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Abstract

Bacteriophages are natural viruses that attack bacteria and are abundant in all
environments, including air, water, and soil- following and co-existing with their hosts.
Unlike antibiotics, bacteriophages are specific to their bacterial hosts without affecting
other microflora. The use of bacteriophages and phage endolysin based therapies to kill
pathogens without harming the majority of harmless bacteria has received growing
attention during the past decade, especially in the era where bacterial resistance to

antibiotic treatment is increasing.

The aims of this study were to characterise a putative prophage (phiFNP1)
residing in the genome of the periodontal pathogens Fusobacterium nucleatum
polymorphum ATCC 10953, investigating the possibility of prophage induction,
examining its presence in clinical plaque samples taken from patients with chronic
periodontitis cases, and purify its putative lysis module genes to examine their potential
antimicrobial activity. In addition, attempts will be made to catalogue phages that are
presents in samples from the oral cavity of patients with chronic periodontitis and in
wastewater, followed by isolation of Iytic phages targeting endodontic and oral associated
pathogens, characterisation of the isolated phages, evaluation of the efficiency of phage
towards biofilm elimination, and established an animal model to study phage-bacterial

interaction in order to develop them for treatments.

The results revealed that phiFNP1 prophage are common in subgingival plaque of
patients suffering from chronic periodontal disease but attempts to induce phiFNP1 using
Mitomycin C were inconclusive, indicating that it might be defective. Bioinformatics
revealed that the genome of phiFNP1 contained potential lysin genes, with one being
cloned and purified successfully in soluble form, though its activity as antibacterial was
not confirmed, and needs to be further explored as phage lytic enzymes against
Fusobacterium have not been identified yet.

Various phage like particles with different morphology were visualised by direct
electron microscopy from oral and wastewater samples, which reflect the richness and
diversity of bacteriophage within those samples. Several phages were isolated namely
phiSHEF 2,3,4,5,6,7 which belong to the Siphoviridae family which are specific to
Enterococcus faecalis and the full chromosome sequence comparisons for three of the

isolated phages (phiSHEF 2,4 and 5) revealed that they are lytic in nature reflected by



absence of genes associated with lysogenic cycle, therefore place them as suitable
candidate for therapy. They exhibit genomic variations corresponded to their difference
in phage-host range especially in the tail region. In addition, phiSHEF 2 was capable of
complete biofilm eradication on abiotic surfaces and significantly reduced biofilms
formed on the surfaces of tooth root slices. Most importantly phiSHEF 2 recovered a
Zebrafish larvae from the deadly infection caused by an oral clinical isolate of E. faecalis,
indicating the establishment of a successful animal model for testing the efficiency of
phage therapy towards E. faecalis infection. Finally, Exopolysaccharide mutants of E.
faecalis were not infected by three of our phiSHEF phages tested, indicating that E.
faecalis exopolysaccharide capsule and proper bacterial membrane integrity play an
important role during the initial stages of phage infection.

In conclusion, bacteriophages exhibit an apparent superiority to fight hard to
eradicate pathogens such as those associated with recalcitrant endodontic infections thus
“bacteriophage based therapy” could represent an innovative alternative to control and

eliminate oral infections caused by biofilm forming and antibiotic resistant pathogens.
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1.1 Introduction

Tooth decay and periodontal (gum) diseases are caused in part by bacteria that
colonise the human mouth with both potentially leading to deeper periapical infections if
left untreated (Hardie, 1992) (Figure 1.1). In addition to bacteria, the human mouth
provides the colonisation habitat for a diversity of viruses, fungi, protozoa, and archaea.
The oral microbiota greatly contributes as a significant risk factor for human health and
is implicated both in systemic and oral conditions, such as in tumours (Farrell et al.,
2011), diabetes mellitus (LOe, 1993), cardiovascular diseases (Figuero et al., 2011),
bacteraemia (Bahrani-Mougeot et al., 2008), Rheumatoid arthritis (Scher and Abramson,
2011), and preterm birth (Aagaard et al., 2014). Investigation of the oral microbiota in
health and disease in periodontitis revealed that it is more related to the increased
abundance of certain species/genera than caused by new novel species while taxa
associated with health were severely reduced (Abusleme et al., 2013). Recent evidence
suggests that the whole microbial community under certain conditions and/or specific
organisms can shift the balance from homeostasis to destructive inflammation rather than
being caused by individual causative bacteria. These conditions might be: broad-
spectrum antibiotic treatment, shifts in diet, or immune deficiencies (Hajishengallis and
Lamont, 2016). This hypothesis refers to the potential of a native community to cause

disease rather than the presence of causative pathogens.

A range of viruses can be found in the mouth, represented mainly by
bacteriophage (Pride et al., 2012). Analyses of the salivary viral-metagenome has
uncovered diverse bacteriophage populations residing in the mouth and unravelled the
complexity of their bacterial host (Pride et al., 2012, Robles-Sikisaka et al., 2013). In
addition to bacteriophage, a variety of disease-associated viruses can also be found, for
example, Herpes simplex virus, which causes gingivostomatitis or enters a dormant state
in the trigeminal ganglion to cause herpes labialis (cold sores) when reactivated later by
external factors such as stress and cold weather (Scott et al., 1997). Additionally several
salivary gland viruses that cause mumps and rabies, varicella zoster virus (pathogen of
herpes zoster), and human papilloma virus (pathogen of papillomas) which is responsible
for a number of oral conditions, including papillomas, condylomas and focal epithelial
hyperplasia are also commonly present (Roizman, 2001, Kumaraswamy and Vidhya,

2011). In addition, several oral diseases had been related with virus infection such as oral
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hairy leukoplakia which associated with Epstein-Barr Virus EBV (Young et al., 1991)

and Kaposis sarcoma that been associated with herpesvirus HHV8 (Russo et al., 1996).

Fungi are also common components of the oral microbiota, with pyrosequencing
from oral rinses of 20 healthy individuals revealing the presence of approximately 85
fungal genera (Ghannoum et al., 2010). In this study, Candida are the most frequently
detected oral fungi, represented mainly by the species C. albicans and are present in 75%
of healthy individuals followed by Cladosporium (65%), Aureobasidium and
Saccharomycetales (50% for both), Aspergillus (35%), Fusarium (30%), and
Cryptococcus (20%). Candidiasis is the commonest infection caused by Candida spp.
(Cannon et al., 1995), and in vitro studies have established that S. mutans could improve
the adherence of C. albicans and excrete lactate as a carbon source for yeast growth
(Metwalli et al., 2013). In addition, C. albicans was identified to be greatly associated
with the severity of chronic periodontitis (Canabarro et al., 2013) and positively
connected with the occurrence of oral candidal carriage in children (Raja et al., 2010,
Yang et al., 2012).

Very few studies have examined oral Protozoa species. For example, one study
from 1958 described that Entamoeba gingivalis and the more structured Trichomonas
tenax as the Protozoa species were the most commonly found in the normal oral
microbiota. They have been positively correlated with poor oral hygiene (Wantland et al.,
1958).

The Archaea are non-bacterial prokaryotes, and they are restricted to a small
number of species/phylotypes, methanogens and non-methanogens isolated from oral,
intestinal and vaginal mucosae in humans (Dridi et al., 2011). The oral Archaea reported
from the mouth are represented by the genera Thermoplasmatales, Methanobrevibacter,
Methanobacterium, Methanosarcina, and Methanosphaera (Lepp et al., 2004, Dridi et
al., 2011, Nguyen-Hieu et al., 2013). They can be detected in healthy subjects but their
occurrence and numbers are raised in those with periodontal disease (Lepp et al., 2004,
Vianna et al., 2008, Li et al., 2009, Matarazzo et al., 2012) and endodontic infections
(Vickerman et al., 2007, Vianna et al., 2009, Jiang et al., 2009). Although their potential

role in human infections needs further investigation (Dridi et al., 2011).
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Figure 1.1 Schematic presentation of tooth in health and disease state. Dental caries
and periodontal (gum) diseases are caused in part by bacteria that colonise the human
mouth. Both can end in periapical infections if left untreated. Adapted from (Douglas et

al., 2014) with permission.

In the human mouth, the oral bacterial microbiota contains more than 700
bacterial species that have been identified by culture independent methods, with about
250 having been named and isolated (Wade, 2004, Paster et al., 2006). The major genera
with the main representation in healthy oral cavities include the following: Streptococcus,
Veillonella, Granulicatella, Gamella, Actinomyces, Corynebacterium, Rothia,
Fusobacterium, Porphyromonas, Prevotella, Capnocytophaga, Nisseria, Haemophilis,
Treponema,  Lactobacterium,  Eikenella, Leptotrichia, = Peptostreptococcus,
Staphylococcus, Eubacteria, and Propionibacterium (Aas et al., 2005, Jenkinson and
Lamont, 2005, Zaura et al., 2009, Bik et al., 2010), though nearly half of the bacteria
present have yet to be cultured (Wade, 2004). The genome sequence of health associated,
uncultivated bacterium Tannerella BU063 (oral taxon 286) using a single cell genomics

approach (Beall et al., 2014), allowed the identification of virulence factors represented
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by KLIKK proteases (possess proteolytic activity in vitro toward collagen, gelatin,
elastin, and casein protein substrates) through comparisons to the virulent Tannerella
forsythia ATCC43037 genome (Ksiazek et al., 2015). This approach will provide a new
basis to further understand the genome evolution and various mechanisms of bacterial-
host interaction in closely related oral species with different pathogenicity potential (Beall
et al., 2014). Indeed, more new species are expected to be recognised as time goes by
(Bik et al., 2010, Griffen et al., 2012, Belda-Ferre et al., 2012).

Different types of microorganisms favour distinct niches according to changing
surface assemblies and functions (Aas et al., 2005), and there are three different niches
recognised within the mouth that different bacteria colonise: the first group settle at the
buccal mucosa, gingivae and hard palate, the second group are distinguished mainly from
the saliva, tongue, tonsils and throat, while the third group were found in supra- and sub-
gingival plague which had a distinctive community (Segata et al., 2012). Some pathogens
can cause both increased biomass (quantitative) and qualitative alterations (changes in
microbial composition, metatranscriptome, and metaproteome) to the microbiota
(Hajishengallis and Lamont, 2016) (Figure 1.2). These pathogens are termed as “keystone
pathogens” because their influence on community is so large compared to their low
abundance thus forming a keystone of that community (Power et al., 1996). As a result,
they will remodel the normal symbiotic microbiota into a dysbiotic one and accordingly
stabilise the dysbiotic state of that community (Hajishengallis et al., 2012).

Risk factors
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Figure 1.2 Polymicrobial communities under certain conditions could induce
inflammation. Keystone pathogens initially subvert host immunity result in dysbiotic

microbiota. In this new state, some commensal microorganisims called “pathobionts”
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which overactivate the inflammatory response and result in tissue destruction. However,
the keystone pathogens initially are aided by accessory pathogens by supporting their
colonisation and/or nutrition. Adapted from (Hajishengallis and Lamont, 2016) with

permission.

1.2 Role of oral microbiome in health

Commensal interactions among microorganisms permit them to flourish together,
and thus conserve biodiversity within the oral cavity. A steady ecological balance is
important to maintaining oral health (Ruby and Goldner, 2007, Zaura et al., 2009, Filoche
et al., 2010). Hence, any disruption to the commensal microbiota will result in infections
by opportunistic pathogens such as infection with Candida species and Staphylococcus
aureus as outcomes of heavy doses of antimicrobials usage (Sullivan et al., 2001). In
addition, colonisation by commensal oral microorganisms will prevent disease
progression, as all surfaces of the mouth will already be occupied and no more binding
sites will be available for adherence of pathogens (Socransky and Haffajee, 1992).
Regarding dental caries, some bacteria, such as Streptococcus salivarius (alkali
producers) utilise arginine and urea to produce ammonia thus aid in maintaining
homeostasis, and high expression of urease gene is found to be associated with high acidic
conditions (Huang et al., 2014). Furthermore, reduction of nitrate to nitrite from the
ingested food by oral bacteria has an anti-hypertensive effect that has been shown to be
potentially perturbed by the continual use of antimicrobial chlorhexideine mouthrinses

that distinctly reduced plasma nitrite (Govoni et al., 2008, Kapil et al., 2010).
1.3 Bacteriophage

1.3.1 Definition of bacteriophage

Bacteriophage are viruses that infect only bacteria. They are specific for their host
cells and completely depend on them for their reproduction, which is why, like all viruses,
they are considered obligate intracellular parasites (O'Flaherty et al., 2009). They are
abundant all over the world and occur in large numbers in areas occupied by their host,
including sewage water, effluent and soil (Hendrix et al., 1999, Wommack and Colwell,
2000). Owing to their ability for rapid reproduction in the presence of ideal host bacteria
and their capacity to retain high levels of specificity even when resident in the long term,

they are considered the main regulatory factor in maintaining the balance of many
6
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microbial ecosystems (Guttman et al., 2005). For example, phage improves upper-ocean
respiration through the release of dissolved organic matter from the lysed bacterial cells
that will be utilised by other bacteria (Fuhrman, 1999). Each phage particle consists of a
nucleic acid molecule (single or double-stranded RNA or DNA) enveloped in a protein
shell, the capsid (Figure 1.3). In spite of carrying the necessary genetic information, they
use the host bacterial machinery to generate energy and ribosomes to make their proteins
and produce their progeny (Carlton, 1999). Furthermore, bacteriophage are not only
found in high concentrations but also exhibit a level of diversity that correlates with the
difference in bacterial composition (Suttle, 2005). At the same time, on an individual
level they are often specific to certain species, subspecies or even strain but in other
examples can infect more than one species of bacteria- such as phage EFDG1 which
unusually is specific to E. faecalis and E. faecium (Khalifa et al., 2015a). Nevertheless,
different phage isolates can infect the same strain of bacteria but with varying penetration

and infection abilities (Heringa et al., 2010).

/ Head capsid

DNA
Collar
Contractile =
sheath
Tail fibers
Base plate

Figure 1.3 Generalised structure of a tailed phage. Adapted from (Elbreki et al.,
2014).
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1.3.2 History of bacteriophage discovery

Initial observations of bacteriophage, dating back to the late nineteenth-century,
were made by two independent scientists, a British bacteriologist named Ernest Hankin
and the Russian bacteriologist Nikolay Gamaleya. In 1896, Hankin observed a substance
in the Indian river waters of the Ganges and Jumna, which had a bactericidal capability
against Vibrio cholerae and could pass through fine porcelain filters. Gamaleya reported
a similar phenomenon in 1898 while he was working with Bacillus subtilis (Duckworth,
1976). Nearly 20 years later, in 1915, while observing similar phenomena, a medically
trained British bacteriologist named Fredrick Twort suggested that viruses might cause
the bactericidal effect, but his work was interrupted by the onset of World War | and
shortage of funding. Almost two years after that, Felix d’ Herelle, a French Canadian
microbiologist at the Pasteur Institute in Paris, proposed that a virus actually caused this
effect by parasitising on bacteria and yielding clear zones of plages on a lawn of bacterial
culture. In addition, he called the virus a bacteriophage or bacteria-eater (from the Greek
"phagein” meaning to eat (Sulakvelidze et al., 2001).

In fact, d'Herelle conducted much research concerning this phenomenon during
the 1920s, describing the course of bacteriophage growth by means of quantitative plaque
assay and quantitative dilution, which attracted scientists worldwide to the new field of
bacteriophage research. Furthermore, he realised the importance of eliminating various
infectious disease using bacteriophage as therapeutic and prophylactic mediators and
called phage “the exogenous agents of immunity” (Sulakvelidze et al., 2001, Summers,
2005).

After the invention of electron microscopy in 1942, phages were clearly identified
as viruses (Luria and Anderson, 1942), and since then electron microscopy remains the
main test for the morphological identification of bacteriophage (Simon and Anderson,
1967). After ten years, DNA was recognised as the major genetic material in
bacteriophage (Hershey and Chase, 1952). In 1969, Nobel Prizes in physiology and
medicine were awarded to Max Delbriick, Alfred Hershey and Salvador Luria due to their

discoveries of the replication of viruses and their genetic structure.
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1.3.3 Classification of bacteriophage

In 1967, Bradley classified bacteriophage according to their morphological
characteristics into six basic types including the tailed phages (with contractile tails, long
and noncontractile tails, and short tails), small isometric sSDNA viruses, filamentous
phages and small ssRNA phages (Bradley, 1967). Four years after that, in 1971, the
International Committee on Taxonomy of Viruses (ICTV), classified bacteriophage into
six groups: T-even phages, |, lipid phage PM2, the fXgroup, the "filamentous phage", and
the "ribophage group”. Groups were listed with type species and properties (Fenner, 1976,
Wildy, 1971). Later on, Bradley’s morphological classification was implemented by the
ICTV and in that era the identified phages numbered about 111 and, for better electron
microscopy standardisation, tailed phages were, in 1974, further subdivided into
morphotypes (Ackermann and Eisenstark, 1974).

The classification body was formally known as the Provisional Committee on
Nomenclature of Viruses (PCNV). It later became the International Committee on
Taxonomy of Viruses (ICTV) and is still the only international body concerned with virus

taxonomy.
1.3.3.1 Orders and families

Examination of bacteriophage by electron microscopy has been conducted on
more than 5500 bacteriophage since the introduction of negative staining in 1959 with
phage currently classified in a system of one order and 10 families. Of these 5500, 5360
make up the tailed phages of the order Caudoviridales, which comprises three families
characterised by contractile tails, long noncontractile tails, or short tails, and named
respectively Myoviridae (25%), Siphoviridae (60%), and Podoviridae (15%) with
icosahedral heads. They make up more than 96% of phages and contain dsDNA (Figure
1.4). The remaining 179 characterised phages consist of cubic, filamentous, and
pleomorphic viruses represented by seven families of the Legameniviridales and several
unassigned families of viruses that contain ds or ss DNA or RNA (Ackermann, 2007)
(Figure 1.5). These seven families of polyhedral, filamentous and pleomorphic phage are
separated by profound differences in nucleic acid and overall virion morphology traits
and structure. However, all these families are small, sometimes with just a single

representative, and are taxonomically simple. Lipids are contained in the virions of four
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groups, while two of them have lipoprotein envelopes (Table 1.1) (Lavigne et al., 2008,
Ackermann, 2007).

Head

Head

Tail

Tail fiber Tail fiber

Myoviridae Podoviridae

Siphoviridae

Figure 1.4 The three-tailed phage families Myoviridae, Siphoviridae and
Podoviridae. Adapted from (Ackermann, 2007) with permission.
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Figure 1.5 The seven families of polyhedral, filamentous and pleomorphic phages.

Adapted from (Ackermann, 2007) with permission.
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Table 1.1 The ten families of bacterial prokaryotic phages based on morphology

and genetic characteristics. Adapted from (Ackermann, 2007) with permission.

_ Genetic
Family ] Morphology
material
Myoviridae dsDNA(L) contractile long tail, non envelope
Siphoviridae dsDNA(L) non-contractile long tail, non envelope
Podoviridae dsDNA(L) non-contractile short tail, non envelope
Tectiviridae dsDNA(L) double capsid, inner Ilprllcrjnveswle, pseudo-tail, 60
Plasmaviridae dsDNA(C) pleomorphic, lipidic envelope, no capsid, 80 nm
Corticoviridae dsDNA(C) complex capsid, lipids, 63 nm

Microviridae sSDNA(C) capsid with spike, 27 nm, 12 knoblike capsomers

Inoviridae sSDNA(C) filaments or rods, 85-1950 x 7 nm
Cystoviridae dsRNA(L) segmented, lipidic envelope, 70-80 nm
Leviviridae SSRNA(L) spherical bacteria, 23 nm, like poliovirus

C, circular; L, linear.

1.3.3.2 Morphology of Caudovirales

All Caudovirales have heads with icosahedral (20 sides/12 vertices) symmetry or
elongated derivatives gathered from multiple copies of specific protein. The phages’ head
bulk varies in diameter between 45 and 100 nm, depending on the size of phage genome

boxed during head assembly (Guttman et al., 2005).

Throughout infection, portal protein, which connects the head and tail structures,
undergoes conformational changes that permit the penetration of DNA from the viral core
into the bacterial cell. This connector, which is situated at the apex of the phage head,
participates in the morphogenesis of new progeny and makes it a vital participant in the

phage infection cycle (Valpuesta and Carrascosa, 1994, Agirrezabala et al., 2005).

The tail, base plates, spikes or terminal fibres perform an essential role not only
in the attachment of bacteriophage to the host bacteria but also participate in the delivery
of phage DNA from the head into the host cell cytoplasm. In the case of phage T2 of the

11
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Myoviridae family the tail sheath contracts, allowing the central tail tube protein to
penetrate both the outer cell membrane and cell wall of the host throughout the infection
process. On the other hand, the tail of Siphoviridae phages remains unchanged during
infection, as shown in the phage A (Leiman et al., 2004). Finally, short-tailed Podoviridae,
for example T7 phage, form an extensible tail from the ejected internal core proteins, thus
providing a passage for the transfer of genome material into the host cell (Molineux,
2001).

1.3.3.3 Bacteriophage life cycles

Phages have two principal life cycles: the lytic and lysogenic cycles. In the
lysogenic cycle, phage are able to kill the host or establish a stable long-term sustainable
relationship with their host bacteria as temperate phages, during which viral genes that
are detrimental to the host are not expressed (Summers, 2001, Strauch et al., 2007). In
the lytic cycle, after the initial attachment, the new progeny are released upon cell death,
on the timescale of several minutes to hours. The main difference between temperate
phage and lytic phage is the presence of integrases in temperate phage that allow their
incorporation into their hosts’ genome- known as lysogeny (Kaiser and Jacob, 1957).
Alternatively, the phage may reside in the host as a stable plasmid (Lehnherr, 2006, Little,
1993, Mardanov and Ravin, 2006, Ravin, 2003), with both forms replicating together

with the host’s replication and division.

The first contact between the phage and its’ host occurs by random collision, when
the phage initially binds reversibly and often then irreversibly to a second structure on
the bacterial surface (Heller, 1992, Leiman et al., 2000, Makhov et al., 1993).
Bacteriophage that infect G-positive bacteria may bind to sugar moieties in the
peptidoglycan layer, followed by stronger binding to proteins or other molecules
(Monteville etal., 1994, Archibald, 1980), while proteins localised in the outer membrane
(e.g. OMPs or flagella) or lipopolysaccharide (LPS) may act as bacteriophage receptors
in G-negative bacteria. In most cases, phage require both molecules for adsorption
(Prehm et al., 1976). As a rule, injection of DNA follows immediately after the phage is
stably and irreversibly adsorbed to the cell surface, with each phage, or phage group

having subtly different mechanisms for this process (Anderson, 1948).

In the lytic cycle, the phage undergoes a replication process with the aid of host
biosynthetic machinery after it has successfully entered the cell. The new replicates of

12
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phage progeny are then liberated with the help of a holin, a hydrophobic polypeptide that
creates pores in the cell inner membrane, and endolysin, which causes lysis to the host
cell (Young and Blasi, 1995, Wang et al., 2000). In the lysogenic cycle, the phage DNA
integrates into the bacterial chromosome, becoming what is often known as a temperate
phage. Temperate phages often become integrated into bacterial chromosomes by a site-
specific recombination mechanism within a short region of perfect homology between
host chromosome and phage DNA (Reiter et al., 1989). For example, research on phiC31
showed that DNA deletion near its right end abolishes the phage ability to integrate by
site-specific recombination into the S. lividans chromosome (Chater et al., 1981, Chater
et al., 1982). Integration adjacent to tRNA genes (transfer RNA) flanked by direct repeat
sequences and encoding an integrase are also common features of temperate phages. For
example, the integrase of phage P4 of E. coli and phage P22 that infect S. typhimurium
catalyse phage insertion into tRNA genes (Pierson and Kahn, 1987). In addition, no phage
progeny are produced and the bacterial host cell is not lysed. This is because the integrated
phage produce a repressor protein that stops the synthesis of enzymes and proteins needed
in the lytic cycle and thus in this incorporated state is often also called a prophage. If the
repressor protein stops being produced or is inactivated, an enzyme encoded by the
prophage will excise the viral DNA from the bacterial chromosome. The excised DNA
will then promote a lytic cycle that end with the lysis of the bacterial cell to release the
newly formed progenies (Todar, 2012). Additionally, this mechanism defends the host
bacterium from infection by other phages via temperate phage restriction, modification
systems and may encode advantageous virulence factors, meaning that between simple
lysogeny and carriage of advantageous traits there is an evolutionary selection pressure
on lysogeny in many bacterial spp. (Guttman et al., 2005, Garcia et al., 2010) (Figure
1.6).

If the host bacteria that harbour the prophage are subjected to a stressing agent
such as UV light, hydrogen peroxide, certain antibiotics like Mitomycin C, or suffer from
starvation, prophage can be induced from the host bacterium’s genomic material, and its
Iytic ability is retained (Stevens et al., 2009, Jiang and Paul, 1998, Sandmeier et al., 1995,
Lwoff, 1953). These agents usually act by either damaging the DNA or interfering with
host replication.

13
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Figure 1.6 The steps of the bacteriophage lytic and lysogenic life cycles. 1.Host
recognition, 2.Adsorption and penetration. The Lytic cycle: 3.Replication and synthesis,
4.Phage assembly, 5. New progeny release. The Lysogenic cycle: 3.Viral DNA integrated
into host genome, 4.Prophage activation and replication, 5.The host is lysed to release the

new progeny. Adapted from (Garcia et al., 2010) with permission to reproduce.

1.3.4 Lytic phages towards orally derived bacteria

In vivo metagenomics studies revealed the presence of a diverse group of phages
that inhabited the oral cavity (Edlund et al., 2015). Screening oral samples showed the
occurrence of about 108 to 10 virus-like particles DNA per millilitre of human salivary
samples and per gram of dental plaque respectively (Naidu et al., 2014). Phages
belonging to the Siphoviridae family (mostly expected to be temperate phages) dominated
this oral viral metagenomic community (Lum et al., 2014, Ly et al., 2014, Pride et al.,
2012, Santiago-Rodriguez et al., 2015). However, DNA sequencing of subgingival
plague samples from periodontal disease patients revealed that siphoviruses were
replaced by lytic myoviruses (Ly et al., 2014, Santiago-Rodriguez et al., 2015). The
predominant prophage hosts belonged to the members of the phyla Actinobacteria,
Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria (Ly et al., 2014, Naidu et al.,
2014, Pride et al., 2012). These studies do not categorise the species targeted by phages
because this requires the isolation of phage individually using specific bacterial strain.

Therefore, the metagenomic screening needs to be complemented by the isolation of
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specific bacterial phage which is proved to be more difficult and challenging (Bachrach
et al., 2003, Hitch et al., 2004). Several studies mentioned the isolation of virulent tailed
phages that targed oral bacteria either from oral clinical samples (saliva, dental plaque,
and oral washing) or environmental samples (sewage, water) resulting in the isolation of
Iytic phages towards Actinomyces spp. (Yeung and Kozelsky, 1997), Aggregatibacter
actinomycetemcomitans PAAO005 (Castillo-Ruiz et al., 2011), Streptococcus spp.
(Dalmasso et al., 2015), Veillonella app. (Hiroki et al., 1976), Neisseria sp. (Aljarbou
and Aljofan, 2014), and Fusobacterium spp. (Machuca et al., 2010), with various level

of characterisation (Szafranski et al., 2017).

