.7 Colony PCR of the transformed E. coli KRX cells 

Colony PCR was used to confirm the presence of the Tail-spike protein gene within 

the Plasmid inside the E. coli KRX cells post transformation. Primers specific to the 

tail-spike protein gene were used in the PCR master mix reaction and the PCR product 

was run on an agarose electrophoresis gel for 1 h. From Figure 4.9, it is evident that 

both the transformation process and the resultant colony PCR was successful as the 

gene product was present and had been amplified to a high quantity so as to be 

visible on the gel. Lane 3 to 12 show the presence of the tail-spike gene at 1900 bp in 

length indicating that the control plasmid present inside the E.coli KRX cells. The 

positive control colony PCR is represented in Lane 13 and this shows the presence of 

a different insert of 2400 bp in length in the transforming plasmid. A negative water 

control was used in Lane 14 to show that the gene was not present in any of the PCR 

reactant products. 

 

 

 

 

 

 

 

 

Figure 4.9. Colony PCR of the transformed E. coli cells containing the pET 28a(+) 

plasmid with the tail-spike gene insert. Lane 3 to 12 are the results of the colonies with 

the bands amplified around 1900 bp. Lane 13 represents the positive transformation 

colonies with the OMR34 gene amplified to around 2400 bp. Mass-Ruler HR & LR 

DNA ladders used as bp references (Thermo, UK.). 
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4.4.8 SDS-PAGE of the expressed, transformed E. coli KRX cell 

One of the colonies which was validated by colony PCR was selected for a starter 

culture for tail spike protein expression. Protein expression of the cloned tail spike 

protein was performed using a rhamnose based expression system as part of the KRX 

cells. Addition of glucose to prevent background expression followed by the addition 

of rhamnose and IPTG allowed for successful expression of the recombinant protein 

as seen in Figure 4.10. Figure 4.10, (A) is an SDS-PAGE gel representing the expression 

of native E.coli KRX proteins without the plasmid present in the cells. This was used 

as an expression control. Positive expression of the recombinant protein can be seen 

on Figure 4.10 (B) at 72 kDa. The presence of this thick well-defined band at 72 kDa 

is indicative of the targeted protein size as previously predicted based on its amino 

acid sequence. The size of the band compared to the other bands on the gel and the 

no induction control, indicates that this protein was overexpressed as a result of the 

addition of the rhamnose upregulating expression of the protein within the rhamnose 

dependent operon.  
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Figure 4.10. (A) SDS-PAGE gel, representing the transformed E.coli KRX cells with 

empty vector, expressed using IPTG and Rhamnose Lane 1, SeeBlue Pre-stained 

protein standard ladder (Thermo, UK). Lane 2 protein pattern for undiluted 

transformed KRX cells with empty vector. Lane 3 & 4, protein pattern for diluted 

(1:10 and 1:100 respectively) transformed KRX cells with empty vector (B) SDS Page 

gel, representing the transformed KRX cells with gene vector and expressed using 

IPTG and Rhamnose. Lane 1, SeeBlue Pre-stained protein standard ladder (Thermo, 

UK). Lane 2, protein pattern for undiluted transformed KRX cells with gene vector. 

Lane 3 & 4, protein pattern for diluted (1:10 and 1:100 respectively) transformed KRX 

cells with gene vector  The desired protein band can be seen around 72k Da.  

  



 

203 
 

4.4.9 ÄKTA Prime Fraction collection chromatogram 

 

Recombinant trail-spike was purified using the HisTrap columns on ÄKTA Prime 

system (Figure 4.11.). The sonicated cell free extract was loaded into the machine 

post wash stage and the elution fragments collected between 15 to 25 min. The 

machine is calibrated to identify the target protein at a unique UV wavelength (280 

nm). A free flowing (non-gradient) collection method was applied to the system so as 

the target protein was release from the HisTrap HP 1mL column in several limited 

fractions (roughly 1.5 mL each) to increase the concentration of protein obtained in 

the samples. The collected fractions were then dialysed into either Tris-HCL or PBS 

for subsequent experiments. The sharp increase in absorbance after the 15 min time 

mark indicated the presence of protein in the sample. Fractions between 15 and 25 

min were combined, dialysed and concentrated. The resulting sample of the purified 

tail spike was stored at +4 °C and used for all subsequent experiments. 

 

 

 

 

 

 

 

 

 

Figure 4.11. Elution peak for the purified tail spike protein obtained from clarified 

cell-free extract via immobilized metal affinity chromatography on the Prime Plus 

Liquid Chromatography System using HisTrap™ HP 1 mL column. 1 mL volumes of 

elution protein fractions were obtained. Elution fractions were collected between 15 

and 25 min. 
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4.4.10 Western blot gel of the purified Tail-spike protein 

The western blot (Figure 4.12.) was performed to confirm the presence of the His-

tagged protein in the samples post dialysis and to assess to a certain extent the purity 

of the recombinant protein. After the SDS-PAGE of the dialyzed cellular lysate, 

proteins were transferred onto a nitrocellulose membrane and primary anti-polyhis-

antibody (H1029, Sigma monoclonal mouse, Sigma, UK) was used to visualise the His-

tagged protein. before several washes allowed for the his-tag-stained protein to be 

observed on the gel. A band can be seen at the 72 kDa marker on the membrane. This 

result confirms the presence of the expressed protein due to the unique His-tag it 

possesses. A secondary band can also be seen at around 55 kDa however this is most 

likely caused by non-specific binding of the antibody to other proteins present in the 

protein preparation or to the degradation products of the tail spike protein. This 

phenomenon can also be caused by over intensive staining also (commonly referred 

to as background noise). Furthermore the high voltage applied to the gel can also 

impact the purity of the gel and can again be responsible for the faint secondary band 

observed (411) (412).    

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Western blot of the dialyzed protein fraction transferred onto a 

nitrocellulose membrane. Anti-histidine antibodies were used to identify His-tagged 

proteins. Lane 1, SeeBlue Pre-stained protein standard ladder (Thermo, UK). Lane 2, 

Protein transferred from the SDS-PAGE gel onto the nitrocellulose membrane. A band 

visualized at 72 kDa indicating the presence of a Hi—tagged protein.  
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4.4.11 Reverse phase HPLC of the purified Tail-spike protein 

As the secondary band could be seen on the western blot, reverse phase HPLC was 

used as a complementary approach to determine the purity and quality of the 

dialysed protein. Figure 4.13, shows the protein peak after 25 min into the HPLC 

analysis. A minor peak can also be seen around 4-5 min however the elution time is 

low enough to be considered a non-protein contaminant. To further confirm the 

purity of the protein, a series of dilutions were performed and analysed to show that 

this peak could be subject to concentration dependent effects further confirming the 

peak observed was the tail-spike protein. Figure 4.14, A, B, and C show the 

subsequent dilutions of the protein to concentrations of 450 µg/mL, 225 µg/mL and 

112.5 µg/mL respectively. As the concentrations decrease so too does the observed 

peak in each chromatogram indicating that the target protein in being diluted down 

and the subsequent peak illustrates that. This analysis effectively confirms the 

presence and purity of the recombinant protein. The respective buffer control, in this 

case Tris-HCL was run and displayed on chromatogram in Figure 4.14, (D)  showing 

no peak on the chart. 

Figure 4.13. Reverse Phase HPLC of 100 µL of a purified fraction of recombinant 

phage tail spike protein (891 µg/mL) showing an absorption peak of roughly – 0.8 

milli-Absorbance Units (mAU) at around 25 min into the HPLC cycle. HPLC 

wavelength set to 254 nm.  



(A) (B) 

(C) (D) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. (A) HPLC of purified fraction (450 µg/mL) of recombinant phage tail spike protein showing an absorption peak of roughly – 0.2 

milli-Absorbance Units (mAU) at around 23 min into the HPLC cycle. (B) Protein (225 µg/mL) absorption peak of roughly -0.1 mAU at 22 min 

into the HPLC cycle. (C) Protein (112.5 µg/mL) absorption peak at 22 min into HPLC cycle. (D) Dialysed elution buffer control subject to the 

same conditions. 



4.4.12 Spot test to confirm the activity of the Tail-spike protein of PM-

CJR 

Top agar overlay assays were performed to confirm the activity of the purified 

recombinant tail-spike protein. Mature lawns of P. mirabilis BB2000 establish 

throughout the surface of the soft agar layer of the plate before the tail-spike protein 

begins to display its characteristic activity. Spotting 10 µL of the tail-spike protein 

onto a lawn results in a zone of degradation of 1 cm  after 24 h and about 2 cm after 

48 h. This zone of degradation continues over time until the activity ceases usually 

after 72 h (Figure 4.15.). A control of cell free lysate in which there was no expressing 

gene target in on plasmid was spotted onto the top agar lawn to demonstrate that 

the activity is due to the tail-spike protein. As expected, no degradation was observed 

(Figure 4.15.). The enzyme was also tested on a phage resistant mutant of P. mirabilis 

BB2000 strain and displayed no activity against this host, suggesting phage resistance 

may also confer to enzyme resistance (Figure 4.15, D). The phage resistant P. mirabilis 

BB2000 strain was obtained by exposing the bacterium to low concentrations of 

phage PM-CJR until natural resistance against the phage was evolved by the bacteria.   

Comparison of the recombinant protein to the whole phage was demonstrated in 

Figure 4.16. The recombinant protein has a more greatly enhanced zone of 

degradation compared to the whole phage which displays lysis activity in addition to 

the halo degradation. Expansion of the enzyme is also more rapid with the 

recombinant protein when compared to the whole phage.  
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Figure 4.15. The spot assay of the recombinant protein showing the expansion of the 

depolymerase halo set periods of time. Spot assay was performed by spotting 10 µL 

of purified protein onto a top agar lawn of P. mirabilis BB2000. Plate was allowed to 

incubate at 37 ° C overnight (A), shows the expansion of the depolymerase halo after 

24 h. (B), shows the expansion of the halo after 48 h. (C), represents the control plate 

in which sonicated cell lysate from the control (No tail-spike gene) induced cells was 

spotted onto a top agar lawn of P. mirabilis BB2000. (D) Spot assay of the recombinant 

tail-spike protein on to a lawn of P. mirabilis BB2000 made resistant to phage PM-

CJR via passage models. 
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Figure 4.16. The spot assay of the whole phage and the recombinant Tail-spike 

(Pectate lyase) protein on to a top agar lawn of P. mirabilis BB2000. Spot assays were 

performed by spotting 10 µL of purified protein and phage onto a top agar lawn and 

allowed to incubate at 37 ° C for the specified time period. (A) Spot assay of phage 

and protein after 24 h (B) Spot assay of phage and protein after 48 h. (C) Spot assay 

of the phage and protein after 72 h.  
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4.4.13 Host range comparison of the tail-spike compared to whole 

phage PM-CJR 

When characterising novel antimicrobial agents, it is vital to establish the 

antimicrobial host range of the agent in question (Table 4.4). The host range of the 

tail-spike of PM-CJR was established by performing top agar overlay assays and 

spotting 10 µL of the purified enzyme onto a bacterial lawn of  19 different bacterial 

hosts. The formation of a zone of lower turbidity indicated that the bacterial 

polysaccharide was degraded, and this was considered a positive test result. The host 

range of the tail-spike of PM-CJR was noticeably limited when compared to its whole 

phage counterpart. The tail-spike protein was only active against its original host P. 

mirabilis BB2000 suggesting that the enzyme is highly specific to a certain component 

on the surface of this bacterial strain e.g., LPS or a bacterial capsule. The whole phage 

as previously described has a much broader host range possibly due to its ability to 

target different bacterial receptors to initiate infection and lysis of the target host. 

Table 4.4. Results of the host range study for the Tail-spike protein compared to the 

whole phage PM-CJR against a variety of P. mirabilis strains as well as E. coli, P. 

vulgaris, P. penneri and P. aeruginosa. 

 

 

Host Strain Tail-spike Protein PM-CJR 
P. mirabilis BB2000 + + 

Escherichia coli - - 
Proteus vulgaris UM266 - + 

Pseudomonas aeruginosa - - 

P. mirabilis RS47 - + 
P. mirabilis RB6B - - 
P. mirabilis RB6 - - 

P. mirabilis 35508 - + 
P. mirabilis RS6 - - 

P. mirabilis RB6A - - 
P. mirabilis RS-50A - + 
P. mirabilis RS40 - + 
P. mirabilis RS1 - - 
P. mirabilis B4 - + 

P. mirabilis 51286 - + 
P. mirabilis B2 - + 

P. mirabilis RS17 - - 
P. mirabilis RS18 - - 

P. mirabilis Urease Negative - - 
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4.4.14 MBEC Peg biofilm 4 hour adsorption assay 

The MBEC device based assay was used to assess the ability of the purified tail-spike 

protein to prevent P. mirabilis biofilm formation (413). To assess the potential of the 

tail-spike protein to prevent or inhibit P. mirabilis biofilm formation, an overnight 

culture of P. mirabilis diluted 1:1000 with LB media containing the tail-spike protein 

to a final concentration of 300 µg/mL was added to the wells of the MBEC plate and 

allowed to adsorb for 4 h before colony counts were performed. Colony counts 

illustrated that the tail-spike holds potential in reducing the number of bacteria able 

to adhere to the MBEC pegs by up to 1 log CFU/mL). This suggests that the tail-spike 

protein may interfere with certain adherence factors associated with P. mirabilis 

biofilm formation. When compared to use of the whole phage, the tail-spike protein 

was not as effective as the whole phage was able to completely inhibit biofilm 

formation on the MBEC pegs (Figure 4.17).  

 

 

 

 

 

 

 

 

Figure 4.17. Minimum biofilm eradication concentration (MBEC) adherence assay of 

P. mirabilis BB2000 to an MBEC peg after an incubation period of 4 h in the presence 

of the Tail-spike protein at a concentration of 100 µg/mL (Pectate lyase). GC, LB-

broth and the same inoculum of P. mirabilis BB2000 was used as the respective growth 

control. VC- the respective vehicle control (50 mM Tris-HCL pH 8.0 in LBB). T-Spike 

represents the tail-spike protein dialysed into the VC. PM-CJR, bacteriophage in 1x 

PBS. Experiments were conducted in triplicate, mean values ± SD are reported; ns—

not significant, ****—p < 0.0001 (one-way ANOVA with Tukey’s post-hoc test). 
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To assess if the P. mirabilis cells were still surviving in the LBB medium, an absorbance 

assay of the plate after the colony counts was performed. Because phage lyse the 

cells, the OD assay was performed to see if the phage were preventing adsorption or 

lysisng the cells which would be represented by a less turbid solution. The results 

from the optical density assay showed that the readings for both the whole phage 

and the tail-spike protein were similar, in that there was no statistically significant 

difference observed, indicating that a similar level of growth was occurring in each 

well suggesting that the phage and tail-spike were preventing adsorption and not 

necessarily killing the bacterial cells as would be expected particularly in the case of 

the whole phage. This result suggest that the whole phage may have additional 

inhibitory effects in addition to lysis of the host which may be why it is particularly 

effective at preventing biofilm formation when compared to the tail-spike alone 

(Figure 4.18).  

 

 

 

 

 

 

 

 

 

Figure 4.18. OD600 absorbance assay of the growth media from the MBEC plate for 

the adherence assay showing the comparative differences in absorbance values for the 

enzyme and phage treated groups compared to the vehicle and growth controls).                 

T-Spike represents the tail-spike protein dialysed into the VC. PM-CJR, bacteriophage 

in 1x PBS. Experiments were conducted in triplicate, mean values ± SD are reported; 

ns—not significant, ****—p < 0.0001 (one-way ANOVA with Tukey’s post-hoc test). 
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4.4.15 Galleria mellonella larvae survivability study 

It has been well studied and documented the larval immune system of G. 

mellonella has a number of similarities to the innate immune response of humans 

and other mammals, as a result of these similarities G. mellonella is thus commonly 

used as a model to study host–pathogen interactions (414). The use of G. mellonella 

has been used previously to study the efficiency of novel antimicrobials including the 

use of bacteriophages to treat infections (415).  

G. mellonella survivability studies were performed to assess the ability of the 

recombinant tail-spike protein and the whole bacteriophage to act as therapeutic 

treatments against P. mirabilis BB2000 infections. To prove that the respective buffer 

controls and phage solutions were non-toxic to the larvae, 10 µL of sterile 1x PBS and 

phage PM-CJR (1 x107 PFU/mL) in sterile 1x PBS were injected into the lower right 

proleg of each larva. As can be seen from Figure 4.19, A and B, 100 % survival of the 

larva was recorded after 24 h indicating that the solutions are non-toxics to the larva.  

 

 

 

 

 

 

 

 

 

 

Figure 4.19. (A) Image depicting the physical condition of the G. mellonella 24 h post 

injection in the lower right proleg with sterile PBS solution. Larva were incubated at 

37 °C for 24 h. (B) The physical condition of the G. mellonella 24 h post injection with 

bacteriophage solution in the lower right proleg. Both images show 100 % 

survivability of the larva post injection. Larva were incubated at 37 °C for 24 h.  
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Figure 4.20 (A) shows the effect that the recombinant tail-spike protein at a 

concentration of 100 µg/mL has when injected into the lower right proleg of the G. 

mellonella larva. As can be seen all the larva were still alive after 24 h post inject 

indicating that the tail-spike protein itself is not toxic towards the larva. Figure 4.20 

(B) shows the worms after being injected with 40 CFU/larva of P. mirabilis BB2000. 

Even at this relatively low infection dose only 20 % of the larva survived past the 24 

h incubation period indicating high lethality of Proteus, similar to what was reported 

in previous studies. This result shows that even a low concentration of P. mirabilis 

BB2000 can be toxic towards the larva and also acted as a reference concentration 

for the further survivability experiments.  

 

 

 

 

 

 

Figure 4.20. (A) Image depicting the physical condition of the G. mellonella larva 24 

h post injection with purified recombinant Tail-spike protein (100 µg/mL). 100 % of 

the worms were still alive. (B) The physical condition of the G. mellonella larvae 24 

h post inoculation with P. mirabilis BB2000 (40 CFU/larva). 20 % survival of the larva 

was recorded 24 h post inoculation. Larva were incubated at 37 °C for the 24 h period.  

Injection of the G. mellonella larva with a lower concentration of P. mirabilis BB2000 

was done to assess the effect that a lower microbial number would have on the larva. 

Injection into the lower right proleg with 4 CFU/Larva seen an increase in survival 

when compared to 40 CFU/larva. 40 % of the larva survived when the starting 

inoculum was lowered to 4 CFU/larva as can be seen in Figure 4.21 (A).Injection of 

the larva with a bacterial concentration of < 0.4 CFU/larva resulted in all of the larva 

surviving past the 24 h incubation period (Figure 4.21 B). This result suggests that the 

survivability of the larva is bacterial concentration dependent. 

A B 
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Figure 4.21, (A) Image depicting the physical condition of the G. mellonella larva 24 

h post injection with P. mirabilis BB2000 (4 CFU/larva). 40 % of the larvae were still 

alive. (B) The physical condition of the G. mellonella worms 24 h post inoculation 

with P. mirabilis BB2000 (0 CFU/larva). 100 % survival of the larva was recorded 24 

h post inoculation. Larva were incubated at 37 °C  for the 24 h period. 

 

 

 

 

 

 

 

Figure 4.22, (A) Image depicting the physical condition of the G. mellonella larva 24 

h post injection with P. mirabilis BB2000 (4 CFU/Larva) and the recombinant tail-

spike protein (100 µg/mL). 70 % of the larvae were still alive. (B) The physical 

condition of the G. mellonella larva 24 h post inoculation with P. mirabilis BB2000 (4 

CFU/larva) and bacteriophage PM-CJR (1 x 107 PFU/mL). 100 % survival of the larva 

was recorded 24 h post inoculation. Larva were incubated at 37 °C for the 24 h period. 
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4.4.16 Assessment of phage lysate toxicity to G. mellonella 

To confirm that phage PM-CJR was non-toxic towards the larva, 10 µL of different 

concentrations of phage were injected into the larva and survivability assessed after 

24 h. Figure 4.23 shows that across the range of phage concentrations there was no 

toxic effect displayed against the larvae indicating that the phage lysate is safe to use 

at all concentrations for the treatment of P. mirabilis infections in the G. mellonella 

larva.  

