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ABSTRACT

The development of antimicrobial resistance (AMR) has become a worldwide concern,
with predictions stating that 10 million people may die as a result of AMR by 2050. The
increasing concern surrounding bacterial resistance rendered their use as antimicrobial
growth promotors (AGP’s) within the animal husbandry sector detrimental, resulting in
their ban within Europe in 2006. Since then, a multitude of diseases have arisen, the most
notable being necrotic enteritis in broiler chickens, caused by C. perfringens. The almost
US$6 billion per annum loss associated with the disease, makes the acquisition of an
alternative economically viable. With the use of bacteriophage (phage) commonly
proposed as an alternative to antibiotics, this study aimed to isolate and characterise a
lytic C. perfringens phage from the environment, before establishing therapeutic efficacy.
Sewerage effluent samples were collected in order to screen for C. perfringens phage,
prior to purification and generation of high titre lysate. Molecular characterisation was
then performed via DNA extraction, sequencing, pulsed field gel electrophoresis (PFGE)
and restriction enzyme digests, as well as lytic range studies, visualisation via transmission
electron microscopy (TEM) and burst size and latent period calculation through one-step
growth curve experiments. Results indicated the isolation of a lytic C. perfringens phage,
(named Φ22), and production of a purified, high titre lysate (109 PFU/mL). Visualisation
indicated the classification of Φ22 into the order Caudovirales, within the family
Podoviridae. Within the 39-40nm icosahedral head, double stranded DNA was extracted,
determined to be 17,962 bp in size. A vast lytic range was determined alongside a large
burst size (121 virions per cell) and short latent period (50 minutes), indicating its
favourable use therapeutically and highlighting the pragmatic approach towards an
alternative to antibiotics.
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1 Introduction
1.1 Antimicrobial Resistance
Since the antibiotic “golden era” taking place between the 1930’s and 1960’s, from which
a plethora of antibiotic treatments arose, antibiotics have been used as one of the major
approaches to the treatment of infections (Aslam et al., 2018). Their use has aided the
reduction in fatality rates and is estimated to have increased the average life expectancy
by two decades (Shallcross and Davies, 2014). Indeed, these “magic bullets’ have
revolutionised modern medicine, however since their discovery, resistance to antibiotics
have naturally emerged, with widespread misuse of these drugs exacerbating the threat
of antimicrobial resistance (AMR) on the population (Li and Webster, 2017). The global
concern regarding AMR is attributed to the rapid emergence of multi-drug resistant
(MDR) bacteria or “superbugs” (Aslam et al., 2018); the rate of which far exceeds the
discovery and development of antibiotics. Alongside the worrying prediction that 10
million people may die due to AMR by 2050, acquiring an alternative to antibiotics to
combat disease is paramount (Rohde, Wittmann and Kutter, 2018), a feat some scientists
hope to be achieved by the natural predators of bacteria; bacteriophage (phage)
(Furfaro, Payne and Chang, 2018).

1.2 Phage biology
Since their initial discovery in the early 1900’s, by Frederick Twort, over 6000 different
bacteriophages have been discovered and described morphologically, with 6196
bacterial and 88 archaeal phages documented. The majority of these phage are tailed,
however polyhedral, filamentous and pleomorphic phage have been visualised.
Characterising bacteriophage combines genetic content (DNA/RNA), morphology, host,
source and life cycle (Wittebole, De Roock and Opal, 2013).
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1.2.1 Phage Life Cycle

The ability for bacteriophages to infect and replicate within bacteria and archaea is due
to the life cycle they exhibit (Silva et al., 2016), of which there are commonly four; lytic,
lysogenic, pseudolysogenic and chronic infection (Olszak et al., 2017). The lytic life cycle
enables phages to rapidly infect and lyse their infected host through cell lysis, in contrast
to the lysogenic life cycle, which allows the phage to integrate its DNA into the host
genome or as plasmids within the host cell. Pseudo-lysogeny describes the unstable
coexistence of both the phage genome and bacterial cell as a result of unfavourable
bacterial growth conditions; once growth conditions improve, the pseudolysogens revert
to either the lytic or lysogenic cycle. Lastly, the chronic infection life cycle, commonly
found within archaeal viruses, resulting in phages slowly being released from the cell over
a long period of time, without obvious cell death (Clokie et al., 2011).
Regardless of cycle, five main stages of virion production are included; adsorption,
nucleic acid injection, assembly of virions, virion release and further transmission (Figure
1). Adsorption begins with phage attachment to receptors on the bacterial cell wall, a
highly specific mechanism which influences the range of possible phage-bacteria
interactions (Chatterjee and Rothenberg, 2012). Before interaction with their specific
receptor, some phage synthesise enzymes such as polysaccharides, hydrolyses and
polysaccharide lyases, enabling them to degrade exopolysaccharide structures enabling
attachment (Drulis-Kawa et al., 2012). Following on from attachment, with the viral capsid
remaining outside the cell, a pore within the bacterial cell wall is induced, allowing for
insertion of genomic DNA. Phage early genes are then expressed, which, in the case of
the lytic life cycle, halts normal bacterial reproduction and allows redirection of the host
synthetic machinery to generate viral proteins and nucleic acids. Assembly of virions
follow on from host cell hijacking as well as packing, before bacterial cell lysis and release
of phage progeny occurs (Weinbauer, 2004). To enable cell lysis, phage late enzymes,
such as murein synthesis inhibitors, lysins and holins are utilised for virion release into the
extracellular environment. The number of phage particles released, commonly known as
burst size, varies between each phage and their cycle; environmental factors such as the
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state their host and nutritional availability also impact this release (Wittebole, De Roock
and Opal, 2013).

Figure 1: Lytic and lysogenic cycles of phage replication, adapted from (Doss et
al., 2017) and (Keen and Dantas, 2018).
By contrast to the lytic cycle, the lysogenic cycle, utilised by temperate phages, insert
their genetic content (prophage) into the chromosomes of the host (Figure 1). The
prophage remains silent throughout replication alongside the host chromosome,
resulting in vertical transmission of the prophage to host progeny, until the lytic cycle is
induced (Weinbauer, 2004). Following on from lytic induction, transduction may occur, of
which there are two types; specialised and generalised. Specialised transduction denotes
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a process in which a phage undergoing the lysogenic cycle, may on occasion, transfer
host genetic material, located adjacent to the insertion site of the prophage, from one
host to another. Contrastingly, generalised transduction results in random packaging of a
phage DNA-sized section of host DNA, and thus random transduction of a group of host
genes (Rohde, Wittmann and Kutter, 2018). Consequently, both methods of transduction
can result in a change in host phenotype, through obtainment of antibiotic resistance
genes as well as virulence genes. Alongside the ability of temperate phage to protect the
host from re-infection, a process known as homoimmunity, their use within phage therapy
is inadvisable (Gordillo Altamirano and Barr, 2019).

1.2.2 Phage Classification

Phages that display the lytic life cycle have become increasingly studied in relation to
phage therapy, those of which are mainly represented by the three families within the
Caudovirales order; Myoviridae, Syphoviridae and Podoviridae. The general description
of Caudovirales includes an icoshedral protein shell or capsid that contains the double
stranded genetic material; this head is connected to a tail via a collar which may or may
not be contractile, with tail fibres that recognise attachment sites on receptors of the host
cell surface (Wittebole, De Roock and Opal, 2013). Morphology is the main distinguishing
factor between Myoviridae, Syphoviridae and Podoviridae phages, therefore,
determining the family of phage within Caudovirales is mainly down to visualisation using
a transmission electron microscope. Myoviridae possess a long contractile tail, encased
within a sheath, Siphoviridae possess a long non-contractile tail, and Podoviridae,
possess a short, non-contractile tail (Figure 2) (Kutter et al., 2018).

As stated above, the classification system originally was based upon morphological
features, however recent work within the order Caudovirales has suggested greater
variation genetically; not previously encompassed by the morphological differences. To
incorporate the genetic diversity seen within the order, two new families have been
created; Ackermannviridae (Adriaenssens et al., 2018) and Herelleviridae. Both families
contain Myoviridae phages formerly assigned to the genus Viunalukevirus and subfamily
Spounavirinae respectfully (Barylski et al., 2019).
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Figure 2: Idealised structures of Myoviridae, Siphoviridae and
Podoviridae bacteriophage, all dsDNA bacteriophage, within the
order Caudovirales (Richter et al., 2018).

1.3 Bacteriophage Therapy
Studies surrounding bacteriophage have had a profound impact on modern science. In
particular, these studies have led to the demonstration of the genetic material, DNA, and
eventually established the discipline now known as molecular biology (Mullins, 1972).
More recently, interest surrounding phage biology has taken precedent as opposed to
the molecular processes they explain; in particular, research into bacteriophage therapy
(Campbell, 2003). Defined as the utilisation of bacteriophage to treat pathogenic
bacterial infections, bacteriophage (phage) therapy is quickly becoming a welcome
alternative to antibiotics. Phage therapy as a concept is 100 years old, with qualities such
as infinite source, self-regulation and low inherent toxicity making it advantageous in
comparison to antibiotics, driving research within the research area (Rohde, Wittmann
and Kutter, 2018).

1.3.1 Advantages of Phage Therapy

Whilst bacteriophage possess the ability to lyse both Gram-positive and Gram-negative
bacteria, their mechanism of action renders them highly specific, deeming them a narrow
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spectrum antibacterial (Loc-Carrillo and Abedon, 2011). With this specificity limiting
phage to a certain species, and on occasion a certain strain within a species, the impact
on the gut microbiota, commonly seen through use of antibiotics, is drastically lessened
(Wittebole, De Roock and Opal, 2013). Whilst use of antibiotics may indeed lyse the
target pathogen, the entire microbiome of the patient is also impacted, which in some
cases may result in antibiotic associated diarrhoea, mucosal candidiasis,
pseudomembranous colitis and potentially long-term metabolic and immunological
disorders (Langdon, Crook and Dantas, 2016). With studies into the microbiome of
healthy adults who ingested a 9-phage cocktail, proving the preservation of the existing
microbiome (Bruttin and Brussow, 2005), it can be inferred that these specific side effects
are of no concern to phage therapy (Langdon, Crook and Dantas, 2016). In addition, the
use of phage therapeutically avoids the potential overgrowth of secondary pathogens as
well as interference with mammalian cells, limiting its potential for adverse side effects, a
speculation, interestingly, confirmed by reports from the former Soviet Union and Poland
(Bruttin and Brussow, 2005).

Furthermore, the use of phage may be a welcome alternative for patients with difficult to
treat infections. The ability of phage to lyse multi-drug resistant bacteria is a key example
of these infections, resulting in the increased interest and advances within phage therapy.
Due to their differing modes of action, even heavily resistant strains i.e. those exhibiting
multiple mechanisms of resistance, remain susceptible to phage and a viable treatment
option (Hanlon, 2007). A bacterium’s resistance to antibiotic therapy not only lies within
resistance genes, but also within bacterial ability to develop biofilms e.g. Pseudomonas
aeruginosa. It has been shown that planktonic bacteria are much more susceptible to
antibiotics with the opposite being true for biofilms. However, it has been demonstrated
that phage are able to disrupt these biofilms (Bruttin and Brussow, 2005), potentially due
to their ability to lyse one bacterial layer at a time and the ability to display biofilm
exopolymer-degrading depolymerases (Loc-Carrillo and Abedon, 2011). Phage have also
exhibited the ability to penetrate the blood brain barrier; an impressive feat when
compared to antibiotics, whose transfer across the blood brain barrier is decidedly
difficult (Shatzmiller, Lapidot and Zats, 2016). Whilst infections of the brain are rare, with
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drug delivery being an obstacle, the use of phage may become a welcome alternative in
the case of central nervous infections (Pouillot et al., 2012).

Another advantage of phage therapy is the lack of potentially lethal side effects,
occasionally exhibited in antibiotic therapy. These side effects manifest as
hypersensitivity; a group of immune mediated reactions including anaphylaxis, StevensJohnson syndrome, IgE-mediated reactions and toxic epidermal necrolysis. Evidence
from a 24-year retrospective study found that antibiotics, in particular beta-lactams, were
the most common triggers of anaphylaxis (Legendre et al., 2013), whilst conversely, there
have been no documented cases of phage therapy resulting in anaphylaxis (Speck and
Smithyman, 2015). Moreover, phage therapy may also be of specific benefit to patients
with antibiotic allergies (Gordillo Altamirano and Barr, 2019).