1.3.4.1 E. faecalis lytic phages

The vast majority of the well characterised lytic E. faecalis phages isolated to date
are tailed phages that were isolated using non-orally derived strains of E. facalis and
suggested to be used as therapy to eradicate oral E. faecalis biofilm associated with
endodontic infections (Khalifa et al., 2015a, Khalifa et al., 2016). Sewage were used
successfully as a source to isolates phages that targeted non-oral E. faecalis phages using
samples taken from animal sewage (Son ef al., 2010, Fard et al., 2010), hospital sewage
(Li et al., 2014), and sewage effluent from treatment facility (Khalifa et al., 2015a,
Khalifa et al., 2015b). Thus, phages targeting oral E. faecalis bacterial strains could be
isolated from wastewater. The isolated tailed phages, either belong to the Myoviridae
family e.g. phiEF24C (Uchiyama et al., 2008a), EFDG1 (Khalifa et al., 2015a), and
EFLK1 (Khalifa et al., 2015b) or belong to Siphoviridae family e.g. IME-EF1 (Zhang et
al., 2013b), IME_EF3 (Li et al., 2014), EFRM31 (Fard et al., 2010a) and EFAP-1 (Son
et al., 2010b). Their genomes range from very large size of phiEF24C (142 kbp) to small
size genome of FRM31 phage (17 kbp), while the siphovirus E. faecalis EfaCPT1
bacteriophage is still uncharacterised. In addition, initial attempts to genetically engineer
temperate E. faecalis phage phiEf11(vir)"™sA to produce a virulent, highly lytic and wider

host range phage were performed successfully (Zhang et al., 2013a, Tinoco et al., 2016).

1.3.5 Bacterial resistance to bacteriophage

Bacteria can develop certain molecular mechanisms to evolve resistance to
phages. These resistance mechanisms can occur during any phase of the virus life cycle.

It can start in the first step of phage adsorption to the host surface through blocking phage
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receptors, producing altered extracellular matrix and production of competitive inhibitors
(Hancock and Braun, 1976). This is termed phage adsorption inhibition. One of these
mechanisms is the formation or alteration of bacterial capsules, which is known to inhibit
the attachment of certain phages (Bernheimer and Tiraby, 1976). Conversely, phages can
also evolve and develop counter-measures to degrade capsules (Bayer et al., 1979). For
examples, the tailspike proteins (endosialidase) of bacteriophage K1A infecting
encapsulated E. coli (Jakobsson et al., 2007) and the hyaluronate lyase HylP1 and HylP2
(Hyaluronidases) towards hyaluronate-encapsulated group A streptococci (Smith et al.,
2005, Martinez-Fleites et al., 2009). In addition, phage polysaccharide depolymerase
action continues within biofilms suggesting them as promising candidates for novel

antibiotic supports (Yan et al., 2014).

Injection of the viral genetic materials can be prevented through a process known
as injection blocking. The mechanisms of phage-adsorption inhibition and phage-
injection blocking are both considered as first lines in bacterial defence against phage
infection through preventing the attachment or access of phage genetic materials to the
bacterial cell membrane (Coffey and Ross, 2002). Alternatively, bacteria can act to
degrade phage DNA post-injection via the action of restriction endonucleases that
recognise and destroy foreign DNA, a phenomenon known as restriction-modification.
This phenomenon usually starts after successful injection of the Phage genome into the
host cell. Bacterial protection of its own genetic material established by methylation at
specific points on its DNA sequence will prevent parallel restriction endonuclease
cleavage. Restriction results in the cleavage of foreign DNA that does not convey the
corresponding methylation configuration (Forde and Fitzgerald, 1999, Coffey et al.,
2001). In contrast, phages can evolve certain mechanisms to avoid this resistance, for
example, by employing methylase enzymes (Bohannan and Lenski, 2000, Kriger and
Bickle, 1983).

Another method of bacterial resistance to phages is termed the abortive infection
mechanism, by which the phage progeny repeatedly die before completing the lytic cycle
mediated by early bacterial lysis; thus the virus is held back and prevented from

multiplying (Klaenhammer and Sanozky, 1985, Hill et al., 1990).
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1.3.6 Phage mediated bacterial virulence

Bacteriophages are considered as a tool for mobile genetic element transfer that
may play an important role in pathogenicity of certain bacteria in a process called phage
conversion. In this route, bacteriophage encoded virulence genes can convert non-
pathogenic host bacteria into virulent ones or increase the virulence of certain bacteria by
providing mechanisms that might host tissue or avoidance of host immune defences, i.e.
provide a selective evolutionary advantage (Figueroa-Bossi et al., 2001, Masignani et al.,
2001). In this process, the phage is integrated into the host genome as a stable temperate
phage in a process known as lysogenic conversion thus allowing both horizontal and
vertical pathogenic gene transfer to the host and therefore clonal expansion. For example
the filamentous bacteriophage CTX harbours the ctxAB genes which encode the cholera
toxin CT and once integrated into the genome results in lysogenic conversion of V.
cholerae to produce CT toxin (which causes the characteristic ion efflux and effusive
watery diarrhoea) and enhance its pandemic spread (Waldor and Mekalanos, 1996).
Another example is the bacteriocins of P. aeruginosa, which have been derived from two
phage-tail gene-clusters (Nakayama et al., 2000). Although it is often the case that the
host bacteria benefit- or derive a positive survival advantage due to lysogeny, it is worth
mentioning that this is not always true. For example, Chung et al. (2014) showed that the
expression of a prophage encoded phage Tip protein (D3112 protein gp05) results in loss
of surface piliation of the P. aeruginosa and, thus decreases its virulence in the model
tested. In addition, autolysis caused by lysogeny during stress conditions might provide
advantages to the bacterial community by providing nutrients to a starving population,
modify the host immune response by the released cell components, and also release free
DNA for natural transformation and potential evolution of the entire population (Garcia
and Dillard, 2006).

This is further exemplified by phage mediated transduction, in which
transformation of genetic traits from donor bacteria to the recipient cell occurs through
aberrant DNA packaging into phage particles that infects new cells and via recombination
events that new genes are transfer into recipient bacteria. There are two types of

transduction: specialised and generalised transduction (Birge, 2000).

In specialized transduction, small segments of bacterial DNA are packaged with
the phage DNA materials and transferred to the host bacteria (Ferretti et al., 2001)
(Ventura et al., 2002). This usually happens by packaging of bacterial DNA at the
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margins of the phage genome, e.g. at att sites or adjacent to sites of integration, that are
then included by erroneous excision of the phage DNA. Examples of specialised
transduction include lysogen associated genes located at the prophage genome ends in
several prophages (Johnson et al., 1986). For example, O serotype-converting enzymes
of the lysogenic phage SfV, are found near attL (temperate phage left end) in Shigella
flexneri are involved in glycosylation of the type V O-antigen to rhamnose Il of the
tetrasaccharide repeat through an al,3 linkage (Allison et al., 2002). In further examples,
many toxin genes are transduced due to their proximity to integration sites of the phage,
e.g. staphylokinase and enterotoxin A from serotype F bacteriophages of S. aureus
(Coleman et al., 1989). Furthermore, the co-packaged genes tend to represent
transcription units that are controlled independently from the rest of the prophage
(Wagner et al., 2002). In addition, previous studies showed that phage gamma and C1
encode the virulence factors of Corynebacterium diphtheria and Clostridium botulinum,
causing the host to possess a pathogenic phenotype (Freeman, 1951, Barksdale and
Arden, 1974). Researchers have found phage-like modules in the bacterial genomic
structure, as 3-10% of the bacterial genome comes from prophages (Canchaya et al.,
2003, Casjens, 2005). Some of those modules are defective prophages that cannot
replicate (Hayashi et al., 2001); others might constitute gene transfer agents that are

phage-like particles that assemble bacterial DNA (Humphrey et al., 1997).

In generalised transduction, phage heads usually contain bacterial DNA packaged
from any chromosomal location during the synthesis of new phage progeny. These phages
are non-infectious, meaning that they can inject their nucleic materials into recipient cells
but will not replicate (Sternberg and Maurer, 1991). Their genomic materials can be lost
if not combined with the host chromosome, but may be expressed transiently (abortive
transduction), but if the DNA that recombines carries an advantageous trait- such as
antibiotic resistance then it will be selected for evolutionarily and maintained. Finally,
plasmid transduction can also take place when plasmid genetic materials are packaged
into transducing phages. The Vibrio pathogenicity island (VPI), which contains the gene
coding for the receptor of the cholera toxin encoding filamentous phage CTXphi, can be
conveyed between Vibrio cholerae strains of the Ol serogroup via the generalised
transducing phage CT-P1 (O'Shea and Boyd, 2002).
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1.3.7 Medical importance of bacteriophages

In the past decades, there has been a dramatic increase in infections caused by
multidrug resistant bacteria or superbugs, caused by excessive usage and the failure to
follow the full dose regime throughout the time for which the antibiotics should be
administered. The problem of bacterial resistance to antibiotics is considered a significant
threat to human health (Huys et al., 2013). In parallel, there has been an annual increase
in the number of antibiotic prescriptions and public access to non-prescription and over
the counter antibiotics (in underdeveloped countries). Furthermore, half of these
antibiotics used are usually associated with wrong diagnoses where bacteria are not the
major cause, and thus the ailment should not be treated with the prescribed drugs
(Kutateladze and Adamia, 2010). In addition, this problem has a great economic impact
annually due to extra health care costs and loss of productivity (Roberts et al., 2009).
Much damage has already occurred and better education on the proper usage of these
drugs is considered a far-off prospect in some countries. Meanwhile, we know that the
situation is getting worse and there are now few drugs left with which to treat multidrug-

resistant bacterial strains effectively.

Alternatively, the use of bacteriophage as a therapeutic approach against bacterial
pathogens without harming the majority of harmless, commensal bacteria has gained
interest in the past years, especially now that multidrug resistant and biofilm associated

bacterial infection has become a permanent issue.
1.3.7.1 Characteristics of bacteriophages as therapeutic agents

Unlike antibiotics, which change the normal equilibrium of the bacteria balance
in the body due to their broad spectrum, Bacteriophages are highly specific to their host.
They can attack only one type of bacterial species (monovalent) or they can target two or
more bacterial species (polyvalent- although this is rarer) (Kalmanson and
Bronfenbrenner, 1942). Since the other species of bacteria in the body are not involved
in phage treatment, they will not develop unwanted resistance, unlike in the case of
antibiotics (Sulakvelidze et al., 2001). In addition, some bacteriophages possess the
ability to enter and degrade extracellular biofilm matrix using specific enzymes and to

eliminate the incorporated bacterial cells within the biofilm (Lacroix-Gueu et al., 2005).

Because bacteriophages are the most abundant natural organisms on earth, to
which most people are routinely exposed, and their host bacteria form part of normal
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gastrointestinal microbiota in humans, it has been deduced that they can be well accepted
by humans as therapy against bacterial infection (Sulakvelidze et al., 2001, Hausler,
2006). In order to liberate their new-formed progeny inside the host, Bacteriophages lyse
the specific bacterial cell wall and eliminate it, which causes the release of new
bacteriophage virions. When the targeted bacteria are sufficiently reduced in numbers and
density drops below the detection threshold, the bacteriophages are removed by the
reticulo-endothelial system and concentrated in the spleen (Keller and Engley, 1958,
Huys et al., 2013) with the phage intervention becoming self-limiting- as removal of the
pathogen by phage and our immune systems removes the phage host and so the phage no
longer persists. In contrast, the dosage of antibiotics needs to be consistent so that the
therapeutic concentrations at the site of infection can work properly (Clark and March,
2006).

In the human body, phages have several proposed functions, through controlling
bacterial overgrowth, bacteriophages can return the host-bacteria balance to normal,
subsequently restoring physiological functions (Huys et al., 2013). Phages are also
suggested to be used as a vehicle for transporting specific molecules (Clark and March,
2004) and to deliver DNA or antimicrobial substances (Russel, 1995, Goodridge et al.,
1999). This proposal is based on their demonstrated ability to circulate around the body
successfully and to reach a wide range of potential infection sites (Haqg et al., 2012,
Dabrowska et al., 2005), even across the brain-blood barrier (Tanji et al., 2005).

Since lytic phages do not have the ability to integrate with the genomic materials
of the host or to eradicate their host in a short time, there is less likelihood of their
conducting virulence factors from one bacterial cell to another, and therefore they offer
higher potential in the treatment of pathogenic bacteria (Brissow, 2005). Furthermore,
polyvalent phages, which have lytic potential against more than one type of pathogenic
bacteria, can be manipulated to treat various kinds of infections (Verma et al., 2013). In
order to improve the safety of phage therapy, bacteriophage should preferably be
amplified in non-pathogenic bacterial strains (Bielke et al., 2007).

Based on the above characteristics and recent developments in phage scientific
research together with standard superior control measures used in the production process,
bacteriophages exhibit strong potential as therapeutic agents, and non-antibiotic therapy
could become a reality in the proximate future (Elbreki et al., 2014).
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1.3.7.2 Bacteriophages as therapeutic agents

Bacteriophage were suggested as antibacterial agents in infectious diseases in the
early twentieth century, when Felix D’Herelle tested them against bacillary dysentery
infections (d’Herelle, 1917). These tests were followed by several trials to treat
Staphylococcus infections (Brunoghe and Maisin, 1921), typhoid fever (Davison, 1922),
and cholera (Morison, 1932). After that, the first broad review concerning the use of this
therapy was published in 1934 (Eaton and Bayne-Jones, 1934).

During the 1940s, antibiotics were discovered and were subsequently seen as an
easier approach to combating infection, given that the success of phage therapy had been
limited. The new multipurpose broad- spectrum antibiotics could be used without
identification of the pathogenic organisms causing the disease. In addition, antibiotics
were easier to formulate and were more stable medicinal preparations, meaning that they
were more practical in terms of storage and delivery, rendering antibiotics a more
favourable therapy at that time. Whilst phage therapy research soon became less abundant
in Western countries, it did continue in Eastern European countries such as Poland and
the Ex-Soviet Union (Haq et al., 2012, Bull et al., 2002). Many research papers describing
the successful use of phages as therapeutic agents were published in these countries (often
not in English). In addition, phage therapy was part of routine healthcare in these places
and several phage preparations against the most common human pathogenic bacterial
strains were available on the market as late as the 1970s (Clark and March, 2006,
Summers, 2001). Indeed, the Bacteriophage Institute in Thilisi (now the George Eliava
Institute of Bacteriophage, Microbiology and Virology) is still researching phage therapy
applications and sells phage for the treatment of various bacterial based infections
(Summers, 2001, Parisien et al., 2008).

In recent years, the western science community has regained interest in phage
research and is considering its clinical usefulness, mainly due to the lack of development
of new antibacterial drugs by the pharmaceutical industry. In addition, there has been an
increase in the incidence of multi-drug resistance organisms and biofilm associated
bacterial infections (Sulakvelidze, 2005), such as Pseudomonas spp. (Ahmad, 2002),
vancomyecin-resistant Enterococci (Biswas et al., 2002), multidrug resistant Klebsiella
pneumoniae (Vinodkumar et al., 2005), multidrug-resistant Pseudomonas aeruginosa
(Yang et al., 2010, Wright et al., 2009), antibiotic-resistant strains of Escherichia coli

(Viscardi et al., 2008), and methicillin-resistant Staphylococcus aureus (Mann, 2008).
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Since in some cases, infections may be caused by more than one type of bacterial
strain/species and to overcome the possibility of bacterial resistance (Duckworth, 1976),
a phage cocktail has usually been used successfully to overlap and target the pathogen(s)
of concern in most clinical trials, meaning that the causative bacteria should be identified
first (Clark and March, 2006). Typically, whole-phage preparations may contain a small
number of phage strains, each with a broad range of activity or, alternatively, the phage
may be applied as a mixture of several phages which have been previously identified for
application regarding certain infections. This approach is largely based on the phage

preparations used throughout the former Soviet Union.

The first recent clinical studies are from Polish reports, the first report being
published in 1984 and dealing with infections caused by suppurative bacterial infections
in children caused by Staphylococci, Klebsiella, Escherichia, Proteus, and Pseudomonas
bacteria, with a success rate of 95.6% (Slopek et al., 1984). Following this, another report
described clinical observations of 500 patients for five years (1981-1986), but dealing
with antibiotic resistant bacteria and various routes of administration (oral, external, on
wound and with drops), where 92% of the cases were treated successfully (Slopek et al.,
1987). Later on, a combination of antibiotic-phage preparations was used by the same
research group to treat antibiotic resistant septicaemia, with 85% of the infections being
cured (Weber-Dabrowska et al., 2003).

During the last decade, a more reliable monitoring system parallel with standards
of the EU and FDA, under the Declaration of Helsinki and supervised by the centre with
responsibility for phage therapy preparations, has been established in Poland. Just under
half of the cases were treated successfully but the samples used were all antibiotic
resistant clones from chronic infections where all other treatments available had failed
previously, meaning that the improvement to quality of life given the complexity of these
cases was massive and if used on more routine cases may actually reduce the need for
antibiotics (Brussow, 2012).

Phage therapies performed at the Eliava Institute for Bacteriophage, Microbiology
and Virology in Thilisi, Georgia have been based upon phage cocktails. Each cocktail
was directed towards selective pathogenic groups of bacteria (Gill and Hyman, 2010).
Two main types of cocktails have been used, the first being directed against pus-causing
infections caused by S. aureus, E. coli, P. aeruginosa, 2 Proteus species, and several

species of Streptococcus and called Pyophage. The second, which is called Intestiphage,
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targets infecting strains of S. aureus and P. aeruginosa of human gut origin and 23
different enteric bacteria that cause diarrhoea and other gastrointestinal upsets (Kutter et
al., 2010). These mixtures are not fixed preparations but are subject to continuous
updating parallel to infections caused by new pathogen strains (Abedon et al., 2011). A
summary of some studies conducted in the former Soviet Union and their results are
illustrated in Table 1.2. New products in the form of tablets targeting the pathogens
causing dysentery (caused by Shigella) and Salmonella as well as new specific
preparations targeting Salmonella typhi (causing typhoid) were added recently in 2008
(Abedon et al., 2011).

Finally, phage therapy has been employed successfully in the treatment of leg
ulcers infection caused by P. aeruginosa by at a Texas clinic (Clark and March, 2006).
Furthermore, a recent private London clinic trial reported a complete post-infection
clearance of chronic otitis caused by human Pseudomonas ear infection. All the
previously mentioned successful clinical trials are indicative of the promise offered by
phage therapy (Wright et al., 2009).

Table 1.2 Some human phage therapy studies performed in the former Soviet Union.
Adapted from (Abedon et al., 2011).

Refrence Target organisms Disease Success Details
Markoishvili et al. E. coli Ulcers and wounds | 70% Healing associated with
(2002) Proteus reduction or elimination of

Pseudomonas target organisms in 22
Staphylococcus patients with ulcers
Perepanova et al. E. coli Acute and chronic 92%, 84% 92% marked clinical
(1995) Proteus urogenital improvement; 84%
Staphylococcus inflammation bacteriological clearance
Miliutina and Salmonella Salmonellosis Phages versus combined
Vorotyntseva Shigella phages and antibiotics was
(1993) examined with combination
effective but not antibiotics
alone
Bogovazova et al. K. ozaenae Adapted phages used;
(1992) K. pneumoniae treatment reportedly effective
K. rhinoscleromatis
Sakandelidze Enterococcus Infectious 86% Phages only, n = 360, 86%
(1991) E. coli allergoses success; antibiotics only, n =
P. aeruginosa 404, 48% success; antibiotics
Proteus plus phages, n =576, 83%
Staphylococcus success
Streptococcus
Kochetkova et al. Pseudomonas Post-surgical 82% Cancer patients; treatment
(1989) Staphylococcus wounds was successful in 61% of

antibiotic only treatment

Anpilov and Shigella Dysentery Double-blinded; ca. 10-fold
Prokudin (1984) (prophylaxis) lower incidence of dysentery
in phage-treated group
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1.3.7.3 Phage endolysins as therapeutics

Researchers have started to investigate the potential of using phage
peptidoglycan-degrading enzymes, also known as murein hydrolases or endolysins
(lysins). Those enzymes are called endolysins due to their effect from the inside to lysis
of the host bacterial cells at the end of the lytic cycle (Jado et al., 2003). Endolysins are
formed in the late stage of the lytic cycle but for them to gain access to the cell wall an
enzyme called holin is needed, which is a lysis factor that provides permeability of the
plasma membrane (Fischetti, 2005). In order to release the newly formed virus progeny,
both enzymes gather in the cytosol of the host cell at the end of the lytic cycle, with holin
protein forming holes in the cell plasma membrane to enable the endolysin to enter and
reach its receptors in the peptidoglycan (Young and Blasi, 1995, Yang et al., 2010)
(Figure 1.7). The activation of holin apparently occurs at certain genetically defined times
when the newly formed virions reached their threshold numbers. This model based upon
secretion of enzymatically active endolysin and the A lysis system (phage A that infect E.
coli) is the best example of this system (Young et al., 2000). However, secretions of
enzymatically inactive endolysins into the periplasm or murein layer were also observed
in phage that infect both G-positive and G-negative hosts. A study on endolysin Lys44
from phage fOg44 that infects the Oenococcus oeni showed that it accumulates in an
inactive state in the murein layer until the proper moment for lysis to occurs mediated by
holin (Sdo-José et al., 2000). Another example are the endolysins of E. coli phages P1
(Lyz™) and 21 (R?) that accumulate at the periplasm of the host cells in inactive forms
tethered to the cell membrane until the lysis time, which is imposed by holin (Xu et al.,
2005).
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Figure 1.7 Schematic representation of the modular structure. Access of the

endolysin to the peptidoglycan (PG) layer is often aided by insertion of the holin into the
cytoplasmic membrane (CM). Adapted from (Elbreki et al., 2014).

If purified and applied, lysins are potent peptidoglycan-degrading enzymes
against G-positive bacteria, even from the outside, as the outer membrane structure of G-
negatives in theory prevents access of exogenous G-negative endolysins (Garcia et al.,
2010). Like phages, lysins are specific but their specificity extends to single or a few
species rather than single isolates (Yoong et al., 2004). In contrast to phages, resistance
to lysins appears unlikely to occur due to their well-maintained and stable fundamental
peptidoglycan structure (Fischetti, 2008), and until now no lysin resistant strains have
been recognised (Fischetti, 2005). However, their effect is reduced when bacteria reach
the stationary phase due to changes to the peptidoglycan layer (Pritchard et al., 2004).
Using those enzymes successfully has led scientists to consider phage lysins as

“enzybiotics” (Nelson et al., 2001) .

The pioneer of endolysin antibacterial research is arguably Vincent Fischetti,
whose group, 40 years ago, showed that the streptococcal lysin encoded by phage C1 is
specific for groups A, C, and E streptococci (Loeffler et al., 2001, Nelson et al., 2001).
The Fischetti group also focused on lysins derived from phage y of B. anthracis, which
was found to be effective not only against the cells but also against the germinating spores
of B. anthracis (Celia et al., 2008, Wang et al., 2009). In the genus Enterococcus, the
lysin PlyV12 was found to have a broad spectrum of activity that involved in addition its

hosts, streptococci and staphylococci (Yoong et al., 2004).

25



Chapter 1

Application of lysins to G-negative bacteria has been shown to be possible only

after the treatment of the outer membrane with EDTA or by the combination of
hydrophobic amino acids with the lysin, as developed by the Lavigne group in Belgium
against P. aeruginosa (Walmagh et al., 2012, Briers et al., 2011). Both methods allow

the transfer of the enzyme across the outer membrane.

Recently the potency of endolysins in eliminating bacterial biofilm has been
investigated, suggesting an additional advantage over conventional antibiotics (Son et al.,
2010a, Fenton et al., 2013). While biofilm of S. pyogenes, or Group A Streptococcus
showed resistance to antibiotics, the biofilm matrix was readily destroyed by the lytic
actions of PlyC endolysin (Shen et al., 2013). Domenech et al. (2011) showed that the
phage lysozymes Cpl-1 and Cpl-7 encoded by either S. pneumoniae phages were very

effective in disintegrating S. pseudopneumoniae and S. oralis biofilms.

1.4 Dental caries

Dental caries is a microbial disease that results from acid dissolution of the
mineral structure of teeth (enamel and dentin) produced by oral bacterial metabolism of
dietary carbohydrates. Accumulation of acid-producing microbial colonies in mature
dental plaque on teeth will lead to loss of the buffering capacity of saliva and change the
environment towards acid producing pathogens (Selwitz et al., 2007, Ling et al., 2010).
As sustained reductions in pH continue as a result of dietary carbohydrate fermentation
(e.g. sucrose), more acid by-products are produced that destroy dental hard tissue. The
targets of this acid are primarily the enamel of the crown or cementum of the root, and

underlying dentin (Figure 1.8).

Dental caries, or “tooth decay”, has been recognised as the most common chronic
disease with 60-90% of children and almost 100% of adults worldwide being affected by
dental cariesat some point (WHO, 2012). Generally, in order that dental caries develop
clinically, three factors should be present over a considerable period of time: tooth
structure as substrate, acidogenic bacteria, and fermentable carbohydrates for the bacteria
to digest (Touger-Decker and Van Loveren, 2003). However, initial lesions of dental
caries can be prevented and reversed with good oral hygiene, proper diet, and fluoride
exposure, which enables restoration of the mineral back into the teeth surfaces (Selwitz
et al., 2007).
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The chief cariogenic initiator of caries on tooth enamel has historically been
earmarked as Streptococcus mutans, with lactobacilli spp. being associated in advanced
lesions of dental caries (Tanzer et al., 2001, Parisotto et al., 2010, Simon-Soro et al.,
2013, Simon-Soro and Mira, 2015). These various species reside in biofilm on tooth
surfaces. However, other bacteria are now known to be present at higher incidences in
rampant caries of primary teeth dental plaque in children than in caries-free children.
These include species of Streptococcus, Veillonella, Actinomyces, Granulicatella,
Leptotrichia, Thiomonas, Bifidobacterium, and Prevotella (Becker et al., 2002, Kanasi et
al., 2010, Tanner et al., 2011). More considerably, certain gene expression (acid
production, DNA uptake, and stress responses) were found to be high in the plaque of
caries-active persons (Belda-Ferre et al., 2012). Thus, a new picture has developed in
which complex bacterial communities appeared to be related with dental caries (Mira et
al., 2017). This is supported by the fact that S. mutans accounted for <1% of the bacterial
community sampled from dental caries lesions in both DNA-(Gross et al., 2012) and
RNA-based studies (Simon-Soro et al., 2014).
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Figure 1.8 Schematic representation of carious cavity and bacterial species

associated with dental caries. Dental caries results from acid dissolution of the mineral
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structure of teeth (enamel and dentin) produced by oral bacterial metabolism of dietary

carbohydrates. Adapted from (Douglas et al., 2014).