 

 

 

 

 

 

 

 

 

Figure 4.23, The results of the G. mellonella larvae survivability study 24 h post 

injection with Phage PM-CJR at a range of different concentrations. 20 µL of phage 

solution was injected into the lower right proleg of the larvae. The larvae were then 

incubated at 37 °C for 24 h before assessing survivability. 
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4.4.17 Survivability of G. mellonella infected with P. mirabilis 

To understand the concentration dependent effect that P. mirabilis BB2000 has on 

the G. mellonella larva, a series of dilutions of P. mirabilis dilutions were injected into 

the larva and their survivability assessed after 24 h. From the below chart (Figure 

4.24), it is clear to see that any concentration of bacteria above 40000 CFU/larva 

proves to be totally lethal towards the larva as 0 % survival is recorded. A 

concentration dependent effect is observed between the concentration range of 4 

CFU/larva to 400 CFU/Larva as the survivability decreases slightly with each 

increasing bacterial concentration. A significant difference is observed between 4 and 

0.4 CFU/larva as expected due to the low quantity of bacteria. From the above data 

it is evident that for survivability studies concentrations of 4 or 40 CFU/mL should be 

used as the most suitable bacterial concentrations.  

 

 

 

 

 

 

 

 

Figure 4.24. The results of the G. mellonella larva survivability study 24 h post 

injection with P. mirabilis BB2000 at a range of different concentrations. 20 µL of 

bacteria was injected into the lower right proleg of the larva. The larva were then 

incubated at 37 °C for 24 h before assessing survivability. Experiments were 

conducted in triplicate, mean values ± SD are reported; ns—not significant, ****—

p < 0.0001, **—p ≤ 0.01  (one-way ANOVA with Tukey’s post-hoc test). 

 

 

10-8- 0.4 CFU/larva 

10-7- 4 CFU/larva 

10-6- 40 CFU/larva 

10-5- 400 CFU/larva 

10-4- 4000 CFU/larva 

10-3- 40000 CFU/larva 
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4.4.18 Survivability of G. mellonella treated with phage antimicrobials 

Injection of bacteriophage PM-CJR and the recombinant tail-spike protein into the 

lower left proleg of the larva was performed immediately after injection of the 

bacterial culture into the lower right proleg of the larva. A phage concentration of 1 

x 107 PFU/mL was used for treatments and a tail-spike protein concentration of 100 

µg/mL was used. Injection of the whole phage was the most effective therapeutic 

option as it increased survivability at both 40 CFU/Larva and 4 CFU/larva bacterial 

concentrations. The tail-spike protein also increased survivability all be it to a lesser 

extent than the whole phage. Regardless the results presented below (Figure 4.25) 

show the potential of both the whole phage PM-CJR and its recombinant tail-spike 

protein to act as therapeutics against P. mirabilis by increasing the survivability of the 

larva when compared to untreated control groups after 24 h.  

 

 

 

 

 

 

 

 

 

Figure 4.25. The results of the G. mellonella larva survivability study 24 h post 

injection with P. mirabilis BB2000 at a range of different concentrations and the 

respective treatment. Both phage PM-CJR (1 x 107 PFU/mL) and recombinant Tail-

spike (TS) protein were administered as separate treatments. Respective controls of 

PBS and phage/enzyme were used. Larva were incubated at 37 °C for 24 h before 

assessing survivability. Experiments were conducted in triplicate, mean values ± SD 

are reported; ****—p < 0.0001, ***—P ≤ 0.001, **—p ≤ 0.01  (one-way ANOVA with 

Tukey’s post-hoc test). 

PBS- Sterile PBS 

PM-CJR- Phage 

TS- Tail-spike Protein 

10-7- 4 CFU/larva 

10-6- 40 CFU/larva 
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Assessing the ability of both antimicrobials to increase survivability beyond the 24 h 

time point was performed by incubating the G. mellonella larva for a further 24 h at 

37 °C. The purpose of this extended time period was to see if the bacteria were able 

to efficiently establish lethal infection in the presence of antimicrobial agents tested. 

The results (Figure 4.26) after 48 h are still promising for the whole phage and its 

recombinant tail-spike protein. After 48 h the whole phage only recorded a slight 

reduction in survivability when treating the 4 CFU/Larva inoculum. The recombinant 

tail-spike protein recorded a 10 % reduction in survival when treating the same 

bacterial inoculum when compared to the 24 h time point, which is also a promising 

result. A 10 % reduction was observed when the phage was treating the 40 CFU/larva 

bacterial inoculum whereas the tail-spike protein seen a reduction in survival by up 

to 50 % when compared to the 24 h results when treating the 40 CFU/larva bacterial 

inoculum.  

 

 

 

 

 

 

 

 

Figure 4.26, The results of the G. mellonella larva survivability study 48 h post 

injection with P. mirabilis BB2000 at a range of different concentrations and the 

respective treatment. Both phage PM-CJR (1 x 107 PFU/mL) and recombinant Tail-

spike (TS) protein were administered as separate treatments. Respective controls of 

PBS and phage/enzyme were used. Larva were incubated at 37 °C for 48 h before 

assessing survivability. Experiments were conducted in triplicate, mean values ± SD 

are reported; ****—p < 0.0001, ***—P ≤ 0.001, **—p ≤ 0.01, *—p ≤ 0.05 (one-way 

ANOVA with Tukey’s post-hoc test). 

PBS- Sterile PBS 

PM-CJR- Phage 

TS- Tail-spike Protein 

10-7- 4 CFU/larva 

10-6- 40 CFU/larva 
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4.5 Discussion 
 

Genomic analysis of novel isolated viruses is always an important method of 

characterisation to fully understand the antimicrobial potential of the virus. The 

annotated genome map of PM-CJR (Figure 4.2) revealed the presence of the tail-spike 

protein (gp59) within the tail morphogenesis region of the genome. The amino acid 

sequence for this tail spike protein was 644 amino acids in length (Table 4.2) which 

is quite similar to the length observed in other Proteus phage tail-spike proteins such 

as Proteus phage vB_PmiP_Rs10pmA which had a tail-spike protein 582 amino acids 

in length.  

Secondary structure analysis (Figure 4.3) of the tail-spike protein of phage using the 

PSI-BLAST server/RePROF revealed that the protein had helical, strands and coil like 

formations present throughout the structure. These folds essentially determine the 

shape and influence the activity of the protein. The helical formations observed 

predicted for PM-CJR’s tail-spike protein were generally located between amino acid 

number 50 to 200. The structure of a protein determines if and how the protein can 

interact with other molecules (416).  

Modelling of the tail-spike protein of PM-CJR revealed and comparison of this model 

with other phage tail-spike proteins showed that the tail-spike protein of PM-CJR 

shared structural similarity but also had unique differences. The predicted protein 

structure for the tail-spike of PM-CJR (Figure 4.4) had a C score of -1.29, a TM score 

of 0.55 ± 0.15 and an RMSD score of 11.0 ± 4.6Å. The confidence (C) score is a defined 

value for estimating the accuracy and quality of predicted protein models. The score 

is calculated by employing threading template alignments and associated 

convergence parameters of the structure in question. The score values range from -

5 to 2, with a higher C-score signifying a predicted model of higher accuracy and 

reliability. Overall, the C-score for the predicted structure is of reasonable accuracy. 

This value indicated that the predicted structure is most likely correct for a majority 

of the protein however there may be regions which the modelling algorithms 

struggled to correctly predict folds and overall structure. As I-TASSER uses previously 

deposited structures from the protein data bank, the structure of PM-CJR was most 
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likely derived from previously deposited tail-spike proteins and thus the predicted 

structure is most likely accurate to a certain degree (403).   

The predictive comparison models showed that the tail-spike of PM-CJR was most 

structurally similar to the hydrolase of  E. coli CBA 120 tail spike 4 (PDB: 5w6h) which 

is coded by ORF213 and had  been deposited in the protein database (Table 4.3). The 

molecular modelling and overlay of both structures (Figure 4.5) showed that both 

tail-spikes did share quite a high degree of structural similarity which can be justified 

as both phage PM-CJR and CBA120 target bacterial species of the same 

Enterobacteriaceae family. As phage CBA120 is quite a well-studied bacteriophage in 

terms of tail-spike characterisation this is also a reason why it was the top hit from 

the PDB as there are not a wide variety of deposited tail-spike proteins present in the 

database particularly for Proteus phages (417) (418). Although this modelling may 

indicate that the tail-spike of PM-CJR could have similar activity to that of tail-spike 4 

of phage CBA120, the generally low accuracy of protein structure prediction tools for 

phage proteins in addition to the highly conserved structural shape of phage 

depolymerases, means that the bacterial target of phage PM-CJR’s tail-spik can not 

be reliably predicted using this modelling approach.  

To further assess the structural similarity between the tail-spike of PM-CJR and other 

known phages, the predicted tail-spike structure of phage Vb_PmiP_RS10pmA was 

modelled via I-TASSER and the structure aligned to the tail-spike of PM-CJR. It can be 

seen from Figure 4.6 that the aligned protein length was 388 amino acids and an 

RMSD score of 6.02 Å was obtained. This indicates the protein alignment was rather 

accurate and suggests the structures may share a high degree of similarity. Due to 

the similarity between the two tail-spike proteins, to potentially enhance the 

antimicrobial activity of the enzymatic domain of the tail-spike protein, gene shuffling 

could be performed to then screen for a more effective enzyme that has undergone 

several polymorphisms to evolve potential enzymes with more a more promising host 

range and enhanced degradative activity (419). This approach has been successfully 

used for other depolymerases (The VersaTile platform carried out at Yves Briers 

research group) (420). Screening the novel enzymes may prove difficult however, 
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recently novel computational approaches may make tedious screening redundant 

with more accurate enzyme shuffling predictions (421) .  

Despite their potential killing activity, the wider therapeutic use of phages is 

hampered by their inherent biological properties among which are a narrow host 

range, rapid evolution of bacterial resistance towards phage and rapid clearance of 

phages from systemic circulation by the patient’s immune system. Because of that, 

novel phage derived therapeutics are now studied and developed to treat bacterial 

infections. Employment of phage derived enzymes such as endolysins, holins and 

depolymerase enzymes have recently shown potential as novel therapeutics (422) 

(305).  Depolymerases are common mostly on the tail spike protein of certain phage 

but can be present on any region from the capsid, neck or tail-spike (283). Phage PM-

CJR’s genomic sequencing and predicted gene function (Figure 4.20) revealed that 

the tail-spike of the phage encoded for a potential pectate lyase.  

Pectin/pectate lyases (EC 4.2.2.10 or 4.2.2.2) are among the most common 

depolymerases produced by phages and are known to degrade negatively charged 

non-methylated, low-esterified substrates, by acting on the α-1,4 bonds between 

galacturonosyl residues, such as galacturonic acid, a major component of bacterial 

polysaccharides (Figure 4.27) (423). Such pectate lyases are known to degrade 

negatively charged non-methylated, low-esterified substrates and act on the α-1,4 

bonds between galacturonosyl residues (424). It is also known that in many instances, 

pectate lyases such as that encoded by PM-CJR require calcium (Ca2+) and a basic pH 

for optimal activity (424).   

 

 

 

 

Figure 4.27. The chemical structure of galacturonic acid, the substrate which pectate 

lyases, such as the one from phage PM-CJR are thought to act on. Image obtained 

from NCBI-Pub Chem server (425). 
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The literature behind phage encoded depolymerases indicates that such phages 

often are more effective in terms of treatment of bacterial biofilms however this 

‘trend’ is not always the case as some phage have displayed enhanced anti-biofilm 

therapeutic potential without depolymerases (426).  Regardless, the presence of the 

pectate lyase domain in the tail-spike of PM-CJR was considered an interesting 

feature deserving future investigation.  

The tail-spike protein encoding the pectate lyase enzyme consists of 1935 base pairs 

(bp) and its translated protein amino acid sequence is 644 amino acids in length 

(Table 4.2). This amino acid length is similar in length to other tail spike proteins from 

P. mirabilis bacteriophages e.g., P. mirabilis Phage vB_Isfahan_PmiS-Isfahan and P. 

mirabilis phage Vb_PmiP_RS10pmA (322). Figure 4.3 shows the results of the PCR 

reaction for the tail-spike protein using gene specific primers and Phage PM-CJR 

template DNA. The amplified band was seen on a 1 % agarose gel at around 1900 

base pairs indicating that the correct region of the phage genome was amplified.   

The transformation efficiency for the cloning and expression of the tail-spike gene 

was represented via the colony plates depicted in Figure 4.8. Growth on both the test 

plates and positive transformation control plates indicated that the plasmid has 

successfully been taken up by the KRX cells in both cases. The use of colony PCR as 

seen in Figure 4.9 confirmed the presence of the gene inside the E. coli KRX cells as 

an amplified band of 1900 bp was observed. Successful take up of the gene construct 

meant that expression of the protein could be performed. Rhamnose induced 

expression allowed for the production of the protein in the cell lysate which is evident 

in Figure 4.6 as an enhanced band representing over expression of the tail-spike 

protein was observed at 72 kDa on the  SDS-polyacrylamide gel. SDS works on the 

principle that the proteins will be separated primarily by mass due to the ionic SDS 

detergent denaturing and binding to the proteins to make them all uniformly 

negatively charged (427). As a result, the tail-spike protein migrated down the 

electrophoresis gel to roughly 72 kDa where it could then be visualised. This 

effectively confirmed the presence of the over expression of the tail-spike protein of 

phage PM-CJR. The negative control in this instance also showed the absence of the 
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over expressed protein because the gene of interest was not present in these control 

cells. 

The tail-spike protein was purified via His-tagged immobilized metal affinity 

chromatography (IMAC) using HisTrap HP columns. IMAC works by selecting proteins 

according to their affinity for metallic ions that are immobilized  to an insoluble matrix 

(428). The addition of competitive molecules such as imidazole or even altering the 

pH of the system can increase the efficiency of protein elution. Collection of the 

fractions from the Prime plus system based on the corresponding peak at 15 to 25 m 

indicated that the desired protein was most likely present in these fractions as seen 

in Figure 4.11. Western blot of the purified protein fractions allowed for further 

confirmation that the tail-spike protein was effectively expressed and purified. Again 

Western blot is based on selecting for different protein sizes based on molecular 

weight before being transferred to a membrane to produce an identifiable band 

(429). Figure 4.12 shows the results of the western blot revealing the his-tagged 

protein band at around 72 kDa. An additional band can also be seen at around 50 

kDa, this could be break down products of the tail-spike protein or a result of 

extensive staining techniques. Additionally, this could be non-specific binding of the 

antibody to slight contaminants present in the protein sample. Verification of the 

recombinant tail-spike protein from phage PM-CJR via SDS-PAGE and Western blot 

methods is pretty reliable however the activity of the protein can’t be assessed this 

way. 

Reverse phase-HPLC analysis was performed to assess the purify of the recombinant 

protein fractions. Reversed phase HPLC employs a polar mobile phase and a 

hydrophobic stationary phase to make sure the test subject interacts correctly with 

the non-polar and hydrophobic surfaces (430). Figure 4.13 shows solvent peaks from 

around 1 to 5 m into the run, the target protein peak occurred around 25 m. The 

presence of one peak indicates the recombinant protein is relatively pure. Figure 4.14 

(A), (B), (C), shows successive decreasing protein concentrations. Again, it is evident 

as the protein concentration is decreased the relative peak also decreases again 

indicating that the protein is of high purity. Figure 4.14 (D) represents the buffer 

control for the protein, and it can be seen that no peak is observed indicating that 
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the buffer does not contribute to the protein peak. Overall, the HPLC analysis of the 

recombinant protein suggests that the protein is of high purity and sufficient for 

downstream processing.  

 

The traditional top agar overlay spot assay is the most convenient ways to quickly  

test if the tail-spike protein’s pectate lyase domain is still active against its host P. 

mirabilis BB2000. Figure 4.15 (A) shows the activity of the tail-spike protein on a lawn 

of P. mirabilis BB2000. Application of the enzyme to a bacterial lawn of P. mirabilis 

BB2000 resulted in zones of degradation after a 24 h incubation time. It was also 

observed that after 48 h (Figure 4.15, B) the spot test revealed that the 

depolymerase/tail-spike protein still possesses the ability to migrate through the soft 

agar layer of the plate and continue to degrade the components of the bacterial host. 

This result alone suggests that the halo zone of degradation observed from spotting 

the tail-spike protein on to the top agar lawn is independent and does not require 

the whole phage. It would have been easy to assume that the original halo around 

the lysis zone when spotting whole phage was potentially due to phage migration 

through the agar however the results observed in Figure 4.15 show that this 

phenomenon is indeed independent of the whole phage. The negative control (Figure 

4.15, C) in this situation was the addition of purified negative control transformed 

cell lysate onto the bacterial lawn and as expected no degradation was observed as 

the tail-spike protein was not expressed in these cells. Addition of the tail-spike onto 

a lawn of P. mirabilis BB2000 made resistant to phage PM-CJR showed that the tail-

spike was no longer effective against the bacterium. Generally, bacterial resistance 

to bacteriophages at the early stage of infection is due to a mutation in the host cell 

receptor (431). In this instance a mutation in the cell surface receptor targeted by the 

phage may have prevented infection of the whole phage but also rendered the 

enzyme ineffective too. This suggests that the phage and recombinant enzyme are 

acting on the same receptor.   

As stated previously pectate lyase enzymes are thought to act on galacturonic acid, a 

sugar acid and the main component of pectin. It has been demonstrated that removal 

of galacturonic acid from the cell membranes of Gram-negative bacteria makes the 
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host more susceptible to hydrophobic compounds and other molecules such as 

polymyxin B. Removal also results in an altered outer membrane structure and the 

release of periplasmic enzymes such as β-Lactamase (432). It is possible that the 

pectate lyase activity of the tail-spike enzyme is degrading the galacturonic acid of P. 

mirabilis BB2000 and thus could be an promising combinational treatment to 

overcome the resistance P. mirabilis displays towards Polymyxin B (433).  

However, there are still other potential complementary substrates responsible for 

the tail-spike’s enzymatic activity. Phage possessing depolymerase enzymes have 

been reported to act on or degrade the capsular polysaccharide of its host. Some 

phage have even been reported to need the presence of the capsule to allow for the 

infection process to initiate and proceed and thus capsular polysaccharides (CPS) are 

an obvious possible receptor for depolymerase enzymes such as the tail-spike pectate 

lyase isolated from phage PM-CJR (120). Although not all strains of Proteus can 

synthesize CPS, no capsule was detected following multiple capsule staining attempts 

of P. mirabilis BB2000 (data not shown). In Proteus strains that produce CPS, its 

structure appears to be identical to O-specific chains of their LPS (434). 

It has also been reported that tail-spike proteins like that from PM-CJR can also act 

on the lipopolysaccharides (LPS) of certain bacteria to allow for genomic material 

entry into the host cell (435). With this information it is possible that phage PM-CJR’s 

tail spike protein may act upon the LPS of its host and it can be difficult to state clearly 

which component of the LPS it may be acting on (436). 