Simply, the increased efficacy displayed within the use of phage in comparison to
antibiotics is another key advantage to phage therapy. This hypothesis was first
confirmed by Smith and colleagues, who demonstrated, through the use of a lethal E.
coli infection in mice, that one intramuscular dose of phage was as effective as multiple
streptomycin injections (Smith and Huggins, 1982). Further to the increased efficacy
already exhibited from this study, potential economic gain may also be inferred. Given
phages are propagated in the patient while antibiotics are metabolised, low dosage may
allow reducing treatment costs (Abedon and Thomas-Abedon, 2010). The beneficial
economic aspects have also been confirmed in a study comprising of 6 patients
presenting with various staphylococcal infections, in which the cost of phage therapy was
lower than conventional treatment, despite phage therapy having a prolonged duration
of treatment (Weber-Dąbrowska and Górski, 2007).

Finally, the versatility of phage is a great advantage. Their genetic diversity, ubiquity and
abundance, renders them, in terms of source, limitless; a far cry from the current stagnant
development of new antibiotics (Boucher et al., 2013). Coupled with the variation in
treatment strategies, adaptable based on type of infection, patient characteristics and
available resources (cocktail vs personalised medicine), phage therapy holds major
promise in becoming the alternative to antibiotics (Gordillo Altamirano and Barr, 2019).
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1.3.2 Disadvantages of Phage Therapy

The above advantages clearly demonstrate the greater potential for phage therapy in
comparison to the use of antibiotics, especially within this post antibiotic era, however
phage therapy is not without its disadvantages.

The high specificity of phage deems determination of etiological cause, prior to
administration of treatment, necessary (Wittebole, De Roock and Opal, 2013). This
determination requires accuracy, sometimes to the strain level, a process that requires
resources and potentially substantial periods of time (Caliendo et al., 2013), especially
since delays as short as six hours can negatively impact the efficacy of phage therapy
(Chhibber, Kaur and Kumari, 2008). Owing to the time pressure, unobtainable using
standard microbiological procedures, innovations in rapid bacterial diagnosis are
imperative; potentially through exploiting genomic methods (Wittebole, De Roock and
Opal, 2013).

The problem surrounding phage specificity may be solved through the use of phage
“cocktails”; a combination of two or more viable phages intended to broaden the host
range (Drulis-Kawa et al., 2012). Additionally, the expansion of phage libraries, consisting
of well characterised phages isolated from natural sources, exhibiting traits desirable for
phage therapy i.e. large burst size, broad host range, lytic life cycle, may aid the rapid
identification of candidate phages for treatment (Nilsson, 2014).

A great concern within the use of phage therapy is the development of resistance by the
bacterial host, resulting in a decreased efficacy. Resistance may arise within at least 4
mechanisms; structural modification, masking of a receptor and lack or loss of a receptor,
with all four mechanisms preventing the adsorption of phage and hence the ability to
generate new phages. Examples of such mechanisms include structural modification of a
phage receptor in E. coli (Riede and Eschbach, 1986), and loss of receptor resulting from
a change in cell surface composition in Bordetella spp. (Liu et al., 2002). Masking of
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receptors have been demonstrated within Pseudomonas spp. and Enterobacteriacae,
resulting from the secretion of exopolysaccharides and glycoconjugates respectively.

In order to combat this resistance, phage may select for a new receptor or through the
secretion of exopolysaccharide degrading enzyme (Drulis-Kawa et al., 2012). Other
mechanisms of resistance employed by host bacteria include those that pinpoint the
genomic aspect of the phage cycle. These include the prevention of phage DNA
integration, executed by the superinfection exclusion system; degradation of phage DNA
by Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) or by the
Restriction-modification defence system. Additionally blocking of phage replication,
transcription, translation and virion assembly is hampered by the Abortive Infection
system (Wittebole, De Roock and Opal, 2013). Although there are various approaches of
resistance displayed by host bacteria against phage, in vivo, resistance is reportedly low
(Kutter et al., 2010).

Additionally, there have been reports suggesting a positive synergistic relationship
between phage and antibiotics regarding the development of resistance. Through the
development of phage resistance due to receptor mutations, the susceptibility of
antibiotics was restored within the host (Chan et al., 2016). Furthermore, due to the
versatility of phage, host resistance is not a sustainable issue as alternative phage may be
utilised as an alternative when resistance arises. Nevertheless, phage and bacteria are
within an arms race, with both entities continually evolving in order to preserve infective
capacity or withstand it (Stern and Sorek, 2010).

The development of side effects and immune system involvement within phage therapy
is still unknown. It is believed that due to phage mechanism of action, i.e. lysis of host,
that substances within the cell will be released, such as endotoxin (LPS) within Gramnegative bacteria. The release of these substances throughout treatment may result in
several side effects, such as the development of an inflammatory cascade, potentially
resulting in multiple organ failure. Although, the same risk is applied through the use of
rapidly bactericidal antibiotics (Goodridge, 2010). Conversely, it is hypothesised that,
through the substantial, regular intake of phage from the natural environment, the
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immune system does not respond significantly to phage (Rohde, Wittmann and Kutter,
2018).

Additionally, administration routes for phage therapy may be limiting, due to the
requirement of intact phage for a successful infection. As a result, treatment
administration that enables phage inactivation should be avoided, i.e. avoidance of
stomach acid when phage is given orally (Colom et al., 2017). Similarly, it is unknown
whether phage will be seen as “foreign” by the immune system, resulting in their rapid
clearance from the systemic circulation by the reticulo-endothelial system or the adaptive
immune defence mechanisms (Dabrowska et al., 2005). Likewise, diffusion efficiency of
phage is unknown within humans, as a result of their nanoparticle size. The potential
difficulty of phage administration may therefore increase cost of treatment due to the
requirement of phage protection e.g. use of capsules (Cui, et al., 2019).

Another area of concern is the ability of phage to transfer DNA from one bacterium to
another; a phenomena worsened through the use of temperate phage. This transduction
can result in transfer of pathogenicity determinants and virulence factors, essentially
worsening host pathogenicity (Brabban, Hite and Callaway, 2005). Ideally, phage unable
to package host DNA and those that use the host DNA to synthesise its own, should be
used therapeutically, a technique already successfully utilised within phage therapy
(Rohde, Wittmann and Kutter, 2018). It is evident that a specific regulatory frame work for
the use of phage therapeutically is required as many factors determine the success
(Pirnay et al., 2015). In 2015, on the basis of all the considerations required for a
successful phage treatment, P.H.A.G.E. (Phages for Human Application Group Europe)
developed a consensus scheme for the complete pharmaceutical process of phage, in
aid of the acceptance of future phage preparations by national authorities (Debarbieux et
al., 2016).

1.3.3 Historic Overview of Phage Therapy
Bacteriophages were first described in 1896 by Ernest Hanbury Hankin, a British
bacteriologist, as a “biological principle that destroyed cultures of cholera-inducing
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bacteria”. His findings from the Indian rivers, Gangas and Yamuna, were published in
French in the Annals of the Pasteur Institute. Several observations, similar to that of
Hankin, are thought to have been related to this phenomenon, however in depth
research into bacteriophages weren’t conducted until 20 years later, by Frederick Twort, a
British microbiologist (Sulakvelidze, Alavidze and Glenn Morris, Jr, 2001).

From his work with vaccinia virus, Twort discovered a filter-passing material, unable to
“grow” in the absence of bacteria, with the ability to entirely lyse bacteria of a culture.
Due to various reasons, including financial, Twort did not pursue his findings, leaving the
“official” discovery of phages to Félix d’Herelle in 1917 (Wittebole et al., 2014).

d’Herelle’s discovery resulted from the study of patients suffering or recovering from
bacillary dysentery. His study included filtering stool samples from recovering shigellosis
patients, from which he isolated a “anti-Shiga microbe” (d’Herelle, 1917). d’Herelle
determined the phenomenon to be caused by a virus capable of parasitising bacteria, to
which he coined the term “bacteriophage”, meaning to “eat” or “devour” bacteria
(Sulakvelidze, Alavidze and Glenn Morris Jr, 2001). By 1931 d’Herelle had summarised his
findings, including the intravenous bacteriophage treatment for invasive diseases and
many non-randomised trials (d’Herelle, 1931).

In support of d’Herelle’s findings, in 1928, Wollman linked phage properties to genes,
whilst Bordet and Bail discovered the phenomenon of lysogeny in 1925, confirming that
the insertion of phage-encoded material into the hereditary units of the host was
necessary to phage replication. The viral nature of bacteriophage was confirmed by Frank
Macfarlane in the 1930’s as well as the presence of different bacteriophage species. In
the same time period Schlesinger confirmed that bacteriophage constituted of
nucleoproteins, alluding to the structure of the viral particles (Seal et al., 2012).

With a greater understanding surrounding phage and their therapeutic application,
companies began to market phage preparations as treatment for bacterial infections.
However, in the late 1930’s, the council on Pharmacy and Chemistry of the American
Medical Association deemed the efficacy of phage therapy equivocal. These concerns,
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alongside the emerging antibiotic chemotherapy i.e. sulpha drugs in the 1930s and
penicillin in the 1940’s, resulted in great disinterest regarding bacteriophage therapy
(Salmond and Fineran, 2015). However, research into bacteriophage therapy never
ceased in the former USSR, where phage continue to be routinely isolated and used in
practice to treat a number of diseases (Clokie et al., 2011).

1.3.4 Applications of Phage Therapy

English literature re-discovered phage therapy in the 1980’s. Most recently, the
emergence of multi-drug resistant bacteria has encouraged researchers to re-consider the
use of bacteriophage as viable treatment options for antibiotic resistant pathogens,
resulting in bacteriophage literature becoming one of the most expansive topics
(Wittebole et al., 2014). Major advances have been made as a result of the antibiotic
crisis, with standardisation of key aspects to improve treatment success obtained
(Gordillo Altamirano and Barr, 2019).

Since the insurgence of phage therapy an array of randomised controlled trials have
taken place, however the largest reported trial was conducted in Russia in 1963-64. This
trial demonstrated the use of phage therapy against Shigella dysentery, the end result
demonstrating that the incidence of dysentery was 3.8 times higher in the placebo group
(Sulakvelidze, Alavidze and Glenn Morris, Jr, 2001). A more recent randomised controlled
trial demonstrated the efficacy and safety of bacteriophage against Pseudomonas
aeruginosa, in specific, a significant improvement in symptoms and signs of chronic otitis
externa within the phage treatment group (Petrovic Fabijan et al., 2019).

With the safety of phage use in humans being repeatedly demonstrated, use of
compassionate phage therapy (cPT) has been invoked (Morozova, Vlassov and Tikunova,
2018). This type of treatment denotes the use of currently unapproved medicines outside
of clinical trials, for patients whose approved therapeutic treatment options have been
exhausted, i.e. patients suffering from antibiotic failure (Balasubramanian et al., 2016).
Since 2000, more than 25 cases of cPT have been reported, representing varying
infections, administration routes, phages and pathogens, of which total to nearly 2000
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people. From these published cases, treatment for S. aureus infections have been
reported most frequently, followed by P. aeruginosa and Escherichia coli, with treatment
for Enterococcus spp. and Acinetobacter baumannii also reported. 40-100% of patients
demonstrated a positive treatment outcome, depending on the size of the study, whilst
only 5 reports documented development of phage resistance. Though broader claims of
efficacy cannot be concluded from these published results, the safety of bacteriophage
can still be inferred (McCallin et al., 2019).

Following successful publication of bacteriophage therapy in relation to public health, the
concept has been quickly translated to other fields such as agriculture, animal husbandry,
food safety and wastewater treatment (García et al., 2010). Within the agricultural sector,
phage application may aid primary production through the replacement of pesticides.
Agriphage in the US and Bialyse in the UK are current phage based products on the
market, successfully reducing bacterial crop diseases (Buttimer et al., 2017).

In a plight to reduce the emergence of antimicrobial resistance, phage have been utilised
as an alternative to traditional disinfectants, examples of these have been produced from
BacWash™ and Finalyse™, US companies which have commercialised the disinfection of
Salmonella spp. and Escherichia coli (E. coli) respectively. Food biopreservatives have
also been researched, with phage preparations against Salmonella enterica, E. coli and
Listeria monocytogenes commercially available for direct food application (Fernández et
al., 2018).