1.5 Endodontic and periapical infection

If dental carious lesions are left without treatment, the infection will reach the
tooth pulp (which harbours the nerve and vascular supply) as the result of cariogenic
bacteria proliferation accompanied by continuous demineralisation (Zero et al., 2011).
Eventually, a pulp abscess will be formed as a result of pulpal tissue necrosis followed
by dissemination of the infection through the root apical foramen to the area surrounding
the root tip to form a periapical infection (Siqueira and Rogas, 2013) (Figure 1.1).

Many microbiological studies have been conducted in order to discover more
about endodontic pathology and have shown that the outcome of endodontic treatment is
significantly influenced by bacterial persistence in the root canals, especially at the time
of filling (Heling and Shapira, 1978, Sjogren et al., 1997, Waltimo et al., 2005, Fabricius
et al., 2006). Bacteria detected throughout treatment survived both chemomechanical
procedures and intracanal medication (such as calcium hydroxide) or gained access into
the root canal via improper temporary restoration (Siqueira and Rocas, 2008). The logic
behind endodontic therapy is to eliminate the infection, to prevent microorganisms from
infecting or re-infecting the root and/or periradicular tissues (Chavez De Paz et al., 2003).
Ideally, chemomechanical procedures and intracanal medication used in treatment
procedures should eliminate all living microorganisms present in the entire root canal
system. However, due to the complex anatomy of the root canal system, the achievable
goal is to reduce bacterial populations to a level below that required to induce disease
(Siqueira and Récas, 2008).

1.5.1 Persistent and secondary infection

Most scientific evidence shows that microorganisms (in addition to many
chemical and physical factors) are essential for the progression and spread of diverse
forms of apical periodontitis and infection of the dental root canal system (Molander et
al., 1998, Pinheiro et al., 2003, Machado de Oliveira et al., 2007, Gomes et al., 2008).
The detection of bacteria in the root canal of treated teeth is either due to some bacteria

persisting throughout treatment (persistent infection) or as a result of reinfection
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(secondary infection). Persistence of endodontic infection is most commonly due to
complications associated with or during initial endodontic treatment. Inadequate aseptic
control, poor access cavity design, missed canals, inadequate instrumentation, and
leaking temporary or permanent restorations are examples of procedural pitfalls that may
result in endodontic post-treatment disease (drstavik et al., 1998). Pathogens can be
established and survive in a particular environment if circumstances are favourable to
their growth. In addition, microorganisms have evolved particular strategies that increase
their ability to find, compete and survive in these new harsh environments throughout
genetic exchange and mutation (Sundgvist and Figdor, 2003). The success rate of
endodontic therapy is higher in vital (noninfected) teeth than in teeth with preoperative
apical periodontitis lesions, which indicates that persistent infection plays a much more
important role as the routine cause of root canal treatment failure (Sjogren et al., 1990,
Chugal et al., 2003, Qrstavik et al., 2004, Marquis et al., 2006). However, research has
identified secondary infection due to coronal leakage as the cause of after treatment apical
periodontitis (Saunders and Saunders, 1994, Ray and Trope, 1995). For bacteria to
withstand endodontic treatment, they have to survive not only the chemomechanical
procedures and intracanal medication but also they have to adapt to the extremely
different environment. To do so, bacteria can form biofilms that adhere to the walls of
the tooth root canal that provide antimicrobial resistance (Distel et al., 2002). In order to
survive intracanal instrumentation and irrigation procedures, bacteria can be present deep
inside dentinal tubules away from the reach of endodontic therapy (Siqueira and de
Uzeda, 1996). In addition, anatomical sites and irregularities such as lateral canals,
ramifications, and isthmi will provide that protection. Tissue fluids and organic matter
could interact with antimicrobial agents and deactivate antibacterial action as a result of
dilution of medications concentrations and increasing serum protein (albumin)
concentrations (Haapasalo et al., 2007). In addition, dentin collagen found to be a potent
inhibitor of chlorhexidine and potassium iodide (Portenier et al., 2002). Furthermore,
calcium hydroxide used as intracanal medicament can be resisted by microorganisms
such as E. faecalis (Bystrém et al., 1985) and Candida albicans (Waltimo et al., 1999b).
On the other hand, the persistence of intraradicular pathogens in opturated root canals
indicates that they are able to adapt to a new harsh environment with reduced nutrient
availability. Microleakage remains one of the major routes by which nutrients can seep
through the tight seal of endodontic filling, coming from saliva coronally or apically and

laterally from inflammatory exudates (Siqueira, 2001).
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1.5.2 Endodontic infection treatment

Chemomechanical instrumentation of the root canal with necrotic pulp tissue
removal and disinfection are considered as non-surgical canal treatment. Hence,
restoration of the seal barrier between the open oral cavity and periapical tissue is
achieved through final sealing of the root canal with bacteria- tight material and proper
coronal sealing with primary or permanent restoration (Siren et al., 1997, Siqueira, 2001).
The aim of chemomechanical preparation is to remove necrotic pulp tissue and infected
dentine in parallel with the application of antimicrobial irrigation in order to eliminate
the bulk of the microorganisms from the root canal. Interappointment antimicrobial
dressing, commonly calcium hydroxide, might be considered to kill the microorganisms
that persist after the initial treatment, followed by obturation if a satisfactory disinfection
of the root canal system is achieved (Waltimo et al., 2005). An effective disinfectant,
which possesses a wide antimicrobial spectrum even in low concentration, is used as root
canal irrigation during endodontic treatment is sodium hypochlorite (Waltimo et al.,
19993, Zehnder et al., 2003). In cases where the treatment is not followed to acceptable
standards due to inadequate procedural protocol, failure will occur as a result of intracanal
endodontic infection (Sundqvist et al., 1998). If the treatment or retreatment is difficult
(fractured instruments, ledges, blockages, filling material impossible to remove, etc.),

periradicular surgery will be considered (Gutmann and Harrison, 1985).
1.5.3 Pathways of infection

There are six main pathways by which various microorganisms can reach the
tooth pulp (Figure 1.9). The classic way is through progression of the carious lesion
reaching close to the pulp. Here the bacteria at the boundary of the carious lesion gain
access through dentinal tubules when the dentin distance to the pulp is 0.2 mm (Dahlén
and Moller, 1992). Another route is by traumatic exposure of the tooth pulp to the septic
oral environment caused by accidental coronal fracture. In periodontitis, deep pocket or
gingival sulcus microorganisms may reach the pulp chamber through the periodontal
membrane, using a lateral channel or the apical foramen as a passageway (Bammann and
Estrela, 2009). The same pathway might conduct pathogens from an infected adjacent
tooth to spread through surrounding tissue (Dahlén and Mdller, 1992, Bammann and
Estrela, 2009). Bacteria from the blood could be attracted to inflamed tooth pulp (called
anachoresis) caused by trauma or operative procedure without dental pulp exposure. This

might happen during a transient bacteremia that may arise for any reason during a usual
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day of a healthy life (Torabinejad et al., 1990). Finally, bacteria in saliva might reach the
periapical tissue from the occlusal aspect during intervals between endodontic
appointments, even in canals obturated with guttapercha and sealer, mainly caused by a

broken temporary seal of faulty restoration or if the tooth structure fractures before final

restoration (Torabinejad et al., 1990).
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Figure 1.9 Diagram showing various possible pathways by which microorganisms
could reach the tooth pulp. 1) Carious lesion, 2) Traumatic exposure, 3) Deep pocket,

4) Infected adjacent tooth, 5) Broken temporary seal, and 6) Bacteria from the blood.

Adapted from (Douglas et al., 2014).

1.5.4 Pathogens associated with intraradicular and extraradicular infections

Many stages have to be passed through before microorganisms can settle at the
root canal. After breaching the enamel and spreading through the dentin, they have to

leave the nutritionally rich and more hospitable environment of the oral cavity, overcome
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the immune response inside the pulp, resolve and compete with other microbes in the
remaining necrotic tissue within the root canal (Narayanan and Vaishnavi, 2010). Finally,
microbes will induce an inflammation at the root apex resulting in apical periodontitis.
Endodontic infections, as with most oral infections have a polymicrobial nature; hence,
in primary intraradicular endodontic infection, obligate anaerobic bacteria are clearly the
most frequently isolated microorganism (Shah and Collins, 1990). Certain ecological
determinants play an important role in the selection of specific root canal microbiota, the
first being oxygen and oxygen generating products, as the development of a low
reduction—oxidation potential by the primary colonisers favours anaerobic bacteria. This
IS not surprising because carbon dioxide and hydrogen are produced as bacterial by-
products of continual depletion of oxygen levels (Glick et al., 1991, Sunde et al., 2002,
Slots, 2005). Second is availability of nutrients; degenerating connective tissue (Slots,
2005), dentinal tubule contents, or a serum-like fluid from periapical tissue in addition to
oral cavity derived nutrients select for the growth of anaerobic bacteria expert in
fermenting amino acids and peptides, whereas bacteria that obtain energy through
carbohydrates fermentation may be restricted by lack of available nutrients (Sunde et al.,
2000, Slots, 2005). However, the coronal section of root canals uncovered to the oral
cavity in initial infection is dominated by facultatively anaerobic bacteria, while strict
anaerobic bacteria take over in the apical section (Dahle et al., 2003, Sakamoto et al.,
2006). In later stages of infection, facultative anaerobes will be overcome by the obligate
anaerobic population due to a decrease in availability of dietary carbohydrates due to
proteolytic activity (the primary energy source) as a result of loss of direct contact with
the oral cavity, as well as a decrease in oxygen availability (Sakamoto et al., 2006, Vianna
et al., 2006). Seven groups demonstrate the bacterial pathogens that are associated with

intraradicular endodontic infections:

1- G-negative black pigmented species of saccharolytic anaerobic rods of Prevotella
(intermedia, nigrescens, tannerae, multissacharivorax, baroniae and denticola) and
asaccharolytic spp. Porphyromonas mainly P. endodontalis and P. gingivalis (Shah and
Collins, 1990).

2- The periodontal pathogen Tannerella forsythia, also detected in endodontic infection
(Conrads et al., 1997).

3- Obligately anaerobic G-negative coccobacilli of Dialister pneumosintes and Dialister

invisus.
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4- Fusobacterium nucleatum and Fusobacterium periodonticum.

5- The oral spirochetes represented by the genus Treponema of species (denticola,
sacranskii, parvum, maltophilum and lecithinolyticum) (Dahle et al., 2003).

6- G-positive anaerobic rods such as:

e Pseudoramibacter alactolyticus
e Filifactor alocis

e Actinomyces spp.

e Propionibacterium propionicum
e Olsenella spp.

e Slackia exigua

e Mogibacterium timidum and

e Eubacterium spp.

7- G-positive cocci that are present in endodontic infection:

e Parvimonas micra
e Streptococcus spp.

e Enterococcus faecalis

In addition, low to moderate numbers of other bacterial spp. are also detected:

e Campylobacter spp.

e Catonella morbic

e Veillonella parvula

e Eikenella corrodens

e Granulicatella adiacens

e Neisseria mucosa

e Centipeda periodontii

e Gemella morbillorum

e Capnocytophaga gingivalis
e Corynebacterium matruchotii
e Bifidobacterium dentium

e anaerobic lactobacilli
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Acute apical abscesses with purulent inflammation could be formed in periapical

tissue as a result of dissemination of infection. However, extraradicular infections are

dependent on or independent of an intraradicular endodontic infection. The main bacterial

species found are anaerobic bacteria (Tronstad et al., 1987, Gatti et al., 2000, Sunde et
al., 2000, Sunde et al., 2002) such as:

e Actinomyces spp.

e Propionibacterium propionicum
e Treponema spp.

e Porphyromonas endodontalis

e Porphyromonas gingivalis

e T. forsythia

e Prevotella spp.

e Fusobacterium nucleatum.

1.5.5 Bacteria persisting throughout endodontic treatment

G-positive facultative anaerobes or anaerobic bacteria that often resist treatment
procedures are frequently isolated (Sjogren et al., 1997, Chu et al., 2006, Siqueira et al.,
2007b, Siqueira et al., 2007a). This supports the view that G-positive bacteria can be
more resistant to antimicrobial treatment measures and have the ability to adapt to harsh

environmental conditions (Siqueira and R6cas, 2008). These include:

e Streptococcus mitis, Streptococcus gordonii, Streptococcus anginosus,
Streptococcus sanguinis, and Streptococcus oralis

e Parvimonas micra

e Actinomyces israelii and Actinomyces odontolyticus

e Propionibacterium acnes and Propionibacterium propionicum

e Pseudoramibacter alactolyticus

e Lactobacilli paracasei and Lactobacilli acidophilus

e Enterococcus faecalis

e Olsenella uli
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1.6 E. faecalis and endodontic infection

The species most often recovered from filled root canals with persistent periapical
infection are enterococci, ranging from 29% to 77% of cases treated (Sundqvist et al.,
1998, Molander et al., 1998, Peciuliene et al., 2001, Hancock et al., 2001, Siqueira and
Rdcas, 2004). However, around 5% or less have been recovered from untreated primary
root canal infections (Wittgow and Sabiston, 1975, Siqueira et al., 2002). E. faecalis are
G-positive cocci and facultative anaerobes. They are normal intestinal and environmental
organisms and may inhabit the oral cavity and gingival sulcus. The source of these
organisms has long been argued because enterococci can be found in human faeces,
usually between 10* and 108 bacteria per gram wet weight (Zubrzycki and Spaulding,
1962, Layton et al., 2010), inhabiting the alimentary canals of both humans and animals
(Tendolkar et al., 2003), in water and soil of tropical watershed (Goto and Yan, 2011). In
addition, there is evidence that they are capable of multiplying in extra-enteric settings
such as beach sands, water containing Kelp, and plankton (Bahirathan et al., 1998,
Imamura et al., 2011, Mote et al., 2012). In addition they may originate from out diets,
with one study showing that once inside the oral cavity they can persist in the mouth for
some time after consumption of cheese (Giraffa, 2002). E. faecalis most likely exist in
untreated root canals, but in such low numbers that it is not recoverable by culture, thus
if the environmental setting improves, it may grow to higher and noticeable proportions
as observed in animal experiments (Fabricius et al., 1982, Persoon, 2017). E. faecalis has
been more frequently isolated from root canals that were imperfectly sealed for an
extended period of time during the treatment, or in cases with several sessions (more than
10 or more) (Siren et al., 1997). In addition, E. faecalis could find its way in and become
established after root filling, as research indicates that poorly restored teeth have a higher
rate of post endodontic treatment infection (Ray and Trope, 1995). Furthermore, these
organisms are extraordinary survivors because they have certain intrinsic characteristics
that enable them to survive high salt concentrations (6.5%) (Gardini et al., 2001, Giard et
al., 2001), a wide temperature range (10-60°C) (Boutibonnes et al., 1993), 40% bile
(Flahaut et al., 1996), a broad pH range (Flahaut et al., 1997), as well as to persist in the
presence of detergents (Hartke et al., 1998, Wada et al., 2012), conditions that would be
lethal to other microorganisms. The E. faecalis has a cell-wall-associated proton pump
by which protons are derived into the cell to acidify the cytoplasm found in highly
alkaline environments (Evans et al., 2002). This mechanism is used by E. faecalis to resist
the high antimicrobial alkalinity of the calcium hydroxide used as an endodontic dressing
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during root canal therapy (Sjogren et al., 1991). In fact this microorganism can bear an
alkaline pH of 11.5 (Tanriverdi et al., 1997, Evans et al., 2002), which represents a
significant clinical task in eradicating persistent infection in an already filled root canal.
In addition, the pH level is naturally neutralised by the buffering effect of dentin
(Haapasalo et al., 2000, Portenier et al., 2001, Figdor et al., 2003) as pH levels in dentin
do not reach higher than 10.8 in cervical and 9.7 in apical dentin (Nerwich et al., 1993).
In an ex vivo study, Sedgley et al. (2005a), showed that E. faecalis has the ability to
recover in root canal filled teeth under a starvation state; when inoculated into the canals,
these microbes sustained viability for up to 12 months without supplementary nutrients.
Thus, viable E. faecalis present at filled root canal will provide a long term constant
source of successful infection. This is supported by a study that conducted a series of
long-term starvation assays which demonstrated that E. faecalis withstood being in water
for more than 120 days with limited levels of nutrient supply, leaving a viable residual
small portion of starved cells (Figdor et al., 2003). The same study indicated that the
serum-derived fluid from surrounding periapical tissue that seeped into the apical root
canal of the treated and filled root canal could provide a clue as to the possible nutrient
source at the tooth apex. As indicated by all the above, this organism emerges as the most
promising model for testing against various chemomechanical and medication therapies
in ex vivo tests such as irrigants, medicaments, and antiseptic solutions used in
endodontics (Dahlen et al., 2000, Eddy et al., 2005, Portenier et al., 2005).

1.6.1 Enterococcal Cell Walls

The enterococcal cell wall in general is composed of a peptidoglycan layer (PG)
that is found above the lipid bilayer membrane (Figure 1.10). As with other related G-
positive organisms, the peptidoglycan backbone (PG) and cell membrane displays a
variety of polysaccharides and proteins. Polysaccharides, teichoic acids, and surface-
anchored proteins are directly chained to the cell wall PG through covalent linkages,
while lipoteichoic acid and lipoproteins are anchored to a membrane lipids envelope
(Hancock and Gilmore, 2002) (Figure 1.5). The PG consists of disaccharide N -
acetylmuramic acid-(p1-4)-N- acetylglucosamine (MurNAc-GIcNAc) in the form of
repeating strands that are cross-linked together by the presence of branch peptides
attached to MurNAc (NAM) residues (Navarre and Schneewind, 1999). In addition, the
enterococcal polysaccharide antigen (Hancock et al.) (suggested to synthesise a
rhamnopolysaccharide) together with wall teichoic acid forms the secondary wall

polysaccharides (Geiss-Liebisch et al., 2012). Analysis of the purified entrococcal
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polysaccharide antigen (Epa) polysaccharide from E. faecalis OG1RF revealed that it is
composed of rhamnose, glucose, galactose, GalNAc, and N-acetylglucosamine (GICNAC)
(Teng et al., 2009). The peptidoglycan backbone and anionic polymers (teichoic acids
and cell wall polysaccharides) account for nearly 90% of the total cell wall weight, with
the protein content (wall-associated and wall-anchored proteins) comprising less than
10% of the cell wall weight (Bhavsar and Brown, 2006).
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Figure 1.10 Model of the enterococcal cell wall. The peptidoglycan layer can be seen
above the lipid bilayer with membrane bound lipoproteins and lipoteichoic acid. Bound
to the muramyl residues of the peptidoglycan are wall teichoic acids and the
rhamnopolymer, whose synthesis is tied to the epa locus, as well as surface-anchored

proteins and capsule. Adapted from (Hancock and Gilmore, 2002).

1.6.2 Virulence factors of E. faecalis and its relation to endodontic disease

Recent data indicate that up to 75% of enterococcal infections in humans are
caused by Enterococcus faecalis. This research period spanned from 2001 to 2012 and

covered all classes of hospitals in the US (Gilmore et al., 2013). The identified isolates
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were collected from samples of bloodstream, urinary tract, and wound infections. E.
faecium isolates represent around 24%, with similar percentage trends reported for the
European Union, while infections with the other enterococcal species have occasionally
been found to cause infection in humans (Devriese et al., 1995, Tannock and Cook, 2002).
These include such as E. durans, E.avium, E. gallinarum, E. casseliflavus, E. hirae, E.
muntdii, E. dispar, and E. raffinosus. As a result, most studies of enterococci have
examined the virulence of E. faecalis and its factors (Kayaoglu and @rstavik, 2004,
Gilmore et al., 2013). In terms of E. faecalis virulence factors, these mostly relate to
surface localised properties and secreted factors (Figure 1.11). They are associated with
various phases of an endodontic infection as well as with periapical inflammation.
Periradicular tissue damage mainly occurs as an indirect consequence of the host’s
immune response to bacteria and its products or is directly linked to the bacterial products
(Kayaoglu and @rstavik, 2004).

1.6.2.1 Surface Adhesins
1.6.2.1.1 Enterococcal surface protein (Esp)

Enterococcal surface protein (Esp) was identified initially in a highly virulent,
gentamicin resistant E. faecalis isolate from both bacteremia and endocarditis isolates
(Shankar et al., 1999, Archimbaud et al., 2002). In addition, esp gene was found to be
enriched in endodontically isolated E. faecalis strains as 20 out of 31 were carrying the
esp gene (Sedgley et al., 2005b). This gene is considered as an important enteroccoci
virulence factor related to biofilm formation (Klare et al., 2005). Toledo-Arana et al.
(2001), revealed that esp plays an important part in primary attachment and biofilm
formation of E. faecalis on abiotic surfaces (through comparing the biofilm formed by
mutants cells to that of wild type), but not to other medically relevant substrates, such as
silicone rubber, fluoroethylene-propylene, or polyethylene (Waar et al., 2002). This could
allow the bacteria to resist the bactericidal effect of medication used in infected root
canals (Distel et al., 2002).

1.6.2.1.2 Adhesin to collagen of E. faecalis (Ace)

Attachment of pathogens to extracellular matrix (ECM) is needed at an early stage
of the infection course. In vitro testing has showed that E. faecalis is capable of adherence
to collagen, fibrinogen, and fibronectin in the presence of serum compared to growth in
BHI only (Nallapareddy et al., 2008). Ace (adhesin to collagen of E. faecalis) was found
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after searching the complete genome sequence of E. faecalis V583. After cloning, the
recombinant protein showed ability to bind to the wide tissue distribution fibrillar
collagen type | (Rich et al., 1999), with binding to major components of mammalian
basement membranes of both collagen type IV and laminin (Nallapareddy et al., 2000),
and this has proved to be significant for attachment of E. faecalis to dental roots (Hubble
et al., 2003). As dentin of the root canal is rich in collagen type 1, this suggests that the
persistence of E. faecalis in endodontic infection is at least in part Ace-mediated
(Kowalski et al., 2006).

1.6.2.1.3 E. faecalis antigen A (EfaA)

EfaA is a putative substrate-binding lipoprotein component that has been
identified from patients with E. faecalis endocarditis (Lowe et al., 1995, Low et al.,
2003). It is an E. faecalis major surface antigen and when disrupted in an experimental
peritonitis infected mouse model, it showed a better survival rate of mouse compared to
infection with wild type OG1RF (Singh et al., 1998).

1.6.2.1.4 Biofilm-associated pili (Ebp)

E. faecalis endocarditis infected human sera have shown increased antibody titers
for the three structural pilus subunits, EbpA, EbpB, and EbpC, which highlights their
importance in E. faecalis pathogenicity (Sillanpaa et al., 2004). Further studies on E.
faecalis mutant ebp locus in a rat endocarditis have revealed that they lost their capability
to form biofilm and attachment to plastic surfaces in addition to their better survival rate
(Nallapareddy et al., 2006).

1.6.2.1.5 Aggregation substance (AS)

Aggregation substance (AS) proteins Asal, Ascl0, and Aspl are a group of
surface anchored polypeptides encoded by conjugative plasmids with roles in E. faecalis
plasmid transfer and virulence (Galli et al., 1990, Kao et al., 1991, Galli et al., 1992).
The AS proteins have a C-terminal cell wall anchor domain, 2 Arg-Gly-Asp (RGD)
motifs, and a number of domains that were found to arbitrate aggregation and lipoteichoic
acid binding (Hendrickx et al., 2009). Asal was shown to enhance binding to type |
collagen and fibronectin, thrombospondin and vitronectin (an ECM element) (Rozdzinski
et al., 2001). RGD motifs are thought to help adherence of the bacterium to the host cell
via integrins, a family of eukaryotic cell-surface receptors (Galli et al., 1990). E. faecalis,
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due to having AS, was shown to be resistant to human neutrophils elimination, despite

noticeable phagocytosis and neutrophil activation (Rakita et al., 1999).

AS and its cognate ligand BS (binding substance) have together been shown to
produce tissue inflammation responses through stimulation of T-lymphocytes, followed
by increase release of inflammatory cytokines (Schlievert et al., 1998) and are considered
as superantigen molecules. Cytokines released by macrophages, such as tumor necrosis
factor beta TNFf and tumor necrosis factor alpha TNFa, participate in bone resorption
(Stashenko, 1998). Tumour necrosis factor gamma TNFy interferon is also released, it is
considered as a host defence factor against infection, acting as an inflammatory mediator
(Billiau, 1996), and to stimulate the production of the cytotoxic agent nitric oxide (NO)
from macrophages and neutrophils. Consequently, periapical tissue damage and bone

resorption will be established as a result of host immune response.
1.6.2.2 Secreted Factors
1.6.2.2.1 Cytolysins (CylL)

Cytolysins, the extracellular secreted peptide subunits CylL_and CylLs expressed
by various E. faecalis isolates, exhibit lytic activity towards target cells (Haas and
Gilmore, 1999). They are either plasmid-encoded toxins or chromosomally encoded (lke
and Clewell, 1992). CylL. and CylLs need further extracellular cleavage by CylA, a
serine protease, before becoming fully active, while the secreted bacterium cell will be
protected by the cyll gene products (Coburn et al., 1999). Cytolysins have been shown to
target and lyse erythrocytes (Basinger and Jackson, 1968, Miyazaki et al., 1993), PMNs
and macrophages (Miyazaki et al., 1993), and a range of G-positive organisms (Jackson,
1971). The lysis activity of the cytolysin against both prokaryotic and eukaryotic cells
leads to the proposal that those cells which exhibit cytolytic activity have access to key
nutrients that are not accessible to other strains. For example, haemin obtained from lysis
of erythrocytes is needed by E. faecalis for the assembling of an electron transport chain
and increase in energy yield through aerobic respiration (Pritchard and Wimpenny, 1978).
In addition, Day et al. (2003) showed that cytolysin production is increased with depletion
in oxygen and this might aid E. faecalis encounters anaerobic conditions and persist in

endodontic infection.
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1.6.2.2.2 Gelatinase and serine protease

In E. faecalis, the gelatinase (GelE, a matrix metalloprotease) and a serine
protease (SprE) are two secreted proteases that have been well studied (Qin et al., 2001).
GelE can hydrolyse gelatine, collagen, fibrinogen, casein, hemoglobin, insulin, and many
peptides (Méakinen et al., 1989). In vitro studies showed a lower bone resorption rate in
tissue culture experiments and periodontal disease models when gelatinase was inhibited
(Hill et al., 1994, Ramamurthy et al., 2002). On the other hand, dental pulp and periapical
lesions revealed high levels of host gelatinase during inflammation compared to healthy
status (Shin et al., 2002), which in turn has been shown to have a significant effect in the
degradation of dentin organic matrix (Tjaderhane et al., 1998). The protease-positive
strain E. faecalis OG1 was capable of dental caries induction in germ-free rats when
compared to non-proteolytic strains (Gold et al., 1975). In addition, the importance of
proteases in E. faecalis biofilm formation through regulating autolysis and release of
extracellular DNA has been described (Thomas et al., 2008) and suggested as being
regulated by the Fsr quorum system of E. faecalis.