Figure 4.16 shows a comparison between the recombinant tail spike protein 

compared to the effect displayed by the whole phage. Figure 4.16 (A) is the spot assay 

results after overnight incubation on a lawn of P. mirabilis BB2000. The recombinant 

spot shows a greater degree of degradation compared to the whole phage which 

itself displays cellular lysis in addition to a smaller degradation halo. This has also 

been observed in the case of K. pneumoniae phage NTUH-K2044-K1-1 (177). Figure 

4.16 (B) shows the expansion of the recombinant protein and the phage lysis spot 

after 48 h. Again, it can be seen that the tail-spike protein alone has a greater degree 

of diffusion through the top agar compared to the whole phage. This may be due to 

the higher concentration of protein in the purified solution when compared to the 
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phage lysate or that the recombinant tail-spike can migrate more freely through the 

agar compared to the whole phage. From the results of the spot tests, it is evident 

that the whole phage and recombinant protein are able to act on the host P. mirabilis 

BB2000 after 24, 48 and 72 h post inoculation. Again, this phenomenon has been 

observed in other studies involving depolymerase zone expansion where activity has 

been observed up to 7 days post inoculation (236). This suggests that the 

recombinant protein could be an effective long acting antimicrobial agent for the 

treatment of P. mirabilis CAUTIs due to its ability to degrade a component of the 

bacteria for up to 72 h. It could be argued that one of the main limitations of using 

phage derived enzymes such as depolymerases as antivirulence agents is the narrow 

host spectrum that is commonly associated with them. The host range of PM-CJR 

included several strains of P. mirabilis in addition to P. penneri and P. vulgaris strains, 

this did not translate when using the recombinant tail-spike protein of PM-CJR (Table 

4.4) as the tail-spike only worked on its original isolation strain, P. mirabilis BB2000. 

This suggests that the tail-spike protein is very specific to this particular host. Another 

explanation is that the recombinant tail-spike protein upon binding to the polymeric 

matrix of the other bacterial strains was not accompanied by their enzymatic 

degradation. The presence of additional receptor binding proteins of phage PM-CJR 

may explain why the whole phage has a broader host range in comparison to the 

recombinant tail-spike protein. This narrow spectrum of activity associated with 

phages is considered beneficial for applications in clinics as it does limit the 

effectiveness of phages against non-target bacteria, protein engineering of the tail-

spike protein could be performed to improve its host range.  

Assessing the ability of both the whole phage PM-CJR and its recombinant expressed 

tail-spike protein to act as an antimicrobial to P. mirabilis BB2000 was assessed using 

the G. mellonella larvae survivability model. Survivability was determined as the 

ability of the larva to still be motile and in physically healthy colour post injection into 

the lower prolegs. The physical conditions of the G. mellonella were depicted after a 

range of different treatments from figures 4.19-4.22. From these results it was 

demonstrated that the recombinant tail-spike protein displayed the potential to 
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reduce colonization of polymer surfaces by interfering with the formation of P. 

mirabilis  biofilms and in turn, improved survival of infected G. mellonella.   

 

Injection of the larvae with phage PM-CJR and PBS (Figure 4.19 & 4.23) showed that 

neither phage nor PBS have a toxic effect on the G. mellonella larva, and that the PBS 

can be considered safe as an experimental control and the phage can be considered 

safe for treatment of P. mirabilis infections. In addition, injection with 100 µg/mL of 

recombinant tail-spike protein resulted in 100 % of the larva surviving the injection 

(Figure 4.20 A) suggesting that the purified enzyme had no toxic effects towards the 

larva and that the enzyme holds potential as a non-toxic antimicrobial.  Injection of 

40 CFU/larva of P. mirabilis BB2000 resulted in a significant mortality of the larva after 

24 h. Post incubation for 24 h seen a 20 % survival of the larva indicating that this 

concentration of P. mirabilis is highly lethal towards the G. mellonella larva. This is 

most likely due to the array of virulence factors and LPS that P. mirabilis possesses 

making it highly lethal towards the G. mellonella larva  (437).  

Treatments involving the whole phage PM-CJR, and its recombinant tail-spike protein 

both showed promising antimicrobial potential. Treatment with the tail-spike 

resulted in 70 % survival of the larva indicating that the tail-spike protein may hold 

potential as an antimicrobial against P. mirabilis and may interfere with a virulence 

factor of the bacterial host. Injection of whole phage (1x107 PFU/mL) against the 

same concentration of P. mirabilis (4 CFU/Larva), resulted in 100 % survival of the G. 

mellonella larva 24 h post injection, demonstrating that the whole phage is a 

promising antimicrobial for the treatment of P. mirabilis infections and is also a  more 

effective antimicrobial than the recombinant tail-spike protein most likely due to the 

lytic antimicrobial nature of the phage as opposed to the tail-spike protein.  

Similar studies involving the use of phage to treat bacterial infections in G. mellonella 

have been performed against an array of different bacterial strains. One study 

highlighted the effective use of a phage cocktail to treat the infections. It was 

determined that application of the phage cocktail every 6 h as opposed to one 

application was the most effective method of treatment and resulted in 100 % 
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survival of the larvae (438). Perhaps additional applications of the tail-spike protein 

at regular intervals could increase the survivability of the larvae.  

The lytic nature of phage PM-CJR has proven to be a more effective antimicrobial for 

treating P. mirabilis infections in G. mellonella when compared to the tail-spike 

protein. Because the phage can physically kill the bacterial cells and reduce the 

microbial load, this in turn will reduce the mortality associated with the P. mirabilis 

infection aiding the survivability of the larvae. Nonetheless, the recombinant tail-

spike protein still displayed promising antimicrobial potential and this effect could be 

enhanced via the use of other antimicrobials in a synergistic study.  
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4.6 Conclusion 
 

With the threat of antimicrobial resistance reaching an all-time high, novel means of 

effective therapeutics are urgently required to tackle this issue. The employment of 

phage is becoming a well sought after therapeutic due to their lytic nature and the 

plethora of antimicrobial enzymes these viruses possess. 

This data demonstrates the ability of a phage (PM-CJR) previously isolated in Chapter 

2 of this thesis, to act as an effective antimicrobial as a whole phage. Furthermore, 

the data presented also shows that the cloning and expression of the tail spike 

protein of the phage allowed for the production of a recombinant protein which 

displayed antimicrobial activity in the form of a depolymerase enzyme. The pectate 

lyase domain was capable of degrading suspected components of the host bacterium 

P. mirabilis BB2000 which highlighted its antimicrobial potential. 

Protein modelling of the recombinant tail-spike protein revealed that the tail-spike 

protein shared high structure similarity to both E. coli phage CBA 120 and Proteus 

phage vB_PmiP_RS10pmA. The structural similarity to both phages is expected as 

both phages are specific to similar bacterial hosts of the Enterobacteriaceae family, 

and both are predominantly urinary tract associated pathogens.  

The whole phage PM-CJR showed high antimicrobial potential against P. mirabilis 

BB2000 infections in G. mellonella larva models. Application of phage to treat P. 

mirabilis infections in G. mellonella larva revealed that the phage significantly 

increased the survivability of the larva after both 24 and 48 h time points at a range 

of different P. mirabilis inoculum concentrations. Application of the recombinant tail-

spike protein also revealed it held potential as an antimicrobial agent when treating 

P. mirabilis infections in the G. mellonella models. Again, the tail-spike protein 

increased survivability after both 24 and 48 h suggesting the recombinant enzyme 

may hold potential in the treatment of P. mirabilis infections. Furthermore, the tail-

spike protein also showed promising potential as an antibiofilm therapeutic as it 

displayed the ability to reduce bacterial adherence to MBEC surfaces. This finding 

could be particularly useful for catheter hydrogel coatings, used to prevent and treat 

urinary tract infections such as those caused by P. mirabilis.  
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Although the whole phage PM-CJR appears to be a more effective antimicrobial when 

compared to the recombinant tail-spike protein with regards clearing established 

infections and preventing biofilm formation, the recombinant tail-spike protein still 

demonstrated antimicrobial potential and in the age of peak antimicrobial resistance, 

any novel antimicrobial is beneficial and the continued establishment of an 

antimicrobial arsenal allows for novel combinations of therapeutics to be applied to 

treat infections, thus, combining the tail-spike protein with traditional antimicrobials 

may be beneficial in treating the respective infection and is an avenue that can be 

explored thanks to the data presented in this chapter. 
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5.1 Abstract 
 

The data presented in the following Chapter aims to illustrate the effective isolation 

of two Pseudomonas aeruginosa bacteriophages (EM-CJR and EM-CJR-X) from a 

commercially available ‘Microgen’ phage cocktail. The bacteriophages were 

characterised at both the microbiological and the genomic level via Next Generation 

Sequencing (NGS) techniques and computational annotation. The antibiofilm effects 

of these two phages individually and as a phage cocktail were investigated. 

In addition, this chapter also aims to demonstrate the potential synergistic effect 

observed via the combinational treatment of Pseudomonas biofilms using a cocktail 

of bacteriophages (EM-CJR and EM-CJR-X) alongside a cold atmospheric plasma (CAP) 

jet at a variety of differing exposure times and application orders. The reduction of 

bacterial titre was observed to be 6 log when using the combinational treatment of 

plasma followed by exposure to the phage cocktail.  

This study is only the second reported case of phage-plasma synergy and advances 

the filed by highlighting the applicability of such combination for clinical use in the 

form of treatment of biofilm related infections. The findings illustrate the potential 

for alternative phage synergy studies outside the realm of traditional phage-

antibiotics approaches. 
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 5.2 Introduction 
 

By 1945 the use of bacteriophages in the West was largely abandoned due to the 

discovery and implementation of antibiotics. However, phage research continued in 

large scale in many states in the former USSR particularly in Georgia at the George 

Eliava Institute of Bacteriophage, Microbiology and Virology (IBMV). As a result of the 

Cold War, the impending isolation of Soviet science from Western critiques also aided 

the progression of phage therapy in the East and contributed to its disbandment in 

western medicine (439). However with antimicrobial resistance increasing on a global 

scale, Western medicine is looking towards bacteriophages again to assess their 

effectiveness in treating multi-drug resistant infections (440). The development of 

resistance to bacteriophages in bacteria also occurs rapidly and thus one possible 

mechanism for the employment of bacteriophages, is as a combinational or 

synergistic component in a phage-antimicrobial therapeutic approach (188).  

5.2.1 Bacterial induced antimicrobial resistance 

 

Bacteria are capable of developing resistance to both phage and antibiotics via a 

number of resistance mechanism such as, limiting the uptake of a drug, efflux pumps, 

bacterial modification enzymes and bacterial facilitated hydrolysis of antimicrobials 

(Figure 5.1) (441–443).  

With regards resistance in the form of limiting drug uptake, this mechanism is much 

more common in Gram negative bacteria as Gram positive bacteria don’t have an LPS 

outer membrane. The presence of the LPS layer in many Gram negative bacteria, acts 

as a physical barrier to certain types of antimicrobials, effectively providing these 

bacteria with an innate resistance to large antimicrobial compounds. An example of 

antimicrobial resistance via limiting drug uptake is in the case of Mycobacteria. 

Although not Gram positive or negative, these bacteria have a high composition of 

lipids in their outer membrane meaning that hydrophobic drugs such as rifampicin 

have easier access, but hydrophilic drugs have reduced access to the cells (444). 

Likewise Mycoplasma, which lack a cell wall are therefore resistant to antimicrobials 

that target cell wall components such as β-lactams (445). Recently Staphylococcus 
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aureus has been reported to display resistance towards vancomycin. The unique 

mechanism which allows the bacterial cells to produce thicker cell wall makes it 

increasingly difficult for the drug to enter the cell and thus provides resistance against 

vancomycin. This particular class of resistant strains have been classified as 

vancomycin intermediate S. aureus strains (VISA) (446). 

Another mechanism of reducing drug uptake is via modification of porins in the 

bacterial cell membrane. Porin channels usually facilitate the access of hydrophilic 

antimicrobials. In the case of Enterobacteriaceae members, resistance to 

antimicrobials such as carbapenems can be achieved by reducing the number or 

porins or reducing the production of certain porins completely (447).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Examples of mechanisms used by bacteria for inactivation of antibiotics. 

(A) The conformational change of kanamycin as a result of bacterial encoded 

modification enzymes such as aminoglycoside modifying enzymes (AMEs) found in 

Enterococcus faecium. (B), The hydrolysis of the β-lactam ring in penicillin to form 

penicilloic acid, a commonly observed resistance mechanism associated with 

Staphylococcus aureus. 

  

Β-lactamase  

H2O 

N-acetylation 

(A) 

(B) 



 

236 
 

Efflux pumps present within bacterial cell membranes, are transport proteins which 

promote an active efflux mechanism authoritative for the extrusion of toxic or life-

threatening substances present in bacterial cells and thus can act as a means of 

antimicrobial resistance. Efflux pumps were first described in the 1980s after it was 

observed that certain strains of Escherichia. coli possessed the ability to pump 

tetracycline back out of their cytoplasm (448). There are known to be 5 different 

classes of bacterial efflux pumps (Table 5.1) which all differ in structural composition 

and the roles they carry out (449).  

Tetracycline resistance is the most notable efflux associated resistance mechanism 

and involves the use of a major facilitator superfamily (MFS) type of efflux pump. The 

Tet-efflux pump engages in proton exchange as its main mechanism of extruding 

tetracycline out from the cellular cytoplasm (450). Efflux pumps, in particular Tet-

efflux pumps are acquired by bacteria via mobile genetic elements (MGEs). It is 

thought that of the 20 different Tet-efflux pumps known to researchers, the majority 

of said pumps are encoded by MGEs (451). The possession of such pumps within a 

bacterial membrane proves to be a vital accolade in their bid for antimicrobial 

resistance and the fact that most are coded for by MGEs means they are also easily 

transmissible between bacterial species to increase the resistance dilemma. 

Table 5.1. The 5 different classes of efflux pumps involved in antimicrobial resistance, 

their respective energy source as well as their substrate specificity. 

 

  

Class Type of Energy Source Substrate specificity 

MATE Family Na+ ion Multi drug 

RND Family Proton motive force Multi drug 

ABC Superfamily ATP hydrolysis Multi drug & specific 
substrate 

MF Family Proton motive Force Multi drug & specific 
substrate 

SMR family Proton motive force Multi drug 
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Modification of drug targets is also a common method of bacterial resistance towards 

traditional antimicrobials. There are a wide variety of potential targets that 

antimicrobials can act on and as a result there are a wide range of possible drug target 

modifications that can occur to provide resistance. In relation to Gram positive 

bacteria, modification of binding proteins is a well-established mechanism to 

providing resistance. Gram positive bacteria have been shown to display alteration in 

the structures of penicillin binding proteins (PBPs). These PBPs are important 

transpeptidases required to the synthesis of the peptidoglycan layer of cell walls. An 

alteration in the structure of PBPs or even a reduction in the number of PBPs can 

singingly reduce the amount of penicillin that can bind to these targets and thus aids 

bacterial resistance. A structural change in the PBP2a target in S. aureus has been 

shown to prevent the binding of penicillin and thus provide resistance to these strains 

(452). 

Bacteria can also develop resistance by inactivation of antimicrobial drugs. This 

process can be done in two main ways, the first being the actual degradation of the 

drug or the addition of a chemical group to the drug which causes inactivation. In 

cases where resistance is achieved via the addition of a chemical to the antimicrobial 

drug, the most commonly transferred chemicals are; adenyl, acetyl and phosphoryl 

groups (453). Acetylation is the most commonly used mechanism and has been 

demonstrated to be used against chloramphenicol, fluoroquinolones and 

streptogramin (441).  

As stated, resistance can also be achieved through degradation of the antimicrobials. 

Β-lactamases are a classic example of hydrolyzing enzymes that are capable of 

inactivating antimicrobial such as penicillin (Figure 1) (454). Β-lactamases work by 

hydrolyzing the Β-lactam ring of drugs such as that of penicillin, causing the rings to 

open and prevent their binding to the penicillin binding protein (PBP) targets. The 

production of Β-lactamases is the most common method of resistance for Gram 

negative bacteria against Β-lactam drugs (455).  
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5.2.2 Bacterial resistance to phages 

 

Similar to the situation with resistance to antibiotics, multiple defense mechanisms 

protect bacteria from bacteriophage infections. They can be classified into three 

categories: host adaptations, active host defense systems and phage-derived 

defenses (347). Functionally, there is an overlap between these categories, but they 

can be divided into mechanisms that prevent the injection of phage genetic material 

into the cell (through modification or blocking of bacterial cellular receptors, 

increased production of extracellular polymeric matrix and vesicles acting as ‘traps’ 

for phages, and phase variation) and mechanisms that prevent phage replication 

within the infected cell (this category includes both mechanisms interfering with DNA 

replication and transcription and causing abortive infection).  

Prevention of bacteriophage DNA injection into the cell can be facilitated by point 

mutations in the bacterial genome. Mutations that result in alterations in the cell 

surface receptors can result in bacteriophage resistance as the phage is no longer 

able to adsorb to the cell receptor. These types of mutations normally arise as a result 

of a bacterial cell being exposed to bacteriophages and can result in the reduction of 

expression for genes coding for surface receptors (456).  

An example of surface mutations is the E. coli tolC and lipopolysaccharide genes 

which prevent infection to phage U136B (457). Acinetobacter baumannii has also 

been observed to display mutations in genes that code for the production of capsular 

polysaccharides which in turn prevents the infection to phages øCO01 and øFG02 

(458). Interestingly, Escherichia coli O157:H7 has been reported to delete its OmpC 

protein which prevents phage adsorption to the host cell. S. aureus has also been 

reported to remove a β-GlcNAc component of its wall teichoic acid which also results 

in the inability of phage adsorption (459).  Bacteria can also intensify the production 

of capsular polysaccharides which act as a physical barrier to the adsorption sites for 

the phage and once again prevents phage infection (460). 
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Another example of cell surface facilitated resistance that bacteria employ to prevent 

the injection of phage DNA into the host bacteria is via the production of proteins 

that mask receptors that phages use for entry into the cells. A similar mechanism is 

the production of recently described outer membrane vehicles. 

Recently outer membrane vehicles (OMVs) of bacteria have been reported to 

neutralize bacteriophages and inhibit infection. OMVs are non-replicating globular 

components made up of outer membrane lipids, proteins, and periplasmic elements. 

OMVs can trick phages into a false sense of infection in which they bind and inject 

DNA into a vehicle not capable of facilitating phage DNA replication and thus phage 

infection is halted (Figure 5.2) (461,462). In E.coli the F-plasmid encoded protein TraT, 

has been shown to bind to the regions of the outer membrane protein OmpA which 

are present on the surface of the outer membrane. Binding of TraT to OmpA prevents 

the adsorption of phages to the bacterial cell surface and prevents phage infection.  

 

 

 

 

 

 

 

 

 

Figure 5.2. (A) & (C) Illustration of the impact OMVs play in the role of bacterial 

resistance in which the phage mistakenly binds to a ‘Hoax’ receptor which cannot 

facilitate viral replication. (B) Phage adsorbing to the correct receptor allowing for 

DNA injection into cell, viral replication and thus phage propagation. 
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Bacteria can also display phage resistance by utilisation of temperate phage genes. 

The host produces proteins which block the entry of phage DNA into the host. The 

host usually possesses temperate phage genes in which the host expresses proteins 

such as the lipoprotein ‘Ltp’ from temperate Streptococcus thermophilus phages. 

These secreted proteins are thought to interact with the tail tape measure protein of 

invading phages disrupting channel formation and thus prevents DNA injection (463). 

Another and probably one of the most common mechanisms of bacterial phage 

resistance is the cleaving of phage DNA that has been injected into the host cell. The 

DNA is cleaved by both innate (Restriction modification (R-M) systems, defence island 

systems and prokaryote argonaute proteins) and adaptive systems (CRISPR-Cas) 

employed by the host (464–466)  Prokaryote argonaute proteins have been described 

as innate bacterial defence systems capable of silencing invading DNA or RNA 

typically by degradation. The degraded DNA is then used as a guide which allow 

sequence specific interference against similar targets (431).  

The R-M systems operate via a distinctive mode of action in which a 

methyltransferase causes methylation of the host’s endogenous DNA at specific 

regions on the host genome. Methylation of the host DNA protects it from 

degradation by restriction endonucleases. Restriction nucleases then identify the 

foreign phage DNA and cleave it at the appropriate recognition site (347).  
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5.2.3  Interaction of phage with other antimicrobials 

Due to the resistance mechanisms bacteria possess to resist phage attack as well as 

render antibiotics ineffective, one possible approach to tackling this issue is to apply 

both antimicrobials together in a bid to treat the infection. The main benefits of using 

a combination of both is the more efficient penetration into the biofilm, reduced 

occurrences of phage resistance and a more greatly enhanced bacterial suppression. 