Due to their vast presence within aquatic environments, investigations into phage as a
biological control of marine pathogenic bacteria have been conducted. One study
identified phage lytic against Vibrio coralliilyticus which were able to reduce populations
of the pathogen known to cause coral bleaching. The second study founded phage lytic
against P. aeruginosa in saline solutions; in the aqueous environment this biofilm
producing pathogen causes malfunctions of desalination plants. Both studies highlight
the potential use of phage within the marine environment (Czajkowski, Jackson and
Lindow, 2019).
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With large, regulatory bodies banning the routine use of antibiotics in livestock, phage
therapy has become a welcome alternative within the animal husbandry sector. This
application has only become more important in an approach to combat the ever
increasing demand for meat and fish (Atterbury, 2009). Studies into E. coli,
Campylobacter spp. and Salmonella spp. phage therapy within the poultry industry have
been conducted; with phage therapy resulting in a significantly lower mortality rate (Huff
et al., 2006). Additionally, phage therapy has been conducted on enteritis in calves,
piglets and lambs; of which all studies displayed a lower morbidity and mortality when
enterotoxigenic E. coli strains were challenged with phage (Callaway et al., 2008).

1.3.5 Economic Impact of Phage Therapy
With the insurgence of phage therapy research and the resulting applications prevalent in
both commercial and health sectors, the economic benefits are paramount. These
benefits directly result from the reduction of economic losses, especially prevalent within
the animal husbandry sector, where antibiotics were used to enhance growth, improve
feed conversion and reduce morbidity (Dibner and Richards, 2005). Known as
antimicrobial growth promotors (AGP’s), their use gave farmers an advantage owing to
the 4-8% increase in animal growth and the 2-5% increase in feed utilisation (Butaye,
Devriese and Haesebrouck, 2003). Consequently, their ban within Europe resulted in a
great economic impact on farmers, whilst, more unpredictably, the change in farming
practice rendered diseases once controlled through AGP’s, emergent, with some
widespread (Van Immerseel et al., 2009). The use of phage therapy in replacement of
AGP’s therefore presents a positive economic impact and further highlights the
insurgence in research and therapeutic applications.

1.4 Clostridium perfringens

An emerging pathogen resulting from the ban of AGP’s is Clostridium perfringens (C.
perfringens), an anaerobic, Gram positive, spore forming, rod-shaped bacterium (Kiu and
Hall, 2018), with the ability to cause both enteric and histotoxic diseases (Elsify, 2015).
The bacterium, ubiquitously found throughout nature, as well as the intestinal flora of
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both animals and humans (Yonogi et al., 2014), was first discovered in 1891 by William H.
Welch (Kiu and Hall, 2018).

1.4.1 Virulence
The virulence of C. perfringens may be attributed to its ability to produce at least 17
different toxins, of which production differs between strains, outlining the basis for the
toxin typing classification system (Uzal et al., 2014), recently revised and altered in 2018.
This new toxin typing system, altered only by the addition of two new “types” of C.
perfringens, allows for an improved epidemiological and diagnostic value. Originally
based upon the production of four typing toxins (alpha, beta, epsilon and iota toxin), the
addition of two new typing toxins (CPE and NetB), classifies C. perfringens isolates into 7
different toxinotypes (A-G) (Table 1) (Rood et al., 2018).

As a result of the varying toxins produced, C. perfringens is the etiological agent for
many diseases, including clostridial myonecrosis, commonly known as gangrene, and is
the second most common cause of bacterial food poisoning in the US (Scharff, 2012).
Additionally, 15-25% of antibiotic associated diarrhoea cases are caused by the
pathogen, of which 5-40% of patients undergoing antibiotic therapy suffer, as well as the
often fatal disease, enteritis necroticans (McFarland, 2007). Another disease thought to
be implicated by C. perfringens is necrotising enterocolitis (NEC), the leading cause of
mortality among premature infants. The disease results in acute bowel inflammation,
resulting in potential multi-organ failure and death. Despite intensive research since its
discovery, the pathogenesis of NEC remains unclear, however C. perfringens is thought
to play an important role.

1.4.2 Necrotic Enteritis

Research surrounding C. perfringens and its role within the disease necrotic enteritis,
prominent within broiler chickens, has become more common since the ban of AGP’s, as
it is the most notable emerging disease within animal production. Whilst the bacterium is
commonly found in low numbers within the gastrointestinal tract (GIT) of most birds (<104

Page 15 of 75

CFU/mL), the onset of disease results from the proliferation of C. perfringens due to a
change in disease state or feed type, favouring bacterial growth (McDevitt et al., 2006). It
is commonly accepted that predisposing factors are required for this bacterium to cause
NE; the most well known being pre-existing mucosal damage resulting from coccidiosis
(Williams, 2005). Coccidiosis, caused by Eimeria parasites, results in destruction of
epithelial cells due to colonisation of Eimeria within the gut. The resulting gaps in the
epithelial lining are believed to favour replication and/or toxin production by certain C.
perfringens strains, resulting in the onset of NE (Van Immerseel et al., 2009).
Table 1: Updated C. perfringens toxin based typing system (Rood et al., 2018).
Typing Toxin Produced
Toxinotype

α-toxin
(cpa)

β-toxin
(cpb)

ε-toxin
(etx)

ι-toxin
(itx)

Enterotoxin
(cpe)

NetB
(netB)

A

+

-

-

-

-

-

B

+

+

+

-

-

-

C

+

+

-

-

+/-

-

D

+

-

+

-

+/-

-

E

+

-

-

+

+/-

-

F

+

-

-

-

+

-

G

+

-

-

-

-

+

Necrotic enteritis (NE) can manifest two disease types; clinical and sub-clinical NE.
Clinical NE results in depressed, relatively immobile and anorexic chickens, however, this
peracute disease may result in death after 1-2 hours, rendering the symptoms nonapparent. The clinical manifestation of NE is most commonly seen within 2-5 weeks old
broilers (Wade and Keyburn, 2015), with mortality rates reaching 50% (Timbermont et al.,
2011). The sub-clinical form of NE, though presenting milder symptoms in comparison to
clinical NE, has a greater impact on the poultry industry. Due to chronic damage to the
intestinal mucosal, caused by C. perfringens, decreased digestion and absorption
ensues, ultimately resulting in reduced weight gain and increased feed-conversion ratio
(Kaldhusdal et al., 2001). These sub-clinical signs of disease usually remain undetected
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until carcasses are inspected at processing plants. In the UK, it has been estimated that
4% of carcasses and 12% of livers may be condemned, directly resulting from clostridial
infection (Mcdevitt et al., 2006). It is this manifestation of disease, which remains
undetected in broilers and therefore untreated, which causes the greatest economic
losses in the poultry industry (Dahiya et al., 2006); it has been estimated that NE costs the
poultry industry almost US$6 billion per annum (Wade and Keyburn, 2015).

1.4.3 Target of Phage Therapy

As a consequence of the great economical losses surrounding sub-clinical necrotic
enteritis, resulting from the ban on AGP’s, the obtainment of an alternative control of C.
perfringens is therefore economically significant. Additionally, during outbreaks of C.
perfringens illness within humans, a common food vehicle implicated is poultry meat,
hence, the attainment of alternatives to controlling this pathogen, within the broiler
industry, heightens through its implications across various sectors (Gormley et al., 2011).
The need for an alternative treatment therefore implicates the development of a
therapeutic phage cocktail, lytic against the bacterium C. perfringens. Furthermore, the
implication of C. perfringens within necrotising enterocolitis within neonates, reinforces
the development of an alternative treatment. The use of antimicrobials remains acute in
this area due to the lack of investigation into their safety and efficacy, therefore an
alternative solution may be necessary.

1.5 Phage Cocktail Development
General approaches to the therapeutic application of phage include phage cocktails,
both fixed and periodically modified combinations. Fixed phage cocktails comprise a set
combination of phages, encompassing a diverse lytic range within a single pathogen, or
multiple bacterial pathogens. Due to the compatibility with current guidelines presented
in western Europe and the United States, this approach is more common in the
development of phage cocktails (Pirnay et al., 2010). In contrast, the modifiable cocktail
consists of the periodic replacement or addition of phages. This approach is more
prevalent within the nation of Georgia, former USSR, where research into phage therapy
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never ceased. However, the complexity surrounding the modifiable cocktail does not
meet requirements of traditional drug regulatory paths established within the US and
western Europe (Zschach et al., 2015). Whilst this necessitates the generation of new
regulatory paths, until established, guidelines within western Europe and the US infer the
development of fixed phage cocktails as alternatives to antibiotics (Nikolich and Filippov,
2020).

Development of a fixed phage cocktail requires collection of therapeutic candidates, lytic
spectra analysis, phenotypic characterisation, genetic characterisation and determination
of therapeutic efficacy. Specifically, lytic determination utilising diverse clinical isolates of
the host bacterium is required, alongside the determination of lytic nature via phenotypic
and genomic characterisation. Additionally, full genome characterisation in order to
outline the presence of resistance and toxin genes is required. Various phage qualities
have been determined as advantageous within a fixed cocktail including; overlapping
host range; safe genetic characteristics; differing host receptors; antibiotic synergy; and
long-term stability (Filippov, Sergueev and Nikolich, 2012).

1.6 Aims and Objectives

The aim of this study is to isolate and characterise C. perfringens bacteriophage, for
potential use within a phage cocktail (Figure 3). The development of a cocktail lytic
against C. perfringens becomes economically viable through the vast costs implicated
within the poultry industry. Therefore efficacy in relation to necrotic enteritis within broiler
chickens will be investigated. Objectives for this study are as follows:
1. Collect environmental samples from sewerage effluent.
2. Isolate bacteriophage utilising ATCC 13124 as the host organism and
subsequently purify phage found.
3. Characterise phage isolated from environmental samples using molecular, and
microbiological techniques outline in Figure 3.
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Figure 3: Summary of C. perfringens bacteriophage isolation, purification
and characterisation, undertaken within this study.
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2. Methods

2.1 Sample Collection
In order to obtain bacteriophage, water was collected from two waste water treatment
effluent sources, both located in the Lincolnshire area (Figure 4). 500mL of effluent was
collected from each source, using a 500mL media bottle (Fisher Scientific, UK), directly
from the point of discharge. Once obtained, samples were stored at 4°C until their use.

Figure 4: Map details for effluent water collection; coloured circles indicate
area of collection. Red circle: Site 1, latitude: 53.1836, longitude: -0.5695.
Blue circle: Site 2, latitude: 53.2256, longitude: -0.5067
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2.2 Bacterial Hosts and Bacteriophage Isolation
C. perfringens ATCC13124; a type A reference strain, obtained from the American Type
Culture Collection, utilised as the host strain within this study, was cultured in tryptose
yeast (TY) broth (Oxoid, UK) (Appendix 1). 1mL of culture was added to 30mL sterile TY
broth, contained within a 50mL centrifuge tube (Fisher Scientific, UK). Then, 1mL of
effluent water was added to the mixture in order to increase potential phage populations;
samples from both sites were enumerated in triplicate. These were then incubated
overnight at 37°C, shaking at 120 RPM (Stuart orbital incubator, SI500). Next, samples
were centrifuged 3,260 x g (Heraeus Megafuge 8R Centrifuge, Rotor 75005701) for 30
minutes, before being filtered using a 0.45µm filter (Fisher Scientific, UK).

To identify potential C. perfringens phage, filtered environmental samples were plated
using the double layer agar method previously reported within the literature (Kropinski
and Clokie, 2009), with slight modifications. 100µL of filtered samples were added to
500µL of turbid ATCC 13124, before 1.5mL of TY top agar (Appendix 1) and 1.5mL salt
solution (Appendix 1) was added, mixed, and poured onto a set TY bottom layer agar
(Appendix 1) plate. The double layer agar method was performed in triplicate for each
filtrate. Top-layered plates were incubated overnight at 37°C, non-inverted, in an
anaerobic chamber (10% O2, 10% H2, 80% N2; Don Whitley DG250). Bacteriophages
were identified through the ability to produce a clear plaque.