1.6.2.2.3 Sex pheromones, superoxide and bacteriocins

The secreted sex pheromones from E. faecalis have been found to be chemotactic
for neutrophils, and to induce superoxide production and lysosomal enzyme secretion
(Ember and Hugli, 1989, Sannomiya et al., 1990). Neutrophils that produced superoxide
at the site of inflammation were found to possess antimicrobial properties and cause tissue
damage (Marton et al., 1993). In addition, secreted extracellular superoxide anion has
been reported from strains of E. faecalis (Huycke et al., 1996). On the other hand,
increased activity of Lysosomal enzyme beta glucoronidase was detected in samples from
periapical lesions (Kuo et al., 1998), and Torabinejad et al. (1985) found that neutrophil
lysosomal enzymes might indirectly cause bone destruction by activating the complement
system. Many bacteriocins that are directed mainly towards G-positive bacteria have been
reported to be secreted from E. faecalis, including Bc-48 (Lopez-Lara et al., 1991),
enterocin 4 (Joosten et al., 1996), bacteriocin 21 (Tomita et al., 1997), enterocin 1071A
and enterocin 1071B (Balla et al., 2000), and enterocin SE-K4 (Eguchi et al., 2001).

1.6.2.3 Enterococcal capsule, lipoteichoic acid and cell wall polysaccharide

The cell components of E. faecalis that play a role in its virulence are those that
participate in overcoming various host defence mechanisms. Put in another way, how the
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host will recognise and perceive the invading pathogens; these mechanisms include
phagocytosis and /or cytokine secretions (Hancock and Gilmore, 2002, Thurlow et al.,
2009, Theilacker et al., 2011) As a general rule, there is positive correlation between

existence of a capsule and avoidance of host immune response.
1.6.2.3.1 Variable capsular carbohydrate

Neutrophil-mediated opsonisation refers to the mechanism by which the host
immune system brings about the clearance of invading enterococci throughout
neutrophil-mediated opsonisation. Several studies have demonstrated that an
enterococcal capsular polysaccharide (cps) might mediate that host defence mechanism
(Huebner et al., 1999, Rakita et al., 1999). Hancock and Gilmore (2002) identified a cps
locus that encodes the creation of various enterococcal carbohydrate capsules. Generation
of isogenic mutants in (cpsl) part of this locus or blocking of the capsular polysaccharide
with specific antibodies facilitate the clearance of E. faecalis bacteria by
opsonophagocytotic Killing in animal models (Hancock and Gilmore, 2002). In addition,
the polysaccharide capsule forms a protective shield against C3b complement and
protects against opsonophagocytic killing by macrophages (Thurlow et al., 2009).

1.6.2.3.2 Lipoteichoic acid (LTA)

Lipoteichoic acids (LTA) are a group of closely related amphipathic molecules
consisting of a polyglycerolphosphate backbone (1-3 phosphodiester-linked chains of 25
to 30 glycerolphosphate residues variously substituted with glycosyl and dalanyl ester
groups) joined covalently to a glycolipid moiety (Wicken and Knox, 1975). Many G-
positive bacteria possess LTA on their cell surfaces. E. faecalis LTA is a cell-wall
element that is considered as an important virulence factor in evading host immunity.
Research indicates that blocking the LTA with antibodies resulted in opsonic elimination
of the invaded pathogen and protected a mouse model from enterococcal infection
(Huebner et al., 1999, Theilacker et al., 2011). Similarly, binding of pneumococcal (S.
pneumoniae) LTAs to erythrocytes rendered them vulnerable to lysis by their own
complement systems, suggesting that exposure to bacterial LTA during infection might
lead to cellar tissue lysis (Hummell and Winkelstein, 1986). In terms of oral infections,
several mediators with tissue-damaging properties released by leukocytes as a result of

LTA stimulation have been reported to be present in periapical samples, such as TNF-a ,
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IL-1, IL- 6, PGE2, lysosomal enzyme, superoxide anion, or leukocyte attracting 1L-8
(Bhakdi et al., 1991, Saetre et al., 2001).

1.6.2.3.3 Enterococcal polysaccharide antigen (Epa)

Study of the antigenic material in E. faecalis cell wall polysaccharide in human
infections revealed the presence of an antigenic carbohydrate that is proteinase K-
resistant by using serum from infected humans and cloned DNA fragment products from
E. faecalis strain OG1RF (Xu et al., 1997, Xu et al., 1998). After sequencing the
fragments, a genetic locus was identified that bore resemblance to polysaccharide
biosynthesis enzymes (Xu et al., 1998). Later on, it was identified as the Epa
polysaccharide from enterococcus (Teng et al., 2009). In vitro studies could not detect
Epa on the surface of the E. faecalis membrane so it is assumed to reside deep in the cell
wall (Xu et al., 2000, Hancock and Gilmore, 2002). Mutants in the epa locus were used
in a different study to compare it to wild type, which revealed its pathogenic properties
as it showed decreased killing in mouse peritonitis (Xu et al., 2000), tendency to
neutrophil-mediated phagocytosis and clearance (Teng et al., 2002), poor biofilm
formation on a polystyrene surface (Mohamed et al., 2004), failing in a mouse model of
ascending UT]I (Singh et al., 2009), and effect on penetration and adhesion to mucosal
surfaces (Ocvirk et al., 2015).
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Figure 1.11 Schematic model of endodontic disease related to virulence factors of E.
faecalis. The E. faecalis virulence factors are released inside the dentinal tubules to the
root canal periradicular area, where they cause leukocyte attraction or stimulate
leukocytes to produce inflammatory mediators or lytic enzymes. Some of the bacteria are
localised in the periradicular lesion as well. The harmful virulence factors and leukocyte
products are shown in the zone between the interrupted lines. In a magnified window, the
adhesion of the bacterium to different dentin elements is shown. Bacterial products that
eliminate other bacteria are also included. Note that names in black boxes are the products
of the bacterium. Abbreviations: Adh, surface adhesins; AS, aggregation substance; Bact,
bacteriocins; BS, binding substance; CP, collagen peptides; Cyl, cytolysin; Ef,
Enterococcus faecalis ; Elas, elastase; Gel, gelatinase; Hya, hyaluronidase; H202,
hydrogen peroxide; IFN, interferon; IL, interleukin; LE, lysosomal enzymes; LTA,
lipoteichoic acid; NO, nitric oxide; O2, superoxide anion; PGE2, prostaglandin E2; SP,
sex pheromones; and TNF, tumor necrosis factor. Adapted from (Kayaoglu and @rstavik,
2004).
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1.6.3 Enterococcus and antibiotic resistance

The antibiotic resistance characteristics of the genus Enterococcus can generally
be categorised as intrinsic resistance, tolerance, and acquired resistance. They are
intrinsically resistant to many generally used antimicrobials (Kristich, 2014). Their
resistance ranges between high-level resistance to most cephalosporins and all semi-
synthetic penicillins to low-level resistance to penicillin and ampicillin due to expression
of low-affinity penicillin-binding proteins. In addition, many E. faecalis contain the Isa
gene that encodes an ATP-binding protein which confers intrinsic resistance to
quinupristin/dalforistin (Q/D) (Singh et al., 2002). B-lactam antibiotics and vancomycin,
which exhibits bactericidal activity of cell-wall active agents, can be tolerated by
enterococci. However, if high concentrated level of these agents are used (which exceed
the inhibitory concentration) or used in combination with aminoglycosides (Gentamicin
and streptomycin) such as penicillin-streptomycin (Rice and Carias, 1998, Jensen et al.,
1999), enterococci could be eliminated. Such a synergistic effect is suggested to be related
to the rise in the uptake of the aminoglycoside molecule by the bacterium after the
alteration of the cell wall (Arias and Murray, 2008). Interestingly, E. faecalis is well
known for its ability to become resistant to almost any antimicrobial drug used in clinical
practice, including antibiotics of last resort- e.g. Vancomycin. For example, the
Enterococcus strain V583, was the first of the vancomycin-resistant E. faecalis clinical
isolates, and has a genome that harbours approximately 25% of acquired DNA (Polidori
et al., 2011). The extent of acquired antibiotic resistance appear to be linked to the
clustered, regularly interspaced short palindromic repeats with cas genes (CRISPR-cas)
which provide immunity against forign phage infections and plasmid uptake. However,
the V583 strain does not have CRISPR-cas systems which in turn makes it accept foreign
plasmids that might harbour antibiotic resistance genes (Palmer and Gilmore, 2010). In
evidence of this highly chimeric genome, horizontal gene-transfer among enterococci
occurs through plasmids transfer, for example, pheromone-responsive plasmids and
several broad host range (conjugative) plasmids, pAMB1, pIP501, and pSM19035
(Panesso et al., 2005). Another example, pCF10 is a plasmid that encodes resistance to
tetracycline and minocycline (harbours the tet(M) gene conjugative transposon Tn925)
and has been associated with the transfer of VanB-type vancomycin resistance (Zheng et
al., 2009). In the context of horizontal gene transfer, pheromones are peptide fragments

(7 or 8 amino acids long) secreted by recipient E. faecalis strains that do not have definite
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plasmids. In response, the donor cells secrete AS adhesin that leads to clumping of donor
and recipient cells that facilitates the conjugative transfer of plasmids (Weaver and
Clewell, 1989). However, pheromone-responsive plasmids to date could only be able to
replicate with enterococcal species, while broad host-range pAMpB1 and pIP501 could
transfer to other species (staphylococci and streptococci), and then transfer back into

enterococci in vitro (Bruand et al., 1993, Qu et al., 2012).
1.7 Dental plague and antimicrobial resistance

Periodontal pathogens accumulate in subgingival or periodontal plaque, which is
considered as a type of biofilm. Many researchers have shown that the biofilm provides
protection to the inhabitant bacteria against antimicrobials (Wright et al., 1997, Shani et
al., 2000, Zaura-Avrite et al., 2001). This has been shown by comparing the susceptibility
to antimicrobials of biofilm and planktonic cells. For example, P. gingivalis biofilm is
more resistant to amoxycillin, doxycycline, metronidazole than planktonic cells (Larsen,
2002, Noiri et al., 2003).

15-20% by volume of biofilm is composed of microcolonies distributed randomly
within the matrix, which represents the remaining 80-85% volume. The matrix is
composed predominantly of water and aqueous solutes, extracellular polymeric
substances (EPS) such as proteins (<1-2%) including enzymes, DNA (<1%),
polysaccharides (1-2%) and RNA (<1%) (Socransky and Haffajee, 2002). The dry weight
of matrix is composed mainly of exopolysaccharides produced by bacteria within the
biofilm, while the remaining components are proteins, salts and cell material (Sutherland,
2001). The matrix of the biofilm offers several mechanisms to protect its bacteria against
antibiotics. It performs a homeostatic function that enables the bacteria in the deepest
layers to slow their growth rate, thereby becoming less exposed to antimicrobial activity
than the superficial fast growing bacteria (Ashby et al., 1994, Brooun et al., 2000).
Furthermore, the matrix contains extracellular enzymes that have specific inactivation
potential to certain, but not all, antibiotics such as B-lactamases (Nichols, 1994). In
addition, it possesses precise chemical properties that retard the diffusion of antibiotics
through the biofilm (Gilbert and Allison, 1999).

Resistance is not simply confined to the penetration of antibiotics, but has also
been shown to occur at the cellular level in pathogenic bacteria within the biofilm as

represented by changes in phenotype or genotype (Suci et al., 1994). In addition, these
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bacteria can acquire pumping capabilities (Pump theory), by which they can extrude
unwanted antimicrobial agents from the cell to the outside; thus antibiotics can no longer
affect the cell wall synthesis (Brooun et al., 2000). Furthermore, different cells in the
biofilm can transfer antibiotic resistant genes within them through bidirectional
horizontal gene transfer, such as erythromycin resistance between E. faecalis and S.

gordonii isolated from root canal abscesses (Sedgley et al., 2008).

Finally, besides the above, the overuse of antibiotics (Serrano et al., 2008),
provides the pathogenic bacteria with selection pressure that promotes evolution of extra
resistance characteristics to routinely used antimicrobials, which highlights the need for
new novel methods of treatment as well as improved antibiotic stewardship and

compliance.

1.8 Timeline of antibiotic resistance

Antibiotics have not only played a crucial role in increasing the average life span
worldwide through elimination of deadly infection but have also provided the basis for
new developments in medicine and surgery (Piddock, 2012, Rossolini et al., 2014). In
addition, intrapartum antibiotic prophylaxis had reduced infant mortality associated with
group B streptococcal disease during the past decades (Schrag et al., 2000). They aid in
the prevention and treatment of infections associated with chronic diseases such as
diabetes and end-stage renal disease or infections associated with patients subjected to
organ transplant and cardiac surgery (Gould and Bal, 2013, Wright, 2014, Rossolini et
al., 2014). Unfortunately, there is now resistance to nearly all antibiotics that have been
developed (Figurel.12). Resistance started to be noticed in the 1940s, almost immediately
after the discovery of penicillin by Sir Alexander Fleming in 1928 (Piddock, 2012,
Sengupta et al., 2013). As a result of this threat, new -lactam antibiotics were developed
to overcome the new serious infections that could not be treated by penicillin (Sengupta
et al., 2013, Spellberg et al., 2013). However, during the same decade, methicillin-
resistant Staphylococcus aureus (MRSA) was recognised in the United Kingdom in 1962
and in the United States in 1968 (Sengupta et al., 2013, Control and Prevention, 2015)
(Figure 1.12). In 1972, vancomycin was introduced into clinical practice as the antibiotic
of choice for methicillin-resistant S. aureus (MRSA) infections (Van Hal and Fowler,
2013). This glycopeptide has been used for more than 30 years, perpetuating the idea of
the irresistible antibiotic. Nevertheless, vancomycin-resistant enterococci (Joosten et al.)

were reported both in the UK and in France in 1988 (Uttley et al., 1988, Leclercq et al.,
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1988) and eventually emerged worldwide (Bonten et al., 2001). Since 1996, vancomycin-
intermediate S. aureus (VISA), hetero-resistant VISA (hVISA) and vancomycin-resistant
S. aureus (VRSA) isolates have emerged, associated with poorer outcomes, elevating the
level of concern (Hiramatsu et al., 1997, Control and Prevention, 2002). Since that time,
the supply of available antibiotics has begun to dry up due to production of fewer new
drugs, and bacterial infections have again become a threat. The rapid emergence of
resistant bacteria has been described by health organisations as a “crisis” or “nightmare
scenario” that could have “catastrophic consequences” (Spellberg et al., 2013,
Viswanathan, 2014), and in 2014 the World Health Organization (WHO) warned of the
increasing seriousness of the antibiotic resistance crisis (Michael et al., 2014). The G-
positive pathogens that now present as the main threats are S. aureus and Enterococcus
species (Rossolini et al., 2014, Control and Prevention, 2015). This is due to the fact that
in the USA infection with MRSA results in more deaths than HIV/AIDS, Parkinson’s
disease, emphysema, and homicide combined (Gross, 2013, Golkar et al., 2014), and
rising figures of MDR (multi drug resistance) indicate that enterococci isolates have
developed resistance not only to vancomycin but also to many common antibiotics
(Golkar et al., 2014). In addition, the epidemic resistance of the respiratory bacteria S.
pneumoniae and Mycobacterium tuberculosis is considered as a major concern for the
future (Rossolini et al., 2014). In addition, G-negative bacteria have been announced to
be a major threat to future human health, with organisms that include MDR bacilli and
Enterobacteriaceae (mostly Klebsiella pneumoniae), Pseudomonas aeruginosa, and
Acinetobacter (Rossolini et al., 2014, Control and Prevention, 2015) that occur in health
care settings, and B-lactamase-producing Escherichia coli and Neisseria gonorrhoeae
that are becoming increasingly prevalent in the community (Rossolini et al., 2014).
Carbapenem-resistant Acinetobacter strains (mostly Acinetobacter baumannii) became
an important participant in the current antibiotic resistance crisis regarding healthcare-
associated infections in Europe, Latin America and the Far East which are challenging
due to resistance to almost all anti-Acinetobacter agents (Pogue et al., 2013, Zarrilli et
al., 2013). In addition, it considered a major multidrug-resistant pathogen associated with
extremity injuries infections during combat such as conflicts in Afghanistan and Iraq
(Murray et al., 2011, Richards et al., 2015).
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Figure 1.12 Developing antibiotic resistance: A Timeline of Key Events. Adapted

from (Ventola, 2015).
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1.9 Periodontal disease

1.9.1 Pathogenesis of periodontal disease

Periodontal disease is a general term used to describe inflammatory processes in
the periodontium caused by bacterial plaque accumulation, and these are characterised by
inflammation of gingival tissues, the formation of periodontal pockets, gingival
recession, increased tooth mobility and alveolar bone resorption (Neumann et al., 2004).
Usually, there are three statuses concerned in periodontal disease description: health,
gingivitis and periodontitis (Armitage, 2004). The plaque induced disease form, in which
the bacteria are considered the primary etiological factor, involves gingivitis and
periodontitis, which both have positive correlation with poor oral hygiene, although most
of the tissue destruction is thought to be due to the host’s response (Schenkein, 2006).
Smoking and diabetes are considered as risk factors for periodontal disease occurrence
(Baharin et al., 2006, Mealey and Oates, 2006). There are eight basic types of
periodontitis based on the onset, pattern of infection and the host response (the first two
types are the most common forms of periodontal disease): I. Gingival disease, 11. Chronic
periodontitis, I1l1l. Aggressive periodontitis, IV. Periodontitis as a manifestation of
systemic diseases, V. Necrotizing periodontal disease, VI. Abscesses of the
periodontium, VII. Periodontitis associated with endodontic lesions, and VIII.

Development of acquired deformities and conditions (Armitage, 2002).

Gingivitis is a reversible inflammation of the gingiva with no alveolar bone
resorption or clinical attachment loss, while chronic periodontitis is usually associated
with clinical attachment loss, alveolar bone loss, true pocket formation and inflammation
of gingiva clinically (Flemmig, 1999). Gingivitis does not always progress to
periodontitis despite continued plaque accumulation, and it appears that the host immune
response may control the progression of disease, leading to a more complex pathology
(LOe et al., 1986). Consequently, both the bacterial composition and the host reaction
response will determine the progression of periodontal disease (Beck et al., 1996).
However, it is not clear how much of the damage to periodontal tissue is due to direct
effects of the bacteria and how far the immune response evokes that reaction against the

bacterial invasion (L6e et al., 1965).

Chronic inflammatory periodontal disease develops in four different steps: the

initial, the early, the established and the advanced lesion which is generally viewed as
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periodontitis (Page and Schroeder, 1976). In response to bacterial plaque proliferation in
the sulcus during the initial and early stages, leukocytes (predominantly neutrophils)
migrate into the junctional epithelium and underlying tissue. Neutrophils within the
gingival crevices can phagocytose and digest bacteria, which can then lead to
degranulation (Offenbacher, 1996, Marsh and Devine, 2011). Bacterial toxin secretion
and release of enzymes following neutrophil degranulation causes tissue damage, and if
the bacteria penetrate deeper into the sulcus the inflammatory reaction begins to destruct
the deeper supporting tissues of the tooth (periodontal ligament, gingival connective
tissue and alveolar bone) (Offenbacher, 1996) (Figure 1.13). In the established lesion, a
pocket forms around the tooth, signifying a progression to periodontitis as the disease is
no longer confined to the gingivae (Listgarten, 1986). Due to the movement of the
junctional epithelium caused by the damage that occurred, reversal of the disease to the
original healthy state is no longer possible. At this stage, the inflammatory infiltrate is
characterised by the predominance of immune cells and by several modifications of the
milieu: secretion of antibodies, activation of the complement by opsonised antigens,
production of several interleukins (notably IL1) and increase of the production of
inflammatory prostaglandin. Later in the advanced stage, the pocket that forms becomes
inhabited by anaerobic microorganisms in the deeper parts, and some of these produce
tissue-destroying enzymes like collagenases and/or toxins (Feng and Weinberg, 2006,
Dahan et al., 2001). Collagen destruction and junctional epithelium migration continue.
Exacerbation of the inflammatory response leads to bone loss by activation of osteoclast
cells. Certain genetic and environmental factors, such as compromised immunity,
hormonal factors and smoking, are believed to be risk issues for periodontal diseases
(Page and Kornman, 1997). Several studies have demonstrated the relation between
smoking and the loss of periodontal attachment and progression of periodontal disease
(Martinez-Canut et al., 1995, Bergstrom et al., 2000). Palmer et al. (2005) suggested that
smoking causes weakness in the host immune response towards the bacterial biofilm, as
a result of the reduction in the transmigration of neutrophils to the periodontal tissue and

the drop in its phagocytic ability.
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Figure 1.13 Cross-sectional representation of a posterior tooth in health and disease.
Periodontitis is associated with the classical gum recession, formation of deep periodontal
pockets and a proliferation of subgingival bacteria (green circles) which mainly
contributed to prolonged plaque biofilm formation (green material). Adapted from

(Douglas et al., 2014) with permission.

1.9.2 Bacteriology of periodontal disease

The oral cavity represents an ecological niche for the large number of bacteria
comprising what is called the oral microbiota (Paster et al., 2001). More than 400
bacterial species may be cultivated from subgingival plaque inside the oral cavity and it
is estimated that more than half that number again remain uncultivated (Socransky et al.,
1998, Aas et al., 2005). Although gingivitis is considered the result of increased plaque
mass, it may be considered a natural reaction that permits commensal carriage of bacteria
mediated by normal physiological defence mechanisms of the host in its controlled form
(Marsh, 2000). Facultative anaerobic G-positive strains are predominant in the
supragingival dental plaque of healthy subjects (Socransky et al., 1998). In gingivitis, the
proportion of G-negative anaerobic species increases and if plaque is allowed to mature,
gingivitis can progress to periodontitis associated with the increased number of certain
obligatory anaerobic bacteria within this plaque mass (Socransky et al., 1998, Moore and
Moore, 1994). In a more recent study, Kistler et al. (2013) used 454-pyrosequencing to
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examine the bacterial composition of dental plaque in experimental gingivitis, comparing
the oral microbiome of healthy with one and two weeks gingivitis. Aerobic and
facultatively anaerobic G-positive cocci and rods, including members of the genera
Actinomyces, Rothia and Streptococcus, were predominant in healthy individuals and
negatively correlated with bleeding on probing. However, G-negative cocci and rods as
well as filaments, spirilla and spirochetes increased in relative abundance as gingivitis
developed, and these, represented by the genera Campylobacter, Fusobacterium,
Lautropia, Leptotrichia, Porphyromonas, Selenomonas, and Tannerella, were positively

correlated with bleeding in probing scores.

Gross accumulation of dental biofilm to the point that it overcomes the host
defences is considered to be an aetiological factor of periodontal disease. This theory is
described as the “non-specific plaque hypothesis” (Theilade, 1986). Consequently, the
concept of individual bacterial species within dental biofilm as a causative factor of
periodontal disease was put forward and named “specific plaque hypothesis”, which
assumed that the increase in numbers of a few bacterial species is the cause behind
periodontal disease (Loesche, 1975). The “ecological plaque hypothesis” (Marsh, 1992,
Marsh and Bradshaw, 1995) considered that the inflammatory response that occurs in
gingivitis has the ability to alter the resident microflora in a direction favourable to
periodontal pathogens which, under the correct conditions, go on to cause periodontitis.
Furthermore, the inflammatory response produces substrates that are advantageous to the
initially low numbers of pathogenic G-negative anaerobes, leading to an increase in their
numbers and their metabolic by-products, which in turn favours their proliferation and

suppression of the normal host microbiome (Marsh, 2003) (Figure 1.14).
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Figure 1.14 The “‘ecological plaque hypothesis’’ in relation to periodontal disease.
There is a dynamic relationship between the host environment and the resident
subgingival microbiota. An increase in levels of biofilm around the gingival margin leads
to a host inflammatory response which, in turn, alters local environmental conditions.
These changes will select for a more proteolytic microbial community, which will
continue to drive the inflammatory response, providing further selection pressures for a
proteolytic and anaerobic microbial consortium that is better adapted to the new

environment. Adapted from (Marsh and Devine, 2011) with permission.

Socransky et al. (1998) employed cluster analysis of subgingival plague samples
to show that microbial complexes existed within this plague. They mentioned six closely
associated groups of bacterial species (Figure 1.15). Four of these are early colonisers of
the tooth surface represented by Actinomyces, a yellow complex consisting of members
of the genus Streptococcus, a green complex consisting of (Capnocytophaga species,
Aggregatibacter actinomycetemcomitans serotype a, Eikenella corrodens and
Campylobacter concisus), and a purple complex consisting of Veillonella parvula and
Actinomyces odontolyticus. The last two groups of complexes are considered late
colonisers of the tooth surface and are represented by the red complex containing P.
gingivalis, T. forsythia and T. denticola, with the orange complex consisting mainly of

(Fusobacterium nucleatum subspecies and Prevotella subspecies).
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Figure 1.15 The association among subgingival species. The base on the left is
comprised of species thought to colonise the tooth surface and proliferate at an early
stage. The orange complex becomes numerically more dominant later and is thought to
bridge the early colonisers and the red complex species which become numerically more
dominant at late stages in plaque development. Adapted from (Socransky et al., 1998)

with permission.

The red complex species were rarely detected in the absence of members of other
““‘complexes’’, especially the ‘‘orange complex”. Both red and orange complexes are
recognised to be the cause of periodontal disease, with their constituent bacteria being
more dominant in pockets exhibiting periodontitis (Socransky et al., 1998, Socransky and
Haffajee, 2002). In addition, they possess the ability to produce virulence factors that are
capable of causing direct damage to the extracellular matrix, such as proteinases,
epitheliotoxin, cytolethal distending toxin, hemolysin and cytotoxic virulence factors that
enable it to evoke an immune response, such as ammonia, and hydrogen sulfide (Haffajee
and Socransky, 1994). The notion of periodontal complexes supported the latest theory,
named ‘‘keystone pathogen hypothesis” (Hajishengallis et al., 2012). At low abundance,
keystone pathogens such as P. gingivalis manipulate host response to promote
remodelling both the composition and levels of community participants transferring the

normal symbiotic microbiota into a dysbiotic one (Hajishengallis et al., 2012,
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Hajishengallis and Lamont, 2016). In this context keystone pathogens are risk factors
rather than causative agents of disease (Hajishengallis and Lamont, 2016). Furthermore,
P. gingivalis produces trypsin-like proteases, which are considered as virulence factors
in periodontitis (Sorsa et al., 1994). Among these, Lys-gingipain plays a vital role in the
development of periodontal disease via the direct destruction of periodontal tissue
(degraded human type | collagen) and the disturbance of normal host defence
mechanisms (immunoglobulins G and A) (Abe et al., 1998). Several virulence factors
have been recognised in T. forsythia: trypsin-like (Grenier, 1995), cytotoxic
methylglyoxal (Maiden et al., 2004), sialic acid utilisation and uptake (Roy et al., 2010),
a-D-glucosidase and N-acetyl-b-glucosaminidase by which T. forsythia can modify the
harmful host proteins effect to protect them and other crevicular bacteria (Hughes et al.,
2003) and apoptosis-inducing activity represented by forsythia detaching factor and
relating to the disintegration of tissues (Nakajima et al., 2006). In addition, leucine-rich
repeat cell-surface-associated and secreted protein BspA may play a role in its adherence
to oral tissues or triggering the host immune response (Sharma et al., 1998), while
haemoglobin releasing PrtH may participate in increasing the hemin concentration in
periodontal sites (Saito et al., 1997), and the sialidases SiaH and NanH play an important
role in cell wall synthesis, nutrition and modify the host cell membranes to provide

nutrition for their growth (Thompson et al., 2009).