The use of phage and antibiotics together may result in a variety of different 

outcomes, some more beneficial than others. In some cases, the two antimicrobials 

may result in an additive effect which means that the result of their individual effect 

equals that of their combined effect. Another possible outcome is a synergistic effect 

in which their combined effect is greater than the sum of both their individual effects. 

A third outcome may be an antagonistic effect in which one of the antimicrobials 

interferes with the mechanism of action of the second antimicrobial. Finally, a result 

in which no effect is observed is also possible.  

The combinational administration of antibiotics and phage has been shown to work 

based on several factors. The presence of phage in a combinational treatment can 

lower the MIC of the antibiotic required to treat drug resistant strains (467). It has 

also been reported that synergistic and antagonistic combinational effects are 

dependent on the mechanism of action of the antibiotics in question. Additionally in 

cases where synergistic effects are observed it tends to result in the suppression of 

resistant cells evolving (467). However care must be taken when selecting the type 

of phage to be used alongside the antibiotic as there have been reports of phage-

antibiotic interference and in some cases just a non-beneficial effect occurs (468).  

The mechanisms behind the phage and antibiotic synergy differ due to the different 

mechanisms of action of the antimicrobials. The exposure of bacteria to antibiotics 

such as Beta-lactams has been shown to increase cell elongation and filamentation. 

It is thought that this filamentation can cause perturbations in the peptidoglycan 

layer which makes the bacteria more sensitive to phage encoded endolysins and 

holins (188). As a result, an increased rate of phage production may occur and thus 

an increased killing effect via cell lysis.  
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Several studies have been published which show the potential of phage and antibiotic 

synergistic therapeutics. Chaudhry et al exposed a 48 h biofilm of P. aeruginosa PA14 

to a mixture of two phages, NP1 and NP3 together and in combination with 5 

antibiotics (469). When applied as a solo antimicrobial, each agent only displayed 

mild antimicrobial efficacy however, the combination of phage and some of the 

tested antibiotics resulted in a true synergistic effect. Synergy was observed between 

ceftazidime at both 8x MIC (minimum inhibitory concentration) and 1x MIC and at 1x 

MIC for ciprofloxacin and phage. An effect was observed with combination of 

tobramycin at 1x MIC but not at 1x MIC which indicates that the antibiotic alone 

reduced the bacterial density to below the threshold level to facilitate the infection 

and propagation of phage on the host. Interestingly the time at which the phage is 

applied and at which the antibiotic is applied plays a pivotal role in the effectiveness 

of the synergy observed. The addition of tobramycin or gentamycin 24 h post phage 

treatment led to a significant synergistic effect being observed however successive 

addition of ceftazidime and ciprofloxacin did not result in any enhanced outcome.  

Promising data on using both phage and antibiotics as a combinational treatment was 

performed by Chan et al (468). Employment of the lytic phage OMKO1 against 8 

strains of P. aeruginosa, lead to the bacterial strains becoming re-sensitised to 

antibiotics which they had previously displayed resistance to. Phage OMKO1 uses the 

outer membrane porin-M as its adsorption receptor which coincidentally is a 

component of an efflux pump system. In an attempt for P. aeruginosa to evade the 

impending phage infection, the host is forced into a trade-off between phage 

resistance and antibiotic resistance mechanisms rendering it susceptible to one or 

the other. In doing so treatment with phage followed by treatment with antibiotics 

could be one possible mechanism behind the success observed between some 

phage-antibiotic combinations (191). 

An additional study performed by Ho et al. showed that in some cases, the ability of 

a host cell to display phage resistance results in its inability to fully display resistance 

towards antibiotics (470). In the case of Enterococcus faecalis , strains which 

displayed resistance to phage NPV via a change in a region of a gene cluster which 

codes for the synthesis of lipoteichoic acids. Such mutations prevented phage binding 
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to the host cell capsule however this mutation also made E. faecalis more sensitive 

to daptomycin (a cyclic lipopeptide antibiotic). Furthermore strains which were 

phage resistant also has a decreased tolerance to osmotic imbalances making cells 

more vulnerable to hydro facilitated lysis (470).   

Combinational treatments of both phage and antibiotics has been demonstrated to 

be more effective against planktonic cultures but against the efficiency of the synergy 

was largely dependent on the timing of the treatments. A study found that treating a 

PAO1 planktonic culture with phage Luz7 and then adding streptomycin 12 h post 

phage treatment resulted in higher bacterial suppression as opposed to adding the 

streptomycin 24 h after phage exposure (200). Such studies suggest that the time at 

which phage and antibiotics are added to treat infections is imperative to a successful 

synergistic killing effect (200). 

As stated, an important factor in picking the correct phage and antibiotic combination 

involves a detailed study of how each antimicrobial works as a solo agent and if the 

mechanism employed by either will result in hinderance of its partner antimicrobial. 

A study involving the use of colistin and phage KTN4 on PAO1 observed antibiofilm 

activity but no synergistic effect (471). Both antimicrobials alone had significant 

antimicrobial efficacy however, their combined application resulted in no substantial 

killing effect. It is hypothesised that colistin which acts by destabilising the host 

cellular membrane in turn makes phage adsorption and thus infection difficult for the 

virus and thus no synergy is observed (471). 

In cases where phage-antibiotic combinations do not work effectively to produce a 

synergy, there may still be a benefit of using the two together. Studies have shown 

that although tobramycin and a phage PB-1 did not show any synergy against a 48 h 

P. aeruginosa PAO1 biofilm, the combinational treatment did result in a reduction in 

the emergence of both phage and antibiotic resistant cells and thus in theory would 

make such infections easier to treat with alternative antimicrobials (472). 

Interestingly not all phages to be used as a combinational agent alongside antibiotics 

need to be of lytic nature. It has been proven that even the use of filamentous phages 

such as Pseudomonas phages Pf3 and Pf1 can reduce the concentration of antibiotic 
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required. Hagen et al, demonstrated that the application of filamentous phages 

alongside several antibiotics reduced the concentration of antibiotic required to 

inhibit growth of P. aeruginosa strains PAO1 and PAK by up 10-fold (473). It is thought 

that the extrusions produced by the filamentous phage progeny weakens the 

membrane of Gram-negative bacteria, making it more difficult for the host organism 

to prevent antibiotic uptake and thus results in cellular death (473). 

Although the studies using phage and non-antibiotics antimicrobials remain 

uncommon, phages have also been shown to display an increased rate of production 

and lysis when used in such combinations. Bacteria are already known to respond to 

alternative stress agents such as heat, UV, and reactive oxygen species (ROS). Kim et 

al. showed that filamentation (organisation of cells into long filaments) of bacteria 

was more prominent when exposed to ROS (474). This change in cell morphology and 

structural organisation of bacterial communities (Figure 5.3) resulted in a greater 

occurrence of phage infection and due to the greater availability of replication 

machinery, this in turn resulted in an enhanced lysis of the cells via the accumulation 

of greater quantities of phage progeny. Such an experiment highlights the need for 

research for phage synergy experiments outside the realm of phage-antibiotic 

synergies to assess the true effectiveness of phages with alternative antimicrobials.  

 

Figure 5.3. The reported effect that alternative stressor agents such as Reactive 

Oxygen Species (ROS) can have on bacterial cells and the subsequent benefit this can 

have on phage adsorption, infection, and consequent bacterial cell lysis. ROS induced 

filamentation of cells can increase bacteriophage attachment and replication of 

progeny for increased antimicrobial effect.  

Non-filamented cellular 

formation 

ROS induced filamented cellular 

formation 
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5.2.4 Cold atmospheric plasma 

Non-thermal atmospheric-pressure plasma, also named cold atmospheric plasma 

(CAP) is a room temperature, ionized gas composed of neutral particles, reactive 

oxygen species, electrons, photons and other various physical factors/molecules 

(475). CAP has been used many times for research in modern medicine e.g. 

sterilization, dental care and wound healing (476). Using CAP to treat bacterial 

biofilms (Figure 5.4) has gained significant interest in recent years as it is seen as an 

effective, energy saving, environmentally friendly and versatile technology for 

control and treatment of infections (477). CAP works differently on various types of 

bacteria for a number of reasons e.g., the structural differences in cell composition 

between Gram-negatives and Gram-positives. It has been reported that due to the 

thicker cell wall associated with Gram-positives they are more tolerant to the effects 

of CAP as opposed to Gram-negatives (478). The outer membrane of Gram-negative 

bacteria is known to be more susceptible to peroxidation as well as electrostatic 

disruption and thus the use of cold plasma to treat Gram-negative related bacterial 

infections may be a viable therapeutic option (478). Exposure of bacterial cells to CAP 

(Figure 5.5) via the collision of the particles with the cell surface results in increased 

tension and eventual rupture of the cell wall in which the cell contents begin to leak 

out and result in possible cell death (479,480)  

 

 

 

 

 

 

Figure 5.4. Cold atmospheric plasma (CAP) kilohertz jet utilising both oxygen and 

helium to  treat a 24 h P. aeruginosa PAO1 biofilm (60 s exposure time) grown on an 

Innovotech Minimum Biofilm Eradication Concentration (MBEC) peg after being 

submerged in LB nutrient broth. 
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Figure 5.5. A schematic diagram illustrating the array of effects CAP can have on 

various components of a bacterial cell. The effects can range from cell membrane 

lesions, membrane peroxidation, DNA shearing, protein denaturing and erosion of the 

cell due to free radical bombardment. All effects are antimicrobial and can hold 

potential for clinical treatment of biofilms. (Reprinted with permission @Elsevier 

2017, ISSN: 09242244).   

As stated previously, like most antimicrobials, bacteria can develop resistance 

towards bacteriophage treatment and thus the need to explore alternative and 

combinational treatments to ensure the development of a truly effective therapeutic 

is imperative. As the knowledge of the effect of simultaneous application of cold 

plasma and phage is very limited at the moment, the investigation of the utility of 

such a combination for biofilm treatment was made the focus of the work presented 

in this chapter.  
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5.3 Materials & Methods 
 

5.3.1  Bacterial strains used 

Several P. aeruginosa bacterial isolates were used throughout this chapter for 

different experiments. Reference strains of P. aeruginosa PA01 and P. aeruginosa 

NCIMB 10548 were used in addition to 18 clinical isolates of P. aeruginosa, obtained 

from the laboratory of Professor Michael Tunney and Dr Laura Sherrard at the School 

of Pharmacy, The Queen’s University Belfast (Table 5.2).  

Table 5.2. The list of reference and clinically isolated strains of P. aeruginosa used 

throughout this chapter for various different experiments. All strains were stored at 

– 80 °C in glycerol stocks until required for experiments.  

 

 

 

 

 

 

 

 

 

 

5.3.2 Reagents, buffers, solutions 

1) LB Broth: Prepared by dissolving 20 g of LB Broth (Invitrogen, UK) powder in 1 L of 

sterile water and then autoclaved for a 15 min sterilisation cycle before being allowed 

to cool to room temperature before use. Solution was stored at 4 °C until required. 

2) LB-agar plates: Prepared by dissolving 20 g of LB agar (Invitrogen, UK) powder in 1 

L of sterile water and then autoclaved for a 15 min sterilisation cycle before being 

Host Strain 
P. aeruginosa PAO1 

P. aeruginosa NCIMB 10548 
P. aeruginosa AUS131 

P. aeruginosa B021 VISI-H 
P. aeruginosa B211 VIEI-M 
P. aeruginosa B064 V2S2-H 
P. aeruginosa B003 VISI-C 
P. aeruginosa B018 VISI-C 

P. aeruginosa B211 V2ES-H 
P. aeruginosa B022 VISI-K 
P. aeruginosa B002 VISI-A 
P. aeruginosa B004 VISI-A 
P. aeruginosa B008 VISI-C 
P. aeruginosa B003 VISI-A 

P. aeruginosa B014 V4S2-A 
P. aeruginosa B0S0 VISI-H 
P. aeruginosa B002 VISI-A 
P. aeruginosa B019 VISI-C 

P. aeruginosa V2S1-C 
P. aeruginosa VISI-H 
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allowed to cool and then while still molten, poured into sterile petri dishes and left 

to cool. Agar was stored at 4 °C until required. 

3) Cetrimide agar plates: Prepared by dissolving 20 g of cetrimide agar powder 

(Sigma, UK) in 1 L of sterile water and then autoclaved for a 15 min sterilisation cycle 

before being allowed to cool and then while still molten, poured into petri dishes and 

left to cool. Agar was stored at 4 °C until required. 

4) LB-Top agar: Prepared by dissolving 20 g of soft agar powder (Invitrogen, UK) into 

1 L of water then of sterile water and then autoclaved for a 15 min sterilisation cycle 

before being allowed to cool. Agar was stored at 4 °C until required. 

5) SM buffer (phage buffer): Phage buffer was prepared by dissolving 5.8 g of sodium 

chloride (NaCl) (Thermo, UK) in sterile water along with 2 g of magnesium sulfate 

heptahydrate (MgSO4.7H2O) (Thermo, UK) in addition to 50 mL 1M tris HCl pH 7.5 

(Thermo, UK) and made up to 1 L with sterile water before being autoclaved for a 15 

min sterilisation cycle before being allowed to cool. Solution was stored at 4 °C until 

required. 

5.3.3 Spot test for isolation of bacteriophage EM-CJR 

Phage EM-CJR was isolated from a commercially available P. aeruginosa cocktail 

(complex pyobacteriophage; Microgen, Russia) firstly using the traditional spot test 

as described elsewhere (254,481) Briefly, 250 µL of an overnight culture of                       

P. aeruginosa PAO1 was added to tubes containing 7 mL of molten top agar 

supplemented with CaCl2 (1.19 g/ L). The solution was then poured over an LB agar 

plate and allowed to solidify for 25 min. To this, 10 µL of phage cocktail was spotted 

into the centre of the plate and placed at 37 ° C overnight (482). 

5.3.4  Plaque assay for the isolation of EM-CJR 

The spot produced from the spot test was picked and resuspended in sterile phage 

buffer before undergoing a plaque assay. Briefly, using a 10 µL sterile pipette tip, the 

point of the tip was touched against the centre of the phage spot ensuring to avoid 

contact with the surrounding bacteria. The tip was then placed into 90 µL of sterile 

phage buffer and consequently serially diluted 1 in 10 until a final dilution of 10-8 .For 

propagation, 10 µl of phage at different concentrations was inoculated with 250 µL 
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of an overnight culture of P. aeruginosa PAO1. The mixture was shaken gently before 

being left for 10 min to allow for phage adsorption. After the adsorption period, 5-6 

mL of top agar was added to the mixture and swirled before being poured on top of 

LB agar plates and allowed to set for 20 min. The plates once set were incubated at 

37°C overnight and the plaques were visualized the next day. 

5.3.5  Isolation of pure EM-CJR phage colonies 

To obtain pure phage isolates, plaques were picked from the plates which displayed 

a relatively high number of plaques but not forming a webbed plate was selected for 

(usually the 1:10-4 dilution plate). To further ensure that only a single phage was 

selected, any plaques that were too near each other were ignore. A minimum of 2 

cm acted as a guideline for a suitable distance between phage plaques to ensure that 

only one type of virus was picked. Using a sterile 10 µL pipette tip, the point of the 

tip was again placed into the centre of the isolated plaque, again ensuring to avoid 

the surrounding bacteria. The picked plaque was then suspended into 90 µl of phage 

buffer and again sequentially serially diluted via a 1 in 10 dilution series in sterile 

phage buffer. These phage solutions were then subject to a plaque assay again and 

the picking process was repeated a further four times, and thus five times in total 

until plaque morphology all looked similar indicating that most likely only a single 

type of phage is present in the buffer solution. 

5.3.6 Determining the titer of the EM-CJR lysate 

Phage titer was determined via a titer spot test. Using the top agar overlay assay, 250 

µL of overnight culture of P. aeruginosa PAO1 was inoculated with 5-6 mL of top agar 

and swirled before being poured on top of LB agar plates. The high titer lysate was 

subject to a 10-fold serial dilution to establish a range of titer values. After the 40 m 

setting time, 10 µL spots of the serially diluted phage lysate was spotted onto the top 

agar plates and then allowed to dry before being incubated at 37 ° C overnight. The 

next day the phage titer, expressed in plaque forming units per mL (PFU/mL) value 

was calculated by counting the plaques observed within the spots and dividing this 

value by the dilution factor × the volume of lysate spotted. 

𝑃ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 (𝑃𝐹𝑈/𝑚𝐿) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑞𝑢𝑒𝑠

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑃𝑙𝑎𝑡𝑒𝑑 (𝑚𝐿)
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5.3.7  High-titer lysate preparation using a liquid culture 

In some cases, combining several of the webbed plate-SM buffer mixtures was not 

sufficient enough to achieve a high phage titer of 1×1010 PFU/mL which is required 

for downstream processing. To enhance the phage titer, a 150 mL bacterial culture 

of P. aeruginosa PAO1 was grown to an OD550 of 0.3 before 1.5 mL of phage lysate 

was added to the culture. The inoculum was then incubated for a period of 18 h 

before being centrifuged at 5000 × g for 15 m. A few drops of chloroform were also 

added to the solution. The solution was then filtered through a 0.22 µm filter before 

measuring the titer. 

5.3.8  Extraction of EM-CJR phage DNA for downstream processing 

Phage DNA was extracted as follows. The lysate was treated with 1.25 µL of DNaseI 

(20 mg/mL) and incubated at 4 °C overnight. The next day the lysate had 1.25 µL of 

proteinase K (20 mg/mL) added to it along with 25 µL of 10 % SDS and 20 µL of 0.5 M 

EDTA pH 8.0. The contents were mixed and incubated at 60 °C for 1 h. Once cooled, 

an equal volume of phenol:chloroform:isoamyl alcohol mixture (25:24:1 v/v) was 

added and inverted several times before being spun at 6000 × g for 5 min at room 

temperature. Using a wide bore tip, the aqueous phase was transferred to a fresh 2 

mL tube and the process repeated. The aqueous phase was once more transferred to 

a new tube where an equal volume of chloroform was added before being spun and 

transferred once more. 1/10 volume of 3 M NaOAc (pH 7.5) was added along with 

2.5 volumes of ice-cold 96 % ethanol and mixed well then incubated on ice for 30 

min. The mixture was centrifuged at maximum speed for 20 min and the supernatant 

transferred before being washed with an equal volume of 70 % ethanol and spun for 

a further 2 min and this step repeated. The ethanol layer was discarded and allowed 

to evaporate before eluting the DNA in 30 µL of nuclease free water.  
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5.3.9 DNA concentration measurement with QUBIT 

QuantiFluor dsDNA System (Promega, USA) was used for DNA quantification. The 

QuantiFlour dsDNA dye working solution was prepared by dilution the dsDNA dye 

1:400 in 1×TE buffer. 200 µL of this working solution was added to a sterile 0.5 mL 

PCR tube and used as a blank calibration. To prepare the standards 2 µL of the 

suggested DNA (100 ng/µL) was added to 200 µL of the working solution in a sterile 

0.5 mL  PCR tube, vortexed and stored away from light sources. 2 µL of DNA samples 

was then added to 200 µL of working solution before being incubated for 5 min in the 

dark. The device was calibrated, and the sample’s DNA values recorded. 