2.3 Plaque Purification/Collection
After initial screening, viable phage plaques were picked into 100µL SM buffer (Appendix
1) and plated via double layer agar method. Plaque picking was repeated into 100µL SM
buffer, before being further diluted in SM buffer, to 10-5. All dilutions were then plated via
double layer agar method, before a further three rounds of plaque purification took
place. Following successful plaque purification, 5mL of SM buffer was pipetted onto the
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10-2 plate, before being kept at 4°C for 4 hours, in order to collect phage from the plate.
SM buffer was then collected and filtered through a 0.45µm.

2.4 Enumeration/Titre Determination
Enumerations of purified phage lysates were conducted in order to increase phage titre
necessary for downstream experiments. To 30mL of sterile TY broth, 1mL of turbid
ATCC13124 in TY broth was added, as well as 100µL of purified phage lysate. The
solution was then incubated overnight, at 37°C, 120RPM, before being centrifuged at
3,260 x g for 20 minutes. The supernatant was filtered, using a 0.22µm filter (Fisher
Scientific, UK), resulting in high titre phage lysate.

Titre determination was conducted before use in downstream experiments. The high titre
phage lysate was serially diluted in SM buffer to 10-8; all microcentrifuge tubes (Fisher
Scientific, UK) were mixed using a vortex (Mini Vortex Mixer) throughout serial dilution.
100µL of each dilution was plated alongside 1.5mL TY top layer and 1.5mL salt solution,
before being incubated overnight, anaerobically, at 37°C. After incubation, plaques were
counted before an average titre was calculated; for which Φ22 had an average titre of 7 x
109 PFU/mL.

2.5 Lytic Range Analysis
Determining lytic range of Φ22 was conducted through spot test assays, previously
reported within the literature by Kropinski and Clokie (2009). To conduct a spot test assay,
500µL of turbid bacterial culture (~OD 0.8 at 590nm) grown in TY broth, was added to
2mL of TY top layer and 2mL of salt solution; the solution was then mixed and poured
onto a TY bottom layer agar plate. Once set, 10µL of high titre phage lysate was spotted,
in triplicate, onto the top-layered plate. The spots were allowed to dry before being
anaerobically incubated, non-inverted, overnight at 37°C.

Host range analysis was conducted on a variety of isolates held within the Arden
Biotechnology repository. Isolates chosen had been consistently streaked onto brain
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heart infusion (BHI) (Oxoid, UK) from stock. Isolates were stocked within BHI stocking
media (Appendix 1), in a cryovial tube (Fisher Scientific, UK) and stored at -80°C (TSX
Table 2: Nomenclature, source and toxin type of all C. perfringens isolates used to establish
host range of Φ22, within this study.

Neonatal Isolates

Chicken Necropsy Isolates

Retail Chicken Isolates

Isolate Name

Toxin Type

Isolate Name

Toxin Type

Isolate Name

Toxin Type

MO96.4C

C

D21

C with NetB

CP5002

A

Q189.3C

C

D53

A

CP5003

A

Q189.4C

C

D74

A

CP5009

A

Q189.15C

C

G27.2

G

CP5010

A

Q202.5C

A

G31

A

CP5012

A

Q206.1C

A

G35

F

CP5015

A

Q206.2C

A

G49

A

CP5016

A

Q206.3C

A

G50

A

CP5018

A

Q206.4C

A

G51

A

CP5020

A

Q206.7C

A

C33

A

CP5022

A

Q207.1C

A

C36

A

CP5024

A

Q207.2C

A

C53

A

CP5032

A

Q207.4C

A

C55

A

CP5040

A

Q207.5C

A

C71

A

CP5042

A

Q212.3C

A

CR1.1

A

CP5043

A

Q212.4C

A

CR3

A

CP5044

A

128.6

C

CR5

A

CP5045

A

133.2

A

CR24

A

CP5049

A

136.2

A

CR31

A

CP5051

A

137.1

A

CR32

A

CP5053

A

137.4

A

CR34

A

CP5057

A

137.5

A

CR36

A

CP5062

A

138.4

A

CR37

C

CP5063

A

138.5

A

CR46

G

CP5067

A

CR50

A

CP5069

A

CR51

A

CP5075

A

CR60

A

CP5080

A

CR70

A

CP5084

A

CR72

G

CP5087

A
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Series with V Drive). Additionally, all isolates had been toxin typed prior to their use
within this study.
Three different cohorts of isolates were used within this study, including C. perfringens
isolated from human neonatal infants, chicken necropsies and retail chicken meat. In
total, 82 C. perfringens isolates were used to determine the lytic range of Φ22 (Table 2),
plus ATCC 13124 as a positive control. Isolates were streaked onto BHI agar, inverted
and incubated anaerobically overnight, at 37°C; once grown, colonies were transferred to
10mL of sterile TY broth and incubated at 37°C, in order to perform spot test assays.

1.6 Phage One-Step Growth Curve
In order to calculate the latent period and burst size of Φ22, one-step growth curve
experiments were conducted, as previously reported within the literature (Adams, 1959),
with minor adjustments. At first, work took place including; determination of ATCC 13124
growth curve within TY broth, and colony forming units (cfu) calculation of mid-log phase
ATCC 13124 within TY broth.

To determine the growth curve of ATCC 13124, turbid ATCC 13124 in TY broth was
adjusted to 0.1 OD (590nm) using the following equation:

Eq 1

OD1V1=OD2V2

Once adjusted, 1mL of the culture was aliquoted into a 1mL cuvette, the OD was
measured at an absorbance of 600nm in 10 minute intervals, over a period of 6 hours,
using a NanoPhotometer (IMPLEN, NP80). Triplicates were taken before the average of
all data points were calculated and graphically represented. Once the growth curve was
generated, mid-log phase was identified and CFU/mL was calculated. In order to
calculate CFU/mL, a turbid ATCC13124 culture, was adjusted to the corresponding OD at
mid-log phase, serially diluted in 1/4 strength ringers solution (See appendix) to 10-8, and
spread plated, in triplicate, onto BHI agar plates. Plates were left to dry before being
inverted and incubated anaerobically overnight at 37°C. After incubation, colonies were
counted and an average CFU/mL calculated.
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Once all preliminary experiments were completed, the one-step growth curve was
undertaken. An MOI of 0.01 was used within this experiment, calculated using the
following equation:

Eq 2

MOI = (Phage Titre x Virus Volume)
Total cell number

Initially, 9.9mL of TY broth was adjusted to mid-log phase ATCC 13124 before 100µL of
phage lysate was added, to an MOI of 0.01, which was then incubated at 37°C for 15
minutes. After incubation, the mixture was centrifuged at 3,260 x g, 4°C for 2 minutes,
the supernatant being removed and kept for use as an adsorption control, whilst the
pellet was resuspended in 10mL of pre-warmed sterile TY broth. Once resuspended,
500µL of the solution was aliquoted into centrifuge tubes, one tube per time point, and
incubated throughout the experiment at 37°C. The phage/bacteria mixture was sampled
in 10 minute intervals for a total of 150 minutes, resulting in 14 time points (20-150
minutes). At each time point, a centrifuge tube was removed from the incubator, diluted
in SM buffer and 100µL was then plated, in triplicate. The adsorption control was also
diluted in SM buffer before 100µL was plated. Plates were allowed to dry before being
incubated overnight anaerobically, non-inverted, at 37°C. The following day, plaques
were counted and an average PFU/mL per time point was recorded. This experiment was
repeated in triplicate, to allow an average to be taken and the results were represented
graphically, with standard error bars. Calculation of burst size per infected cell was
determined using the following equation:

Eq 3

Burst size = (Number of free phage after burst - adsorption control)
(Initial infecting lysate titre - adsorption control)
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2.7 Molecular Characterisation

2.7.1 DNA Extraction
In order to molecularly characterise isolated phage, DNA was extracted using a method
previously reported within the literature (Kropinski and Clokie, 2009), with modifications.
Firstly, in order to remove any bacterial debris present within the high titre phage lysate,
1mL of phage lysate was aliquoted into a centrifuge tube and centrifuged at 21,000 x g
for 5 minutes. The host DNA in the 950µL supernatant was removed through the addition
of 4.2µL 3M MgCl2 (Fisher Scientific, UK), 10µL 100IU/mL DNase 1 (New England Biolabs,
UK) and 10µL 100IU/mL RNase H (New England Biolabs, UK); enzymes were freshly
prepared before their use. The solution was then mixed through inversion, before being
incubated for 60 minutes, at 37°C, in a hot block (Thermo Scientific hot block). After
incubation, 40µL 0.5M ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific, UK) was
added to the solution, mixed by inversion, and enzymes were heat inactivated at 75°C, in
a hot block.

20µL of 20mg/mL of proteinase K (Fisher Scientific, UK) and 20µL of 20% sodium dodecyl
sulphate (SDS) (Fisher Scientific, UK) was added to the solution in order to digest the
phage capsid, releasing the phage genomic material; the solution was mixed through
inversion before incubation at 65°C in a hot block.

From this stage within the method, wide bore tips (Fisher Scientific, UK) were used
whenever handling the solution in an effort to prevent DNA shearing. Following
incubation, 900µL of phage DNA solution was removed and an equal volume of
phenol:chloroform:isoamyl alcohol (24:24:1) (Fisher Scientific, UK) was added, in order to
purify phage DNA. The solution was inverted to mix before being centrifuged at 15,000 x
g for 10 minutes. Subsequently, 750µL of upper aqueous phase solution was removed;
care being taken to not disturb the interphase. An equal volume of
phenol:chloroform:isoamyl alcohol was again added to the solution, mixed through
careful inversion before centrifugation at 15,000 x g for 10 minutes. 500µL was carefully
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removed from the upper aqueous layer, to which an equal volume of chloroform (Fisher
Scientific, UK) was added, in an effort to remove any phenol residues. The solution was
mixed thoroughly through inversion and centrifuged at 15,000 x g for 10 minutes; the
resulting upper aqueous phase containing purified phage DNA.

360µL of upper aqueous phase was removed before 800µL of ice cold molecular grade
ethanol (Fisher Scientific UK) and 40µL of 3M sodium acetate (Fisher Scientific, UK) was
added, in an effort to concentrate the DNA through ethanol precipitation. The mixture
was kept at -20°C for 20 minutes, before being centrifuged for 20 minutes at 21,000 x g,
4°C, in order to pellet the phage DNA.

The supernatant was discarded and the resulting pellet was then washed with 500µL of
70% ethanol (Fisher Scientific, UK), the solution was once again centrifuged at 21,000 x g
for 5 minutes, 4°C. The supernatant was again discarded, careful not to disturb the pellet,
before the pellet was dried in a hot block at 40°C, to remove all ethanol residues. Once
dried, 50µL of 10 mM Tris (Fisher Scientific, UK) was added to the pellet and incubated
overnight, at room temperature, to resuspend the phage genomic material.

2.7.2 Sequencing
In order to sequence the phage DNA, clean, high quantity/quality DNA, verified through
the use of IMPLEN nanophotometer, was sent to Microsynth AG, Balgach, Switzerland.
Sequencing was performed on an Illumina platform. The library was prepared with
Illumina TrusSeq and sequenced under MisSeq, v2, 2 x 250 bp. The sequence was
demultiplexed and trimmed of Illumina adapters. Standard bacteriophage de novo
assembly using Unicycler programming was conducted.

2.7.3 Pulsed Field Gel Electrophoresis

In order to estimate the genome size of Φ22, pulsed field gel electrophoresis (PFGE) was
conducted on DNA embedded agarose plugs. Low melting point agarose (LMPA)
(Sigma-Aldrich, UK) was made with 1 x TE (see appendix) to an initial strength of 1.6%;
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25µL of LMPA was mixed by pipetting with 25µL of high quality/quantity of phage DNA
before being placed into a PFGE plug mould (BIO-RAD Plug mould) and incubated at
4°C for 20 minutes. Once set, the plugs were halved with a scalpel 2828and loaded onto
a 0.5% TBE (see appendix) gel. Gels were made with 0.5x TBE, diluted from 5 x TBE. The
gel was run using the parameters in Table 3 and a BIO-RAD electrophoresis cell. The gel
was then stained in ethidium bromide (Fisher Scientific, UK) and visualised. Visualisation
of all agarose gels in this study was performed with U:Genius 3 gel imaging system
(Syngene, UK).