Of the other bacteria that are often associated with periodontal disease, and many
other oral bacterial conditions- such as endodontic infections, Fusobacterium nucleatum
is notable. It was included by Socransky in the Orange complex of organisms, but its
high prevalence orally, means it is worthy of special mention and is the subject of the

next section.
1.9.3 Fusobacterium nucleatum, periodontal and other oral and non-oral diseases

F. nucleatum subspecies are G-negative anaerobes with a characteristic long
fusiform shape (Figure 1.16). They are prominent in the oral microbiota and important in
biofilm ecology and human infectious diseases (Kondnen, 2000, Ximenez-Fyvie et al.,
2000). Concerning the oral cavity, F. nucleatum species were found to be abundant in
both diseased and healthy individuals (Moore and Moore, 1994, Loozen et al., 2014).
Griffen et al. (2012) performed 454 pyrosequencing of 16S rRNA genes to compare
subgingival microbiom from both 29 chronic periodontitis subjects and 29 healthy

controls. They concluded that F. nucleatum is prevalent in both groups but their numbers
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were significantly higher in disease pockets. There is an increase in the prevalence of F.
nucleatum with the increase in the severity and progression of inflammation in
periodontal disease (Moore and Moore, 1994, Yang et al., 2014). In addition, they could
be detected in both reversible forms of gingivitis and the advanced forms of periodontitis
including chronic periodontitis and generalized aggressive periodontitis (Kistler et al.,
2013, Yang et al., 2014, Liu et al., 2014). It can be also associated with endodontic
infections such as periapical periodontitis and intraradicular endodontic infections
(Didilescu et al., 2012, Fujii et al., 2009, Vianna et al., 2006), and also in head and neck
infections such as acute mastoiditis, sinusitis, tonsillitis and chronic otitis (Brook, 1994,
Han, 2011b).

There are five subspecies of F. nucleatum that inhabit the human oral cavity: F.
nucleatum subsp. nucleatum, F. nucleatum subsp. polymorphum, F. nucleatum subsp.
fusiforme, F. nucleatum subsp. vincentii, and F. nucleatum subsp. animalis (Dzink et al.,
1990, Bolstad et al., 1996, Karpathy et al., 2007). The complete genomes of F. nucleatum
subsp. nucleatum ATCC 25586 (FNN) (Kapatral et al., 2002), F. nucleatum subsp.
polymorphum ATCC 10953 (FNP) (Karpathy et al., 2007) are published. In addition, a
partially sequenced genome for F. nucleatum subsp. vincentii ATCC 49256 (FNV) is also
available (Kapatral et al., 2003). F. nucleatum with Prevotella intermedia form the main
organisms of the orange complex that have strong correlation with the red complex
species (Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola) as

the latter were rarely found in the absence of the former (Socransky et al., 1998).

Importantly, F. nucleatum is thought to act as a bridging organism that connects
early G-positive colonisers and the late anaerobic G-negative species of the red complex,
though may also play a major role in pathogenic plaque establishment (Kolenbrander,
2000, Kolenbrander et al., 2006). Mono-species infection with F. nucleatum induces
periodontal abscess associated with bone loss in mice animal model (Casarin et al., 2013).
In addition, F. nucleatum has been shown to have a positive synergistic effect on T.
forsythia (Sharma et al., 2005) and P. gingivalis (Bradshaw et al., 1998) in both biofilm
growth and cellular invasion experiments as well as acting synergistically with T.
forsythia to induce alveolar bone loss in a mouse periodontitis model (Settem et al.,
2012).
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F. nucleatum is also recognised as one of the most ubiquitous species found in
extra-oral infections (Han and Wang, 2013). However, they are occasionally associated
present as part of a normal flora with their occurrence starting to be detected under
diseased conditions (Aagaard et al., 2012, Segata et al., 2012). Recently, more and more
they are considered as one of the microorganisms that play a significant roles in human
diseases (Han, 2015). Several studies linked between the severity of periodontal disease
and detection of F. nucleatum in cardiovascular diseases such as the increase in the
frequency of detecting F. nucleatum in atherosclerotic plaques (Han and Wang, 2013,
Elkaim et al., 2008) and the improvement of the rheumatoid arthritis clinical outcomes
associated with periodontal treatment (Ortiz et al., 2009). F. nucleatum is by far the most
prominent oral species that is implicated in adverse pregnancy outcomes that includes
preterm labor, preterm premature rupture of membranes, miscarriage, etc (Casarin et al.,
2013) and it has been suggested that hematogenous transmission of F. nucleatum from
the maternal oral cavity is responsible for the bacterial translocation to the intrauterine
cavity (Han, 2011a, Han, 2011c).

F. nucleatum possesses several virulence mechanisms that aid this
microorganisms to participate successfully in oral and extra-oral infections, those
virulence mechanisms can be divided into colonization and dissemination, and host

responses induction (Han, 2011b).

Several adhesins had been identified in F. nucleatum represented by Fap2, RadD,
and aid, which are utilized for interspecies interactions (Kaplan et al., 2014, Kaplan et
al., 2009, Kaplan et al., 2010). In addition, it possesses the capability to interact with
mammalian cells i.e. endothelial cells, PMNs, and fibroblasts as well as various
molecules such as salivary macromolecules, human IgG, and extracellular matrix proteins
(Han, 2011b, Bachrach et al., 2005). FadA is the best characterised adhesin that utilized
by F. nucleatum for host cells binding (Han, 2011b). This virulence factor is encoded by
both F. nucleatum and F. periodonticum and used as potential diagnostic marker for both
species detection (Han et al., 2005). FadA is more frequently detected in dental plaque
samples from patients with periodontal diseases such as gingivitis and periodontitis (Liu
etal., 2014). Rubinstein et al. (2013) showed an increased level of fadA gene levels from
F. nucleatum in colon cancer compared to lower gene level in normal individuals
(Rubinstein et al., 2013). FadA allows the direct bacterial invasion into the host cells, and
causes loosened cell-cell junctions, and thus increasing endothelial permeability as it

binds to VE-cadherin on the endothelial cells (it also binds to E-cadherin on epithelial
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cells and colorectal cancer cells) (Fardini et al., 2011). F. nucleatum also facilitates the
penetration of other bacteria into loosened endothelial cells and thus improves the
invasion process, such as Streptococcus cristatus and E. coli, and this is probably the
reason behind F. nucleatum having an association with other bacterial species in mixed
infections (Fardini et al., 2011, Edwards et al., 2006).

F. nucleatum induces a range of host responses (Han, 2011b). Han et al. (2000)
studied the interactions between human gingival epithelial cells and a group of G-
negative periodontal pathogens including T. forsythus, F. nucleatum, P. gingivalis, and
P. intermedia using an in vitro tissue culture model. The study revealed that the adherence
and invasion of F. nucleatum was associated with high levels of inflammatory cytokine
IL-8 secretion from the epithelial cells. In another study, the secretions of TNF-o was
detected when F. nucleatum incubated with the immune NK cells as a results of direct
recognition of natural cytotoxicity receptor NKp46 to the invaded F. nucleatum (Chaushu
et al., 2012). In addition, it had been demonstrated that F. nucleatum induces human
lymphocyte cell death (lymphocyte apoptosis) via its outer membrane proteins Fap2 and
RadD, which share regions homologous to Jurkat cells autotransporter secretion systems
(type Va secretion systems) (Kaplan et al., 2010). FAD-I from F. nucleatum induces -
defensin 2 (which regulate adaptive immune functions) upon contact from human oral
epithelial cells (Gupta et al., 2010).

The members of the genus Fusobacterium to date are genetically intractable due
to fact that they are not associated with phage transduction or well known conjugation
and natural transformation mechanisms, and thus study their biology were slowed down
(Hanetal., 2007, McGuire et al., 2014). This is in part due to the variation and differences
in restriction-endonuclease systems that Fusobacterium species harbored which cleave
foreign DNA irrespective of the extent of methylation (Lui et al., 1979). McGuire et al.
(2014) applied whole-genome sequencing and comparative analysis from a diverse set of
Fusobacterium species to study their genetic determinants of evolution in host cell
invasion. They concluded that active virulent species have larger genomes (e.g. F.
nucleatum and F. periodonticum) than passive invaders (e.g. F. necrophorum). In
addition, the active invaders species genome harbored twice the number of genes

encoding membrane-associated proteins than the passive invader genomes.

F. nucleatum has increasingly brought attention as an emerging pathogen, it is

actively participate in diverse infections that affected the oral cavity, head and neck, and
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human body. In addition, it is recently recognised as an opportunistic commensal turned
pathogen that has been overlooked previously. F. nucleatum is an important participants
in periodontal disease that been linked to a diverse of human pathologies. However, little
is known about the affect of mobile genetic elements on the overall virulence of F.
nucleatum to date due to its genetic intractability. Thus, it is crucial to close this
knowledge gap and further investigates these pathogens that will ultimately enable the
development of diagnostic and therapeutic strategies for the detection and treatment of

Fusobacterium associated infections.

Figure 1.16 Gram stain of F. nucleatum clinical strain. This strain was isolated in

this study using TSBV selective media see section 4.2.
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1.9.4 Treatment of periodontal disease

Currently the treatment for periodontal diseases in dental practice involves two
basic procedures, namely mechanical debridement to remove plaque and calculus and the
use of adjunctive oral antimicrobial agents. These may be locally or systemically
administered. Mechanical removal of plaque and calculus from the tooth crown and root
surface will disrupt the biofilm that causes periodontal inflammation (Pihlstrom et al.,
2005). This is usually achieved by the use of hand instruments or ultrasonic powered
instruments in scaling and root surface debridement procedures, leading to disruption of
the pathogenic microbiome present on tooth surfaces to allow the body to overcome the
pathogenic status and return to a normal healthy resident microflora plaque. In addition,
successful treatment is dependent on the patient cleaning their dentition on a daily basis.
Occasionally a mouthwash may be used as an adjunct to treatment in order to reduce
tissue inflammation and decrease periodontal pocket depths (Cobb, 1996). In addition,
those with systemic disease that affects the host response and the periodontal condition

may benefit from the adjunctive use of antimirobials (Pihlstrom et al., 2005, Slots, 2004).

Several clinical studies have demonstrated that the use of azithromycin as a
systemic antimicrobial and anti-inflammatory has the potential to improve chronic
periodontitis (Smith et al., 2002, Haffajee et al., 2007). Haas et al. (2008) showed that
the adjunctive use of azithromycin on a patient suffering from aggressive periodontitis
significantly reduces the periodontal probing depth and improves attachment gain.
Azithromycin has a wide antimicrobial spectrum with in vitro activity against aerobic and
anaerobic G-negative microorganisms (Williams et al., 1992) and exhibits an excellent
ability to penetrate into both normal and pathological periodontal tissues (Blandizzi et
al., 1999). However, combination drug therapies, aimed at enlarging the antimicrobials
spectrum and exploiting synergy between antibiotics, are often indicated in cases with
complex mixed periodontal infections, for example, the combination of amoxicillin and
metronidazole to eradicate Aggregatibacter actinomycetemcomitans and suppression of
Porphyromonas gingivalis in recalcitrant adult periodontitis (van Winkelhoff et al.,
1992).

Despite the positive results associated with the use of antibiotics as an adjunct to
mechanical treatment, new reports have mentioned a rise in resistance against the usual
prescribed antibiotics by pathogenic bacteria, and this is a cause for concern (Ardila et
al., 2010, Kulik et al., 2008).
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1.10 Hypothesis and aims

1.10.1 Hypothesis

Novel bacteriophages and phage endolysins with therapeutic potential against

endodontic and oral associated pathogens can be isolated from human and wider

environments and have therapeutic potential.

1.10.2 Aims and objectives

Aim 1:

Aim 2:

The aims of the research have been divided into two parts:

Characterisation of Fusobacterium nucleatum polymorphum ATCC 10953

prophage and potential prophage lysins:

Knowing that phage lysis module encodes a hydrolytic protein against bacterial
cell wall peptidoglycan, we therefore set out to isolate and purify the protein to
examine its potential antimicrobial activity.

Investigating the possibility of prophage induction from Fusobacterium
nucleatum polymorphum ATCC 10953.

Studying the effect of prophage on Fusobacterium nucleatum polymorphum
ATCC 10953 virulence.

Examine the presence of Fusobacterium nucleatum polymorphum and its
prophage in clinical plaque samples taken from chronic periodontitis cases of

patients receiving periodontal treatment.

Isolation of lytic bacteriophages targeted against endodontic and oral

infection associated pathogens through:

Detection of bacteriophages in samples taken from human oral saliva and dental
plaque.

Isolation of a range of bacteriophages using other sources from the wider
environment, such as sewage wastewater.

Morphological, genomic characterisation of the isolated bacteriophages.
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Determining the phage-host range of any isolated bacteriophage against a range

of oral laboratory and clinical oral strains.
Testing the efficiency of isolated phages towards biofilm elimination.

Establishment of animal model for testing phage towards bacterial infection.
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Chapter 2: Materials and Methods
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2. Materials and methods

All chemicals in this study were from Sigma-Aldrich Company Ltd, Dorset, UK

unless otherwise stated.

Chapter 2

2.1 Bacterial strains, plasmid vector and primers

Bacterial strains, plasmid vector and primers used are described in Tables 2.1, 2.2,

2.3,2.4and 2.5.

Table 2.1 Anaerobic bacterial strains used in this study.

Strains

Origin

Fusobacterium nucleatum
polymorphum ATCC 10953

Purchased from ATCC biological resource centre

(FNP)

Fusobacterium nucleatum o - .
nucleatum ATCC 25586 Lab strain Gift from Profesig;“\j/glnlllam Wade, Kings college,
(FNN)

Clinical strains source: dental plaque

Sheffield, UK.

of patient attending Periodontology Clinic at the Charles Clifford Dental Hospital,

F. animalis Shef2

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

F. animalis Shef3

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

F. nucleatum Shef4

Graham Stafford collection

, School of Clinical Dentistry,

University of Sheffield

F. polymorphom Shef

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella intermedia
Shef6

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella melaninogenica
Shefl4

Graham Stafford collection

, School of Clinical Dentistry,

University of Sheffield

Prevotella tannerae Shef21

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella Shef9

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella salivae Shef12

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella denticola Shef22

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Prevotella buccae Shefl3

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Porpheromonas gingivalis
Shefl10

Graham Stafford collection,

School of Clinical Dentistry,

University of Sheffield

Porpheromonas gingivalis
Shefl5

Graham Stafford collection

, School of Clinical Dentistry,

University of Sheffield
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Table 2.2 E. coli strains used in transformation.
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Strain Genotype Source

DH5a F —@80dlacZAM15 A(lacZYA-argF) U169 | New  England

deoR recAl endAl hsdR17(rk—, mk+) phoA | Biolabs (NEB)
supE44 J— thi-1 gyrA96 relAl

BL21(DE3) F —ompT, hsdSp(rfi—mp-) dcm gal Stratagene

MDE3 [lacl, lacUV5-T7, genel,
ind1, sam7, nin5])

C41(DE3) F —ompT, hsdSp(rf—mp—) dcm lon Graham
Stafford
collection

Table 2.3 Plasmid vector used in this study.

Plasmid Description Phenotype Reference/
source
pGEX-4T-3 | Ptac (tac promoter) driven ampicillin GE Healthcare
glutathione S-transferase fusion | resistant Life Science
expression vector
pET15b T7lac, N terminal, His Tag, ampicillin Novagene
suitable as a cloning and resistant
expression vector

pET28a T7lac, N terminal, His Tag, kanamycin Novagene

suitable as a cloning and resistance
expression vector

pJET1.2/blunt | T7 promoter, suitable as cloning | ampicillin Thermo

vector resistant Scientific, UK
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Table 2.4 Primers used in this study and their details.

Name Oligonucleotide Sequence

FNP rpoB F 5> TGCTCTGGCATGCATTTTGT 3°

FNP rpoB R 5> ATGGGATTCATGCCTTGGGA 3’

FNP 1688 F 5 CTCCGGGTCAAGTTGAAGCA ¥’

FNP 1688 R 5’ TGCGTTTGCTGATATTGCTGG 3’

FNP 1707 F 5> AAACATATGAAAAAAGTTGCTTTAATAATAGG 3’

FNP 1707 R 5> TTTGGATCCTTAAACCTCCTTAACTGATC 3’

16s 27F 5> AGAGTTTGATYMTGGCTCA 3°

16s 519R 5’ GWATTACCGCGGCKGCTG 3’

T7 primer F 5> TAATACGACTCACTATAGGG 3°

T7 primer R 5" CCGCTGAGCAATAACTAGC 3’

pJET1.2 F 5’CGACTCACTATAGGGAGAGCGGC3’
PJET1.2R S’AAGAACATCGATTTTCCATGGCAG3’
pGEX F 5’GGGCTGGCAAGCCACGTTTGGTG3’
pGEXR 5’CCGGGAGCTGCATGTGTCAGAGGS’

F=forward, R=reverse

2.1.1 Anaerobic clinical bacterial source and growth conditions

All anaerobic clinical strains were isolated from the dental plague obtained from
deep periodontal pockets of patients with chronic periodontitis by my colleague Sarhang
Gul (Table 2.1). Ethical approval was obtained from Yorkshire and Humberside NRES
Committee (study number 17158) and undertaken between 2013 and 2015 (Apendix 3).

Anaerobic bacteria were routinely grown either on fastidious anaerobe (FA) agar
(LabM Limited, UK) plates containing 7% horse blood (Oxoid, UK) or in liquid culture
brain-heart infusion (BHI) (Gould and Bal) broth (Sigma, UK) containing 0.5% yeast
extract (YE) (Oxoid, UK), 5.0 pg/ml haemin (Sigma, UK), 1.0 pg/ml cysteine (ICN
Biomedicals Ltd, UK) and 2.0 pg/ml menadione sodium bisulphate (vitamin K) (Sigma,
UK). They grow at 37°C until colony formation on plates or sufficient liquid culture had
taken place in an anaerobic cabinet (Don Whiteley Scientific, UK) with an atmosphere
consisting of 10% CO., 10% H: and 80% N2 gases (BOC, UK). The bacteria were long
term stored at -80°C in a mixture of their respective liquid culture and 20% glycerol (v/v).
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2.1.2 E. coli strains

E. coli strains were routinely grown aerobically on Luria-Bertani (LB) agar
(Sigma, UK) plates supplemented with 50 ug/ml ampicillin (Sigma, UK). It was also
grown in liquid LB broth (Sigma, UK) with appropriate antibiotics where applicable
(50pg/ml ampicillin) at 37°C aerobically with agitation at 200 rpm. Strains were stored
long term at -80°C in LB broth containing 20% glycerol (v/v).

2.1.3 Enterococcus, A. actinomycetemcomitans strains and growth conditions

All Enterococcus and A. actinomycetemcomitans strains used in this study and
their sources are listed in Table 2.5. G-positive bacteria are represented by nineteen E.
faecalis strains which were used as indicator strains in this study, eight strains named
OS16, EF1, EF2, EF3, ER3/2s, EF54, V583, JH2-2 were kindly donated by ACTA
University, Amsterdam, Holland. Four strains named OMGS 3197, 3198, 3885, 3919
were donated by the Department of Oral Microbiology and Immunology, Institute of
Odontology, Sahlgrenska Academy, University of Gothenburg, Sweden. The majority of
the bacterial strains are in fact oral clinical isolates either directly isolated from
endodontic abscess or mouth wash of patients receiving endodontic treatments. OG1RF,
OGIRF epaB TX5179 mutant and one Enterococcus faecium strain named (E1162) were
obtained from Molecular Biology and Biotechnology department (MBB), University of
Sheftield, UK. In addition, four 4. actinomycetemcomitans were isolated in this study
(Table 2.5). All Enterococcus bacteria and A. actinomycetemcomitans were cultured

aerobically with 5% CO; at 37°C in BHI agar culture media (OXOID, UK).
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Table 2.5 Enterococcus and A. actinomycetemcomitans bacterial strains used in this

study and origin.
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Bacteria source Strains Reference
E. faecalis
Oral rinse-endodontic EF1,EF2,EF3 Sedgley et al. (2004)
patient 0S16 Sedgley et al. (2005)
Oral orthograde retreatment ER3/2s Johnson et al. (2006)

Oral endodontic strains

OMGS3197, OMGS3198

Dahlen et al. (2012)

Oral mucosal lesions

OMGS3885, OMGS3919

Dahlen et al. (2012)

Non oral human isolate

EF54

Toledo-Arana et al. (2001)

Oral strain

OGIRF

Bourgogne et al. (2008)

Oral strain

OG1RF epaB TX5179; mutant
harbouring an insertion in
epaB (formerly orfde4)

Xu et al. (2000)

Epa variable region mutants
and complements of
OG1RF (unpublished)

OG1RF_11720

OGI1RF_11715

OG1RF_11714

Donated by Professor
Stéphane Mesnage
Department of MBB,
University of Sheffield

Non oral human

b . V583 Paulsen et al. (2003)
acteraemia

. Graham Stafford strain
Non oral human isolate U92304 collection
Non oral human strain JH2-2 Jacob and Hobbs (1974)
E. faecium; Clinical blood E1162 Van den Bogaard et al.

isolate; CC17

(1997)

A. actinomycetemcomitans isolated from dental plaque of patient attending the
Periodontology Clinic at the Charles Clifford Dental Hospital, Sheffield, UK.

Shef30, Shef31, Shef32, Shef33 | This study

2.1.4 Isolation of clinical A. actinomycetemcomitans strains

An attempt was made to isolate the G-negative A. actinomycetemcomitans clinical
bacteria strains from deep pockets of chronic periodontitis patients. These clinical strains
were used as indicator for bacteriophage screening and isolation. Isolation was performed
using the selective media for A. actinomycetemcomitans of TSBV (tryptic soy-serum-
bacitracin-vancomycin) according to the methodology used by Slots (1982). TSBV agar
contained (per liter) 40 g of tryptic soy agar (OXIOD, UK), 1 g of yeast extract (OXIOD,
UK), 100 ml of horse serum, 75 mg of bacitracin (Sigma), and 5 mg of vancomycin
(Fluka). Dental plaque was collected in 100 pl PBS and immediately transferred to the
lab. After vortex, 10 pl was plated on the surface of agar and anaerobically incubated for
72 h at 37°C. The star shaped colonies were carefully picked up into BHI agar and stocks
were saved in BHI with glycerol and stored at -80°C after genomic DNA extraction and

16s sequencing (Table 2.5).
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2.2 Sample collection and processing

2.2.1 Clinical plaque and salivary sample collection from patients with chronic

periodontitis

Clinical plaque and salivary samples were collected by two staff dental hygienists
(Nivan Al- Hammouri and Claire Vallance-Owen) with my colleague- Sarhang Gul (PhD
student) in attendance. Patients were recruited to the study from amongst those attending
the Periodontology Clinic at the Charles Clifford Dental Hospital, Sheffield, UK.
Potential participants were screened by the consultant periodontist (Prof. Andrew
Rawlinson) against the inclusion criteria of age >18 years, possession of >20 teeth,
diagnosis of chronic periodontitis with several diseased sites. Clinical plaque samples
were collected from the deepest and most diseased site (> 6 mm) accessible for sampling
and one accessible healthy site (< 3 mm). Ethical approval was obtained from Yorkshire
and Humberside NRES Committee (study number 17158) and undertaken between 2013
and 2015 (Apendix 3). The samples were collected at baseline, 3 months and 6 months.
At each interval, samples of plague from each representative site and salivary samples are
obtained. The clinical plaque samples were collected from patients using a sterile curette
and suspended in 1ml PBS, while salivary samples were collected in 50 ml falcon
collection tubes, and both samples were stored at -80°C until further processing. Samples
of 45 subjects (270 samples in total, 135 from diseased sites and 135 from healthy sites)
were analysed in this part of the study. The collected samples were used for the

Fusobacterium nucleatum polymorphum ATCC 10953 and its prophage screening test.

2.2.2 Full mouth clinical plaque and salivary sample collection from patients with
chronic periodontitis from Sheffield and Baghdad (IRAQ)

A new ethical approval was obtained to collect plaque samples from the whole
mouth of patients with chronic periodontitis patients attending Charles Clifford Dental
hospital (Sheffield) by two staff dental hygienists (Alison Barber and Claire Vallance-
Owen) with me in attendance as chief investigator. The ethical permission was approved
by NRES Committee Yorkshire and Humberside, study number 19056 (Apendix 1 and
2). As the previous sample collection mentioned in 2.2.1 was from specific sites only due
to the nature of the study, and in order to increase the chance for novel lytic bacteriophage
isolation from dental plaque, more raw material in the form of full mouth plaque was
collected. The collection was performed as explained in 2.2.1 except that supra and sub

gingival plague from the whole mouth were pooled from each patient. In addition,
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collection of full mouth plaque samples was performed from lIragi dental patients
attending the Periodontology Clinic, Al-Mustansiryia University, College of Dentistry,
Baghdad, Iraq after obtaining the necessary ethical approval (reference number 3670,
Appendix 4). The samples were mixed together in 150 ml PBS and shipped to UK from
Irag by DHL express delivery. 21 and 50 samples were obtained from Sheffield and
Baghdad dental patients respectively.

2.2.3 Dental chair drain samples collection

Dental chair drain (sucker drain) samples were collected from the dental chairs,
University of Sheffield, School of Clinical Dentistry, Periodontal Department. Hard
sewage particles were picked using sterile spatula, while smear samples were collected
from the drain walls using sterile cotton swap. Both hard and soft smear samples were
collected in 50 ml falcon tube containing 5 ml SM buffer (1 M Tris-HCI Buffer pH 7.4
with 5 M NaCl, 1 M MgS04, and 1% Gelatin) and stored at 4°C for further processing
(Figure 2.1).

2.2.4 Wastewater sample collection

Bacteriophage were isolated from wastewater using a plastic container from a
treatment plant in Sheffield, UK. The plant treats both industrial and domestic wastewater
with the capacity of 185,000 P.E. (population equivalent). The wastewater collected from
the inlet of the plant that had been through sieving to remove any large solids but had not
been treated chemically or biologically.
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2.2.5 Sample processing

Small samples (1 ml) from each category were pooled together (except
wastewater, 200 ml), vortexed for 1 min and centrifuged (7,000 xg, 10 min) (Avanti J-26
XP, BECKMAN COULTER) to remove debris. For salivary samples 5 mM of DTT was
added in each tube to reduce viscosity. The supernatant was filtered through a 0.45 um
syringe filter (Sartorius, Germany). Samples were then centrifuged 35,000 xg for 90 min
to pellet the phage particles. The pellets were then carefully suspended overnight in 4°C
with 2 ml of SM buffer and stored at 4°C to be used later either for enrichment or for
phage screening through soft agar overlayer or spot pipetting. These samples were used

for bacteriophage isolation.