 

5.3.10 Transmission Electron Microscopy of P. aeruginosa phages 

Transmission electron microscopy was performed by aseptically transferring 100 µL 

of high titer (1x1011 PFU/mL) phage lysate into a sterile 1.5 mL Eppendorf tube. The 

lysate was centrifuged at 4000 x g for 22 min before being resuspended in 100 µL of 

sterile phage buffer (pH 7.5). Using sterile EM forceps, a fresh EM grid (Ted Pella, Inc., 

USA.) the EM grid was placed on a clean kimwipe (Kimberly-Clark Professional, USA) 

with the dark shiny side facing up. 5 µl of phage lysate was added to the grid and 

allowed to bind for 8 min. The grid was rinsed at a 45 ° angle with 60 µL of ultrapure 

autoclaved water. Any excess water was allowed to drain off. 5 µL of either 1 % Uranyl 

acetate (Sigma, UK) or phosphotungstic acid (Sigma, UK) was added to the grid and 

immediately wicked off again using strips of filter paper. The grid was allowed to dry 

before being imaged on a Joel JEM -1400 Plus transmission electron microscope.  
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5.3.11 Genome assembly of sequenced phage DNA 

Phage DNA was sequenced by BGI Hong Kong. The sequencing was performed on the 

BGISEQ-500 sequencer (263). Library preparation was also performed by BGI Hong 

Kong. The reads were returned in FASTQ format as paired end reads. The sequenced 

reads were trimmed when required using Sickle v 1.33 to produce reads with a quality 

score greater than 30 (Q>30) (264). Reads were later assembled using Unicycler v 

0.4.8. using the -conservative assembly mode (265). Gene prediction was done 

using Prodigal v 2.6.3 (483). Annotation of the assembled phage genome was carried 

out manually in Sanger Artemis genome annotation tool (266), in addition to using 

NCBI Blast and HH-Pred for functional characterisation of open reading frames 

(267,268).   

5.3.12 Host range of Pseudomonas phages 

The host range of the bacteriophages was assessed via employment of the top agar 

spot assay as described elsewhere (484). Phage LK-CT was isolated from a 

commercially available Ukrainian Pyophage cocktail. Phage NFS and KF77 were all 

obtained from previously prepared laboratory stocks. Briefly, 300 µL of an overnight 

culture of the respective Pseudomonas strains was mixed with 5-7 mL of warm 

molten soft Luria Bertani agar (LBA) supplemented with CaCl2 (1.1 g/ L). The mixture 

was then overlay on-top of a sterile LB agar plate and allowed to set for 25 min. After 

the setting period (25 min), 10 µL of the respective phage (EM-CJR, KF77, NFS and LK-

CT) (1x109 PFU/mL) to be tested was spotted on the centre of the plate and allowed 

to dry (30 min). The plates were then incubated at 37 °C overnight and zones of lysis 

observed the next day. 

5.3.13 Growth curve of P. aeruginosa PAO1 treated with Phage 

To assess the effect of phage on the growth dynamics of P. aeruginosa PAO1, an 

absorbance assay was performed. Briefly an overnight culture of P. aeruginosa PAO1 

was diluted 1:1000 in Luria Bertani broth (LBB) supplemented with CaCl2 (1.1 g/ L). 

150 µL of this culture was then added to a 96 well NUNC plate and placed in a BMG 

Labtech FLUOstar Omega plate reader at 37  ° C. The absorbance measurements were 

collected every 30 min over a 24 h growth cycle period. 20 µL of phage at a 

concentration of 1x106 PFU/mL was added to the culture at 5 h and the absorbance 
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recorded every 30 min for the remainder of the 24 h cycle. 20 µL of sterile LBB was 

also added to the control wells to account for optical density shifts when adding the 

phage.  

5.3.14 Cold plasma-phage synergistic treatment 

Phage-Plasma synergistic studies were performed as described elsewhere with small 

modifications (485). For cold plasma-phage synergistic studies in which plasma 

exposure was the first antimicrobial used, 24 h grown P. aeruginosa biofilms grown 

in LB broth were exposed to an Oxygen-Helium Plasma Jet (Figure 6). Plasma was 

generated by allowing both oxygen and helium at a pressure of  1 bar to flow through 

conducting tubes where a voltage of 6 kilovolts (kV) was applied to generate the 

plasma stream. The MBEC plate (Innovotech, Canada) pegs with the biofilms were 

placed 15 mm from the tip of the plasma jet and exposed for set periods of time (30 

s, 60 s, 90 s, 120 s). After exposure, the MBEC pegs were submerged in 200 µL of 

phage solution (1 x10 5 PFU/mL) overnight. The following day the MBEC pegs were 

rinsed three times in 200 µL of sterile 1x PBS solution (20 seconds per wash) before 

being subject to serial dilutions (1:10) in sterile 1x PBS (pH 7.5) and plated out on 

cetrimide agar plates.  

Studies in which phage exposure was performed first, 24 h grown P. aeruginosa 

biofilms grown in sterile LB broth, were submerged in 200 µL of bacteriophage 

solution (1 x 105 PFU/mL) before being subject to a defined exposure time under the 

plasma jet . The MBEC plate (Innovotech, Canada) pegs were placed 15 mm from the 

tip of the plasma jet and exposed for set periods of time (30 s, 60 s, 90 s and 120 s). 

Plasma was generated by allowing both Oxygen and Helium at a pressure of  1 bar to 

flow throw conducting tubes where a voltage of 6 kilovolts (Kz) was applied to 

generate the plasma stream (Figure 5.6). After the exposure times, the MBEC pegs 

were placed in sterile 1x PBS (pH 7.5) before being subject to serial dilutions and 

plated out on cetrimide agar plates.  
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Figure 5.6. Illustration of the Plasma-Phage synergistic study showing the set-up of 

the experiment. Gaseous Oxygen and Helium is exposed to a 6 kV power supply to 

generate the plasma stream. The MBEC pegs were exposed to the plasma jet 15 mm 

from the jet tip for a pre-defined period of time before being exposed to phage solution.  

 

5.3.15 Colony counts of treated biofilms 

Bacterial counts were determined using the Miles & Misra technique as previously 

described elsewhere (486). Briefly, the MBEC pegs (Innovotech, Canada) were rinsed 

in 200 µL of sterile 1x PBS (pH 7.5) solution to remove unadhered P. aeruginosa cells 

and phage. The MBEC pegs were then snapped off using sterile plyers and placed into 

150 µL of sterile 1x PBS (pH 7.5) in a 96-well NUNC plate (Thermo, UK). The plates 

were sealed and then sonicated in a water bath for 10 min. Post sonication, the MBEC 

pegs were removed and the solution subject to a series of 1 in 10 dilutions in sterile 

1x PBS (pH 7.5) to a final dilution of 10-7. 10 µL of the prepared dilutions were plated 

out in triplicate onto sterile cetrimide agar plates and the spots allowed to dry for 30 

min. The plates were then incubated at 37 ° C for 18 h before the colonies were 

counted and the average viable bacterial count was determined. 

15 mm 

Voltmeter 

MBEC-Plate with 

PAO1 Biofilm 

Gas Supply 

Conducting 

Tubing 
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5.3.16 Crystal violet assay of treated biofilms 

After exposure to the antimicrobial, the MBEC PEGS (Innovotech, Canada) were 

washed twice in 200 µL of sterile 1x PBS (pH 7.5) by submerging in a 96 well NUNC 

plate ( for 20 seconds per rinse). After this, the pegs were allowed to dry before being 

submerged in 200 µL of 0.1 % crystal violet solution (Crystal violet made by dissolving 

1 g of crystal violet in 50 mL of ethanol and the solution made up to 1 L using sterile 

Milli-Q autoclaved water.) The pegs were then rinsed in 200 µL of 33 % acetic acid 

(Sigma, UK), again in a 96 well NUNC plate (Thermo, UK). The absorbance was 

recorded at 550 nm on a BMG Labtech FLUOstar Omega plate reader. The datasets 

were saved and analysed on Graph Pad Prism 7. Statistical analysis was also 

performed using Graph Pad Prism 7 (487). 

5.3.17 Statistical analysis 

Statistical analysis of the obtained data was performed using Graph Pad Prism 7 

(488). Normal distribution of experimental results was assumed and the Student's t 

test was used to compare the means between two groups, whereas one way ANOVA 

was used to compare the means among three or more. The following levels of 

statistical significance are used in this chapter: ns, no statistical significance; *, p < 

0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 
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5.4  Results 
 

5.4.1 Spot test for of Microgen phage Cocktail 

For this study a Pseudomonas phage was isolated from a commercially available 

phage cocktail (Complex Pyobacteriophage, Microgen, Russia) against P. aeruginosa 

PAO1. After the initial spot test confirmed the presence of viable phages (Figure 5.7, 

A), a plaque assay was performed (Figure 5.7, B). The plaque assay of the cocktail of 

phages showed that a more than one phage was present within the phage cocktail, a 

phage forming large plaques with a halo around the central lysis region, and another 

phage forming smaller plaques with a smaller halo. A further four rounds of 

purification were performed out until the resulting plaques had uniform and 

reproducible morphology (Figure 5.7, C), resulting in the isolation of the phage 

producing larger plaques notated EM-CJR. The other phage notated EM-CJR-X was 

not able to be purified via traditional laboratory methods without the presence of 

EM-CJR indicating that EM-CJR-X may be dependent on EM-CJR. 

 

 

 

 

 

 

 

Figure 5.7. Phage isolation from a commercial phage cocktail (Complex 

Pyobacteriophage, Microgen, Russia). (A) The spot test of phage cocktail on a lawn 

of P. aeruginosa PAO1 after incubation at 37 °C for 24 h. (B) The plaque assay of the 

P. aeruginosa cocktail on a lawn of P. aeruginosa PAO1 after incubation at 37 °C for 

24 h; two distinct plaque morphologies (designated EM-CJR and EM-CJR-X for larger 

and smaller plaques, respectively) can be seen in the photo. (C) Isolation of a clonal 

phage population of EM-CJR after several further rounds of sequential plaque assays; 

halo characteristic of polysaccharide depolymerase activity can be seen surrounding 

the central zone of lysis. 

(A) (B) (C) 
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5.4.2 Transmission Electron Microscopy of EM-CJR 

 

Transmission Electron Microscopy was employed to further characterise 

bacteriophage EM-CJR. The phage was prepared in a similar way to phage PM-CJR in 

Chapter Two. The bacteriophage pellet was resuspended in sterile SM buffer and 

stained on a copper mesh grid with 2 % uranyl acetate. Imaging of the was performed 

using the Joel JEM -1400 Plus transmission electron microscope. Visual analysis of the 

virus (Figure 5.8, A & B) revealed it to be a member of the Podoviridae family due to 

its morphological characteristics of having a very short non-contractile tail.  The viral 

particles were roughly between 50 and 70 nm in diameter which is typical for viruses 

belonging to the Podoviridae family. Podoviridae viral members are also known to 

possess/encode for depolymerase enzymes which might explain the halo regions 

observed around the lysis plaques in Figure 5.7 due to the virus being a Podoviridae 

member (489). 

Figure 5.8. The Transmission Electron Microscopy (TEM) of the bacteriophage EM-

CJR stained using 2 % uranyl acetate solution. (A), TEM image of bacteriophage EM-

CJR at magnification x 80 K. (B) TEM image of phage EM-CJR at magnification x 40 

K. Images are set to the scale of 200.0 nm . 

  

A B 
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5.4.3 Host Range of EM-CJR vs other P. aeruginosa Phages 

 

As stated again in Chapter Two, establishing the host range of a bacteriophage is an 

important piece of data to generate to assess its effectiveness in applications within 

the clinical setting. Phage EM-CJR was tested against 19 different strains of P. 

aeruginosa including its host strain P. aeruginosa PAO1. In addition, three additional 

phage were tested alongside phage EM-CJR to aid assessment of phage lysis on the 

bacterial lawn. Phage EM-CJR worked well against 9 of the 19 strains tested as 

depicted by the + symbol. The phage also worked to a certain extent on seven strains 

which resulted in turbid clearance zones, depicted by the * symbol. Three strains 

remained resistant to phage EM-CJR and is depicted via a – symbol as can be seen in 

Table 5.4. The other phages performed similarly well against the host strains, with 

the phage notated LK-CT performing best in terms of effective lysis when compared 

to the other three phages.   

To demonstrate the differing degree of phage clearance zones, pictures of the spot 

assays for the host range assay were taken and displayed in Figure 5.9 (A) and (B). As 

stated, the degree of lysis was assessed based on complete clearance (+)  turbid 

clearance (*) and no clearance (-). Figure 5.9 (A) shows  good clearance of three 

different phages against host strain P. aeruginosa AUS-131. As can be seen three 

individual clear zones are present on the bacterial lawn. Poor clearance can be seen 

in Figure 5.9 (B) for phage NFS and KF-77 where only slight clearance is evident due 

to the presence of turbid zones of clearance. LK-CT showed no activity on this host 

strain due to the absence of any degree of clearance zone. 
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Table 5.4. The host range of phage EM-CJR vs NFS, KF77 and a commercial cocktail 

LK-CT.  Clear lysis of host bacteria is determined via the + symbol. No lysis of host 

is notated using the – symbol. Partial/turbid lysis is determined via the * symbol. 

P. aeruginosa 
Strain 

NFS KF77 EM-CJR LK-CT     

B021 VISI-H + + + + 
BO13 V2SI-C * * * + 
BO19 VISI-C + - + + 
BOO2 VISI-A + + + + 
BO20 VISI-H - * - + 
BO14 V4S2-A - - - + 
BOO3 VISI-A - - + + 
BOO8 VISI-C + + + + 
BOO4 VISI-A * * * + 
BOO2 VISI-A 
NCINB 10548 
B022-VISI-K 

AUS 131 
B211 V2E2-H 
B018 VISI-C 
B003 VISI-C 

B064 V2S2-H 
B211 VIEI-M 

PAO1 

- 
- 
+ 
+ 
* 
+ 
* 
* 
* 
+ 

- 
- 
+ 
+ 
* 
+ 
* 
* 
* 
+ 
 

- 
+ 
+ 
+ 
* 
* 
* 
* 
* 
+ 

+ 
+ 
+ 
+ 
- 
+ 
* 
* 
- 
+ 

 

Figure 5.9. Host range assay spot test of differing phage on different hosts, illustrating 

the difference between clearly lysed plaques (A) and (B) Poor phage lysis resulting in 

turbid lysis regions.  

 

 

(A) (B) 
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5.4.4 Genome sequencing and annotation 

Genomic DNA was extracted from a high-titer preparation of purified EM-CJR and 

sequenced at BGI Hong Kong. The sequencing reads were assembled in Unicycler, 

revealing the presence of two phage genomes, 45,293 bp and 42,760 bp long. Each 

individual phage genome  was annotated in a similar way to phage PM-CJR as 

mentioned in Chapter 2 and annotated manually in Artemis, using HMMER and NCBI 

BLAST. The genome maps of EM-CJR and EM-CJR-X are presented in Figure 5.10 with 

the genes of potential utility for biotechnological and/or therapeutic applications 

highlighted.  

 

 

 

 

 

 

 

 

Figure 5.10. (A) Assembled genome of EM-CJR and the respective key genes of 

interest, showing in particular a phage encoded T4 like lysozyme. (B) Assembled 

genome of EM-CJR-X and the respective key genes of interest, showing in particular 

a ulvan lyase in addition to predicted lytic enzymes (endolysin, holins and RZ protein).  

(A) (B) 
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5.4.5 Phage-spiked P. aeruginosa PAO1 Growth curves 

 

Assessing the potential of phage EM-CJR and the phage cocktail of EM-CJR/EMCJR-X 

to act as effective antimicrobials against P. aeruginosa PAO1, growth curve assays 

were performed spiked with the bacteriophage solutions and the optical density 

(OD600) recorded over a 24 h period. Spiking the bacterial culture with the 

bacteriophage cocktail at the 5 h time point resulted in a reduction in optical density 

measurement from 0.45 to 0.1 within 1 h. The optical density of the bacterial culture 

then appeared to struggle to recover, and the optical density remained around 0.1 

for 16 h due to the presence of the bacteriophages supressing regrowth of                                 

P. aeruginosa PA01. The respective growth control for the PAO1 strain followed a 

normal growth curve pattern with only a slight reduction in optical density recorded 

around the 5 h time point, due to the addition of 20 µL of sterile LBB (Figure 5.11).  

To assess the ability of the phages to treat resistant mutants of P. aeruginosa PAO1, 

a resistant mutant of P. aeruginosa which was evolved via passage models and 

resistance confirmed using both spot and plaque assays (data not shown). In a similar 

way to the previous growth curve assay the bacteria was spiked with phage at the 5 

h time point and the optical density this time did not result in an immediate decrease 

when compared to the wild type (WT) PAO1 strain in Figure 5.11. No initial 

lysis/clearance effect was observed upon addition of both the single phage EM-CJR 

or the phage cocktail (with both EM-CJR and EM-CJR-X). However, although no 

significant decrease in optical density occurred indicating no cell lysis occurred, the 

bacterial cells still struggled to grow as well when compared to the growth control 

indicating that the phage still stresses the bacteria, hindering their optimal growth 

rate. The phage cocktail had a more stressful effect on the bacteria when compared 

to the single phage as expected (Figure 5.12). 
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Figure 5.11. Absorbance assay showing the effect that the phage cocktail (EM-CJR & 

EM-CJR-X) have on P. aeruginosa PAO1 in a growth curve assay spiked with 

bacteriophage over a 24 h time period. PA01 GC represents a pure culture of P. 

aeruginosa PAO1. PAO1+Phage cocktail, represents a culture of P. aeruginosa PA01 

spiked with EM-CJR/EM-CJR-X at 5 h. Phage (1x106 PFU/mL) was added at mid-log 

phase, 5 h post inoculation of the host bacterium. The OD600 was recorded every 30 

min for 24 h. The data was plotted using Graph Pad Prism version 7. Represented is 

eight biological replicates (n=8) and three technical replicates (n=3).  

 

 

 

 

 

 

Figure 5.12. Absorbance assay illustrating the effect that both EM-CJR and the phage 

cocktail have against a strain of phage resistant PAO1. Microgen C.Tail, represents a 

phage resistant P. aeruginosa culture spiked with EM-CJR/EMCJR-X. EM-CJR 

represents a phage resistant P. aeruginosa culture spiked with only EM-CJR. Resistant 

PAO1 GC represents an untreated pure culture of the phage resistant P. aeruginosa 

PAO1. Phage was added at mid-log phase at 5 h post inoculation of the host bacterium. 

The OD600 was recorded every 30 min for 24 h. The data was plotted using Graph Pad 

Prism version 7. Represented is eight biological replicates (n=8) and three technical 

replicates (n=3).  



 

263 
 

5.4.6 Phage-plasma combinational treatment of P. aeruginosa biofilm 

 

As stated throughout the chapters of this thesis, employment of bacteriophages as a 

synergistic or combinational therapeutic component to treat bacterial infections 

usually results in improved antimicrobial efficacy. Cold atmospheric plasma (CAP) has 

previously been shown to be an effective antimicrobial against an array of Gram-

negative bacteria such as P. aeruginosa, E. coli and Salmonella enterica (490) (491). 

In this study, the synergy of the bacteriophages isolated from the cocktail and CAP 

generated by allowing both oxygen and helium at a pressure of  1 bar to flow through 

conducting tubes where a voltage of 6 kilovolts was applied, was investigated against 

biofilms of P. aeruginosa PAO1. The combinational administration was performed 

using both treatments (CAP and phages) in differing order to assess the most 

effective therapeutic option. Throughout the study, an oxygen-helium plasma jet was 

used as the source of CAP (see the Materials and Methods for further details). 

In the first of the series of experiments, P. aeruginosa PAO1 biofilms were allowed to 

form on the pegs of an MBEC device over the period of 24 h. Colony counts from the 

24 h P. aeruginosa PAO1 biofilm revealed microbial cell numbers consistently 

reached 1 x 107 CFU/mL after the 24 h incubation period at 37 ° C. The formed 

biofilms were then exposed to the plasma jet and phage preparations, either 

individually or in combination. The addition of bacteriophage before the addition of 

CAP to treat the PAO1 biofilms was assessed and then compared to a treatment 

combination involving CAP first followed by bacteriophage treatment. 

The results of the phage followed by plasma (P+J) combinational treatment can be 

seen from the graph in Figure 5.13. Treatment of the PAO1 biofilm with plasma alone 

for a period of 60 s, resulted in a half log reduction in microbial cell numbers as the 

colony counts decreased to just over 1 x 106 CFU/mL. Addition of the bacteriophage 

cocktail (EM-CJR & EM-CJR-X) for an incubation period of 6 h at a concentration of 1 

x 105 PFU/mL, resulted in just over a 1 log reduction in the number of microbial cells 

still adhered to the MBEC peg. The combinational treatment of with phage EM-CJR 

for 6 h followed by CAP for an exposure time of 60 s resulted in a 3 log reduction of 

the adhered microbial cells on the MBEC pegs as the colony counts were quantified 
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at 1 x 104 CFU/mL. Statistical analysis confirmed that the combinational treatment 

with phage for 6 h followed by plasma treatment for 60 s was significantly different 

from the LB growth control for the experiment as well as being significantly different 

from both the solo plasma treatment for 60 s and the solo phage treatment for 6 h. 