Table 3: Pulsed Field Gel Electrophoresis
running parameters.

Parameter

Variable

Initial Switch

2.2 seconds

Final Switch

54.2 seconds

V/cm

6V

Temperature

14°C

Run Time

18 hours

2.7.4 Restriction Enzyme Digest
Extracted phage DNA was digested utilising multiple restriction enzymes, see table 4
below. Restriction enzyme digests were conducted within a 0.2mL microtube (Fisher
Scientific, UK), their components and quantity highlighted in Table 5. The reaction was
mixed using a bench top centrifuge (VWR Mini Star silverline) before the digests were
incubated at 37°C, followed by 20 minute enzyme heat inactivation at respective
temperatures (Table 4), enabling delayed gel electrophoresis. When they were complete,
restriction enzyme digests were run on a 1.5% TAE (see appendix) gel, alongside a 1KB
ladder, at 100V for roughly 100 minutes. Gels were made with 1x TAE, diluted from 50 x
TAE. Gels were then stained equivalent to PFGE visualisation. Restriction enzyme digests
were performed on Φ22 as well as CPAS-16, a bacteriophage lytic for C. perfringens
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Table 4: List of restriction enzymes utilised within the study to molecularly
characterise bacteriophage genomes extracted, alongside their manufacturer,
respective buffer and heat inactivation temperatures. Abbreviations: NEB - New
England Biolabs.
Restriction
Enzyme

Manufacturer

Buffer

Heat Inactivation
Temperature/°C

BamHI

NEB

3.1 Buffer

N/A

EcoRV

NEB

3.1 Buffer

80

HindIII

Fisher Scientific

Buffer R

80

HinfI

NEB

Cutsmart Buffer

80

NdeI

Fisher Scientific

Fast Digest Buffer

65

NotI

Fisher Scientific

Fast Digest Buffer

80

XbaI

Fisher Scientific

Fast Digest Buffer

65

XmnI

Fisher Scientific

Tango Buffer

65

utilised as a control within the experiment, obtained from American Type Culture
Collection.
Table 5: Restriction enzyme digest protocol followed for
each digestion performed in this study. 10x buffer used
per reaction mix determined according to Table 4.

Constituent

Quantity/µL

10x Buffer

2

Restriction Enzyme

1

Phage DNA

10

dd.H20

7

Total

20

2.8 Transmission Electron Microscopy

In order to visualise Φ22, the previously purified and enumerated lysate was prepared for
transmission electron microscopy (TEM). The high titre lysate was initially filtered through
a 0.22µm filter before 1mL of freshly filtered solution was aliquoted into a centrifuge
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tube. The sample was centrifuged at 21,000 x g for 3 hours at 4°C, before the
supernatant was carefully removed and replaced with 1mL of 0.1M ammonium acetate
(Fisher Scientific, UK) and centrifuged again at 21,000 x g for 3 hours at 4°C. This process
was repeated three times to wash the pellet. After the final wash step, 950µL of the
supernatant was removed, leaving 50µL 0.1M ammonium acetate for resuspension. The
resuspended pellet was sent to the university of Hull Microscopy Suite where it was
stained and visualised.

To stain, the sample was placed onto Parafilm before a glow discharged carbon film
microscopical grid (Agar Scientific, UK) was placed onto the sample and incubated at
room temperature for 2 minutes. Excess sample was removed from the grid using filter
paper and subsequently washed using ultra pure water in order to remove residual buffer
and ammonium acetate. The sample was then stained using freshly made 1% Uranyl
Acetate for 1 minute before the excess was removed using filter paper. The sample was
allowed to air dry overnight before being imaged on a JEOL 2010 High Resolution
Transmission Electron with EDS capability and a Gatan Ultrascan 4000 camera. Prepared
samples were visualised and images taken at 20,000x, 40,000x and 120,000x
magnification by Ms Ann Lowry (University of Hull).
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3 Results
Methods encompassed within this study allowed for the isolation and characterisation of
phage lytic against C. perfringens. Preliminary work surrounding phage host was
conducted as experimental design required the acquisition of host growth kinetics.
Following isolation of phage from the environment, microbiological methods were
utilised in order to characterise lytic range as well as burst size and latent period. The
one-step growth curve, utilised to find burst size and latent period, required optimisation
prior to production of reliable results. Optimisation was also required prior to molecular
characterisation of phage, through the development of a phage DNA extraction method.
PFGE, phage genomic sequencing and restriction enzyme then resulted from successful
DNA extraction before visualisation utilising TEM was conducted.

3.1 Phage Host Growth Kinetics
A growth curve for C. perfringens isolate ATCC 13124 was performed in order to
determine mid-log phase of growth, experimentally required for the phage one-step

Figure 5: Growth curve of C. perfringens strain ATCC 13124 at 37°C in TY
broth and anaerobic conditions. Error bars represent standard error of the
mean. Lag phase, logarithmic phase and stationary phase are indicated on
the graph.
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growth curve. As shown in Figure 5, lag phase occurred after 20 minutes at an optical
density (OD) of 0.1. In order to determine the CFU/mL of ATCC throughout the
exponential phase of the graph, required when calculating multiplicity of infection (MOI),
a calibration curve was completed. Results of this curve indicated that at 0.4 OD, the
CFU/mL of ATCC was approximately 5 x 107.

3.2 Phage Isolation
Following multiple rounds of plaque purification, a bacteriophage was isolated from site
1 sewerage effluent, utilising ATCC 13124 as the host and named Φ22. Once purified and
enumerated to an average titre of 7 x 109 PFU/mL, Φ22 produced plaques 0.5mm in size,
with surrounding halos visible on TY double layered agar, after overnight anaerobic
incubation at 37°C (Figure 6). Presence of one phage was confirmed through DNA
extraction and visualisation, as well as restriction enzyme digestion of phage DNA.

Figure 6: Plaque morphology of Φ22 after plaque
purification and visualisation utilising the double agar
overlay method with host, C. perfringens ATCC 13124.
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3.3 Phage Lytic Range
Host range of Φ22 was determined utilising the common spot test assay, in triplicate, on
82 C. perfringens isolates, from neonatal faeces, retail chicken and chicken
gastrointestinal tract samples. The selected isolates used within this study consisted of
varying toxin types, including types A, C, F and G C. perfringens strains. Results of host
range analysis indicate that Φ22 can lyse 34 out of the total 84 strains tested (~40%).
Within these cohorts, a variety of toxin types were present, of which Φ22 demonstrated
lytic ability towards type A, C, F and G C. perfringens isolates; the distribution of these
isolates are shown in Figure 7.

Figure 7: Distribution of C. perfringens toxin types within the lytic range
results of Φ22.

3.4 Phage One-Step Growth curve
In order to determine average burst size and length of lytic cycle for Φ22, a one-step
growth curve was carried out. Differing methodologies were attempted before one was
selected for optimisation with C. perfringens phage. Optimised parameters included
MOI, dilution series establishment, experimental design and timings.
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3.4.1 Method 1

Initially, a method which eliminated the need for dilutions prior to plating, proposed by
Kropinski (2017), was performed. Once the phage was added to the log-phase host,
several dilutions within sterile broth were carried out, before incubation at 37°C for the
duration of the experiment. At each time point within the one-step growth curve, each
dilution was plated via propagation, with an expected rise in PFU/mL to be observed.
The results from this method however, consistently did not align with those expected as
the PFU/mL remained the same and in some cases decreased, over the 100 minutes
(Figure 8). Further research suggested that the pelleting of phage-infected cells was
commonplace when carrying out one-step growth curves. As pelleting allows for the
removal of free phage particles, it may be surmised that the inconclusive results found in
method 1, are a consequence of the free phage.

Figure 8: One step growth curve of Φ22 against ATCC 13124.
Method used was outlined by Kropinski (2017).
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3.4.2 Method 2

An alternative method was then sought from Bao, Zhang and Wang (2011), which
instructed the incubation of log phase bacteria and corresponding phage, at an MOI of
10-100, for 10 minutes. The solution was then centrifuged and the pellet containing
partially infected cells was resuspended in pre-warmed, sterile broth, before incubation at
37°C, with samples taken every 10 minutes and plated, for 2 hours. Too many plaques
upon the resulting plates rendered the plates uncountable.

3.4.3 Multiplicity of Infection/Dilution Series

In an effort to obtain countable plaques upon the plates, MOI was altered and dilutions
prior to plating were enforced. With an MOI of 0.1 and a dilution series in place, plaques
were countable and it was apparent that method 2 was more effective in demonstrating
burst size and latent period.

3.4.4 Experimental Design

Although more desirable for establishing burst size and latent period, the method
described in 3.4.3 demonstrated great variability between triplicate results within the
same time point (Figure 9) and same experiment; the disturbance of culture at each time
point was thought to have an impact. Three parallel experiments, sampled at different
frequencies i.e. every 10 minutes, 30 minutes and end point only, were conducted in
order to distinguish the effect of culture disturbance. Disparities in PFU/mL over the three
parallels indicated the effect of culture disturbance on the method. To combat this,
aliquots were taken for each time point after the resuspension of pelleted cells and
incubated for the duration of the one-step growth curve. Once the aliquot was removed
and the solution plated, remaining solution was discarded. Results from this method
proved to be more consistent and so were repeated.
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Figure 9: Time point variations within one-step growth curve of Φ22
against ATCC 13124. Error bars represent the standard deviation (N=3) for
each time point on the curve.

3.4.5 Timings

Timings were also optimised within the method. Initially the one-step growth curve was
carried out for 100 minutes, however a decrease in titre after 90 minutes warranted
extension of timings due to the expectation of a plateau after the ‘burst’. Timings were
increased to 150 minutes, upon which another potential ‘step’ in the growth curve was
observed, characterised by the doubling of phage titre after its second burst.

3.4.6 One-Step Growth Curve Results
The result of the one-step growth curve for Φ22, determined that the latent period and
total time for one lytic cycle was 50 minutes and 90 minutes post infection, respectively.
Additionally, the calculated burst size for Φ22 was, on average, 121 virions per phageinfected cell (Figure 10). The additional ‘step’ to the one-step growth curve can also be
seen in Figure 10, resulting in another burst at 120 minutes of 302 virions. The curve also
displays another drop in titre followed by an increase, presumably outlining another
‘step’ in the growth curve.
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Figure 10: One-step growth curve of Φ22 infected with ATCC13124 at
MOI 0.01. Experiment was carried out for 150 minutes at 37°C. Each data
point represents the mean of three independent experiments. Error bars
indicate the standard error of the mean for each time point on the onestep growth curve.

3.5 Bacteriophage DNA Extraction
In order to determine a rough genome size of Φ22, DNA extraction was conducted. A
successful method for bacteriophage DNA extraction was developed through the
optimisation of several parameters including, method of obtainment (kit and phenol
extraction), removal of bacterial DNA, incubation periods, DNA cleanup, method of
precipitation and DNA shearing.

3.5.1 Bacteriophage DNA Extraction Kit
Initially favoured due to their ease and the high quality of the extracted DNA,
bacteriophage extraction kits were used, specifically the Norgen Biotek Phage DNA
Isolation Kit (Norgen Biotek, Germany). Whilst the DNA quality produced was
advantageous, the low quantity was detrimental when utilised in downstream
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experiments, i.e. restriction enzyme digests. Once DNA extracted was used in restriction
enzyme digests, bands were not visible, hence higher quantity DNA samples were
necessary. To combat this low quantity, the amount of lysate used was doubled
accordingly, however the quantity remained too low.

3.5.2 Phenol/Chloroform DNA Extraction

Phenol/chloroform DNA extractions were then trialled, which, although time consuming,
allow for high genomic yields. The basis of this method firstly induces bacteriophage
lysis, before cleanup of DNA, followed by DNA precipitation and lastly DNA
resuspension; each aspect of the phenol/chloroform method may be altered and
therefore a vast variation in methods are present within the literature. Methods were
taken from various authors including, Henn et al., (2010), Lee et al., (2011), Zhang et al.,
(2013), (Green and Sambrook, 2012), with the successful method resulting from Nale et
al., (2015).