2.3 Molecular biology techniques

2.3.1 Plasmid extraction from E. coli

Plasmid harbouring cloned gene of interest was extracted from E.coli (DH5 )
using ISOLATE Il Plasmid Mini Kit (BIOLINE). Plasmid purification was performed

according to manufacturer’s instructions, resulting in high quality DNA.
2.3.2 DNA extraction

Bacterial cells from overnight cultures or clinical plaque samples were resuspended
in sterile PBS and centrifuged at 10000 xg to pellet the bacterial cells and the volume was
adjusted to 300 pl as a starting volume for DNA extraction. All samples were analysed
within 2 months of collection, and stored at -80C before extraction. After brief vortexing,
90 pl of lysozyme (10 mg/ml, prepared with Tris-EDTA buffer), 3.6 pl mutanolysin
(25,000 U/ml, prepared with Tris-EDTA buffer) and 1.8 pl lysostaphin (4000 U/ml,
prepared with free nuclease water) are added and incubated for 1 h at 37°C. After that, 24
pl of proteinase K, 4.8 ul of RNAse A (100 mg/ml) and 300 ul buffer AL (kit lysis buffer,
QIAmp DNA mini kit column Qiagen) are added and incubated for 10 min at 56°C.
Genomic DNA was extracted from the cell suspension using a QIAmp DNA mini kit
column (Qiagen) as per the manufacturer’s instructions. NanoDrop ND-1000 (Thermo-
Fisher Scientific) was used to determine DNA concentrations. These samples were used

for F. nucleatum polymorphum (ATCC 10953) and its prophage screening.
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2.3.3 Polymerase chain reaction (PCR)

For screening applications after plasmid ligations and transformations for
recombinant protein production, ThermoScientific DreamTaq Green PCR Master Mix
(2x) polymerase was used in conjunction with the manufacturer’s instructions in 25ul
reaction volumes. Typically, this consisted of 12.5 ul DreamTaq Green polymerase 2x
mastermix, 1 pl of forward primer (5 nM), 1 pl of reverse primer (5 nM), 1 ul DNA and
9.5 ul distilled nuclease free sterile water. Normal reaction conditions were as in Table

2.6 (although annealing temperatures were according to primer used).

Table 2.6 PCR thermal cycling conditions.

Step Temperature °C Time Number of cycles
Initial denaturation 95 3 min 1
Denaturation 95 30s
Annealing Primer Temp - 2 30s 30
Extension 72 1 min
Final extension 72 10 min 1

2.3.4 Agarose gel electrophoresis

PCR reactions were analysed via gel electrophoresis. 1% agarose was added to 1x
TAE buffer and heated until all the agarose powder had dissolved. Ethidium bromide was
added to a concentration of 5 pg/ml to the gel before it was poured into the cast and the
comb placed to create the wells. Once set, the gels were run in 1 x TAE buffer in a
BIORAD mini-sub-cell for small gels or normal-sub-cell for large gels (BIO-RAD
Laboratories, UK). The samples were loaded with 5 pl of Hyperladder I (Bioline, UK)
used as a size standard for comparison and run at 100 V until the gel had migrated
sufficiently. DNA separation was visualised under a UV light source and photographed
using the G:BOX (SynGene) or Ingenius 3 (SYNGENE) and the GeneSnap software
system (SynGene).

2.3.5 Cloning of putative lysins

The identified genes FNP-1699 and FNP-1700 were codon optimised in silico
using the GeneART Gene Synthesis online tool (Thermo Fisher scientific), with suitable
restriction sites added at the start and end of each sequence in accordance to the plasmid

vector (see results sections). After receiving the constructs, the lyophilised DNA was
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resuspended in nuclease free H2O to obtain 50 ng/uL of DNA in order to be cloned into

the cloning vector immediately or stored into -20°C.

Cloning was performed first by ligation into the pJET 1.2 plasmid vector using
the CloneJET PCR Cloning Kit (Fisher scientific, UK), according to manufactures
instruction’s. In brief, 1uL from both the cloned gene (0.15 pmol) and pJET1.2/blunt
(0.05 pmol) Cloning Vector were added to 10 pL 2 x Reaction Buffer. Nuclease free H.O
added until 19 pL and 1 pL of T4 DNA Ligase were added finally. The total procedure
were set on ice. The ligation mixture was then incubated at room temperature (22°C) for

10 min and transformation into E.coli performed immediately.

2.3.6 E. coli transformation
2.4.6.1 Heat-shock

Cloning was performed by adding of 0.5 pl of plasmid harbouring the cloned gene
of interest into cloning strain DH5a (NEB, 80°C competent cells), placed on ice for 10
min before being heat shocked by floating on 42°C water bath for 1 min. After placing
on ice for 5 min, 1 ml of LB broth was added and left in 37°C for 1 h with constant
agitation at 200 rpm. After centrifugation at 13.000 xg for 5 min, 950 ul of the
supernatants was discarded, the pellets resuspended with the remaining supernatant and,
spread onto two LB agar plates supplemented with antibiotic and incubated overnight at
37°C. One colony from overnight plate was subcultured into a new agar plate. Overnight
broth was prepared from single colony followed by plasmid extraction as mentioned in
2.3.1,

2.3.6.2 Transformation by electroporation

Transformation was performed by adding 1ul plasmid into 70 pl BL21(DE3)
and/or and C41(DE3) electro competent cells in a pre-chilled into a 0.1 cm electroporation
cuvette (Bio-RAD laboratories UK) before being subjected to an electroporation pulse of
25F, 2.5kV and 200 Q, giving a time constant of 4-5 milliseconds using the MicroPulser
(BIO-RAD Laboratories, UK). Upon a successful electroporation, 1 ml LB broth was
added to the electroporation cuvette. Then, the suspension was transferred into an
eppendorf tube and incubated at 37° C for 1 h with agitation at 200 rpm for recovery
before plating on an LB agar plate supplemented with antibiotic and incubating at 37°C
overnight. The presence of antibiotic such as ampicillin allows selection for the cloned
plasmid harboured the E. coli strain.
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2.3.7 Extraction of DNA fragments from agarose gels

DNA fragments of appropriate fragment sizes were separated by agarose gel
electrophoresis and were excised from the gel using a scalpel, followed by solubilisation
and purification using the PCR and gel purification kit (BIOLINE) according to the

manufacturer’s instructions.
2.3.8 Restriction of DNA

Restriction endonucleases and their respective buffers were used in the digestion
of DNA carried out in accordance to their manufacturer’s instructions (New England
Biolabs, UK). For double restriction digestion 30 pl volume reaction typically contained
20 pl plasmid DNA or DNA product, 1 pl of each restriction enzyme, 3 pl 10 x compatible
buffer and 5 pl distilled nuclease free water. Reactions were incubated at 37°C for
approximately 2 h or longer as necessary. The restriction enzymes used in cloning were
Ndel, BamHlI, and Xhol.

2.3.8.1 Dephosphorylating the 5’ end of the restricted DNA strand

To prevent the unintended re-circularisation of plasmid DNA in a ligation
reaction, 1 pl high activity calf intestine alkaline phosphatase (CIAP) (New England
Biolabs, UK) was added along with appropriate buffer to dephosphorylate the 5’ end of
DNA strand and left at 37°C for a further hour. This was followed by DNA purification
using the PCR and gel purification kit (BIOLINE, UK) according to the manufacturer’s

instructions to remove the CIAP prior to ligation.
2.3.9 Ligation of DNA

In order to clone the gene into a suitable plasmid, double digestion of both vector
and the gene with corresponding enzymes are performed first, the two could be ligated
together as complimentary cut nucleotide sequences were available to attach. A 20 ul
ligation mixture was set up as described in section 2.3.5. Transformation of the plasmid
that harboured the cloned gene was performed immediately otherwise the ligated mixture
was stored in -20°C until further work.

2.3.10 Preparation of electrocompetent E. coli cells

A 5 ml LB broth was inoculated from a single colony of E. coli BL21(DE3) or

C41(DE3) strain. This was cultured aerobically overnight at 37°C with agitation at 200
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rpm. Fresh 50 ml LB broths were inoculated with 1 in 100 of this overnight culture and
grown under identical conditions until an ODeoo 0.6-0.7 achieved. The mid-log phase
cells were harvested by centrifugation at 3,500 rpm (HERMLE Z400K centrifuge,
Germany) for 20 min at 4°C and then washed and pelleted in 10 ml of ice cold 10%
glycerol twice. After the final centrifugation, bacteria were re-suspended in 100 pl ice
cold 10% glycerol and aliquoted into pre-chilled eppendorfs and used in DNA
transformation immediately or stored at -80°C for future use

2.3.11 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were analysed by SDS-PAGE. A 5% stacking gel was used in
conjunction with a 12 or 15% resolving gel to resolve the protein samples (Table 2.7).
Pre-casted gel NUPAGE® Novex® 4-12% Bis-Tris Gels, 1.0 mm, was used to run larger

sized protein.
The following preparations were sufficient to make two gels:

Table 2.7 Preparation of resolving gel and stacking gel.

Components Resolving gel 15% Resolving gel 12%

Distilled water 3.55mi 4.3 ml

40% (wi/v) acrylamide 3.75 ml 3mil

Upper resolving gel buffer: 18.17 g Tris 2.5ml 2.5ml

Base, 0.4 g SDS dissolved in dH20,

adjusted to pH 8.8 with NaOH, total

volume 100 ml

TEMED (Tetramethylene diamine) 5ul 5ul

10% Ammonium persulphate (fresh) 350 pl 350 pl
Stacking gel (Upper) Stacking gel (Upper)

Distilled water (dH20) 4.7 ml 4.7 ml

40% (wi/v) acrylamide 0.975 ml 0.975 ml

Lower resolving gel buffer: 6.06 g Tris 21ml 2.1ml

Base, 0.4 g SDS dissolved in dH:20,

adjusted to pH 6.8 with HCI, total volume

100

TEMED (Tetramethylene diamine) 17 pl 17 pl

10% Ammonium persulphate (fresh) 100 pl 100 pl

Once the gel was set up, it was mounted in the mini PROTEAN Tetra Cell (BIO

RAD Laboratories, UK) and 1 x SDS-PAGE running buffer (248 mM Tris Base, 1.92 M

glycine and 1% w/v SDS). The protein samples to be loaded were prepared by adding

equal volume of sample with 2 x SDS lysis buffer (125 mM Tris HCI, pH 6.8, 4% SDS,

0.05% bromophenol blue mixed with 1 M DTT) before heating at 100°C for 10 min. The

comb was carefully removed from the gel before loading the 10 ul protein along with the
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EZ run-protein ladder (Fisher, UK) of known size, and electrophoresed at a constant

voltage of 200 V until the tracking dye had migrated to the bottom of the gel.

2.3.12 Protein expression and solubility test

Protein expression trials were used by inoculating a single colony of BL21(DE3)
and/or C41(DE3) in 10 ml LB media. These were then grown to mid log phase (ODeoo =
0.8) before induction with 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and
incubated for 5 h at 37°C. 1 ml of sample were taken at 0, 2, 4 and 5 h for a protein
expression test. Once recombinant protein overexpression was confirmed, a repeat was
done but with a 1 litre volume of LB. For solubility test the cells are harvested by
centrifugation (5000 xg, 20 min, 4°C) before resuspending the resulting pellet, containing
overexpressed proteins, with 25 ml of appropriate binding phosphate buffer (420 mM
NaCl, 0.27 mM KCI, 10 mM NaHPOg, 1.8 mM KH2POy4, pH 7.3), and then disrupted in
a French pressure cell (SLM Aminco Instruments) at 1050 psi repeated 2-3 times. The
soluble fraction was isolated from the supernatant after centrifugation (11,000 xg, 30 min,
4°C). Both the supernatant and the pellet were analysed in SDS-PAGE.

2.3.12.1 His-tagged recombinant protein purification

His-tagged recombinant protein purification from a cell lysate under native
conditions was performed by gravity metal chelate affinity chromatography using Ni-
NTA metal chelate affinity resin (Amintra, expedeon) and was based on purification via
resin chelating groups that immobilize transition Ni?* ions (Porath, 1988; Sulkowski,
1989). The 6 x histidine tag engineered at the N or C terminus of the protein amino acid
can act as electron donors on the surface of the protein and bind reversibly to the transition
Ni2* ion in the resin. This will allow the binding, washing and elution of the protein of
interest. The preferred elution method for purifications under native conditions is through
using competitive counter-ligand (imidazole). 0.5-1 ml of resin beads was equilibrated
with 10 ml phosphate buffer (420 mM NacCl, 0.27 mM KCI, 10 mM Na;HPO4, 1.8 mM
KH2PO4, pH 7.3) to remove ethanol from beads and then centrifuged (500 xg, 5 min). The
binding buffer (containing 10 mM imidazole) with the soluble protein was added to the
beads, mixed for 1 h at room temperature and applied to the column. Washing was
performed next by adding 10-20 ml of buffer containing 10-30 mM imidazole (repeated

three times) and passed through the column slowly (1 ml/min), this is followed by elution
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of the protein with 1 ml of 250-350 mM imidazole buffer- reapplied three times. In total
10 fractions of eluted protein were collected. The collected eluates were evaluated SDS-
PAGE protein gel electroporation. Protein-containing fractions were pooled and dialysed
againast phosphate buffer for 10-18 h at 4°C, and stored at 4°C for use in the short term
(NaCl concentration ranged from 140-200 mM).

2.3.12.2 GST-tagged recombinant protein purification

Purification of glutathione S-transferase tagged proteins was performed by using
Glutathione covalently coupled to a high crosslinked agarose matrix resin (Amintra,
expedeon). The principle is the same as His-tag purification except that protein is tagged
with a large (26 kDa) GST tag, which binds immobilised reduced glutathione. 1ml of
resin beads was equilibrated with 10 ml phosphate binding buffer to remove ethanol from
beads and centrifuged (500 xg, 5 min). The binding buffer containing the soluble protein
was added next to the beads, mixed for 30 min and applied to the column. Washing was
performed by adding 10-20 ml of buffer (repeated three times) and run through the
column slowly (1 ml/min), followed by elution of the protein with 1 ml of 20 mM fresh
reduced L-glutathione in phosphate buffer. If the expression of the target protein was
confirmed by running the eluted fragments on SDS-PAGE protein gel, a second
expression attempt with on column cleavage of the GST tag and elution of target protein
by adding of 1 ml of phosphate buffer (420 mM NaCl, 0.27 mM KCI, 10 mM Na;HPOg,
1.8 mM KH2POg4, pH 7.3) containing 1 mg/ml thrombin (Amersham Biocience) to the
resin beads, followed by incubation at 4°C overnight. Protein-containing fractions were
pooled and dialysed using dialysis phosphate buffer for 10-18 h at 4°C, and stored at 4°C
for use in the short term (NaCl concentration is ranged 140-200 mM).

2.3.13 BCA Assays

BCA assays performed in order to calculate protein concentrations. Pierce BCA
assay kit (Thermo-Fisher Scientific) used in accordance with the manufacturer’s
instructions. The bovine serum albumin (BSA) standards and the protein sample were

suspended in the same buffer for production of standard curves.

2.3.14 Staining of polyacrylamide gels

The polyacrylamide gels were stained either with Instant Blue (Expedeon, UK) for
15 min then suspended with water, or with Coomassie blue staining solution (1.25 g
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Coomassie R-250, 225 ml methanol, 225 ml H20 and 50ml glacial acetic acid) for 2-3 h.
Excess stain was washed with water and the gel destained (300 ml methanol, 100 ml
acetic acid and 600 ml H20) until the background of gel became clear. The protein gel
was documented using either a gel documentation system (Image scanner power
look1120 USG, Amersham Bioscience) or using gel documentation system (Ingenius 3,
SYNGENE).

2.3.15 Zymogram

In order to investigate the potential activity of FNP1700, cell wall materials were
extracted from FNP ATCC10953 as described in Kato et al. (1979), in which overnight
bacterial cells were harvested and boiled in 4% SDS for 1 h, the boiled cell suspensions
were then ultracentrifuged at 110000 xg for 30 min. The sedimented residues were
submitted to successive treatments with Pronase-P and trypsin to obtain purified
peptidoglycans after being thoroughly washed with distilled water. Finally, bacterial cell
wall components were resuspended in PBS after ultracentrifugation. Both PGN from
commercial S. aureus and prepared cell wall components of FNP ATCC10953 were used
in zymography for FNP_1700 lysin activity testing. Zymograms were performed by
incorporating 0.1-0.2% PGN as substrate for enzymatic activity in 12% polyacrylamide
SDS-PAGE gels (final concentration). The FNP_1700 lysin was loaded in denaturated
form and run through the gel till end, renaturation of the enzyme in the gel in suitable
denaturation buffer (0.1% Triton X-100 and 10 mM MgClz in 20 mM sodium phosphate
buffer pH 7.0) overnight at 37°C. Positive activity should be seen as clear zones in a
background of PGN/KOH solution (Bernadsky et al., 1994).

2.4 Phage techniques

2.4.1 Prophage induction from Fusobacterium nucleatum polymorphum ATCC
10953

To attempt to induce prophage from the FNP using Mitomycin C. 1 pg/ml
Mitomycin C was added to 20 ml exponential phase Fusobacterium nucleatum
polymorphum ATCC 10953 (FNP) (108 CFU/mI). The CFU of bacterial cells were
counted after spot dilution onto FA agar plates using the method of Miles and Misra. This
was left for 2-5 h before the bacterial pellet was taken off via centrifugation at 15,000 xg
(Avanti J-26 XP, Beckman Coulter) for 10 min and the supernatant passed through a 0.45

um cellulose acetate membrane filter (Gilson, UK). This was further concentrated using
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an ultracentrifuge of 85,000 xg for 60 min (Optima TLX Ultracentrifuge, Beckman
Coulter). The pellet was resuspended either overnight in sterile nuclease free H>O at 4°C
to be used in phage screening or resuspended overnight in 4°C with 150 pl of 0.1 M

ammonium acetate (pH 7) to be used in TEM Imaging.

2.4.2 Bacteriophage isolation from wastewater

10 pl of the suspended/ concentrated sample was spotted on BHI soft agar (0.7%
top agar) (OXOID, UK) overlays containing 200 ul of indicator bacteria (overnight
culture), spot assay. The bottom agar was composed of BHI solid agar supplemented with
5% horse serum (OXOID, UK). The formed plaques were picked using a sterile Pasteur
pipette into 1 ml SM buffer to allow the phage particles to be released from the agar into
the buffer overnight in 4°C. The suspended phage particles were then filtered with a 0.45
pm syringe filter and 100 pl of this then mixed with 200 pl of exponential growth phase
indicator bacteria for 10 min to allow the phage particles to adsorb to the surface of host
bacteria, then mixed with 2-3 ml of 45°C soft agar overlay, and poured above the bottom
solid agar followed by overnight incubation at 37°C for plaque screening (double-layer
assay). The phage were purified using three consecutive rounds of single-plaque isolation.
The plaque from the third round was then picked into SM buffer containing 1% (vol/vol)
of chloroform and stored at 4°C.

2.4.3 Double layer plaque assay and spot pipetting

10-50 ul of processed concentrated samples or enriched samples are mixed with
100-200 pl of mid log phase of the indicated clinical strain of bacteria; left for 10-30 min
to allow the phage particles to adsorb into the bacteria. The resulting suspension was
mixed with 5-6 ml soft top agar (50°C) and poured onto a previously solid bottom agar,
following incubation at suitable conditions to allow the phage present in the samples to
diffuse throughout the media and infect growing bacteria and give discrete plaques. This
also will result in even distribution of plaques within the top agar layer (Lillehaug, 1997).
In spot pipetting the phage-bacterial suspension are not mixed with the soft top agar but
5-10 ul of the suspension are pipetted into a previously set top bacterial-agar layer (Figure
2.2).

80



Chapter 2

Double layered plaque assay Spot pipetting of phage-bacterial
suspension

Soft top agar+ phage-bacterial suspension

Set bottom agar
Clear zones of lysis

(plaques)

Figure 2.2 Double layer plaque assay and spot pipetting. In spot pipetting 5-10 ul of
phage suspension are pipetted into a previously set top bacterial-agar layer. While in
double layer plaque assay, phage-bacterial suspension and the soft top agar are mixed

together and poured into a bottom set agar.

2.4.4 Enrichment of bacteriophage

Mid-log phase (ODeoo ~ 0.4 to 0.6) of 20 ml BHI broth of host bacterial indicator
pathogens strains were infected with 100 pl concentrated environmental or clinical
samples and incubated overnight at 37°C. The enriched media were centrifuged (5,000

Xg, 5 min, 4°C), the supernatant was filtered with a 0.45 pum filtering and stored at 4°C.

2.4.5 Phage stock preparations

In order to prepare a working phage stock with known PFU (plaque forming unit)
used in further phage characterisation, 40 ml exponential growth indicator bacteria were
infected with 100 ul of stored phage suspension, followed by incubation for three hours
at 37°C to allow phage to multiply and increase in numbers. The broth was then
centrifuged at 7,000 xg for 15 min and filtered through a 0.45 um syringe filter to remove
debris. Serial dilutions from the resultant broth were used in triplicate for plating in soft-
agar overlayer as described in section 2.4.2 to count the PFU/ml for each isolated phage.
For TEM preparation of the phage particles, the 40 ml filtered broth is subjected to 50,000
xg centrifugation for 90 min, the resulted phage particles pellets were carefully

resuspended overnight in 200 pul SM buffer and stored at 4°C.
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2.4.6 Bacteriophage concentration by precipitation with Polyethylene Glycol (PEG
8000)

Further concentration of phage was made in order to yield a suitable working
suspension for protein profile, genomic digestion, and DNA extraction. This was
performed through precipitation with PEG 8000 according to Yamamoto et al. (1970) in
short, 200 ml of exponential growth phase indicator bacteria (5 x 108 CFU/mI) were
infected with phage suspension stock at MOI of 0.01 (multiplicity of infection) for 3 h, 1
M NaCl added with continuous mixing using magnetic stirrer at 4°C for 1 h. To
precipitate phage particles, 10% PEG 8000 w/v was gradually added with continuous
mixing and left overnight in 4°C. Centrifuge 11,000 xg for 20 min to sediment the
precipitated phage. The resulted pellets then carefully resuspended overnight with 1 ml
of SM buffer and stored in 4°C.

2.4.7 Electron microscopy for the isolated phage

Purified phage particles (3 ul) were placed onto carbon-coated copper grids,
negatively stained with 2% (wt/vol) uranyl acetate (pH 4) for 1 min before the liquid on
the grid withdrawn with the help of filter paper and washed with 3l sterile distilled water.
Particles were visualised by using a FEI Tecnai Transmission Electron Microscope at an
accelerating voltage of 80 Kv at the Department of Biomedical Sciences, University of
Sheffield. Electron micrographs were recorded using a Gatan Orius 1000 digital camera
and Digital Micrograph software. To observe the phage along with bacteria, 1 ml
exponentially growing cells were infected with phage at MOI of 1 for 30 min, after
centrifugation at 7000 xg for 10 min, the pellet was resuspended with 1 ml 3%
glutaraldehyde for 1 h at room temperature and examined under TEM as described above.

2.4.8 Infection cycle, adsorption rate and one step growth

2.4.9.1 Infection cycle

Exponentially growing cultures of the E. faecalis OS16 strain (5x108 CFU/mI)
were inoculated with the phiSHEF 2 phage at MOI of 0.05, 0.1, 0.2, 2, 4, 8, 16, 30 and
120. The mixtures were incubated at 37°C, and the changes in the bacterial culture were
monitored over time by measuring ODeoo every 10 min with 2 seconds circular shaking
before each reading in plate reader spectrophotometer (Tecan infinite 200, Austria). The

same procedure was done with the E. faecalis OS16 alone as negative control of infection.
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2.4.9.2 Adsorption rate

The adsorption rate experiments were performed with a procedure described by
Yoon et al. (2013) with small modifications. Briefly, overnight cultures of the bacterial
strains were diluted 1:100 in BHI medium. Phage were added at an MOI of 1 to the diluted
culture after counting the cells number (5 x 108 CFU/mI), mixed gently, and incubated at
37°C. Analiquot (100 pl) was removed immediately for determination of the initial phage
titre. Incubation was continued for 12 min, and samples (100 ul) were collected every
minute and diluted immediately in 900 pul cooled SM buffer. The diluted samples were
centrifuged at 10,000 xg for 5 min and filtered using a 0.45 um filters. Finally, the titres
of unabsorbed phages in the supernatant were determined after serial dilution and
infection into exponentially growing indicator strain in a double layer assay. The
adsorption levels were represented by the percentage of the total number of phages
present calculated as follows: [(initial phage titer / free phage titer in supernatant)/initial
phage titer] / 100.

2.4.9.3 One-step growth

The test was performed to determine the latent period, eclipse period, and burst
size. The procedure described by Carlson and Miller (1994) with some modifications was
used. Briefly, 5 ml of exponentially growing cultures of the E. faecalis OS16 cells (5 x
108 CFU/mI) were infected with phiSHEF 2 phage at MOI of 0.1. After 5 min of phage
adsorption, the cells were diluted 200 times (to reduce further infection), and incubated
at 37°C. Two samples were taken every 5 min. The first sample was plated immediately
without any treatment, and the second set of sample was plated after treatment with 1%
(vol/vol) chloroform to release intracellular phages. The number of viral particles (PFU)
was determined by spotting serial dilutions on 0.7% BHI soft agar overlayer. Plaques
from the treated samples indicated the number of free phage plus all the mature phage
inside infected cells while the number of free phage plus infected cells are represented by
the plaques from the untreated (no chloroform and therefore no cell lysis) samples. The
eclipse period was determined as the time of the initial intersection of the two curves
while the latent period was determined as the time when the initial steep curve of the
untreated samples increase. The burst size was calculated by dividing the post-cell-lysis
plateau value by the initial prelysis plateau value of the untreated samples.
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2.4.9 Analysis of phage proteins

To define the major proteins present in the bacteriophage phiSHEF 2, 3, 4, 5, 6,
and 7, SDS-polyacrylamide gel electrophoresis (PAGE) was performed. A PEG 8000
concentrated phage stock was mixed with equal volume of chloroform in order to release
the phage particles, samples were vortex until an emulsion form, and centrifuged 10,000
xg for 10 min. Following mixing 50 pl from the upper layer (10'*-10' PFU/ml) with 50
ul of SDS-PAGE loading buffer, and heated at 95°C for 7 min. 10 pl volume of lysate
was loaded directly onto 4-12% NuPAGE® Bis-Tris precast gels (Thermo fisher
scientific, UK), and electrophoresed for 60min. Gels were stained with Instant Blue
(Expedeon, UK) and documented using a gel documentation system (Image scanner

power look1120 USG, Amersham Bioscience).