 

Figure 5.13. Combinational treatment with phage and CAP (P+J) in which the                  

P. aeruginosa PAO1 biofilm grown on MBEC pegs for 24 h was exposed to 

bacteriophage for 6 h before being subject to plasma treatment for 60 s. Cold 

atmospheric plasma alone (CAP) and phage alone (EM-CJR & EM-CJR-X) were used 

as the experimental controls alongside an untreated PAO1 biofilm (LB). The data was 

plotted using Graph Pad Prism version 7. Represented is eight biological replicates 

(n=8) and three technical replicates (n=3). Mean experimental values ± SD are plotted. 

To assess the long-term antimicrobial effectiveness of the phage-CAP combinational 

treatment on P. aeruginosa PAO1, the pegs subject to the combinational treatment 

were placed in sterile regrowth media (LB) to assess the ability of the PAO1 cells to 

re-establish in their new environment. The wells for the LB control as well as the CAP-

only only treatment (Figure 5.14) demonstrated substantial regrowth determined via 

an OD600 absorbance assay. The phage-treated test group which experienced a 1 log 

reduction in terms of colony counts showed moderate regrowth of the microbial cells 

when placed in fresh LB broth. Although moderate regrowth was observed, the 

extent of regrowth was not as significant as in the LB and CAP groups and thus it can 

be deduced that the phage alone treatment option is more effective than the 60 s 
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plasma treatment option and has a longer-lasting growth-inhibiting effect on the                  

P. aeruginosa cells adhered to the MBEC peg. This is further corroborated by the fact 

that the effect of phage treatment and CAP-phage treatments on bacterial regrowth 

were virtually the same (no significant difference was detected). 

 

Figure 5.14. Regrowth plate of the combinational treatment involving phage and then 

cold atmospheric plasma (P+J) against a 24 h PAO1 biofilm. Regrowth was 

determined by allowing any surviving cells to recover in 200 µL of LBB overnight 

and then an absorbance assay at optical density (OD600) carried out. 60 s plasma 

(CAP) and phage alone were used as experimental controls alongside an untreated 24 

h PAO1 biofilm (LB). The data was plotted using Graph Pad Prism version 7. 

Represented is eight biological replicates (n=8) and three technical replicates (n=3). 

The effect of phage-CAP combinational treatment on production of polymeric 

components of biofilm was investigated with the help of standard crystal violet assay, 

for which the adhered biofilm on the MBEC pegs post treatment was stained using 

crystal violet solution. Crystal violet staining for biofilms is useful to provide a good 

measure of biofilm mass quantification; however, crystal violet staining does not 

allow for biofilm viability to be determined as the staining solution stains both the 

adhered cells present and the biofilm extracellular matrix (492). Figure 5.15 shows 

the results of crystal violet staining of the treated biofilms adhered to the MBEC pegs. 

The LB growth control had the most intense absorbance at 550 nm suggesting that 

the staining was most prominent on these pegs, indicating that the untreated control 

pegs had the greatest amount of biofilm on them. Treatment with CAP for 60 s 
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appears to have removed or degraded a significant proportion of biofilm. Phage 

treatment alone also resulted in significant removal of cells and biofilm components 

as the crystal violet staining was reduced further when compared to the 60 s CAP-

only treatment. The combinational treatment of phage followed by 60 s plasma 

exposure resulted in the most effective removal of microbial cells and biofilm 

components from the MBEC pegs, reducing the biofilm biomass the most compared 

to other experimental groups. 

Phage treatment alone also resulted in significant removal of cells and biofilm 

components as the crystal violet staining was reduced further when compared to the 

60 s CAP-only treatment. The combinational treatment of phage followed by 60 s 

plasma exposure resulted in the most effective removal of microbial cells and biofilm 

components from the MBEC pegs, reducing the biofilm biomass the most compared 

to other experimental groups. 

Figure 5.15. Crystal violet assay for the combinational treatment of phage followed 

by plasma treatment for 60 s on a 24 h biofilm of P. aeruginosa PAO1 grown on 

MBEC pegs. Pegs were suspended in 0.1 % crystal violet before drying and 

resolubilising in 33 % acetic acid. Absorbance was then measured at 550 nm. The data 

was plotted using Graph Pad Prism version 7. Represented is eight biological replicates 

(n=8) and three technical replicates (n=3). 
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5.4.7 Plasma -phage combinational treatment of P. aeruginosa biofilm 

 

Exposing the P. aeruginosa cells to plasma first before exposing them to a solution of 

bacteriophage was also assessed to see if the application order of the antimicrobials 

could lead to an increased antimicrobial killing efficiency. Exposure to the plasma jet 

for 60 s and submerging the MBEC pegs in the bacteriophage cocktail solution 

resulted in a 5.5 log reduction in bacterial cell counts when compared to both the LBB 

growth control and the CAP exposure groups. Application of phage alone for 24 h  

had a three-log reduction when compared to the LBB growth control (Figure 5.16). A 

significant difference is also evident (*) when comparing the phage only treatment to 

the combinational treatment and thus this combinational treatment is more effective 

that treating with phage first followed by plasma exposure. 

Figure 5.16 shows the data presented from  the combinational therapeutic treatment 

option in which 60 s plasma exposure was used as the initial antimicrobial. The LB 

growth control again had a microbial cell count of 1 x 107 CFU/mL. Exposure of the 

cells to 60 s plasma at a distance of 15 mm from the jet source, resulted in a slight 

reduction in microbial cellular numbers, similar to what was observed in the data 

presented previously. The exposure of the pegs to the cocktail of bacteriophage (1 x 

105 PFU/mL) overnight at 37 °C resulted in a three-log reduction in microbial cell 

counts. The initial experiments used a phage treatment time of 6 h before subjecting 

the biofilm to plasma exposure. From this data presented, it is evident that an 

exposure time of up to three times as long resulted in a three-fold log (1 x 104 

CFU/mL) reduction in microbial cell counts. Combining the two treatment options 

against the P. aeruginosa PAO1 biofilm resulted in significant reduction in microbial 

cell numbers by nearly six log. Exposure of the biofilm adhered to the MBEC pegs to 

60 s plasma followed by phage resulted in a drop in microbial cell counts from 1 x 107 

CFU/mL to 1 x 102 CFU/mL.   

One Way Anova statistical analysis test was employed to analyse the variance 

between the means of the datasets obtained. The test determines effectively if there 

is a statistical basis to suggest that the data obtained between the treatment groups 

is significantly different (493,494). Employment of the ANOVA (analysis of variance) 
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test to the data presented in Figure 5.16 revealed that the data presented held 

substantial evidence to suggest that there was a significant difference between all 

the datasets and thus test conditions. The analysis between the LB growth control 

and the combinational treatment group as expected was the greatest significant 

difference (**** P ≤ 0.0001). When comparing the LB growth control to the phage 

only treatment group again a prominent significant difference was observed (*** P ≤ 

0.001) but was not as significant to when compared to the combinational treatment 

group. ANOVA analysis between the 60 s plasma only treatment group and the 

plasma followed by Phage (J+P) treatment option revealed that again there was a 

significant difference between the data obtained (**** P ≤ 0.0001) indicating that 

the combinational treatment is significantly more effective than plasma alone.  When 

comparing the data obtained for the Phage only treatment group and the 

combinational therapeutic, again the two data sets were significantly different (* P ≤ 

0.05) but to a lesser extent when compared to other datasets. 

 

Figure 5.16. Combinational treatment of cold plasma and phage (J+P) in which the                 

P. aeruginosa PAO1 biofilm grown on MBEC pegs for 24 h was exposed to CAP for 

60 s before being subject to bacteriophage treatment overnight. 60 s plasma alone 

(CAP) and phage alone (EM-CJR & EM-CJR-X) were used as the experimental 

controls alongside an untreated PAO1 biofilm (LB). The data was plotted using Graph 

Pad Prism version 7. Represented is eight biological replicates (n=8) and three 

technical replicates (n=3). 
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Assessing the regrowth potential of the bacterial cells after treatment with 60 s 

plasma and then bacteriophage submersion was also performed by allowing the cells 

to recover in sterile LBB media for 24 h. The most regrowth again was recorded for 

the LBB growth controls, and the plasma controls as expected. The combinational 

treatment had the least amount of regrowth according to the optical density of the 

solution. The phage only control also has a low but still significantly higher (*) 

regrowth potential when compared to the combinational treatment group (Figure 

5.17), suggesting that the phage treatment (individual or combinational) can provide 

a lasting growth-reducing effect on the P. aeruginosa PAO1 cells. 

From the results presented in Figure 5.17, the P. aeruginosa cells on the LB (GC)  

growth control pegs were able to recover in their new environment relatively well as 

depicted from the OD600 value of 0.75. The P. aeruginosa cells from the 60 s plasma 

only control were also able to recover in the LB broth again relatively easily which 

corresponds with the high microbial load still adhered to the MBEC pegs post 

treatment. Addition of phage alone acted as a significant stressor agent to the cells 

in their bid to recover in fresh growth media. The OD600 was recorded to be 0.2 

indicating a lower level of regrowth occurred when compared to the plasma only 

treatment and LB (GC) growth control. 

The cells treated with a combination of  60 s CAP and phage experienced the lowest 

abundance of cellular regrowth. An OD600 of 0.1 nm was recorded as the regrowth 

value for this group. 

When compared to the regrowth values obtained for the phage only group, the 

combination of plasma and phage was significantly different (*) indicating the P ≤ 

0.05. Comparison of the combinational therapeutic to the CAP treated group was 

again significantly different (****) with P ≤ 0.0001. Comparison between the 

combinational therapeutic and the LB (GC) growth control group again was 

significantly different (****) with P ≤ 0.0001. The experimental and statistical analysis 

of the regrowth data indicates that the combinational therapeutic strategy is the 

most effective antimicrobial option for biofilm removal and for inducing an enhanced 

stressor effect on the cells to hinder the regrowth of the cells in sterile environments. 
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Figure 5.17. Regrowth plate of the combinational treatment involving CAP and then 

bacteriophage (J+P) against a 24 h grown P. aeruginosa PAO1 biofilm. Regrowth was 

determined by allowing any surviving cells to recover in 200 µL of LBB and then an 

absorbance assay at optical density (OD600) carried out. 60 s plasma (CAP) and phage 

alone (EM-CJR & EM-CJR-X) were used as experimental controls alongside an 

untreated 24 h P. aeruginosa PAO1 biofilm (LB).  The data was plotted using Graph 

Pad Prism version 7. Represented is eight biological replicates (n=8) and three 

technical replicates (n=3). 
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5.4.8 Comparison of phage cocktail vs single phage with plasma at 

different plasma exposure times for PAO1 biofilm treatment 

 

Due to cold atmospheric plasma requiring significant energy to generate the plasma 

jet, reducing the exposure time is essential for providing an affordable therapeutic 

service. In addition, a reduced plasma exposure time can reduce any potential 

damage towards the area of tissue being exposed to the treatment. As a result, 

differing plasma exposure times were utilised to assess the difference in 

antimicrobial activity. In addition, the employment of the single phage EM-CJR with 

plasma compared to the cocktail (EM-CJR & EM-CJR-X) was performed.  

As it has been previously established that CAP treatment followed by phage 

administration (“CAP then phage”) is more effective than the inverse order (“phage 

then CAP”), in all following experiments the former treatment order is used.  

Comparison of the combinational treatment groups showed that 30 s and 60 s plasma 

exposure were highly similar in terms of microbial reduction (CFU/mL). Both 

exposure times in combination with the cocktail (EM-CJR & EM-CJR-X) recorded 

around a 6-log reduction in microbial numbers (Figure 5.18).  

The solo phage EM-CJR performed more poorly when compared to the cocktail alone. 

Furthermore, the combination of the phage cocktail and plasma was also more 

effective at reducing microbial numbers when compared to the plasma and solo 

phage combination. 30 s and 60 s plasma alone again resulted in relatively similar log 

reductions, in line with what was observed in the previous experiments for the 60 s 

exposure time.  
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Figure 5.18. Combinational treatment of CAP and Phage (J+CT) in which the PAO1 

biofilm grown on MBEC pegs for 24 h was exposed to plasma for both 30 & 60 s 

(30S-J+CT & 60S-J+CT) before being subject to bacteriophage treatment overnight. 

60 s  and 30 s CAP, the phage cocktail (EM-CJR & EM-CJR-X) and the solo phage 

EM-CJR were used as the experimental controls alongside an untreated P. aeruginosa  

PAO1 biofilm (LB). EM-CJR phage represents a pure single phage culture used versus 

the Cocktail (C.Tail) of phage containing two bacteriophages. 60 s-J+EM-CJR and 30 

s-J+EM-CJR represents the combinational treatment of CAP and the solo EM-CJR 

phage. The data was plotted using Graph Pad Prism version 7. Represented is eight 

biological replicates (n=8) and three technical replicates (n=3). 
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5.4.9 Comparison of different Phage-Plasma exposure times for PAO1 

biofilm treatment 

 

Again, to understand the impact differing plasma exposure times have on the P. 

aeruginosa cells when applied in combination with bacteriophage solution, a variety 

of different exposure times were tested ranging from 30 s to 120 s with intervals at 

60 s and 90 s. 

Exposure of the biofilms on the surface of the MBEC pegs to plasma saw a general 

decrease in microbial cell counts (CFU/mL) as the plasma exposure times were 

increased. Exposure times of 90 s and 120 s saw the greatest microbial count 

decrease with a 1-log reduction recorded (Figure 5.19). The phage cocktail alone 

again recorded just over a 3-log reduction when applied by itself. The combination of 

the phage cocktail and the varying plasma exposure times returned interesting 

results. 

 30 s plasma exposure in combination with bacteriophage submersion recorded the 

greatest decrease in microbial load on the surface of the MBEC pegs. A 6-log 

reduction was recorded with this plasma-phage combination. Interestingly as plasma 

exposure times were increased, the numbers of microbial load still present on the 

MBEC pegs increased slightly in terms of colony counts. However, statistical analysis 

revealed that the differences in microbial load between the different combinational 

treatments were not significant (ns). A significant difference (***) between the 

cocktail only treatment and the 30 s + Cocktail was observed indicating that the pre-

treatment with plasma for as little as 30 seconds proved to be an effective adjuvant 

for bacteriophage related therapy. 
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Figure 5.19. Combinational treatment of CAP and phage in which the P. aeruginosa 

PAO1 biofilm grown on MBEC pegs for 24 h was exposed to CAP for 30 (30s-CT), 

60 (60s-CT), 90 (90s-CT) and 120 (120s-CT) seconds before being subject to 

bacteriophage cocktail (EM-CJR & EM-CJR-X) treatment overnight (1x105 PFU/mL). 

30, 60, 90 & 120 s plasma (J) alone and phage cocktail (Phage-CT) consisting of EM-

CJR & EM-CJR-X were used as the experimental controls alongside an untreated             

P. aeruginosa PAO1 biofilm (LB). The data was plotted using Graph Pad Prism 

version 7. Represented is eight biological replicates (n=8) and three technical 

replicates (n=3). 

Assessing the regrowth potential of the combinational treatment exposures was 

again performed as described above for the previous experiments. After a regrowth 

period of 24 h, the OD600 of the solution was recorded. As expected, the 

combinational treatment applications had the least amount of regrowth of P. 

aeruginosa PAO1 cells. The phage cocktail alone also proved to have a significant 

stressor effect for bacterial regrowth after 24 h. The LBB growth control had the 

greatest amount of regrowth after 24 h. Interestingly, the plasma exposure time of 

120 s had the greatest amount of regrowth when comparing the plasma only 

treatment groups (Figure 5.20). When factoring in the crystal violet assay (Figure 

5.21) to determine the amount of biofilm remaining on the MBEC pegs, the 120 s 

plasma only exposure time had the least amount of bacterial biomass present on the 
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pegs suggesting that the plasma may remove components of the bacterial biofilm 

rather than the bacterial cells which in turn makes the cells more accessible to the 

bacteriophages. The combinational treatment times proved to be, yet again the most 

effective treatment groups for removing the PAO1 biofilms form the MBEC pegs as 

they recorded the lowest absorbance at 550 nm. No significant difference was 

recorded between the 30 s combinational treatment group and the 90 s treatment 

group. A significant difference (****) was recorded when comparing each 

combinational treatment group to its respective plasma only treatment group. Again, 

a significant difference  (***) was recorded between the phage only application and 

the 30 s combinational treatment group (Figure 5.21). 

 

Figure 5.20. Post treatment Optical Density (OD 600) regrowth absorbance assay of 

the combinational treatment of CAP and phage in which a P. aeruginosa PAO1 biofilm 

grown on MBEC pegs for 24 h was exposed to CAP for 30 (30s-CT), 60 (60s-CT), 90 

(90s-CT) and 120 (120s-CT) seconds before being subject to bacteriophage cocktail 

(EM-CJR & EM-CJR-X) treatment overnight (1x105 PFU/mL). Cells were allowed to 

regrow in fresh LBB overnight. 30, 60, 90 & 120 s plasma (J) alone and phage cocktail 

(Phage-CT) consisting of EM-CJR & EM-CJR-X were used as the experimental 

controls alongside an untreated P. aeruginosa PAO1 biofilm (LB). The data was 

plotted using Graph Pad Prism version 7. Represented is eight biological replicates 

(n=8) and three technical replicates (n=3). 
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Figure 5.21. Post treatment crystal violet absorbance assay of the combinational 

treatment of cold plasma and phage in which a P. aeruginosa PAO1 biofilm grown on 

MBEC pegs for 24 h was exposed to Plasma for 30 (30s-CT), 60 (60s-CT), 90 (90s-

CT) and 120 (120s-CT) seconds before being subject to bacteriophage cocktail (EM-

CJR & EM-CJR-X) treatment overnight (1x105 PFU/mL). Pegs were suspended in 0.1 

% crystal violet before drying and resolubilising in 33 % acetic acid. Absorbance was 

then measured at 550 nm. 30, 60, 90 & 120 s plasma (J) alone and phage cocktail 

(Phage-CT) consisting of EM-CJR & EM-CJR-X were used as the experimental 

controls alongside an untreated P. aeruginosa PAO1 biofilm (LB). The data was 

plotted using Graph Pad Prism version 7. Represented is eight biological replicates 

(n=8) and three technical replicates (n=3). 
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5.4.10  Plasma-phage treatment against a phage-resistant PAO1 strain 

 

Due to the fact that antimicrobial resistance is one of the major issues facing the 

clinical health setting, the CAP and phage combinational assay was tested against a 

phage resistant strain of P. aeruginosa PAO1 made resistant by a series passage 

models in which the P. aeruginosa strain was exposed to low concentrations of phage 

until resistance was determined. Resistance was confirmed by both spot and plaque 

assays (data not presented). Exposure of the bacterial cells to the plasma jet only 

again returned a similar reduction as observed in previous experiments. Application 

of phage cocktail (EM-CJR & EM-CJR-X) alone resulted in a half-log reduction (Figure 

5.22) which was poor in contrast to the results observed against the non-resistant 

PAO1 strain. The combinational exposure times of both 30 s and 60 s plasma 

exposure in addition did not increase the killing effect of the phage towards the 

resistant strain suggesting that the mechanism of resistance is not vulnerable to an 

antimicrobial trade-off between phage and plasma.  