3.5.3 Removal of Bacterial DNA

Prior to bacteriophage lysis, methods within the literature suggest an incubation step
with RNase and DNase in order to remove any bacterial genomic contamination within
the lysate. Originally, this was completed with RNase A, however further research
prompted the use of RNase H, able to hydrolyse RNA when hybridised to DNA.
Alongside the use of DNase1, this allowed for complete removal of all possible genomic
contamination, in particular bacterial DNA, ensuring the purity of the phage DNA
sample. Within the literature, EDTA was then used in order to prevent further enzyme
activity, however in order to ensure complete enzyme inactivation of both RNase H and
DNase 1, alongside the addition of EDTA, the solution was also heated to 75°C.

3.5.4 Incubation Periods
Towards the extraction of phage DNA, SDS and proteinase K were utilised. Several
incubation periods were tested as reported within the literature, including 30 minutes, 1
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hour and overnight intervals. Overnight incubation was not deemed necessary as
substantial results were seen with only 1 hour incubation.

3.5.5 DNA Cleanup

DNA cleanup was performed using basic phenol/chloroform methods however in order
to prevent phenol residues, gel lock tubes were trialed; these were however deemed
unnecessary as simple aspiration of sample whilst avoiding the interphase was sufficient.

3.5.6 Method of Precipitation

The precipitation of clean DNA was then performed. Isopropanol was initially used due
to its ability to precipitate low concentrations of DNA, however once high titre lysates
were acquired this was no longer deemed necessary. Additionally, the higher
precipitation of salts when using isopropanol further prompted the use of ethanol due to
the greater purity of sample acquired.

3.5.7 Shearing

Final optimisation of the DNA extraction method ensured the prevention of shearing, an
occurrence present within the method, visualised upon the gels. Prevention of shearing
was carried out through the use of wide bore pipette tips, following the extraction of
phage DNA from phage lysis. Alongside the use of careful pipetting, gentle mixing when
required and wide bore tips, shearing was maintained at a manageable level.

DNA extraction resulted in a clean DNA sample of Φ22, with high quantity and quality.
This was therefore sufficient to utilise in down stream experiments, such as restriction
enzyme digest and PFGE. The sample, prior to use within these experiments was ran on a
gel which indicated a genome size greater than 10,000 bp (Figure 12).
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3.8 Pulsed Field Gel Electrophoresis
Following on from the initial gel electrophoresis of Φ22 DNA sample and the inconclusive
genome size results, PFGE was conducted. Results from the PFGE gel were indeed more
conclusive and indicated the average length of the Φ22 genome to lie between 9.42 and
23.1 kb (Figure 11), with the band situated closer to 23.1kb. ΦCPAS-16 DNA was utilised
as a control for the experiment, in which it correctly determined the length of the
genome to be roughly 48.5 kb.
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Figure 11: PFGE gel image indicating the average genome size of
ΦCPAS-16 and Φ22, performed in triplicate, alongside low range PFG
marker (LR PFG Marker). Lane 1, 4, 5, 8, 9, 12: LR PFG Marker; Lane 2, 6,
10: ΦCPAS-16; Lane 3, 7, 11: Φ22.

3.9 Bacteriophage Sequencing
Total reads that passed filtering was 137,832 resulting in 34,249,124 bases sequenced,
with a mean read length of 249 base pairs. Reads assigned a Q score of 20 (Q20) was
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98%, reads assigned a Q score of 30 (Q30) was 97%. The mean Q score was 38. The de
novo assembly generated a single contiguous genome sequence which resulted in the
complete genome size of Φ22 to be 17,692 bp in length with a GC content of 28.1%.
Complete genome analysis of Φ22 was not completed within this study.

3.10 Restriction Enzyme
Restriction enzymes utilised within this study were chosen due to their frequent use within
the literature. Both BamHI and NotI were incapable of digesting the Φ22 genome as
DNA fragments were not present on the gel. However, successful restriction enzyme
digestion was present after incubations with Eco-RV, HindIII, HinfI, NdeI, XbaI and XmnI
(Figure 12). Number of fragments produced were as follows; 7 (Eco-RV), 4 (HindIII), ~12
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Figure 12: Restriction enzyme profiles for Φ22 and ΦCPAS-16, alongside
1kb ladder. 1: 1kb ladder; 2: Undigested ΦCPAS-16; 3: Undigested Φ22; 4:
ΦCPAS-16/Eco-RV; 5: Φ22/Eco-RV; 6: ΦCPAS-16/HindIII; 7: Φ22/HindIII; 8:
ΦCPAS-16/HinfI; 9: Φ22/HinfI; 10: ΦCPAS-16/XmnI; 11: Φ22/XmnI; 12:
ΦCPAS-16/XbaI; 13: Φ22/XbaI; 14: ΦCPAS-16/NdeI; 15: Φ22/NdeI; 16: 1kb
ladder.
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(HinfI), 7 (XmnI), 3 (XbaI), 11 (NdeI). In order to compare, the CPAS-16 dsDNA genome
was also digested by the 8 restriction enzymes used in this study, however no fragments
were generated.

3.11 Visualisation of Bacteriophage
Transmission electron microscopy of Φ22 revealed the presence of a negatively stained,
purified phage, consistent in size and shape (Figure 13). Upon visualisation, it was noted
that the sample was clean with minimal residues, allowing for clear visualisation of the
icosahedral head, base plate and short non-contractile tail of Φ22. Head measurements
were taken for 9 different phage and a mean was calculated; the icosahedral head for
Φ22 was 39-40nm in size.

A

B

C

Figure 13: TEM images of Φ22 after wash with 0.1M ammonium acetate and
stain with 1% Uranyl Acetate. Images required were taken at the University
of Hull by Ms Ann Lowry. A: Image taken at 20,000 x magnification. B:
Image taken at 40,000 x magnification. C: Image taken at 120,000 x
magnification.
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4 Discussion
Phage therapy is quickly becoming a promising solution to the ever increasing problem
of antibiotic resistance and the current ban on AGP’s thanks to it’s key advantages; host
specificity, avoidance of microbiome dysbiosis, increased efficacy and ubiquity (Wernicki
et al., 2017). Due to the current ban on antimicrobial growth promotors and the
subsequent financial losses within the poultry industry, estimated at between $2-6 million
USD per annum (van Der Sluis, 2001; Wade and Keyburn, 2018), the need for an
alternative treatment for necrotic enteritis has been widely discussed. Solutions directly
targeting the causative agent, C. perfringens, including probiotics, plants, organic acids,
enzymes and essential oils have all been explored (Caly et al., 2015), however interest
into bacteriophage therapy is extensive within the literature. Previous studies have
isolated temperate and virulent phage associated with C. perfringens (Seal et al., 2010),
with Miller et al., (2010) highlighting the use of a multivalent phage cocktail for the
control of NE within broiler chickens. This study focusses on the isolation and
characterisation of a singular phage against the bacterium C. perfringens in an effort to
produce a potential AGP replacement for use within the poultry industry.

4.1 Phage Isolation
One lytic bacteriophage, Φ22, was isolated from a waste water treatment sample (site
one), utilising C. perfringens ATCC 13124 as the host. Waste water treatment was utilised
as the environmental sample within this study as it is predicted that there are between
108 and 109 virions per mL (Batinovic et al., 2019), as well as the presence of C.
perfringens, therefore an increased chance of isolating C. perfringens bacteriophage
(Cyprowski et al., 2018). Collection of sample at site 1 was closer to the point of sewage
effluent disposal, whilst collection at site 2 was downstream of the effluent source, this
disparity in collection method may explain why phage were only isolated from site 1
sample. The isolation of a singular phage from environment limited investigations into
phage synergy and limited comparisons between different phage, however to enable
brief comparisons CPAS-16 was utilised. Whilst the use of multiple host strains may have
resulted in the isolation of multiple phages, it is recommended that bacteriophage hosts
are genetically characterised prior to use, in order to establish the presence/absence of
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inducible prophages. Due to the undesirable nature of temperate phage within phage
therapy, the use of environmental C. perfringens isolates as phage hosts were
discouraged within this study (Hyman, 2019). Nevertheless, the isolation of a virulent
phage from waste water samples within this study indicates the ease of obtainment of
phage form environmental sample, a clear advantage when compared to the stagnant
development of new antibiotics (Boucher et al., 2013).

4.1.2 Method Determination
Following enrichment and plaque testing, Φ22 demonstrated plaques clear in
appearance after incubation with its host (Figure 6). It has been shown within the
literature that appearance of plaques can indicate the nature of the phage isolated. For
tailed phage with DNA genomes, clear or turbid appearances of plaques indicate the
presence of lytic and temperate phage respectively (Adams, 1959), therefore the clear
plaques presented by Φ22 indicate its lytic nature.

Method of isolation of novel bacteriophage within this study was tailored towards
obtaining phages strictly lytic in nature; this method has remained unchanged since first
developed by Felix d’Herelle (Van Twest and Kropinski, 2009). Although direct assays
from environmental samples have been successful in isolating novel phage against E. coli
(Debartolomeis and Cabelli, 1991), this requires phage titres within the environmental
sample to be relatively high. As samples within this study were collected from sewerage
effluent, phage titres were believed to be low, hence an enrichment procedure was used
within this study to isolate novel C. perfringens phage. The method utilised in this study
was obtained from Adams (1959) and required the incubation of host bacteria and
environmental sample before centrifugation, filtration and then phage assay (Hyman,
2019).

Detection of novel phage from enriched environmental samples can be determined
through spot testing. Whilst this method in phage detection remains simpler and
commonly reported within the literature (Oliveira et al., 2017), false positives have been
associated with this technique. Possibly due to ‘lysis-from-without’, a phenomenon in
which phage binding does not result in a productive infection, or the product of media
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components, the potential false positive of the spot test rendered the assay unsuitable
for initial phage detection (Hyman, 2019). To eliminate the chance of false positive
results, plaque testing was used, which demonstrated productive phage infection as well
as suggested, through plaque appearance, the lytic or temperate nature of the phage
isolated (Pallavali et al., 2017).

4.2 Plaque Morphology
High titre lysate (109 PFU/mL) of Φ22 displayed plaques 0.5mm in diameter, with halos
sometimes visible upon plating (Figure 6). Throughout the study, Φ22 was plated and
plaque size was monitored to check for alterations in size and appearance. Alterations
were not observed throughout the use of Φ22 in this study, therefore results surrounding
plaque size and appearance are reliable. Within the literature it has been hypothesised
that plaque size can be attributed to the size of phage i.e. larger phage head sizes result
in smaller plaques and vice versa. Thought to be due to phage diffusion within top layer
agar, larger virions result in slower diffusion and hence smaller plaque sizes (JurczakKurek et al., 2016). An accurate hypothesis surrounding the size of the plaque in relation
to phage size however, cannot be determined within this study as only one phage was
isolated. Therefore, direct comparisons resulting from identical experimental conditions
cannot be made and the 0.5mm plaque size cannot be determined as either large or
small.

However, in comparison with other studies, a plaque size of 0.5mm, found within this
study, is small, as plaque diameters of 5-7mm have been documented by Jurczak-Kurek
et al., (2016) and 3.5mm by Park et al., (2000). A diameter of 0.5mm would therefore
suggest the presence of a larger phage i.e. Myoviridae phage, a hypothesis disputed
within this study due to TEM visualisation. TEM demonstrated the presence of a
Podoviridae phage, only 39-40nm in size, hence greater diffusion is inferred and a larger
plaque expected. However, this may also infer that within these experimental conditions,
0.5mm is indeed a large plaque diameter.

Semi-transparent zones surrounding clear plaques were visualised upon plating of Φ22;
temperate phage have been hypothesised to demonstrate plaques similar in appearance,
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therefore investigations into the surrounding halo was essential. In a study by JurczakKurek et al., (2016), halos were also visible around clear plaques and it was hypothesised
that clearance of the bacterial lawn surrounding the plaque was attributed to extracellular
polysaccharide depolymerases, produced by the phage, diffusing and destroying the cell
envelope, following virion release. The lytic nature of Φ22 would therefore suggest that
halo production is due to the diffusion of enzymes produced by the phage. Additionally,
enzyme diffusion may further explain the varying sizes of halos seen within this study, as
time impacts the rate of diffusion.