2.4.10 Mass spectrometry

For the identification of major phiSHEF 2 phage proteins, ‘in gel digestion’ with
trypsin followed by MS/MS was performed. The gel band from an SDS-PAGE gel
containing excised protein was cut into smaller pieces 1-1.5 mm for processing and
resuspended in 200 pl destain solution (200 mM NH4COz3 in 40% v/v solution of
acetonitrile CH3:CN) , vortex, incubated at 37°C for 10 min. This process was repeated
twice until the solution and gel pieces were clear. The gel pieces were then washed and
equilibrated with 500 pl of 50 mM NH4HCO3 that will be used as the buffer later, for
addition of trypsin. Reduction and alkylation was performed next, the gel pieces were
reduced in the presence of fresh 10 mM dithiothreitol (DTT) for 30 min at 50°C. Followed
by adding 55 mM iodoacetamide at room temperature in the dark, then resuspension in
50 mM NH4HCO3z. Dehydration of the gel pieces was done by adding 500 ul acetonitrile
until it became white when removing the solution, followed by an overnight trypsinisation
at 37°C by adding 50 pl trypsin (diluted from stock to 10 pg/ml trypsin in 50 mM
NH4CO3) to gel pieces. Extraction of digested Proteins (Peptides) were followed by
additing 20 pl of absolute Acetonitrile (MeCN) for 10 min at 37°C, followed by adding
50 ul of 5% Formic acid and incubated at 37°C for 10 min and centrifuged at 13000 xg
(repeated twice). The supernatant was subjected to mass spec in Maxis hybrid ultra high
resolution (quadruple time of flight system, Brucker Daltonics, Coventry, UK) which was
kindly performed by Dr Caroline Evans, Department of Chemical and Biological
Engineering, University of Sheffield, UK. All MS/MS data were searched using Mascot
(Matrix Sciences) against the previously uploaded full genome sequence of phiSHEF 2
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(fully annotated fasta amino acid file format). The coverage levels of 5% of the total
protein length were used as cutoff values when identifying gene products as components
of the viral particle (Casey et al., 2014).

2.4.11 Phage DNA extraction

In order to remove contaminated DNA and RNA from the PEG 8000 concentrated
phage stock, a 10 pg/ml DNase and RNAse added. The mixture was incubated at 37°C
for 30 min. A final concentration of 100 pg/ml of proteinase K was added to the mixture
to degrade the enzymes and incubated at 50°C for 45 min. Removal of proteins from
nucleic acids were achieved by extraction with phenol: chloroform: isoamyl alcohol
(25:24:1). A small amount of isoamyl alcohol is added to further ensure the deactivation
of any remaining RNase activity. DNA precipitated by adding two volumes of ice cold
ethanol and left overnight at -20°C. DNA was Pellet through 16,000 xg for 20 min then
the supernatant was carefully removed. 70% ethanol was added and centrifuged 5 min
(repeated for two times). The supernatant was removed carefully without disturbing the
pellet and left on the bench for 15-30 min to let the remaining ethanol disperse. Finally,
DNA was dissolved with sterile water and stored in -20°C. The DNAs were used as
templates for nucleotide sequencing and in restriction fragment length polymorphism

(RFLP) of phage genome.

2.4.12 Restriction fragment length polymorphism (RFLP) and analysis of phage

genome size

RFLP and agarose gel electrophoresis were applied to define the mapping and size
of the phage genome. Phage genomic DNA was subjected to HindlII restriction enzyme
(New England, Biolabs, UK) according to manufacturer’s instruction. However, other
restriction enzymes were also tried at initial stages such as Afel, EcoRI, Dpnl, Agel, and
NedlI. The digested products were separated by 1% agarose gel electrophoresis (15 x 15
cm) in 1 x TBE buffer running at 90 volts for 4 h to determine the map and genomic size
of bacteriophage. Generuler 1 kb DNA ladder (Thermo scientific) was used as the
molecular size standards for the estimation of genomic size in a gel documentation system
(Ingenius 3, SYNGENE).
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2.4.13 DNA sequencing for phiSHEF 2, phiSHEF 4, and phiSHEF 5

Approximately 20 pg phage genomic DNA was extracted and verified by
nanodrop (Nanodrop 2000; Thermo Scientific) quantification prior to delivery to the
sequencing facility (MicrobesNG, Birmingham, UK). Sequencing was performed on the
Illumina MiSeq and HiSeq 2500 platforms with 2 x 250 bp paired-end reads. Identify the
closest available reference genome using Kraken (Wood and Salzberg, 2014), and map
the reads to this using BWA mem (Li, 2013) to assess the quality of the data. Performing
a de novo assembly of the reads using SPAdes (Bankevich et al., 2012), the reads were
trimmed using Trimmomatic (Bolger et al., 2014) and the reads mapped back to the
resultant contigs, again using BWA mem to get more quality metrics. An automated
annotation was performed using Prokka (Seemann, 2014). Mauve align software tool
(Darling et al., 2004) were used to perform visual multiple comparisons while multiple
sequence alignment was performed by Multalin (Corpet, 1988). In addition, PHAST
(PHAQge Search Tool) (Zhou et al., 2011) and PHASTER (PHAge Search Tool Enhanced
Release) (Arndt et al., 2016) web servers were used for further confirmation of the
annotated phages genomes and manually annotated using the Basic Local Alignment
Search Tool (NCBI) (Altschul et al., 1990). Conserved protein domains (where relevant)
were detected using Pfam (Sonnhammer et al., 1997). Complete genomes were visualized
using Artemis (Rutherford et al., 2000) and image produced using SnapGene® Viewer
1.1.3 Software.

2.4.14 Molecular determination of phage adhesion

In order to estimate the possible reasons behind the loss of successful infection of
phiSHEF 2, 6 and 7 to epaB mutant and to point which stage of phage-host infection
might effected, adsorption rate was performed as described earlier in phage adsorption
rate experiment section 2.4.9.2. Free phage particles of phiSHEF 2 was counted at 0 min,
10 min, and 24 h after infection with epaB mutants cells and compared to that the control
OGL1REF cells. The free phage particles were counted from 24 h suspension after treatment
with 1% (vol/vol) chloroform in order to lyse the cells and to release any possible trapped
intracellular phage. In addition, 1ml from the 24 h phage-bacterial suspension was
pelleted and resuspended with ice cold 1 ml PBS with high NaCl molarity of 0.28 M for
10 min in 4°C, and filtered using a 0.45 um syringe filters. The titres of free phages in the
supernatant was determined directly after serial dilution in order to determine the
increased NaCl concentration on phage-bacterial adsorption strength. The phage count
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from the 0.28 M NaCl sample was deduced from the free phage count of the control group
of PBS (0.150 M NaCl) and to exclude cell lyses caused by increasing the molarity of
NaCl, CFU was counted from and compared to control group. This experiment was

repeated twice with triplicate each time.

2.4.15 Biofilm assay on polystyrene plates

The ability of the enterococcal strains to form a biofilm on an abiotic surface was
quantified based on a previously described method with suitable modifications (O'Toole
and Kolter, 1998). Briefly, E. faecalis strains were grown overnight in BHI at 37°C. The
cultures were diluted 1:40 in fresh BHI medium and 1 ml of this cell suspension was used
to inoculate sterile flat-bottomed 48-well polystyrene microtiter plates (Cellstar, greiner
bio-one). Six wells per strain were inoculated with BHI alone used as negative controls.
After static aerobic incubation at 37°C for 24 h (young biofilm) or 144 h (mature-
stationary phase biofilm), a fresh BHI broth was changed every 24 h for mature biofilm
to ensure a constant supply of nutrients. Broth was carefully drawn off from wells and, 1
ml fresh broth contain 102 PFU/mI phiSHEF 2 phage or BHI only controls were added to
three of the six wells of each group before incubation for another 3 h. Wells were then
gently washed three times with 1 ml of phosphate-buffered saline (PBS). The plates were
inverted on a paper towel and air dried and stained with 1% crystal violet for 15 min. The
wells were washed again 3 times, and the crystal violet was solubilised in 500 pl of
ethanol-acetone (80:20, vol/vol). The optical density at ODs7o was measured using a
microplate reader spectrophotometer (Tecan infinite 200, Austria). Each assay was
performed in triplicate and repeated three times.

2.4.16 Biofilm assay on teeth root surface (in vitro)

The ability of phiSHEF 2 phage to eradicate E. faecalis biofilm on extracted
natural root surface was quantified based on previous described method of Resazurin dye
change in colour and fluorometric assay (Perrot et al., 2003). 1 mm thick root slices were
cross sectioned above the root bifurcation area of multi-rooted human teeth (ethical
approval number STH18841, Apendix 5) by water cooled 0.1 mm cutting saw (MEDREK
859088) and divided into two groups in 24-well microtitre plates (Cellstar, greiner bio-
one) with final equal surface area for each group of root dentin pieces. A 7 day, mature,
stationary phase (168 h) E. faecalis biofilm was grown as described earlier in the biofilm

assay on polystyrene plates- i.e. 24 h media changes for 6 days. After that, the first group
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(treated) was treated with 1 ml BHI containing 108 PFU/mI phiSHEF 2 phage while BHI
only were added to the second group (untreated) before incubation for another 3 h. The
root slices were transferred into 48-well microtitre plates and washed three times with 1
ml PBS. After treatment and washing, 0.350 ml of PBS containing resazurin solution at
a final concentration of 1 pg/ml was added to both groups in a 48-well plate and incubated
at 37°C for 20 min. 0.3 ml from each well of both groups (treated and untreated) was
transferred to 96-well microtitre plates and resorufin fluorescence was read using a
microplate spectrofluorometer (Tecan infinite 200, Austria at Aexc 570nm, Aem 590 nm).
The reading of the non-emmiting dye of resazurin (treated) was subtracted from a control
group, which contained only the resazurin dye. This assay was repeated 2 times with at
least 3 samples in each group.

2.4.17 Zebrafish as in vivo model for phage treatment

Zebrafish maintenance and experimental work was performed in accordance with
UK Home Office regulations and UK Animals (Scientific Procedures) Act 1986. Ethical
approval was given by the University of Sheffield Local Ethical Review Panel. London.
Wild-type (LWT) inbred zebrafish larvae were obtained from The Bateson Centre,
University of Sheffield. All larvae were maintained in E3 medium at 30°C according to
standard protocols and monitored for up to 4 days post-fertilization (dpf). E. faecalis
0S16 strain were microinjected systemically by PhD student Magdalena Widziolek into
the Duct of Cuvier of dechorionated larvae at 30 hours post-fertilization (hpf) while PBS
and phiSHEF 2 phage was injected into two separately controls groups. Groups of at least
20 larvae were used for each treatment condition. Briefly, tricaine-anesthetised larvae
were injected individually with 2 nl of E. faecalis at a final dose of 30,000 CFU (Colony
Forming Units) and larvae were incubated for 2 h as described above. The CFU of
bacterial cells were counted after spot dilution onto FA agar plates. Half of the E. faecalis
infected larvae were then injected again with 2 nl of phiSHEF 2 phage at MOI of 20 and
fish health status was monitored for up to 72 hour post infection (hpi). Zebrafish mortality
assessment was based on the examination of the presence of a heart beat and blood
circulation. Images of 10% formalin - fixed zebrafish larvae were captured using the

fluorescence zoom microscopy Axio Zoom.V16, Zeiss with Zen Black software.
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Chapter 3: Characterisation of a putative
Fusobacterium nucleatum polymorphum
ATCC 10953 prophage
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3.1 Introduction

Bacteriophages are viruses that can infect and kill only bacteria and unlike
antibiotics which kill harmful and harmless microorganisms at the same time, they are
specific to their hosts. Due to their precise selection of hosts, small size and predictability
of behaviour, they have been studied as a tool to investigate bacterial genetics- with a
heyday in the 1970s-80s exemplified by for on Phage Lambda of E.coli. In addition, they
have historically, and increasingly been considered as potential modes of antibacterial
therapy (phage therapy) for human and animal treatment (Kutter and Sulakvelidze, 2004).
Recently attention in phage therapy has grown due to increase in the issues of antibiotic
resistance and biofilm associated infections in all major divisions of healthcare, including
dentistry (Khalifa et al., 2016). In dentistry and the resident oral bacterial flora, F.
nucleatum is considered an important periodontal pathogen that has been repeatedly
associated with the development and progression of periodontal disease, endodontic
infection and gingivitis, alongside being noted for an association with colon cancer as
well as vaginosis and preterm birth. This, on top of its role in the oral cavity as a bridging
organism within dental plaque that may be key to biofilm structure, means it is imperative

to improve our understanding of this organism.

In addition, Machuca et al. (2010) described the isolation of a bacteriophage
called FnpphiO2 that infected F. nucleatum while Foglesong and Markovetz (1974)
reported phage like particles associated with F. varium in 1974 that probably represented
induced prophages- all of which sits alongside the published genome of F. nucleatum
polymorphum 10953 containing an intact predicted prophage. In order to investigate the
potential of phage therapy towards fusobacterial infections and the potential to harbour
any antimicrobial proteins within the prophage genome, besides understanding the
potential role of this prophage in the microbiology of the oral cavity, it was decided to
study the putative prophage of FNP ATCC 10953, recently annotated in the released
genome sequence (Karpathy et al., 2007).

Specific Aims:

1. Bioinformatic exploration of Fusobacterium nucleatum polymorphum
ATCC 10953 (FNP) prophage.
2. Attempted induction of FNP prophage with Mitomycin C.
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3. Testing for the occurrence of Fusobacterium nucleatum polymorphum
and its prophage in clinical plague samples.
4. Investigation of the phiFNP1 lysis module as a source of therapeutic

antimicrobial proteins.

3.2 Bioinformatic exploration of Fusobacterium nucleatum
polymorphum (ATCC 10953) prophage

The full chromosome sequence of Fusobacterium nucleatum polymorphum
(ATCC 10953) is available with the GenBank number: CM000440.1 from the National
Center for Biotechnology Information NCBI (https://www.ncbi.nlm.nih.gov). A

prophage like genetic element was identified during the original genomic analysis of F.
nucleatum polymorphum (ATCC 10953) and is considered to be a unique prophage
genome (Karpathy et al., 2007). This prophage will be referred to as phiFNP1 from herein
in this thesis.

As a first step of analysis, the genome was reanalysed using the online web
server: PHAST, a phage searching tool http://phast.wishartlab.com. An intact prophage
(phiFNP1) of 34.9 Kb was identified within the circular bacterial genome (Figure 3.1, Fig
3.2 and Table 3.1). The prophage composed of 48 putative open reading frames (ORFs)
or Coding DNA Sequences (CDs) (the number of coding sequence) located between
2023949-2058861 that covered FNP_1662 to FNP_1709, with GC% percentage of
26.82%, and located between tRNA- Arg3 and tRNA-Arg4 coding regions that form
direct repeats at either end of the prophage boundary (FNP_t0043 and FNP_t0044) as
seen in Figure 3.3 and Figure 3.4. Both tRNA coding regions are sharing the same direct
repeat sequence of 5> GCTCAATTGGATAGAGCATCTGACT 3’ (Figure 3.3 and Table
3.1 CDS position 1 and 50) that gave the assumption of potential site-specific direct
repeats that flank phiFNP1, and might be very important for future excision and were

important for it’s initial integration.

The phiFNP1 sequence has no similarity with homologuous phage in the sequence
databases, with the nearest phage being Clostr_phiMMP04_NC 019422 with 17.02%
similarity at the DNA sequence level as revealed from the PHAST online program

analysis.
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Figure 3.1 Snapshot from PHAST online program showing an intact prophage
phiFNP1 (red box) within the genome of Fusobacterium nucleatum polymorphum

(ATCC 10953).
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>FNP t0043
GCACTCATAGCTCAATTGGATAGAGCATCTGACTTCGGATCAGAGGGTTGTGGGTTCA
AGTCCTACTGGG

>FNP_ t0044
GCATCTGTGGCTCAATTGGATAGAGCATCTGACTACGGATCAGAGGGTTGTGGGTTCG
ACTCCTGCCAGG

Figure 3.3 FNP_t0043 and FNP_t0044 sequences that share direct repeat sequences
(red colour letters).

As can be seen in Figure 3.2 and Table 3.1, the genes identified in this genome
include three major phage clusters. The first locus (left segment, blue coded genes)
represent genes involving in phage integration and DNA replication represented by a
putative bacteriophage integrase (FNP_1662), a bacteriophage helicase (FNP_1671),
bacteriophage endonuclease (FNP_1672), bacteriophage antirepressor (FNP_1673 and
FNP_1667), NTP-binding protein (FNP_1674), DNA-directed DNA Polymerase 1l
(FNP_1676) and HNH endonuclease domain protein (FNP_1683), all genes associated
with presence of a temperate lysogenic bacteriophage. The second cluster are genes
encoding phage structural proteins (right segment, green coded genes) represented mainly
by bacteriophage terminase small subunit and large subunits (FNP_1684, FNP_1685),
bacteriophage portal protein (FNP_1686), bacteriophage head capsid and packing protein
(FNP_1688, FNP_1689), bacteriophage tail sheath (FNP_1693), bacteriophage tail
protein (FNP_1698).

Table 3.1 Names and proposed function of phiFNP1 genes blast hits.

# CDS_POSITION BLAST_HIT

1 |2023949..2023973 attL GCTCAATTGGATAGAGCATCTGACT

PHAGE_Strept_ 01205 NC_004303: putative integrase;

2 complement(2024189..2025301) FNP_1662; phage(qi23455849)

3 complement(2025285..2025833) hhypothetical protein; FNP_1663
4 |2026091..2026192 hypothetical protein; FNP_1664
5 12026189..2026266 hypothetical protein; FNP_1665
6 12026263..2026469 hypothetical protein; FNP_1666
7 12033885..2035804 bacteriophage antirepressor; FNP_1667
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8 12027004.
9 2027332.

10/2027558.

11/2027878.

12/2029076.

13/2030056.

14/2030756.

15|2031597.

16 /2032091.

17/2033885.

18|2036369.

19|2036807.
20/2037013.
21/2037206.
22/2037279.

23 2038001.

24 2038549.

25/2039035.

26/2040756.

27 2041963.

28 2042678.

29/2043796.

30/2044082.

31 2044422.

32/2044841.

332045295.

34 12046372.

35/2046817.
36 2047209.

.2027339
.2027514

.2027881

.2029083

.2030008

.2030718

.2031412

.2032013

.2033854

.2035804

.2036806

.2036989
.2037204
.2037310
.2037746

.2038411

.2039034

.2040759

.2041970

.2042673

.2043784

.2044089

.2044417

.2044841

.2045281

.2046359

.2046803

.2047206
.2047355
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hypothetical protein; FNP_1668
hypothetical protein; FNP_1669

PHAGE_Thermo_THSA 485A NC 018264: VRR-NUC
domain-containing protein; FNP_1670;
phage(gi397912645)

PHAGE_Thermo_THSA 485A NC_018264: SNF2-related
protein; FNP_1671; phage(gi397912655)

PHAGE_Bacill_virus_1 NC_009737: Putative
endonuclease; FNP_1672; phage(gi155042966)

PHAGE_Paenib_philBB_PI23 NC_021865: antirepressor
protein; FNP_1673; phage(gi526245052)

PHAGE_Strept PH15 NC _010945: putative NTP-binding
protein; FNP_1674; phage(gi190151434)

hypothetical protein; FNP_1675

PHAGE_Entero_IME_EFm1_NC_024356: DNA
polymerase; FNP_1676; phage(gi658310484)

PHAGE_Lister P35 NC_009814: ap34;
phage(gi157325399)

PHAGE_Strept SM1_NC_004996: gp29; FNP_1678;
phage(gi32469460)

hypothetical protein; FNP_1679

FNP_1677;

hypothetical protein; FNP_1680
hypothetical protein; FNP_1681
hypothetical protein; FNP_1682

PHAGE_Clostr_phiSM101_NC_008265: HNH
endonuclease domain protein; FNP_1683;
phage(gi110804050)

PHAGE_Bacill BtCS33 _NC _018085: phage terminase
small subunit, P27 family; FNP_1684; phage(gi392972711)

PHAGE_Clostr_phiSM101_NC_008265: putative phage
terminase, large subunit; FNP_1685; phage(gi110804033)

PHAGE_Geobac virus E2 NC_009552: putative portal
protein; FNP_1686; phage(gi148747730)

PHAGE_Clostr_phiMMP04_NC_019422: ATP-dependent
Clp protease; FNP_1687; phage(gi414090445)

PHAGE_Bacill WBeta_NC_007734: putative major capsid
protein; FNP_1688; phage(gi85701384)

PHAGE_Entero_IME_EFm1_NC_024356: head-tail joining
protein; FNP_1689; phage(gi658310466)

hypothetical protein; FNP_1690

PHAGE_Clostr_phiMMP04_NC_019422:
protein; FNP_1691; phage(gi414090449)

hypothetical protein; FNP_1692

PHAGE_Clostr_phiMMP04_NC_019422: tail sheath;
FNP_1693; phage(gi414090451)

PHAGE_Clostr_phiMMP04_NC_019422:
protein; FNP_1694; phage(gi414090452)

hypothetical protein; FNP_1695
hypothetical protein; FNP_1696

hypothetical

XkdM-related
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372047426..2047671 hypothetical protein; FNP_1697

PHAGE_ Lactoc 340 NC 021853: putative tail tape
measure protein; FNP_1698; phage(gi526244482)

PHAGE_Clostr_phiMMPO04_NC_019422: peptidoglycan-
39 2050111..2050656 binding lysin domain protein; FNP_1699;
phage(gi414090456)

PHAGE_Clostr_phiC2_NC_009231: putative hydrolase;
FNP_1700; phage(gi134287357)

41|2051639..2052163 hypothetical protein; FNP_1701

PHAGE_Clostr_phiMMP04_NC_019422: XkdS-related
protein; FNP_1702; phage(gi414090460)

PHAGE_Clostr_phiMMPO04_NC_019422: baseplate J-like
assembly protein; FNP_1703; phage(gi414090461)

38 2047745..2050096

40 2050666..2051646

42 2052142..2052594

43|2052591..2053649

PHAGE_Clostr_phiMMPO04_NC_019422: hypothetical
Gl EUSEelEl Al S protein; FNP_1704; phage(gi414090462)
45|2054309..2055052 hypothetical protein; FNP_1705
46 2055064..2055777 hypothetical protein; FNP_1706

PHAGE_Crocei_P2559S NC_018276: N-acetylmuramoyl-
L-alanine amidase; FNP_1707; phage(gi399528661)

48 2056642..2056929 hypothetical protein; FNP_1708

PHAGE_Erwini_phiEaH2_NC_019929: phage tail
assembly-like protein; FNP_1709; phage(gi431810647)

50/2058861..2058885 attR GCTCAATTGGATAGAGCATCTGACT

47 2056091..2056639

49 2056916..2057365

Hits against Virus and prophage DB

Hits against Bacterial DB or GenBank file

The third locus of gene clusters is the lysis module (yellow coded genes) located
at the right boundary of the phage structural proteins represented by a peptidoglycan-
binding lysin domain protein (FNP_1699), putative hydrolase (FNP_1700) and N-
acetylmuramoyl-L-alanine amidase (FNP_1707). Temperate phages usually release their
newly formed progenies after environmental induction through lysis enzymes. The lysis
genes usually lie adjacent to and at either end of the virion protein genes cluster as is
observed in some of the best-characterized tailed phage genomes (Casjens, 2003) and this

is what is seen here (genes encode for phage structural proteins).

3.3 Testing for the presence of phiFNP1 in Fusobacterium
nucleatum polymorphum ATCC 10953

In order to determine and identify the presence of FNP prophage harboured by F.
nucleatum polymorphum ATCC 10953 laboratory strain and test its presence in oral

samples collected from patients with chronic periodontitis, a number of primers specific

96



Chapter 3
to the prophage and FNP ATCC 10953 strain were designed and tested. Hence, the
presence of prophage F. nucleatum polymorphum ATCC 10953 was tested and compared
to a negative control of F. nucleatum nucleatum ATCC 25586. Overnight cultures from
both strains were grown before chromosomal DNA was extracted (see section 2.3.2). A
PCR screen was carried out using DreamTaqg Green PCR Master Mix (2 X) polymerase
using two primer pairs designed to amplify the amiC (FNP_1707) and head capsid
(FNP_1688) coding regions within the predicted prophage genome (Figure 3.2, boxed
genes). A positive reaction producing bands at 550 bp and 450 bp respectively indicates
the presence of this part of the prophage region. This PCR reaction confirmed the
presence of both genes (Figure 3.4) in FNP but their absence from FNN, as expected and
so indicated the putative prophage genome presence and the utility of these primers. In
the rest of the tests, FNP_1688 was used as a sole primer for phiFNP1 identification as it
is specific for that prophage and in contrast to the 1707 genes did not lie close to the

phage termini and so indicated presence of the full prophage genome.

B
500b 1 —'>5me
>00bp =
FNP FNN FNP FNN

Figure 3.4 PCR screen for the phiFNP1 phage genome. FNP_1707 (A) and FNP_1688
(B) with template DNA from F. nucleatum subsp. polymorphum ATCC 10953 (FNP) and
F. nucleatum nucleatum ATCC 25586 (FNN). Analysis was by TAE-Agarose
electrophoresis, with Hyperladder I molecular weight marker used to elucidate the DNA

fragment size.

3.4 Induction of phiFNP1 prophage with Mitomycin C

In order to explore if phiFNP1 prophage acts as source of lysogenic conversion
or as a source of lateral transfer of other mobile DNA elements or bacterial DNA. An
attempt was performed to induce the prophage from the genome of ATCC 1094 strain,

and to use the induced phage particles to infect other strains of Fusobacterium.
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Mitomycin C was used to induce the putative phiFNP1 prophage. Sub-lethal dose of
Mitomycin C of 1pg/ml was tested first to ensure that no bacterial lysis occurred (data
not shown) and compared to the control (without Mitomycin C). This antibiotic was
added to mid-log phase liquid cultures of FNP bacteria for 5 h before the supernatants
were recovered after filtration to remove bacterial cells, ultracentrifugation was
performed to pellet the possible phage particles. After that, the pellet was resuspended
overnight in sterile nuclease free H2O at 4°C to recover possible phage particles, and
screened for the presence of phiFNP1 prophage using the phage head capsid FNP_1688
primer (Figure 3.5B). In parallel, to assess the presence of any contaminating DNA
arising from cell lysis from phiFNP1 (Figure 3.5A), a primer based upon the rpoB gene
(with PCR product size of 850 bp), a housekeeping gene specific to the Fusobacterium
chromosome but located away from the predicted prophage was used. For further
confirmation to the absence of any vital FNP cells in the supernatants that might interfere
with the subsequent infection test, 10 pl was plated on agar plate and showed the absence
of any growing FNP cells. In addition, no induction, as assayed by PCR, was observed

without addition of Mitomycin C.