The regrowth potential of the treatment P. aeruginosa PAO1 cells were still impacted 

by the combinational treatment (Figure 5.23). The growth control (GC) and the 

plasma alone controls all observed significant regrowth after 24 h. The combinational 

treatment groups and the phage cocktail alone treatment group observed the least 

amount of bacterial regrowth. This observed effect is in line with what was observed 

for the spiked growth curves presented in Figures 5.11 and 5.12 which suggests that 

the presence of phage in the solution can have detrimental impacts on the optimal 

growth rate of bacterial cells due to the stressor effect that phages can cause (495).  
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Figure 5.22. Colony counts of cells from a phage resistant P. aeruginosa PAO1 

biofilm after having been grown on MBEC pegs for 24 h before being subject to 

Plasma (CAP) and bacteriophage cocktail (EM-CJR & EM-CJR-X) treatment (1x105 

PFU/mL). Plasma exposure times of 30 s (30s-J+CT) and 60 s (60s-J+CT) were used 

in combination with a cocktail of bacteriophage (CT). 30 s (30s-J) and 60 (60s-J) s 

CAP controls were used in addition to a phage (EM-CJR & EM-CJR-X) treated group 

and an untreated growth control of P. aeruginosa PAO1 (LB). The data was plotted 

using Graph Pad Prism version 7. Represented is eight biological replicates (n=8) and 

three technical replicates (n=3). 

  



 

279 
 

 

Figure 5.23. Post treatment regrowth optical density (OD600) absorbance assays of 

cells from a phage resistant P. aeruginosa PAO1 biofilm after having been grown on 

MBEC pegs for 24 h before being subject to Plasma (CAP) and bacteriophage cocktail 

(EM-CJR & EM-CJR-X) treatment (1x105 PFU/mL). Cells were allowed to regrow in 

fresh LBB overnight. Plasma exposure times of 30 s (30s-J+CT) and 60 s (60s-J+CT) 

were used in combination with a cocktail of bacteriophage (Phage-CT). 30 s (30s-J) 

and 60 (60s-J) s CAP controls were used in addition to a phage (EM-CJR & EM-CJR-

X) treated group and an untreated growth control of P. aeruginosa PAO1 (LB). The 

data was plotted using Graph Pad Prism version 7. Represented is eight biological 

replicates (n=8) and three technical replicates (n=3). 
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5.5  Discussion 
 

The use of bacteriophage cocktails can help to overcome the issue of bacterial 

resistance and normally a cocktail composed of 3-6 phages is sufficient to completely 

eradicate the target pathogen, however the success of the cocktail can vary when 

targeting bacterial biofilms as opposed to planktonic cells. 

Bacteriophage cocktails are a therapeutic option, routinely used in countries 

particularly in Eastern Europe (496). A cocktail of bacteriophage possess many 

therapeutic advantages over employment of a single bacteriophage in that there is 

less chance of bacterial resistance and the infection is more promptly treated due to 

the abundance of phage present (497).  However, the main issue of employing phage 

still remains that bacteria can rapidly develop resistance towards phage and thus 

careful consideration of how best to employ phage to take benefit of their true 

antimicrobial potential needs to be considered in the clinical health setting.  

Employing bacteriophage as a combinational or synergistic component appears to be 

an efficient means of treating infections and preventing rapid host-phage resistance 

(467,498,499). Most synergistic studies to date have involved the use of phage and 

traditional antibiotics, however with the number of multi-drug resistant strains 

increasing daily, novel antimicrobials are being looked at and as a result this allows 

for the establishment of novel phage synergy studies.  

Among new antibacterial approaches, cold atmospheric plasmas (CAPs) have been 

gaining popularity due to a combination of factors, including the lack of reported CAP-

induced resistances. CAP or sometimes referred to as non-equilibrium plasma due to 

the fact that the particles are not in thermal equilibrium, is a collation of partially 

ionized gases that can be generated and utilized at both low and atmospheric 

pressures (6).  CAP is normally used in the clinical setting as it operated at 

temperatures below 40 °C which is regarded as compatible for biomedical 

applications. 
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CAP has been reported to be an effective antimicrobial for the treatment of bacterial 

biofilms and reduction of exposure times makes this technology more favourable. As 

a result, the application of phage and CAP as a combinational therapeutic holds 

promise for the clinics of western medicine.  

As stated, CAPs are partially ionised gases and have demonstrated antimicrobial 

activity via acting on bacteria through a combination of physical  and chemical 

factors. CAPs are known to generate a variety of reactive oxygen species for example 

ozone. These reactive species are not specialized to any particular bacterial species 

or strain and thus this attribute holds a major advantage over other antimicrobials 

such as traditional antibiotics. CAP has also been shown to inactivate certain 

virulence factors in bacteria, for example CAP has been shown to inactivate 

pyocyanin and other quorum sensing molecules in P. aeruginosa (500).  

Cold atmospheric plasma is able to kill bacterial cells via several possible mechanisms, 

most of which target the bacterial cellular surface. Possible CAP induced bacterial 

killing mechanisms include the peroxidation of the membrane lipids, the electrostatic 

disruption of the cellular envelope of the cell and the denaturing of membrane 

proteins all plays a role in the destruction of bacterial cells. Other alternative CAP 

induced killing mechanisms on an internal scale can occur due to the entry of reactive 

chemical species into the cell.  

There have been only a very limited number of studies of phages and CAP and at the 

time of writing this thesis, the application of CAP-phage combinations against 

biofilms formed by clinically relevant pathogens have not been investigated yet. In 

this chapter, CAP is used in combination with phage to treat P. aeruginosa biofilms, 

however this technique could also be utilised to treat P.  mirabilis infections and 

should be tested in the future. 

Phage EM-CJR and EM-CJR-X were used for this antibiofilm experiments throughout 

this thesis chapter, due to the fact that they were already part of an effective 

commercially available phage cocktail and they showed effective lysis of the host 

strain. Phage EM-CJR and EM-CJR-X were isolated from a commercially available 

Microgen Pseudomonas aeruginosa phage cocktail (Complex pyobacteriophage, 
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Microgen, Russia). Both phages were isolated on a host strain of P. aeruginosa PAO1 

(Figure 5.7). The presence of two bacteriophages was evident  from  the plaque assay 

performed as can be seen in Figure 5.7 (B). Phage EM-CJR displayed a larger zone of 

lysis as opposed to its other cocktail member (EM-CJR-X) which displayed smaller 

zones of lysis on the lawn of P. aeruginosa PAO1. Phage EM-CJR’s plaque assay also 

revealed that the phage displayed the ability to potentially show depolymerase 

activity on the lawn of P. aeruginosa PAO1 due to the presence of a small halo around 

the initial plaques. Phage EM-CJR-X does not appear to display the same extracellular 

depolymerase activity against its host PAO1 and may be a possible difference 

between the infectivity and killing efficiency between the two bacteriophage.  

As previously mentioned, host resistance towards bacteriophage can occur quite 

rapidly especially in confined batch cultures. Discovering novel mechanisms to 

delaying phage resistance or even inhibiting resistance to phage would be the most 

effective method of employing phage. Synergistic or combinational employment of 

bacteriophage alongside additional antimicrobials may be one method to delaying 

phage resistance by selecting for a ‘trade-off’ between phage resistance and 

resistance towards the second antimicrobial (457,501–503)  

To assess the ability of phage to act as an adjuvant or combinational therapeutic 

alongside CAP, phage EM-CJR and the phage cocktail (EM-CJR & EM-CJR-X) was 

selected to be used.   

Using phage as an adjuvant or pre-treatment option to plasma exposure is an 

effective therapeutic strategy for the treatment of P. aeruginosa biofilms (Figure 

5.13). The combinational treatment option results in an increased removal of P. 

aeruginosa cells from the pegs when compared to the treatment options used as solo 

agents. The combinational treatment also may have resulted in an increased stressor 

presence towards the surviving cells as seen when the cells were allowed to recover 

in a new environment (Figure 5.14) subject to no antimicrobial treatment, however 

the mechanism behind the reduced rate of regrowth is not known.  

As observed from the initial crystal violet tests (Figure 5.15), 60 s plasma treatment 

proved effective at removing cells or cellular components from the biofilm adhered 
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to the MBEC pegs. Removal of the cellular components would make conditions on 

the pegs more favourable for the employment of phage. Studies have shown that 

anywhere from 75 to 90 % of bacterial biofilms are composed of extracellular 

components with the bacterial cellular content ranging from 10 to 25 %. Thus the 

ability of plasma to remove such components would prove favourable in terms of 

antimicrobial treatment (490). To test this theory, the antimicrobial and antibiofilm 

assays were performed in the same manner with plasma acting as the pre-treatment 

therapeutic to the bacteriophage.  

Although not directly compared, when CAP was used as a pre-treatment option to 

the bacteriophages, a more effective antimicrobial effect was observed as opposed 

to the use of phage before CAP. The combination of 60 s CAP exposure followed by 

bacteriophage treatment resulted in a 6 log reduction of P. aeruginosa cells from the 

MBEC pegs (Figure 5.16), compared to a 3 log reduction when phage was used as the 

pre-treatment. This result suggests that the use of CAP as a precursor to phage is a 

more effective antimicrobial combination for treating P. aeruginosa biofilms. 

One possible mechanism which might explain the increased antimicrobial and 

antibiofilm effect associated with the combinational treatment of CAP and phage 

may be due to the presence of the reactive oxygen species (ROS) produced during 

the plasma exposure. Reactive oxygen species (ROS) are highly reactive molecules 

which are formed due to the electron accepting nature of oxygen molecules e.g., 

peroxides, super-oxides and singlet oxygen (504).  

Studies employing ROS to bacterial cells have revealed that even after the removal of 

the ROS source, the ROS can still persist at the microbial level inducing continued 

bacterial stress and subsequent cellular death. Studies have revealed that the ROS 

mechanism is self-amplifying and the ROS level can reach a threshold at which the 

death process towards the bacterial cells becomes self-sustainable (504). This 

mechanism may be responsible for the effect observed from the combinational 

treatment of CAP and phage against the P. aeruginosa biofilms.  

Another potential antimicrobial mechanism as a result of the ROS produced during 

the plasma exposure may explain the effect observed from the combinational 
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treatment. Exposure of bacterial cells to ROS has been reported to promote 

filamentation of bacterial cells (505). The filamentation of bacteria allows for 

bacterial cell receptors to become more readily available to the phage thus increasing 

the infection efficiency. This filamentation phenomenon is not unique to ROS as the 

process has been observed when employing traditional antibiotics to treat infections. 

It has also been shown that the induction of cellular filamentation by ciprofloxacin 

increases phage susceptibility (188) (506).  

It has been reported that phage can alter their infection cycle at the genomic level to 

accommodate for the physiological state of their host e.g., altered genomic 

architecture such as that observed in Shigella phage SF6, which facilitates the phage 

to undergo an enhanced rate of replication (507). Furthermore, tight regulation of 

phage holin enzyme production to delay the lysis process allows for phage viral 

progeny numbers to increase to higher-than-normal rates thus allowing for the 

accumulation of more phage progeny and a subsequent increased burst size and 

killing efficiency of the phage towards its respective host (508).  

It is plausible that the ROS present in the cocktail of chemicals as a result of the 

plasma exposure has induced one of the described mechanisms above, either the 

filamentation process which results in a greater accumulation of phage particles or 

simply the removal of biofilm EPS to allow phage to gain access to the cells and thus 

attach to the host cell surface receptors more easily to initiate cellular infection and 

subsequent lysis (509). To further assess the long-term antimicrobial/antibiofilm 

effect of the 60 s plasma followed by phage treatment therapeutic option. Again, 

similarly to the assay described above, the MBEC pegs were submerged into fresh 

sterile LB broth without the presence of any antimicrobial to assess the ability of the 

treated P. aeruginosa cells to re-establish in a stressor free environment.  

When employing the use of CAP as an antimicrobial, exposure time of the bacterial 

cells to the plasma stream is a vital factor for the antimicrobial activity of the plasma 

(491).  Longer exposure time has the potential to degrade the components of the EPS 

more effectively or induce physiological changes of the cell more greatly (510). To 

assess the effect of longer exposure time in the combinational study with 

bacteriophage, the experiment was set up as described above with increased plasma 
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times ranging from 30 s to 120 s before exposing the cells to bacteriophage treatment 

(Figure 5.19).  

Interestingly, the longer plasma exposure times did not necessarily result in an 

increased synergistic killing efficiency. This result could be explained by the 

acidification effect the CAP can have on its environment. With acidification increasing 

on the pegs, exposure of the pegs to the phage solution most likely acidifies the phage 

solution. In doing so, the decreasing pH can have profound effects on phage and their 

respective activity. It has been demonstrated that low pH (pH 2) can cause abrupt 

phage coagulation limiting their ability to infect their host and a pH of 3-4 can cause 

phage precipitation from the solution. It is thought that the combination of factors 

resulting from acidification of the solution hinders phage activity particularly due to 

the irreversible coagulation caused by such low pH. As the plasma exposure time 

increases for the combinational studies, the phage may have been subject to 

increased acidification and subsequent coagulation and perhaps precipitation from 

the solution rendering them less effective for antimicrobial treatment after the initial 

plasma exposure (511). This phenomenon may explain why a plasma exposure time 

of 30 s followed by phage treatment proved the most effective in terms of reducing 

microbial cell numbers form the MBEC pegs. The effect could also be a direct result 

of the ROS and reactive nitrogen species inactivating the bacteriophages.  

Regrowth of the treated cells (Figure 5.20) after exposure was assessed and 

quantified using an optical density assay. The combinational treatments of CAP and 

phage were most successful at limiting the regrowth of the cells. There was no 

significant difference between all the CAP and phage treated regrowth groups 

indicating that a 30 second exposure could be sufficient for generating enough ROS 

to contribute to the antimicrobial effects observed.  

It is has been well established and documented that employment of a cocktail of 

bacteriophage as opposed to use of a single bacteriophage tends to yield more 

promising antimicrobial activity (512–514). To assess the ability of a single phage to 

act as a combinational antimicrobial to plasma treatment, one of the phages, EM-CJR 

was isolated from the cocktail. Phage EM-CJR was exposed to the P. aeruginosa 

biofilms in the same manner as the cocktail in previous experiments . As expected, 
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the use of the phage cocktail was a more effective antimicrobial than the use of the 

single phage. The cocktail recorded a 3-log reduction in microbial cell counts whereas 

the single phage only recorded a 1.25 log reduction. When used as a combinational 

antimicrobial following plasma treatment, again the use of the phage cocktail proved 

the more effective antimicrobial option with a 5-log reduction in microbial cell 

numbers (30 s plasma exposure) and a 5.25 log reduction recorded for the 60 s 

combinational treatment time. The use of the single phage, EM-CJR as a 

combinational antimicrobial resulted in a 3-log reduction for both 30 and 60 s 

exposure times. These results can be justified by the fact the presence of two 

bacteriophages in the solution is known to add an increased stressor towards the 

bacterial hosts in a variety of ways with the major benefit being that the phage may 

target two different receptors and prevent of slow down the rate of bacterial 

resistance towards the phage developing (515,516). In addition, increased lysis by the 

presence of two phage will contribute to the increased killing effect.   

As stated previously, bacterial resistance is the biggest limitation for the application 

of phage to treat bacterial infections in the clinics (517). Synergistic applications of 

antimicrobials has been shown to prove beneficial in preventing resistance towards 

one of the antimicrobials or causing a trade-off in resistance of one antimicrobial over 

the other (518). The P. aeruginosa PAO1 strain was made resistant to phage by 

exposing the host to a low concentration of phage and allowing regrowth to occur. 

Resistance was confirmed by plaque assays and spot tests where no lysis was 

observed (Data not presented). CAP and phage treatment of the resistant strains did 

not result in any noticeable killing (Figure 5.22) but did contribute to a reduction in 

the regrowth rate of the cells post treatment. The slight reduction observed via the 

addition of phage could be explained due to the lysis from without phenomenon or 

due to the stressor effect of phage preventing optimal replication. as seen in the 

growth curves presented in Figures 5.11 and 5.12 (519). No antimicrobial resistance 

trade-off was observed between phage resistance and plasma sensitivity in the 

mutant PAO1 strains and thus it is likely that resistance towards each antimicrobial 

occurs via different mechanisms and that overexposure to either microbial will not 

result in re-sensitization or a trade-off in resistance to either phage or plasma (520).  
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The data obtained from the above experiments would suggest that a combinational 

treatment of CAP at exposure times as low as 30 s with a cocktail of at least two 

bacteriophages is an effective antimicrobial therapeutic for the treatment of P. 

aeruginosa biofilms. Due to the ease of application of such a technique, this 

therapeutic strategy could eventually be translated into the clinics to treat chronic 

skin wounds and burn wound infections. Although the combinational treatment was 

not able to successfully tackle phage resistant PAO1 strains, increasing the number 

of phages in the cocktail or the composition of the plasma components could be 

assessed to overcome this issue.  
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5.6  Conclusion 
 

Due to the increasing number of drug resistant bacterial infections as stated via the 

main theme of this thesis, the need for novel therapeutic antimicrobials is imperative. 

P. aeruginosa is a common pathogen that is reported to cause complications in an 

array of situations e.g., respiratory, skin and urinary tract infections amongst other 

human infections (521,522) The application of cold atmospheric plasma (CAP) has 

been demonstrated to be an effective antimicrobial therapeutic option for the 

treatment of Gram-negative bacteria with a particular focus on P. aeruginosa 

(523,524). Synergistic treatments tend to provide more favourable results in terms of 

reducing microbial load and in many situations complete kill of the bacterial cells and 

biofilm eradication.  

The basis of the study in this chapter was focused on the fact that reactive oxygen 

species have been shown to facilitate increased phage production and thus increased 

phage killing due to a delay in the cell lysis stage of the bacterial replication cycle. 

This delay allows for the accumulation of additional phage and thus potentially an 

increased killing effect (505). The application of plasma has also been demonstrated 

to degrade components of the bacterial biofilm EPS matrix and thus in theory phage 

navigation to the bacterial cells could be increased (525). 

In the data presented above it is evident that experiments effectively portray the 

potential of phage and CAP to work as an effective combinational treatment option 

for P. aeruginosa PAO1 biofilms. The order of antimicrobial application plays an 

important role in the effectiveness of the combinational treatment. From the data 

displayed it appears that a pre-treatment with CAP for a minimum time of 30 s 

followed by phage exposure results in a 6 log reduction in microbial cell counts 

helping to remove the bacterial biofilm. Again, this may be due to the more easily 

accessible cell receptors of the bacteria due to the plasma facilitated degradation of 

the biofilm matrix or as a result of bacterial filamentation due to the presence of ROS. 

Furthermore, the data also shows that the combinational treatment has a lasting 

antimicrobial effect due to the poor regrowth observed after an additional 24 h 

period. To conclude the data presented shows potential for this unique antimicrobial 
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combinational treatment, but significant further work is required to unravel the 

mechanisms of action of CAP and phage combinations and understand both 

advantages and limitations of this approach and best use cases 
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6.1 Thesis summary, final discussion & conclusions.  
 

As stated, and discussed several times throughout this thesis, the current global 

antimicrobial arsenal has become severely depleted in terms of effective candidates 

capable of tackling multi-drug resistant bacterial infections. Implications that will 

stem from this global threat range from increased mortality, morbidity and of course 

a significant economic impact. Furthermore with increased human migration globally 

due to reducing air travel costs, the trend of increasing antimicrobial resistance is 

only set to increase and without strategic intervention, the global death rates 

accredited to antimicrobial resistance will surpass that of cancer related deaths with 

roughly 10 million deaths per annum by the year 2050 (1,526).  

The swarming motility and urease synthesis of P. mirabilis allows this opportunistic 

pathogen to facilitate catheter associated swarming and eventual encrustation and 

blockage of urinary catheters. These types of infections can then lead to serious 

implications for catheterised patients especially those of which who are 

immunocompromised placing them in a higher risk category for eventual 

bacteriaemia which itself has a mortality rate estimated to be between 13 and 30 % 

(527,528). As a result of this respective catheter encrustation and blockage, the 

catheters need to be removed, flusher or replaced adding to an uncomfortable 

experience for the patient and an increase in medical costs. As a result, the need for 

novel antimicrobials to prolong the lifespan of urinary catheters and tackle the issues 

caused by these pathogens is imperative.  