4.3 Phage Lytic Range Determination
4.3.1 C. perfringens Isolate Determination
The three cohorts of isolates used within this study to determine phage host range were
chosen with therapeutic application in mind; specifically the prevention of necrotic
enteritis within the poultry industry. C. perfringens isolates with links to the poultry
industry i.e. chicken necropsy and chicken breast isolates, were utilised to determine the
efficacy of Φ22 as a viable therapeutic within poultry. Isolates obtained from neonatal
faeces were utilised as a comparison and indication of phage specificity, commonly
reported within the literature (Loc-Carrillo and Abedon, 2011). Due to the cohorts used
within this study, type B, D and E C. perfringens isolates were not included, as these
types of C. perfringens are not prevalent within necrotic enteritis (NE) in broilers (Guran
and Oksuztepe, 2013) or neonatal necrotising enterocolitis (NEC) (Dittmar et al., 2008).

4.3.2 Lytic Range of Φ22
Lytic range results from spot test assays indicate that 41% of isolates were susceptible to
Φ22. Within the 41% lytic range of Φ22, multiple toxin types can be identified within the
C. perfringens isolates; specifically type A, C, F and G. Of the isolates displaying
successful lysis, 79% were type A, 11% were type C, 2% were type F, and 5% were type G
(Figure 7). The implementation of triplicates within the experimental design, alongside
negative and positive controls, indicate reliability surrounding the results within this study.
The utilisation of spot test assays for determining host range has become routine within
the literature, due to its ease when handling multiple isolates, especially when large host
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range analysis is being conducted. However, as previously mentioned, false positives
have been reported in association with the spot test assay. Host range defines the
number of hosts on which a phage promotes a productive infection i.e. production of
phage progeny. In turn, release of progeny must equate to that of the primary phage
host, which cannot be determined via spot testing assays (Khan Mirzaei and Nilsson,
2015). Therefore, the determination of host range via spot testing assays, may not be
reliable due to potential false positives, however its use remains common, allowing for
comparisons throughout the literature, a characteristic in favour of this study due to the
isolation of one singular phage.

It is known that host range differs greatly between phages, specifically highlighted by
Nale et al., (2015) and Khan Mirzaei and Nilsson (2015), reporting 86% lysis of
Clostridium difficile isolates, and 15% lysis of E. coli isolates with their respective phage.
Previously characterised phages virulent against the bacterium C. perfringens appear to
demonstrate a restricted host range towards a specific isolate of the bacterium.
Specifically, Seal et al., (2013) reported C. perfringens phages restricted in lytic range to
their isolation host, whilst Ha et al., (2018) reported a phage with a 10% lytic range within
C. perfringens isolates studied. In comparison, a susceptible lytic range of 41% found
within this study, demonstrates the successful purification of a C. perfringens phage with
a broader host range. Alongside the lytic nature of the phage and the broad host range,
both prerequisites for phage therapy, Φ22 remains desirable as a candidate. Additionally,
the multiple toxin types susceptible to Φ22 further validates the use of Φ22
therapeutically, as the broader the host range within the target pathogen species, the
more advantageous the phage becomes in relation to treatment (Hyman, 2019).

To date, this is the first report of phage efficacy in relation to the toxin types of C.
perfringens. The greater lytic efficacy against type A isolates found within this study, may
be attributed to the distribution of C. perfringens types in the environment. Previous
studies, including sewage effluent (Mueller-Spitz et al., 2010) and frozen retail chicken
(Nowell et al., 2010), have demonstrated the dominance of type A C. perfringens
isolates, therefore a dominance in phages lytic towards type A C. perfringens is plausible.
This is further enforced through cohort analysis within this study, as type A isolate lysis
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remained the highest throughout all cohorts. Although false positives within the assay
may decrease the total number of type A isolates susceptible to Φ22, the ratio of type A
C. perfringens susceptible is likely remain the same. This is simply due to 99% of all C.
perfringens isolates, worldwide, being type A (Songer, 1996).

Alongside demonstrating the broad host range exhibited by Φ22, toxin type analysis
allowed for inferences of the phages potential as a therapeutic candidate prior to further
downstream development. The ability for Φ22 to lyse type G C. perfringens, isolated
from chicken necropsy samples, suggests its potential ability for treatment of necrotic
enteritis. Although necrotic enteritis is a multifactorial disease, it has been reported within
the literature that NetB is an essential virulence factor (Keyburn et al., 2008), therefore
the ability of Φ22 to lyse type G isolates that possess this gene renders it useful in the
potential control of necrotic enteritis. As only 5% of isolates were type G and susceptible
to Φ22, the false positives within the assay render this result unreliable, and therefore
further analysis of type G C. perfringens and Φ22 is necessary.

Although the broad host range of Φ22 and specific lysis of type G C. perfringens isolates,
indicate the potential advantageous use of Φ22 for potential control of necrotic enteritis
within broilers, 50% of isolates susceptible within this study were isolated from the
neonatal cohort. This suggests that Φ22 may be more suitable in the potential control of
NEC, a potentially fatal disease of the neonate, multifactorial in origin (Dittmar et al.,
2007). The ability of Φ22 to successfully lyse 70% of neonatal isolates compared to only
34% of chicken necropsy isolates, reiterates the potential use of Φ22 therapeutically.
Within this study, the isolation of a phage with an improved efficacy against neonatal
isolates may be a consequence of sampling. It is generally accepted that phage are
located wherever the host is present (Hyman, 2019); therefore, isolating a phage, better
tailored for human use, from sewage effluent, is reasonable.

4.4 One-Step Growth Curve
One step growth curve results within this study did not align with those in the literature
(Tang et al., 2018) (Figure 10). Curves present in the literature are described as triphasic;
consisting of a latent phase, rise phase and plateau phase. The plateau phase was not
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achieved within this study. Alternatively, after virion release (rise phase), PFU/mL
decreased as opposed to plateauing. It was hypothesised that phage re-infection into
viable cells was probable as secondary ‘step’ in the growth curve was visible, which, at its
peak, doubled numerically in comparison to the first step, suggestive of re-infection and
burst. Although the variability within the data indicates lack of reliability surrounding this
‘step’ of the growth curve, this may be attributed to the lack of controlled elements
associated with a second wave of phage adsorption i.e. unknown number of viable cells
available for reinfection. The decreased variance in relation to the first ‘step’ of the curve,
however, indicates increased accuracy, suggesting the reported data surrounding latent
period and burst size is reliable.

It must be noted, however, that in vitro analysis of phage cycle may not accurately
represent in vivo. A study by Santos et al., (2014) outlined the impact of substrate,
bacterial and phage concentration on the generation of phage progeny. The collisions
between phage and bacteria occur at random Brownian motion, therefore the
adsorption, and resulting release of phage progeny, is dependent on the concentration
of both individual components (Lenski, 1988); a higher concentration results in higher
adsorption. Additionally, increased substrate concentration was found to increase phage
infectiveness due to the increased bacterial growth rate, resulting in a higher adsorption
rate. The parameters investigated by Santos et al., (2014), can therefore be limiting, and
may explain why high success in vitro may not correlate with high success in vivo. The
results from this study therefore suggest that understanding the impact of environmental
conditions on bacterial growth, and resulting phage-bacteria behaviour, is crucial before
therapeutic applications.

The one step kinetic curve was performed for Φ22, in order to estimate latent period and
burst size; both important characteristics of lytic bacteriophages. Growth curve
investigations are common due to their significant role in assessing the suitability of
phage isolates as therapeutic candidates (Manohar et al., 2019), however there are
currently no growth curve results for C. perfringens phage, therefore direct comparisons
are not currently possible. Research surrounding other Podoviridae phage indicate
varying burst sizes; 17 (El-Daly et al., 2018), 95 (Tang et al., 2018), 115 (Cao et al., 2015)
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and 117 (El-Daley et al., 2018). Based upon results within the literature, the results from
this experiment indicate a relatively high burst size and a relatively short latent period,
therefore suggesting Φ22 possesses a high lytic activity. This suggests that Φ22 would be
suitable for use therapeutically, as research has indicated that high burst sizes and short
lytic cycles improve the efficacy of phage therapy in vitro (El-Daly et al., 2018). Even
though in vitro analysis may not accurately represent in vivo, phage multiplication is
directly proportional to a reduction in bacteria and therefore a greater burst size results in
greater bacterial clearance (Manohar et al., 2019).

The growth kinetic results for Φ22 within this study were determined using one set of
experimental conditions (37°C). It has been determined however, that variation in
temperatures can affect the extent of phage replication. In a study by Woody and Cliver
(1995), it was demonstrated that phage replication significantly decreases as temperature
decreases from the optimum. It was statistically proven that this decrease was a
consequence of fewer host cell infections, as opposed to the release of fewer phage
progeny. It was also proven that a decrease in temperature, increased latent period time,
it can therefore be hypothesised that the latent period of Φ22 may change, whilst the
burst size most likely will stay the same. As the optimum temperature for growth of C.
perfringens is 43°C (Li and McClane, 2006), it can be surmised that optimum phage
infection of C. perfringens, also occurs at this temperature, hence Φ22 may have a
quicker latent period, reinforcing it’s potential therapeutic ability. Further, the
hypothetical use of Φ22 in a cocktail for broiler chickens obligates investigations into
efficacy at higher temperatures, due to the body temperature of chickens being between
41-42°C (Troxell et al., 2015).

4.5 Molecular Characterisation
Prior to molecular characterisation, DNA extraction and gel electrophoresis was utilised
to confirm success of phage purification. It is generally accepted within the literature, that
three rounds of growth from individual plaques successfully purifies phage from
environment (Adams, 1959) (Hyman, 2019). This was reaffirmed within this study, as a
singular band was present upon visualisation, indicative of a singular phage and
successful purification.
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4.5.1 Genome Size
Varying molecular techniques were utilised to estimate genome size including gel
electrophoresis, PFGE and sequencing, methods increasing in accuracy respectively.
Although varying in accuracy, results from each experiment were conclusive when
compared, indicating their practical use in characterising phage. The use of CPAS-16,
with a ~48.5 kb genome size, as a control, further outlined the accuracy of a given
method. Gel electrophoresis successfully determined the presence, or lack of, a phage
genome, however estimation of genome size was poor due to the resolving power of
agarose gels; results indicate no disparity between CPAS-16 and Φ22.

PFGE however, successfully displayed genome sizes and highlighted the size difference
between CPAS-16 and Φ22 (Figure 11). Additionally, PFGE carried out in this study
indicated the reproducibility of the method, as results for CPAS-16 were comparable to
those previously described (Miller et al., 2010). The most accurate method of genome
estimation was genomic sequencing, which determined the phage genome size to be
17,682 bp in length, further confirming results of PFGE. The main advantage to in house,
accurate determination of genome size, is to ascertain differences between phage, prior
to costly out-sourced characterisation i.e. TEM and sequencing. Although only one
phage was isolated within this study, the use of CPAS-16 as a control outlined the ability
of PFGE to differentiate between phage.

4.5.2 Bacteriophage Differentiation
Differences in phage are paramount within the development of a phage cocktail, in an
effort to enhance therapeutic potential, therefore an accurate determination is required
prior to downstream development. Whilst PFGE can determine differences in genome
size, as indicated within this study, there have been documented cases of different phage
having similar genome sizes (Seal et al., 2010), rendering PFGE inadequate, in these
circumstances, in detecting differences between phage. In order to combat this,
restriction mapping may be utilised; a more in depth method of ascertaining genomic
differences of phage. This easily comparable method utilises restriction enzymes in order
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to produce a ‘unique’ restriction enzyme profile based on DNA cleavage. In order to
produce reliable results, star activity and incomplete digestion were monitored via an
incubation time course. Additionally, as directed by the manufacturer, enzyme volume did
not exceed 10% of the total reaction volume, in an effort to reduce star activity (NEB,
UK). Within this study, reliable, genetic differences can be seen in comparison to CPAS-16
(Figure 12). Previous genomic study of CPAS-16, conducted by Miller et al., (2010),
digested the dsDNA with XmnI, resulting in no fragments. This restriction enzyme digest
was then used as an experimental control within this study. No further restriction enzyme
digests were conducted on CPAS-16 by Miller et al., (2010), therefore other restriction
enzymes utilised within this study, were chosen based on their frequent use within the
literature. The results of the digests within this study display the differences between the
two C. perfringens phage effectively, highlighting the ability of restriction enzyme digest
assays in ascertaining phage differences. This therefore highlights the use of restriction
enzyme digests within phage characterisation, as it creates a cost efficient method of
determining phage differences, deeming it crucial if the therapeutic application of phage
is probable (Gill and Hyman, 2010).