The use of phage, as previously discussed has been utilised on a significant scale since 

1915 thanks to the work performed by Felix d’Herelle involving the treatment of 

dysentery infections (529). However due to the advancements of other 

antimicrobials such as traditional antibiotics, phage was largely neglected especially 

in Western Europe. However, with the antimicrobial resistance trend continuing to 

increase, bacteriophages and their associated derived products are being considered 

now as serious candidates to aid the fight against global antimicrobial resistance. 

 



 

292 
 

Due to this resurgence in bacteriophage interest and increased popularity in phage 

research to tackle AMR issues, the aim of this thesis was to investigate new 

approaches in using bacteriophages for treatment of clinically relevant infections. 

This work consisted of the steps discussed below. 

Successful isolation, characterisation and utilisation of bacteriophages specific to            

P. mirabilis was performed to assess their ability to act as effective antimicrobials for 

the treatment of catheter associated infections. Furthermore, to advance the field of 

P. mirabilis UTI therapeutics, research into the utilisation of phage derived products, 

specifically phage encoded depolymerases, were cloned and expressed in the form 

of  a recombinant protein to assess their ability to combat P. mirabilis related 

infections. Using an array of microbiological, molecular biology and computational 

techniques, this section of the thesis was completed with promising results.  

A phage-cold atmospheric plasma combinational study was designed to assess the 

antimicrobial potential of phage to act alongside novel means of AMR therapeutics 

and tested against P. aeruginosa, another major pathogenic microorganism, 

responsible for UTIs/CAUTIs and multiple other infections This section of the thesis 

also returned promising results highlighting the potential of phage to be applicable 

to an array of differing situations/applications to tackle AMR related infections.  

Two bacterial pathogens, P. mirabilis and P. aeruginosa, were selected for studies 

conducted within this doctoral project. With both P. mirabilis and P. aeruginosa being 

bacterial species commonly isolated in high abundance from both urinary tract and 

catheter associated urinary tract infections, it makes both bacterial species a reason 

for concern in health clinics (352). P. aeruginosa is also commonly reported to be the 

sole cause or a major component of complicated skin infections due to its aggressive 

biofilm and quorum sensing nature. For the introductory Chapter 1, a comprehensive 

investigation of the available literature on the use of phages for prevention and 

elimination of Proteus and Pseudomonas biofilms was conducted; special focus was 

put on the review of combinational antibacterial treatment approaches incorporating 

phage therapy (530,531). 
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Chapter 2 describes the results of isolation and characterisation of several new 

Proteus phages. The successful isolation of bacteriophage PM-CJR was performed 

using a phage enrichment technique which allowed for the virus to be isolated against 

P. mirabilis BB2000. The presence of pure phage colonies on a lawn of P. mirabilis 

BB2000 with a surrounding halo region around each lysis plaque indicated that phage 

PM-CJR potentially encoded a depolymerase enzyme which are known to hold 

antimicrobial potential (532). Genomic sequencing and subsequent analysis of the 

viral genome using an array of prediction model software packages, revealed the 

phage encoded several enzymes of antimicrobial interest with the most interesting 

being a pectate lyase domain encoded on the tail-spike region of the bacteriophage.  

Microbiological characterisation of the newly isolated phage revealed that the phage 

had favourable attributes making it a suitable candidate for use as a therapeutic 

agent. Phage PM-CJR had a rapid host adsorption rate as demonstrated using the 

host adsorption assay in Chapter 2. This experiment revealed that 90 % of the 

bacteriophage particles in the solution were able to adsorb to the bacterial cells 

within the first 5 min post inoculation. Further phage-host characterisation revealed 

that the phage had quite a rapid replication and lysis rate when infecting P. mirabilis 

BB2000. The one-step growth curve indicated that the phage latent period was 

roughly 10 min which tends to be the average when compared to other Proteus 

phages. The rapid host adsorption rate, quick replication and lysis time displayed by 

phage PM-CJR makes it a strong candidate for antibacterial applications for the rapid 

and effective treatment of P. mirabilis infections. In addition to these favourable 

attributes, phage PM-CJR also displayed a promising host range against an array of 

Proteus species, many of which were clinical isolates. The phage also displayed a 

thermal stability across temperatures ranging from 40 °C to 90 °C. This again makes 

phage PM-CJR a good antimicrobial for pharmaceutical formulations whose 

production might require the exposure of the active pharmaceutical ingredient 

(phage) to elevated temperatures. 

Due to the favourable attributes stated above, phage PM-CJR was further selected 

and utilised in a range of assays to determine its ability to act as an effective 

antimicrobial for the treatment of CAUTIs and P. mirabilis related infections. The 
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results of that study are reported in Chapter 3. The bacteriophage was firstly used in 

an artificial bladder model system to determine if the virus had the potential to treat 

P. mirabilis CAUTIs and prevent the catheter encrustation effectively improving the 

lifespan of the urinary catheter. 

Utilisation of the phage alone allowed for a significant increase (10 h) in terms of time 

taken for the urinary catheters to become blocked with P. mirabilis synthesised 

crystals. The most likely mechanism for the increased catheter lifespan is due to the 

initial lysis of the bacterial cells caused by the addition of the bacteriophage to the 

system. Furthermore, the presence of the phage also adds an additional stressor 

factor to the remaining bacterial cells meaning that replication is not able to be 

performed at an optimal rate perhaps also adding to the extended catheter lifespan. 

Research highlighting the use of weak organic acids to extend the lifespan of 

catheters was recently shown as described in Chapter 3. As a result, sub-MIC 

solutions of citric acid were used as a combinational treatment option alongside 

phage PM-CJR to see if the catheter lifespan could be extended further. The 

combinational treatment of phage and citric acid resulted in roughly a 100 h (4 day) 

increase in the lifespan of the urinary catheters indicating that the combination of 

these two antimicrobials is incredibly effective and treating P. mirabilis CAUTIs and 

preventing catheter crystalline crustation. A plausible mechanism for the activity of 

the combined antimicrobials may be that the initial phage lysis significantly reduces 

the bacterial load in the urinary bladders while the presence of the acid and 

subsequent lower pH. As P. mirabilis crystalline formation causes a rise in pH due to 

the activity of the urease enzyme synthesising carbon dioxide as a by-product, the 

presence of citric acid may keep the pH at a lower value meaning that the process of 

crystal formation is significantly reduced (533).  

The difficulty of applying antimicrobials to treat catheter associated infections has 

proved difficult in terms of effective treatment options. Hydrogel formulations onto 

the surface of urinary catheters has been one novel means of establishing effective 

treatments. Therefore, phage PM-CJR was incorporated into a novel hydrogel 

formulation which utilised citric acid as a major formulation component. The phage 

hydrogel formulation was applied to segments of urinary catheters and the swarming 
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bridge model applied to assess the effectiveness of this formulation at preventing      

P. mirabilis facilitated swarming across the catheters. Incorporation of both phage 

and citric acid as major hydrogel formulation components was the most effective gel 

formulation for preventing any bacterial swarming across the urinary catheters from 

occurring. The absence of phage in the hydrogel formulations and just inclusion of 

citric acid saw promising results with no swarming occurring for up to 24 h post 

inoculation. However, the presence of phage allowed for an additional 24 h period in 

which no swarming/migration across the catheters was observed. The absence of 

either antimicrobial allowed for swarming to occur within a 24 h time period. This 

novel hydrogel formulation holds potential as an effective coating on urinary 

catheters for the treatment of CAUTIs, particularly those caused by P. mirabilis as the 

formulation can prevent bacterial swarming. The potential to include this hydrogel 

formulation as a treatment strategy in the artificial bladder model system described 

earlier in Chapter 3 would be an effective means of developing the research in both 

the phage field and the pharmaceutical formulations field.  

The issue of rapid host resistance to bacteriophages is possibly the greatest limitation 

to the use of bacteriophages as antimicrobials for the treatment of bacterial 

infections. Host resistance to bacteriophages can occur within hours and some novel 

application techniques have been utilised to overcome this issue e.g., phage cocktails 

or application of phage as a synergistic component. One additional means of 

overcoming host resistance and expanding the current antimicrobial arsenal, is to use 

phage derived antimicrobial enzymes. The application of phage derived enzymes 

(enzybiotics) has been shown to be an effective strategy for tackling bacterial 

infections and overcoming the issue of phage-host resistance (395).  

Phage enzybiotics include proteins such as holins, endolysins and phage derived 

depolymerase enzymes. Depolymerase enzymes are thought to act on a particular 

component of the bacterial cell surface, most commonly the bacterial capsule or the 

LPS of bacteria. As the phage PM-CJR proved to be an efficient antibacterial agent in 

in vitro tests, the focus of Chapter 4 was the isolation and characterisation of the 

factor responsible for biofilm degradation. 
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Phage PM-CJR displayed initial phage depolymerase activity on a lawn of P. mirabilis 

BB2000 represented as an expanding halo region around the central lysis plaques. As 

previously stated, genomics sequencing and annotation revealed the phage 

possessed a pectate lyase domain on its tail-spike protein. Cloning and expression of 

this tail-spike protein was described in Chapter 4. The tail-spike gene was synthesised 

into a pET 28a(+) vector and the protein over expressed in E. coli KRX cells via 

rhamnose and isopropyl ß-D-1-thiogalactopyranoside (IPTG) induction. The 

expression of the 72 kDa protein was observed on an SDS-PAGE gel and later also 

confirmed on a western blot gel after ÄKTA Prime purification and cassette dialysis. 

Purity of the protein was further confirmed using reverse phage HPLC. To assess the 

activity of the recombinant protein, the purified protein was spotted onto a lawn of 

P. mirabilis BB2000 and incubated at 37 °C overnight. The expressed protein 

appeared to have the display the same halo as seen when application of the whole 

phage was used. With the activity of the protein confirmed the antimicrobial efficacy 

of the enzyme was tested.  

The recombinant tail-spike protein was used to assess the ability of the protein to 

inhibit biofilm formation of P. mirabilis on MBEC pegs. With bacterial cellular 

attachment occurring in the first 4 h of the biofilm formation process, the bacterial 

cells were incubated in media containing the tail-spike protein and compared to 

controls of just bacterial culture and a phage spiked culture. The results of this 

experiment revealed the presence of the tail-spike protein was capable of reducing 

bacterial attachment by a 1 log reduction, suggesting the activity of the enzyme 

interferes with biofilm formation. The phage control was however still the more 

effective antimicrobial of the two treatment groups as complete kill and no 

quantifiable biofilm formation occurred. 

The tail-spike protein was also utilised to assess its ability to treat P. mirabilis bacterial 

infections in G. mellonella larvae. Injection of the tail-spike into the lower proleg of 

the G. mellonella post P. mirabilis infection, was able to increase the survivability of 

the larva by around 20 % when compared to the untreated control groups. Similarly, 

to the MBEC adherence assay discussed above, the application of whole phage was 

still a more effective antimicrobial at increasing survival and treating the P. mirabilis 
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infections in the G. mellonella larva. These results suggest that the tail-spike protein 

has the potential to treat P. mirabilis infections and the mechanism of action most 

likely interferes with one of P. mirabilis’s many virulence factors. In doing so, the 

recombinant protein is able to increase survivability of the larva. To improve the 

efficiency of the tail-spike protein, the recombinant enzyme could be utilised as a 

combinational antimicrobial which would most likely further increase the 

survivability of the G. mellonella larva. The same theory would apply to the MBEC 

adherence assay in which two antimicrobials would further minimise bacterial 

adherence to the MBEC pegs. 

To further characterise the recombinant tail-spike protein, the amino acid sequence 

of the protein was subject to molecular predictions and modelling algorithms. The 

protein model predicted with I-TASSER was then compared structurally to other 

predicted tail-spike proteins from different bacteriophages. The tail-spike protein 

with the highest degree of structural similarly according to the protein database 

(PDB) was that of E. coli phage CBA120. The two structures had a reasonable degree 

of similarity. The tail-spike protein of PM-CJR showed high similarity when compared 

to tail-spike protein 4 of the E. coli CBA120 phage. Comparison of the tail-spike 

protein of PM-CJR to two similar Proteus phages, revealed that again a high degree 

of structural similarity was present, but for the phages to be similar at the genomic 

level, the tail-spike proteins still had significant differences in terms of molecular 

structure. This may explain the presence of the depolymerase domain in the tail-spike 

of PM-CJR which was not present in the tail-spike of Proteus phage 

vB_PmiP_RS10pmA.  

With all the experimental data generated for the tail-spike protein of phage PM-CJR, 

several conclusions can be drawn. The phage displays depolymerase activity on a 

lawn of P. mirabilis BB2000 and genomic characterisation of the virus indicates that 

the phage does possess a depolymerase enzyme in the form of a pectate lyase 

enzyme within the tail-spike protein of the virus. The cloning and expression of the 

tail-spike protein allowed for a pure, recombinant protein to be obtained which 

displayed significant antimicrobial potential against its respective P. mirabilis host. 

The tail-spike protein was able to reduce bacterial adherence to MBEC pegs and thus 
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inhibits the formation of bacterial biofilms for P. mirabilis. The tail-spike protein was 

also able to improve the survivability of G. mellonella larva when infected with               

P. mirabilis BB2000. The whole phage was still a more effective antimicrobial when 

compared to the tail-spike protein most likely due to the lytic killing effect associated 

with the phage when compared to the tail-spike which acts via a degradation 

mechanism on a particular cell surface component of the bacterial host. 

The final experimental chapter (Chapter 5) describes a study of novel combinational 

approach involving Pseudomonas aeruginosa phage and cold atmospheric plasma to 

illustrate the potential of using non-chemical treatment option (CAP) in combination 

with a biological antibacterial agent (phage) for biofilm control. 

To address the issue of P. aeruginosa in both urinary tract infections and as a general 

pathogenic agent in several other human infections e.g., skin and eye infections, a 

phage combinational study was designed in which phage was used alongside cold 

atmospheric plasma to tackle P. aeruginosa biofilm related infections. P. aeruginosa 

biofilms have substantial antimicrobial tolerance and resistance making them a 

difficult bacterial infection to treat with traditional antimicrobials (534).  

CAP has been shown on several occasions to be an effective antimicrobial for the 

treatment of several biofilm forming pathogens particularly P. aeruginosa, however 

reducing plasma exposure times is beneficial for this technique to be successful due 

to the financial cost of generating the plasma stream. Reducing exposure times and 

improving the antimicrobial efficiency of the plasma antimicrobial can be improved 

by using an additional antimicrobial in combination with the CAP device. For the 

purpose of this experiment, an oxygen, nitrogen plasma stream was generated using 

a plasma jet device. To improve the antimicrobial efficacy of the CAP jet and to reduce 

exposure times, P. aeruginosa phages were applied either as a pre-treatment or post-

treatment option with the CAP.  
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Pre-treatment of the bacterial biofilm with the phage cocktail for 6 h before plasma 

exposure resulted in around a 2-log reduction in terms of viable bacterial cells 

recovered from the MBEC pegs. The combinational treatment option was more 

effective than either antimicrobial alone indicating a potential synergistic effect of 

the antimicrobials on the PAO1 biofilms. Post treatment with the bacteriophage 

cocktail resulted in a 6-log reduction, decreasing bacterial load 4 log compared to the 

first phage-first treatment. Again, this combinational treatment method was much 

mor effective than either antimicrobial alone. Use of just one phage, EM-CJR with the 

CAP again did not have as promising an effect (1 log reduction) as the use of two 

phage and the CAP which recorded a 6 log reduction with the 60s CAP and cocktail of 

phage treatment, indicating that the presence of a second phage adds an additional 

stressor component to the bacterial cells. A time dependent study analysis of the 

different plasma exposure times also revealed no significant differences between 

exposure times of 30 s and 120 s with the bacteriophage post treatment. This result 

suggests that the addition of phage post exposure means that the plasma exposure 

time can be reduced to as little as 30 s which is a more financially and economically 

viable antimicrobial therapeutic option. 

The data generated from this chapter, highlights the potential for phage to be used 

as a solo agent but even more effectively as a combinational antimicrobial alongside 

cold atmospheric plasma to effectively tackle P. aeruginosa biofilms. This 

experimental design also allows for this particular combinational therapeutic to be 

integrated into the clinics of western medicine as both antimicrobials are associated 

with low level side effects to humans and can be applied to treat P. aeruginosa 

infections in situations when both CAP and phage can be easily delivered (e.g., skin 

infections). 
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6.2 Future Work 
 

Analysis of all the data generated in this thesis, without doubt highlights the immense 

antimicrobial potential of bacteriophages to treat bacterial infections in an array of 

differing scenarios and via differing application routes. Phages are now becoming a 

re-emerging antimicrobial that although they may never truly replace traditional 

antibiotics, they can and will act as a combinational therapeutic or adjuvant to the 

current antimicrobial arsenal. In addition to whole phage utilisation, as discussed and 

a major theme of this thesis project, phage derived enzymes too hold immense 

antimicrobial potential and complete characterisation, and correct application timing 

are massively important factors in ensuring successful treatment of bacterial 

infections using these unique enzybiotics. 

To further develop the work presented in this thesis and to advance the 

phage/pharmaceutical field, several possible routes of additional research could be 

explored. Isolation of additional P. mirabilis phages which too display potential 

depolymerase activity against the respective Proteus host would firstly allow for the 

development of an effective phage cocktail. Exploring the receptors utilised by each 

phage to design a phage cocktail with minimal phage-phage competition for host 

receptors would be beneficial as selecting phages which are most different at both 

the genomic level and microbiological level could potentially result in each phage of 

the cocktail causing a different stressor effect towards the bacterial host making the 

cocktail a more effective antimicrobial. 

In addition to isolation of novel phages, the cloning, expression and characterisation 

of potential novel phage encoded depolymerase enzymes of each virus would allow 

for the generation of a phage depolymerase library. In doing so, generation of a 

diverse library would allow for gene shuffling experiments to be performed to 

perhaps expand the host range and antimicrobial activity of a particular 

depolymerase enzyme. As seen in Chapter 4, the isolated depolymerase enzyme had 

a host range limited to its isolation strain. For said enzyme to be a truly effective 

antimicrobial, it would require a more diverse host range and gene shuffling is one 

proven method of expanding the host range of different antimicrobials (535–537) . 
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As regards the phage urinary tract/CAUTI research, there are several possible 

advancements that could be made to the data presented in this thesis. Having 

established that the recombinant depolymerase has the ability to reduce P. mirabilis 

adherence to MBEC pegs, the novel hydrogel formulation also described in Chapter 

3, could have a high concentration of the depolymerase enzyme incorporated into it 

along with an additional antimicrobial to assess the ability of the gel to prevent                   

P. mirabilis catheter adsorption and colonisation. This cheap antimicrobial hydrogel 

formulation could prove to be an effective coating for urinary catheters as the data 

presented already shows the hydrogel with phage can prevent P. mirabilis swarming 

across it and the depolymerase alone can reduce bacterial adsorption to surfaces 

similar in shape to urinary catheters.  

The data presented in the final experimental chapter of this thesis illustrated not only 

the potential of phage to act as a good adjuvant to current novel antimicrobial 

techniques but also demonstrates the ease of application to treat P. aeruginosa 

biofilms. Utilisation of phage as a post treatment to plasma exposure resulted in a 

more effective log reduction of the P. aeruginosa biofilms suggesting this would be 

the most favourable application method to use in clinics. In light of this promising 

result, the data generated could be advanced further by testing the combinational 

antimicrobial strategy with a range of differing plasma devices e.g., the kINPen 

(kINPen®IND) device, which is a handheld, compact cold plasma device which could 

be easily used in clinical settings to pre-treat the bacterial infection and then a phage 

ointment applied to work on the bacterial cells (538). Characterising new plasma 

devices with the same or novel types of bacteriophages will lead to a better 

understanding of the combinational antimicrobial activity observed when applying 

both CAP and phage to treat P. aeruginosa infections. Furthermore, identifying the 

possible mechanism of action that would explain the combinational effect of the two 

antimicrobials would be beneficial to allow further tailoring of the therapeutic 

strategy and potentially lead to a more enhanced antimicrobial activity.  
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