4.5.3 Sequencing
Obtaining sequencing data for phage genomes is common, due to the extensive amount
of information they contain and in part, the advances in sequencing technologies.
Genomic sequences of phage, especially those intended for commercial use, are utilised
to identify potential toxin-encoding genes, evolutionary history and phage nature (Gill
and Hyman, 2010). Preliminary analysis of the genome of Φ22 aligned with those already
present within the literature. A study by Volozhantsev et al., (2012) isolated 3 C.
perfringens phage with genome sizes of 17,972, 18,078 and 18,397, with an average GC
content of 34.6%. Volozhantsev et al., (2012) determined that the small genome sizes of
the isolated Podoviridae phages, was a characteristic of the sub-family Picovirinae,
suggesting that Φ22 may also belong to this sub-family. However, within the study by
Volozhantsev et al., (2012), phage were conclusively assigned to the sub-family
Picovirinae due to the combination of small genome size and present of inverted terminal
repeats (ITR’s). Therefore, before conclusive allocation of Φ22 to the Picovirinae subfamily, identification of ITR’s within the genome is necessary.
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The initial use of DNase and RNase in removal of bacterial DNA, prior to phage DNA
extraction, ensured that the resulting sample contained only phage genomic material,
ensuring reliable phage genomic sequencing. Additionally, prior to sequencing, the
spectra of purified DNA was determined using a nano-photometer. Results aided
indication of any sample contamination and confirmed, via absorbance, that DNA was
pure, in order to produce reliable sequencing data.

The GC content present within Φ22 genome is low (28.1%) when compared to results
from Volozhantsev et al., (2012), however when compared to its host ATCC 13124, the
GC content is almost identical (28.4%) (Myers et al., 2006). The similar GC content
identifies the phages ability to conserve its genome to one similar to that of its host
(Almpanis et al., 2018), however its slightly reduced percentage concurs with Almpanis et
al., (2018) findings, indicating that phages in general have a lower GC content.

4.6 Classification
Restriction digestion utilised primarily to ascertain a genetic profile, also aided the
classification of Φ22. The production of fragments upon incubation with restriction
enzymes, inferred the presence of a double stranded DNA genome and hence, Φ22 was
determined to be a group I virus, belonging to the order Caudovirales, unsurprising, as
the order constitutes 96% of all phages documented within the literature (Fokine and
Rossmann, 2014).

TEM, however, was primarily used for classification purposes due to the ease of phage
family attribution (Ackermann, 2009). TEM images allowed for the reliable determination
of phage classification as images produced within this study were clear, with little
background contamination. This is most likely a result of multiple cleaning steps within
TEM preparation, and successful staining. The morphology classified Φ22 as a
Podoviridae phage, within the order Caudovirales, confirming results from restriction
enzyme digest (Figure 13). Podoviridae phage are prevalent within the literature,
especially seen within phage virulent against C. perfringens. The diameter of the
icosahedral capsid aligns with others previously described, as Seal et al., (2013) described
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Podoviridae phages with 44 and 42nm diameter heads. The allocation of Φ22 to the
order family Podoviridae, allows for the assumption that the dsDNA present, is linear (Gill
and Hyman, 2010). Additionally, the allocation further supports the hypothesis that Φ22
may belong to the sub-family Picovirinae.

5 Conclusion
Bacteriophage therapy has been the focal point of research regarding alternatives to
antibiotics, due to the high efficacy, specificity and abundance associated with phage.
Therefore, within this study, isolation of phage virulent against the bacterium C.
perfringens was attempted.

Successful isolation of a virulent phage was presented within this study followed by
successful purification and high titre lysate production. Method of isolation, resulting
plaque appearance, and the production of high titre lysates (forgoing the need to induce
bacterial stress), indicated the presence of a lytic clostridial phage, named Φ22. Phage
classification via TEM imaging indicated that Φ22 belonged to the family Podoviridae,
within the order Caudovirales and hence linear, ds-DNA was contained within the
39-40nm icosohedral capsid. Sequencing of the ds-DNA of Φ22 was carried out and
determined the genome to be 17,962 bp in length, tentatively linking the phage to the
sub-family Picovirinae, with the GC content of 28.1% indicating a highly conserved
genome.

The therapeutic efficacy of Φ22 was evaluated via one-step growth curves and host range
analysis of the phage. It was determined that Φ22 has a high burst size (121 virions per
cell), and a short latent period (50 minutes), both favourable characteristics in regards to
its use therapeutically. Host range analysis indicated a use for both necrotising
enterocolitis within humans and necrotic enteritis within chickens. A greater lytic range
was determined within isolates in the neonatal faecal cohort, indicating its potential use
for necrotising enterocolitis. However its use within the poultry sector must not be
overlooked, due to the capability of lysing netB positive C. perfringens isolates, an
important factor in the disease necrotic enteritis. Additionally, the use of phage
therapeutically is often synergistic, known within the literature as a phage cocktail. The
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use of multiple phage therefore increases host range, meaning individual phage
components need not require vast lytic ranges. Therefore, the results within this study
highlight the potential use of Φ22 therapeutically, exemplifying the use of bacteriophage
as an alternative to antibiotics to be pragmatic in approach.

6 Future Directions
To further exemplify the use of Φ22 therapeutically, investigations into host range,
genomic mapping and phage stability should be conducted. Additionally, with the
development of a cocktail in mind, further phage must be isolated and characterised. For
use therapeutically, phage genomes must be categorised as “finished”-a single
consensus sequence denoting 100% of the genome, with verified population diversity
and identification of all open reading frames (ORF’s). A finished genomic sequence allows
for the properties of “genetically safe” phage therapy candidates to be identified,
including phage nature and absence of deleterious genes. The determination of these
candidates utilises computational methods following successful sequencing of the phage
genome. The determination/confirmation of phage nature can be ascertained through
screening for the presence of integration/excision genes within the genome. This can be
executed through the use of Phage Classification Tool Set (PHACTS), a computational
tool for the analysis of phage lifestyle. If the presence of an integrase gene is confirmed
utilising this tool, the phages use therapeutically would be invalidated (McNair et al.,
2012). Additionally, screening for the presence of toxin genes, AMR genes, and virulence
factors is advised within the literature. The use of ShortBRED has been documented and
reads for similarity to antibiotic resistance genes found in three databases: Antibiotic
Resistance Genes Database (ARDB) (Liu and Pop, 2009), Resfams antibiotic resistance
functions (Gibson et al., 2014) and Virulence Factors of Pathogenic Bacteria (VFDB) (Chen
et al., 2015). Similarly to PHACTS, if positive results are identified using ShortBRED, the
phage is not a viable therapeutic candidate (Philipson et al., 2018).

Further experimentation surrounding phage host range is also required before a
complete understanding is reached. Although uncommon, phages have been described
as polyvalent, an occurrence resulting in one phage able to infect multiple species of
bacteria. Polyvalent phages are therefore less specific in nature, consequently regarding
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their use within phage therapy inadvisable, due to potential negative impacts on the
microbiome. In order to ascertain polyvalence, plaque testing of Φ22 must be conducted
against other species of bacteria; in particular those within the chicken gastrointestinal
tract e.g. streptococci, enterobacteria and lactobacilli (Shang et al., 2018). Any plaques
visible after incubation with differing species of bacteria, indicate the polyvalent nature of
the phage and therefore nullifies its use therapeutically.

Additionally, efficiency of plating (EOP) methods need to be applied to Φ22 lytic range.
An experiment by Khan Mirzaei and Nilsson (2015) compared the spot test assay (utilised
within this study) and EOP method in determining host range. Results highlighted that 55
of the 72 strains tested were susceptible to the phage cocktail, however EOP data
demonstrated only 17 of the 72 strains would have been susceptible to a high EOP
phage cocktail. This demonstrates a 53% decrease in efficacy, demonstrating the
importance of EOP methodologies when determining therapeutic use, as host range is a
key characteristic in determining therapeutic viability. Practically, isolates previously
deemed to be susceptible to Φ22 via spot test assays would be cultured overnight,
before plating with 100µL of 106-109 dilutions of Φ22 via double layer agar method and
incubated. EOP may then be calculated (average PFU on target bacteria / average PFU
on host bacteria) and classified: “high efficiency”= EOP>0.5; “medium efficiency”=
0.5>0.1; “low efficiency”= 0.1>0.001; “inefficient”= 0.001>.

Determination of attachment site on the host is also advisable, especially if use within a
cocktail is likely, in order to maximise host range. In relation to Gram-positive bacteria,
peptidoglycan is an important phage receptor as well as teichoic acids, attached
covalently to the peptidoglycan layer. Other common receptors include polysaccharides
attached to the peptidoglycan as well as flagella (Bertozzi Silva et al., 2016).
Determination of these sites usually combines bioinformatics analysis and antibody
studies, however due to their complex outer structure, Gram positive attachments sites
are not well researched.

Stability tests are also required before use therapeutically, as the phage may be
subjected to different temperatures or pH either throughout phage production process or

Page 56 of 75

after therapeutic application. Temperature and pH have been documented to impact
phage efficacy and therefore exploration prior to use is essential. Thermal stability may
be determined by pre-incubation of Φ22 at temperatures ranging from -20°C-80°C,
before titre determination utilising the double layer age method. Similarly, pre-incubation
of Φ22 at different pH levels (2, 5, 7, 9, 11) before titre determination by double layer
agar method, is sufficient in determining phage stability.

Finally, the isolation of phage from different environments may be explored, including
samples from poultry farms and processing plants, as well as offal wash and faeces
samples. It can be hypothesised that different environments contain different strains of
bacteria and therefore different phage. The acquisition of different phage allows for
further characterisation and consequential development of a phage cocktail utilising Φ22,
already isolated and characterised within this study. Obtaining multiple different phage
also allows for maximisation of cocktail efficacy, due to the ability to compare
advantageous therapeutic characteristics seen within the various phage and the
consequential selection of those better tailored therapeutic use.
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Appendix A

Media

Composition in 500mL dd.H2O

Manufacturer

TY Broth

Tryptose; 7.5 g
Yeast Extract; 2.5 g
Peptone from Soy; 2.5 g
Sodium Chloride; 2.5 g

Sigma-Aldrich, UK
OXOID, UK
OXOID, UK
Fisher Scientific, UK

TY Top Layer

Tryptose; 7.5 g
Yeast Extract; 2.5 g
Peptone from Soy; 2.5 g
Sodium Chloride; 2.5 g
Agar; 5 g (1%)

Sigma-Aldrich, UK
OXOID, UK
OXOID, UK
Fisher Scientific, UK
Acros Organics, UK

TY Bottom Layer

Tryptose; 7.5 g
Yeast Extract; 2.5 g
Peptone from Soy; 2.5 g
Sodium Chloride; 2.5 g
Agar; 10 g (2%)

Sigma-Aldrich, UK
Fisher Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK
Acros Organics, UK

Magnesium Chloride; 40.66 g
(0.4M)
Calcium Chloride; 7.35 g (0.1M)

Fisher Scientific, UK

SM Buffer

Sodium Chloride; 2.9 g (100mM)
Magnesium Sulphate; 1g (8mM)
Tris-HCl (pH 7.5); 25 mL (50mM)
Gelatin; 0.05 g (0.01% W/V)

Fisher Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK

BHI Broth

BHI; 18.5 g

OXOID, UK

BHI Stocking Media

BHI Broth (70%)
Glycerol (30%)

OXOID, UK
Fisher Scientific, UK

BHI Agar

BHI; 18.5 g
Agar; 5 g (1% W/V)

Fisher Scientific, UK
Acros Organics, UK

1/4 Strength Ringers Solution

1 tablet

OXOID, UK

1 x TE

Tris; (100mM)
EDTA (0.5M); (10mM)

Fisher Scientific, UK
Fisher Scientific, UK

5 x TBE

Tris; 54 g
Boric Acid; 27.5 g
EDTA (0.5M); 20mL

Fisher Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK

50 x TAE

Tris; 121 g
Acetic Acid; 28.55 mL
EDTA (0.5M); 50mL

Fisher Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK

Salt Solution
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Fisher Scientific, UK