Figure 3.5 PCR screen of phiFNPL1 induction from FNP ATCC 10953 cells with

500bp

Mitomycin C (1pg/ml). A) Absence of contaminating FNP DNA from the recovered
supernatants (rpoB primer) and positive control (+). B) Positive bands (FNP_1688
primer) indicating that the prophage might been induced with Mitomycin C (M) (FNN

DNA used as negative control).
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The results revealed that, the FNP prophage seems to be induced with Mitomycin

C in broth indicated by the presence of positive PCR products in the recovered
supernatants as seen in Figure 3.5B. However, when we used a primer set specific for a
chromosomal FNP gene (rpoB) (Figure 3.5A) on the same Mitomycin C supernatants,
there was no FNP DNA detected which indicates that no cell lysis had occurred and the

low level of phage induction was not due to Mitomycin C induced cell lysis.

As these data seemed to indicate induction of prophage from the FNP
chromosome we investigated whether we could see fully formed phage particles in these
supernatants. Sample pellets were resuspended in ammonium acetate after
ultracentrifugation (see section 2.4.1) and viewed via transmission electron microscope
(TEM) using negative staining. As can be seen in Figure 3.6A and B, two groups with
round particles of different sizes ranged about 25-60 nm average size in diameter were
visualised throughout the samples. Round head particles with tail like fibers of 10-40 nm
were identified from the first group (Figure 3.7A), while the second group have double
enveloped particles without visible tails that resembled extracellualr bacterial vesicles as
can be seen in Figure 3.6B.
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Figure 3.6 Transmission electron microscope (TEM) imaging of enriched suspension
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If there are vital phage particles in the resultant supernatants, they should be
capable of recognising and infecting Fusobacterium cells (their usual host) and may
integrate into the bacterial genome as prophage or undergo lytic cycling. The
uncontaminated supernatant that harboured the prophage (Figure 3.5B) was used to infect
fresh mid log phase of a number of clinical and lab strains of Fusobacterium strains

namely: F. nucleatum polymorphum Shef2- which we tested and was phage negative, F.
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animalis Shef2, F. animalis Shef3, and F. nucleatum nucleatum ATCC 25586, in
addition to its original host (ATCC 10953) in broth for 24 hours to allow for the
adsorption of the phage particles to the suitable host cells. Of note here is that the tRNA-
Arg sequence in Figure 3.3 is identical to sequences in strain 25586. The resultant cells
were plated on agar plate and allowed to grow for five days. Checking for the presence
of the prophage was performed using PCR after genomic DNA extraction from the
infected cells. No band was associated with the tested strains DNA of the infected cells
using FNP_1688 primer (primer specific to the prophage) as shown in Figure 3.7. In
addition, the phage supernatant was also spotted on a fresh lawn of host strain using the
agar overlay method and observation for plaques was monitored that would indicate a
successful lytic infection. In these experiments, no plaques were observed from spotted
supernatant either, indicating that the induced particles might not have the ability for
integration into the chromosome of the tested strains in the form of temperate phage.
Overall, phiFNP1 seems to potentially be induced from the chromosome of FNP 10953
apparently without cell lysis as reflected by the phiFNP1 DNA positive PCR
amplification and absence of its host DNA in the induced samples. However, we could
not observe viable phage infection towards any lab and clinical Fusobacterium strains
tested.

500bp

FNP- infected
cells

Figure 3.7 Infection of Fusobacterium cells (FNP) with Mitomycin C induced
supernatants. No band present for the phiFNP1 prophage using FNP_1688 primer in the
infected cells indicating its absence from the bacterial DNA (FNP ATCC 10953 DNA
used as positive control FNP+).
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3.5 The occurrence of Fusobacterium nucleatum polymorphum

and its prophage in clinical plague samples

In order to assess whether FNP 10953 clones but also, more importantly, how
prevalent carriage of the phiFNP1 prophage was in the human population, we collected
clinical plaque samples from 45 patients attending for treatment at the Periodontal Clinic,
Charles Clifford Dental Hospital. After suspension in PBS, whole DNA was extracted
from each sample (according to methods section 2.2.1). Two samples were collected at
each visit from the same patient (one sample from a healthy site and one sample from a
diseased site) at three subsequent visits (the total number from each patient through the
entire course of treatment was six) as can be seen in Figure 3.8. Figure 3.9 illustrates

plaque sampling.

[ esene | Ere——

ST — @ —
. Gmomths AR

Figure 3.8 Diagram showing the flow chart for phiFNP1 and FNP ATCC 10953

screening from patient.

Figure 3.9 Collection of plague sample from diseased site of the patient.

102



Chapter 3

Samples were considered positive for phiFNP1 prophage if both primer sets
yielded positive PCR reactions from the plaque DNA extracted from the same site in the
same patient; this was done to eradicate false positive results. Example amplification gels
for both the FNP_ 10953 specific 7poB and prophage phiFNP1 (FNP 1788, head capsid)
specific primer sets are shown in Figure 3.10. However, it is highly unlikely that these
primers gave false positive results given the anaerobic nature of this organism (i.e. cannot
likely come from the environment). Finally, both primers were sensitive in detection of
DNA down to 0.0001 ng/ul of FNP ATCC 10953 using standard curve slopes (7900HT
Fast Real-Time PCR Detection System, Applied Biosystems), which is equal to about 4
bacterial cells of Fusobacterium as calculated by dividing the DNA concentration by the
predicted genomic weight of Fusobacterium nucleatum of 2.32 x 10° (Ammann et al.,

2013).

A
H D H D H D % +
850bp —» e — .- —
Visit 1 Visit 2 Visit 3
B

H D Ho D H D =i
P00DP > s -

Visit 1 Visit 2 Visit 3

Figure 3.10 A) Positive bands PCR screening for healthy (H) and diseased (D) sites
from three visits of the same patient. A) rpoB primer and B) FNP_1688 primer. 4ul of
DNA was used in PCR reaction. Negative control (-) and FNP ATCC 10953 DNA was

used as positive control (+).
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The results revealed that about half of the patients tested harbour the phiFNP1

DNA as 23 patients (out of 45 patients screened) displayed positive results indicating that
phiFNP1 is common among in clinical plaque samples from the oral cavity (Table 3.2).
The results were distributed as follow: ~50% of the tested diseased sites were positive
(positive in 23 out of 45 patients), while only 26.6% of the samples from healthy sites

were positive (12 patients were tested positive out of 45).

Table 3.2 Screening results for phiFNP1 and FNP from 45 patients attending the

periodontal departments for treatments at the School of Clinical Dentistry..

Sites tested Patients
Healthy sites 135 12/45 (26.6%)
Diseased sites 135 23/45 (50%)
Total 270 23/45 (50%)

The identifications of the phiFNP1 and its FNP ATCC 10953 strain was consistent
throughout the treatment in positive sites, in another meaning, if one site showed positive
band at the first visit sample collection, the second and the third plaque samples yield the
same result from the same site, whether the treatment was performed or not at the second
or third visit and vies versa. This is also true for negative patients as screening still yield
negative results for the presence of the phage throughout the treatment subsequent

screening visits.

However, there were inconsistencies between the diseased and healthy sites in
the same patient in whom diseased sites showed positive results. In 23 patients with
diseased sites having the presence of phiFNP1, only 12 (approximately 50%) were
positive at healthy sites. This could be related to the fact that less amount of DNA was
extracted from the plaque samples obtained from healthy sites that might give false
negatives, which were in range of 1.2-7.3 ng/ul compared to 2-19 ng/ul obtained from
diseased sites. However, this might also reflect that the amount of phiFNP1 prophage
might be lower in healthy sites. Hence, measuring the number of phiFNP1 with specific
primer set using qPCR and standard curve method might be a better strategy to be applied
in future tests. Finally, the largest finding is that phiFNP1 is common among clinical
plaque sample obtained from patients having chronic periodontitis.
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3.6 Investigation of the phiFNPL1 lysis module as a therapeutic

Phage produce lytic enzymes at the end of lytic cycle, referred to as endolysins to
facilitate their escape from the host, if the gene encoding the potential enzyme is cloned,
the protein could be used to degrade peptidoglycan and kill bacterial pathogens i.e. used
as a potential antimicrobial (Fischetti, 2008, Fischetti, 2010).

The genome of phiFNP1 prophage harbours three potential lysis genes named
peptidoglycan-binding lysin domain protein (FNP_1699), putative hydrolase
(FNP_1700) and N-acetylmuramoyl-L-alanine amidase (FNP_1707) as described

previously in section 3.2 and illustrated in Figure 3.11.
3.6 Investigation of the phiFNP1 lysis module as a therapeutic

Phage produce lytic enzymes at the end of lytic cycle, referred to as endolysins to
facilitate their escape from the host, if the gene encoding the potential enzyme is cloned,
the protein could be used to degrade peptidoglycan and kill bacterial pathogens i.e. used
as a potential antimicrobial (Fischetti, 2008, Fischetti, 2010).

The genome of phiFNP1 prophage harbours three potential lysis genes named
peptidoglycan-binding lysin domain protein (FNP_1699), putative hydrolase
(FNP_1700) and N-acetylmuramoyl-L-alanine amidase (FNP_1707) as described

previously in section 3.2 and illustrated in Figure 3.11.
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B PHAGE Lactoc 340 NC 021853: putative tail tape measure protein;
FNP 1698; phage(gi526244482)

HAGE_Clostr_phiMMP04 NC 019422: peptidoglycan-binding lysin
domain protein; FNP_1699; phage(gi414090456)

PHAGE Clostr phiC2 NC 009231: putative hydrolase; FNP_1700;
hage(gi134287357)

hypothetical protein; FNP_1701
PHAGE Clostr phiMMP04 NC 019422: XkdS-related protein; FNP_1702;
phage(gi414090460)

PHAGE Clostr phiMMP04 NC 019422: baseplate J-like assembly protein;
FNP_1703; phage(gi414090461)

PHAGE Clostr phiMMP04 NC 019422: hypothetical protein; FNP_1704;
phage(gi414090462)

hypothetical protein; FNP_1705
hvpothetical protein; FNP_1706

PHAGE Crocei P2559S NC 018276: N-acetylmuramoyl-1.-alanine amidase;
FNP_1707; phage(gi399528661)

Figure 3.11 PhiFNP1 lysis module investigation. A) The position of the lysis module
genes within the FNP prophage (red arrows), B) Snapshot for the FNP blast hits showing

the poteintial lysis module numbers within the prophage genome (red boxes).

In order to look for any conserved domains within the sequence of the lysis
module, each of the amino acids sequence of the three genes were placed into online web
server ProDom (http://prodom.prabi.fr/prodom). ProDom is a protein domain family
database constructed automatically by clustering homologous segments. The source
protein sequences are non-fragmentary sequences derived from UniProtKB (Swiss-Prot

and TrEMBL databases). The results of each domain are shown below in Figure 3.12.

FNP_1699

SUBNAME : FULL=PUTATIVE UNCHARACTERIZED FULL=PEPTIDOGLYCAN-BINDING LYSM
PHAGE DOMAIN HYDROLASE WALL XKDP
Length = 102 out of 181

4] 106

|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|—|

Score = 384 (152.5 bits), Expect = 7e-36

Identities 79/102 (77%), Positives = 79/102 (77%)
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Query: 34 EFTTIDGNTLNXXXXXXXXXXXXXXXXXXXXXXXVSFLNFKEPKYYVKFFEKYRDLKLP 93
EEFTTIDGNTLN VSFLNFKEPKYYVKFFEKYRDLKLP
Sbjct: 34 EFTTIDGNTLNLIGGKGLKKEFSFSSFFPSKLYSFVSFLNFKEPKYYVKFFEKYRDLKLP 93

Query: 94 VRIIIVDKYQVILNMLCRYNFTYNFRDRAGDIPYTLDITEYI 135
VRIIIVDKYQVILNMLCRYNFTYNFRDRAGDIPYTLDITEYI
Sbjct: 94 VRIIIVDKYQVILNMLCRYNFTYNFRDRAGDIPYTLDITEYI 135

FNP_1700
SUBNAME : FULL=PUTATIVE HYDROLASE UNCHARACTERIZED PHAGE WALL CELL
FULL=PHAGE XKDQ PBSX
Length = 37 out of 326
0 10 200 F0n

a101s2

Score = 183 (75.1 bits), Expect = 7e-15
Identities = 37/37 (100%), Positives = 37/37 (100%)

Query: 215 TENKGAIRTIGQEQDTKSIEKYGKLQQVVTLDEKEFS 251

TENKGAIRTIGQEQDTKSIEKYGKLQQVVTLDEKEFS
Sbijct: 215 TENKGAIRTIGQEQDTKSIEKYGKLQQVVTLDEKEFS 251
FNP_1707

SUBNAME: HYDROLASE FULL=N-ACETYLMURAMOYL-L-ALANINE EC=3.5.1.28 AMIDASE

Length = 23 out of 182
4] 106

F++H—H++H—H++H—F++H—H++H
N |

Score = 104 (44.7 bits), Expect = 0.0001
Identities = 23/23 (100%), Positives = 23/23 (100%), Gaps = 13/23 (56%)

Query: 160 KFSIISDVVNLEVNFIVDTVKEV 182
KFSIISDVVNLEVNFIVDTVKEV
Sbjct: 160 KFSIISDVVNLEVNFIVDTVKEV 182

Figure 3.12 Amino acids blast search for the lysis module of PhiFNP1.
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The resulting bioinformatics searches (Figure 3.12) revealed the presence of
conserve hydrolase domain in each of the three-lysis module genes, which came in line
with the previous bioinformatics prediction performed in section 3.2. FNP_ 1699 and
FNP_1700 revealed an uncharacterised hydrolase domain, while FNP_1707 revealed an
uncharacterised hydrolase amidase domain, homologues of which are commonly found
in phage genomes (Romero et al., 2004). In the case of the predicted N-acetylmuramoyl-
L-alanine amidase (FNP_1707 or amiC), these enzymes are often involved in the
degradation of the peptidoglycan at the terminal stage of phage reproduction cycle. AmiC
enzymes are capable of lysis of bacterial cell wall peptidoglycan, hydrolyzing the amide
bond between the sugar and peptide in this structure as in Figure 3.13. In contrast to phage
amidases, bacterial amiC amidase proteins are thought to play a role in cleaving the
septum to release daughter cells after cell division, as occurs for Neisseria gonorrhoeae,

i.e. an amiC mutant did not fully separate but grew as clumps (Garcia and Dillard, 2006).

Glycosidases
]

Potential cleavage siteW

Amidases

~ Carboxy/Endopeptidases

CLoata D
<=
Clotys
(oA D

Figure 3.13 Endolysins cleavage activity towards bacterial PG sites. Adapted from
(Oliveiraet al., 2013).

Based on endolysins having muralytic activity towards bacterial PG (the bond of
the PG on which the enzymes act), four types of endolysins have been identified: I-
lysozymes and I1- transglycosidases act on the glycosidic bond that links the amino sugars
in the cell wall, and I11- amidases and IV- endopeptidases act on the amide and peptide
bonds of the cross-linking oligopeptide stems and interpeptide bridges (Young 1992,
lossener, 2005, Fischete 2010) (Figure 3.13).
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In order to investigate the activity of the predicted proteins of the FNP lysis

module as potential antimicrobial agents Fusobacterium strains and other periodontal

pathogens strains, it was decided to clone and purify the genes encoding these enzymes,

and characterise their action. This had similarly been done by other groups for an amidase

identified endolysin from P. aeruginosa autolysin amiB and S. aureus virulent phage
plyTW lysin (Scheurwater et al., 2007, Loessner et al., 1998).

3.6.1 Cloning of phiFNP1 lysis module genes

As a first step to assess activity and antimicrobial capability of these three putative
lysis proteins they were first either synthesised as linear DNA fragments by Invitrogen
GeneArt (FNP_1699 and FNP_1700), while a previous student (Arati Satyal Nepal) from
the Stafford group subcloned simlarly synthesised FNP-1707 into pGEX-4T-3 plasmid.

The nucleotide sequence of FNP_1699 and FNP_1700 obtained from
Fusobacterium nucleatum polymorphum (ATCC 10953) with the GenBank number:
CMO000440.1 from the NCBI (https://www.ncbi.nlm.nih.gov) was downloaded and
compatible retriction sites with E.coli pET15b or pGEX4T3 expression vectors (Figure
315, Figure 3.19, and Figure 3.21) i.e. Ndel [CATATG] and BamHI [GGATCC] were
added at the 5 end and Xhol [CTCGAG] at the 3’ end.

However, before synthesis we applied a codon optimization algorithm (GeneArt)
since the codon usage profile of FNP ATCC 10953 and E. coli sequence are very
different. To visualise the differences in codon usage of FNP_1699 and FNP_1700 in
both FNP ATCC 1093 and E. coli. The native sequence of both genes codons were
compared to the codon preference in E. coli, using the Graphical Codon Usage Analyser
(GCUA), freely available at http://gcua.schoedl.de/index.html. FNP_1699 was shown to
possess a mean difference of 50.05%, between FNP ATCC 10953 frequency of codon
usage and frequency of E. coli codon usage, while for FNP_1699 was 44.23% compared
to E. coli codon usage which seems to be very high (this can be observed from Figure
3.14 and 3.15). The synthesised FNP1699 and FNP1700 DNA product were cloned into
pJET1.2 blunt vector to obtain multiple inserts copies.
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30
AHAHTE iETTTRTI E :EAATa:E JﬂnnciﬁiﬁthrrT E E I TT
AThAﬁAﬁT TTTATEGC AATA GAAACHGABATHGTTGC GTT

70 80 50 100 110 120
GTEciEn:E E iErTTnTGnATTGTGATAcﬁAcicATGiE iﬂ Encﬁ E
GTEICAEA GTTATGAATTGTGATACMACEMGATG A ACHA

130 140 150 160 170 180
GGTA:EACEETEAATETAATTGG IA Eﬁann T TS T T THEC
GGTARMACMSTEA A THTEATTGGHGGH AAAAET TiaNeS T T TEXE C

180 200 210 220 240

BO TTTCL AGCAAABTEITATAGHT TTGTGAGHT THC THAABTT TAAAG AT

JY T TTC GCAAANTETATAGETTTGTGAGET TMCT TTTARAG cccAAATnTT-c

250 260 270 280 290 300

BO ARATT GABAAATATRGEG TE GRATRATHATTGTRG

RO ARATT GRARARATATHGHEG T GUATHATHATTGTEG

310 320 330 340 350 360

EBO ARATAT':AGGTE AT ] Erﬁmga'rnThmTTTncﬂTmAATTTmGEGAT

F A AATATCAGGT MNTGCAATATGCTETG TATAAMTTTACEMTANAATT TMSGHGAT

370 380 390 400 410 420

BO ﬂGEGCEGGEGATATHFLI :E EETGGHTATTACHGARTATHTITTHCCEATTARER'G

.o IS GG CMGGIGATAT TGGATATTACMGAATATATMSTECCEATTAAMNALE

4320 440 450 460 470 480

BO p.r:ﬂ E uncchTrnmnmanarulaana:ﬁ Aanaiﬂniﬂnc :E

AD LN GCACCEATTGA ARMAAACCEAAAARMACAAAGAMANINA CHA

490 500 510 520 530 540

BO Ann-igﬂiﬁnanacgﬂnnnTlnnan AhhhTEAHAGATLiﬂﬁcghighhhhhhﬁCTAA

AD RN AARACMAAAATMAALAAMAAAATMAAAGATAA MG CMAAMAAAAALCC TAAR

Bo FEENCEAC

AD EWAnpNCH
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D
BO ENJEERS hth ATRAARAGATARAG h GATAT GGTAAT T hC
LA TCTAMARAAG ATEMAAAGATARAG GATAT GGTAAT
TO 30 o0 100 :I.:LD 120
BOo pEnEESET GTTG}'LTAL.E E ;! GTTGAHTTTGAETE !GT RATEG-E
F L MG ATACEBGTTGATACMSTEG GG T G GTTGAATTTGAAMT AAT
130 140 150 160 170 180
BO AiEAhLGLTTTTGAGTTTTT TATGATAT ALECTEuGEG EAT CABIATTCT -T
AOC AAAGATTTTGAG T T[sls TATGATAT CcTEGG ATTCT C
190 200 210 220 zzo0 z40
- BN CATARMAGG GAAATEITGGTEC:EGC TTATTGT ACithhC !A:‘GG AAAATES
PN CATARAGGGARAT T GGT TTATTGTMACEMGARAAC AARAA TS
250 z60 270 280 230 300
BO AC!&ATTTTAC GL, ThTL;ATnTuG-“iTGGThTiTGhATAh:‘ACE !A'r AAECAG
AD AATTTTAC TATGCATATCCCEMTCCTATETCAATAR CAG
310 320 33{: 340 350 350
BO TTEA};.EHAAHTGAT GuinﬂunTTGEGT nar:“c'r Tuinansnnnrrsﬁ nT A.u
F LT TEAARAAAATGAT GATTG E¥Y AAAGAAATTGG
270 380 390 400 410 4z0
: B G TTGAMLGTE Rl uG IG ECEA:E:TEGAThAAATCTATA GATA AG AT; :
F L BNGT TGALGTH GATAAAATCTATAABIGATA [
430 440 450 460 a7o aso
BO c uT ARAAG TRAATRGAAC : F I
AO ARAG THWATHCAAC
aso 500 510 szo0 530 540
- BN CART THRGATA Gu TRAAARATRATGC S T h AART A GTGTTTG AED
P CAETTECATA TEAARATHATGCC ARAT GTGTTTGC A
550 S60 5".I'D SED 590
BO EaAAuTEC:EAﬁAGAEAiETT E :E GAAARHATTGGTGG
AD GAAATMCAMAAAGAMNA TT Anfea T A GAAAAMATTGGTGG
610 €20 630 640 650
BO ACEAA:HATTETEGRTRTGAARAATAGEGTE Eu'r TTACRGAAAANAAAGGTGCA
AD AR ATTGTEGATATGAARAATAG TTACEMGAAAASMAAAGGTGCR
&70 £80 €90 Foo 710 720
BO nr AT CAAG r G h A ATHCABAARTANCCTAAANTEIC AR
AO CAAG c AaTEcrElRABTAMccTAA AT EC AE
730 T40 T50 F60 77O 780
BO ¢;EGTE ihc TGGABMGAARARGAATT lilGCEilTCTEGT!GE ARARANGAG
AO TCCANCGAARAAGRAATT ARACGCEIARATCT AAARAMCAG
790 BOO B1a B20 830 8B40
BO thhancgEAﬁTEGHRTCACEGREGnTTTEHGEHTTG:EGTECT GETGATGATAAT
AO AAAARACTEAATEGHATCACMGARIGATT TEAGEMATTGANGTHC TEGGTGATGATAAT
850 BEEO e70 ss0 890 200
BO GuTEGIGTGATTGBTATTGAgETE EFT TTTAATETGAREGGEG
AO GGT GTGATTGATATTGA TTTAATEMTGAAAGG
s1i0 920 s40 950 960
BO T CACE G anfcTiAR
AO CchCf AAMCTELR
EBO
A

Figure 3.14 Codon optimisation of FNP_1699 and FNP_1700. A) and C) Comparison
of codon utilisation between FNP ATCC10953 and E. coli For FNP_1699 and FNP_1700
respectively. Nucleotide sequences for both genes from FNP ATCC 10953 were ompared
against the E. coli genome to assess the frequency each codon is used with, using the
GCUA (http://gcua.schoedl.de/index.html). Red= frequency (%) of a given codon used
in FNP ATCC 10953 and black=frequency (%) of a given codon used in E. coli. B) and
D) Nucleotide sequence of both genes before (BO) and after (AO) codon optimisation.

The light colour boxes indicate nucleotide change.
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q name |/ optimized for
FNP-1699/ Escherichia coli

ORF Protected sites Protected areas Motifs to avoid

13-558 [ATG..TGA] 1-6 Ndel [CATATG] Ndel [CATATG]
7-12 BamHI [GGATCC] BamHI [GGATCC]
559-564 Xhol [CTCGAG] Xhol [CTCGAG]

M kK I Y F I A E N N 6 E T E I ¥V A I P
1. CATATGGGATCCATGAAAATCTACTTTATCGCCGAAAATAACGGCGAAACCGAAATTGTTGCAATTCCG
V V Q N I E V M N €C D T T D E E F T T I D 6 N
706, GTTGTTCAGAACATCGAAGTTATGAATTGTGATACCACCGATGAAGAATTCACCACCATTGATGGTAAT
TN T s K K s I E S s e P s K
139. ACCCTGAATCTGATTGGTGGTAAAGGCCTGAAAAAATTCAGCTTTAGCAGCTTTTTTCCGAGCAAACTG
Y SV s e N R R R K VK e E kYR
268. TATAGCTTTGTGAGCTTCCTGAACTTTAAAGAACCGAAATATTACGTGAAATTCTTCGAAAAATATCGC
D L K L P V R I I I VvV D K Y Q@ V I L N M L € R
277. GACCTGAAACTGCCGGTTCGTATTATCATTGTGGATAAATATCAGGTGATCCTGAATATGCTGTGCCGC
Y OUN UE T YO N FE R DDRUAN % DX R YT Otp Xl w E Y
346. TATAACTTTACCTATAATTTCCGTGATCGTGCCGGTGATATTCCGTATACCCTGGATATTACCGAATAT
I L P I N K T T A P I E S N K P K N T K D N T
415. ATCCTGCCGATTAACAAAACCACCGCACCGATTGAAAGCAACAAACCGAAAAATACCAAAGACAACACC
N I T K D K K T K I K N K I K D N A N K K P K
484. AACATCACGAAAGACAAAAAAACCAAAATCAAAAACAAAATCAAAGATAACGCCAACAAAAAACCTAAA
PR
553. AAATGACTCGAG

name / optimized for
FNP-1700/ Escherichia coli

ORF Protected sites Protected areas Motifs to avoid

13-993 [ATG..TAA] 1-6 Ndel [CATATG] Ndel [CATATG]
7-12 BamHI [GGATCC] BamHI [GGATCC]
994-999 Xhol [CTCGAG] Xhol [CTCGAG)

M Y K vV I I K D K D V S D I I 6 N L T
1. CATATGGGATCCATGTACAAAGTGATCATCAAAGATAAAGACGTGAGCGATATCATTGGTAATCTGACC
W R D T V D T L @ V E vV E F E L P V N R Y N K
70. TGGCGTGATACCGTTGATACCCTGGGTGTTGAAGTTGAATTTGAACTGCCGGTTAATCGCTACAACAAA
DI e LY D S T T L e D R e s T A D K e E T
139. GATTTTGAGTTCCTGTATGATATCACCCTGGGCGATCCGATTCAGATTCTGAACGATAAAGGTGAAATT
UV A TR T e N e K AR T A AR A
268. CTGGTGCAGGCAATTATTGTTACCGAAACCCCGAATGGCAAAATCACCAATTTTACCGCCTATGATATG
Y K s T KR O N e e D CT K
277. GCCTGGTATCTGAATAAAAGCACCGTGATCAAACAGTTCAAAAAAATGATTGGCAACGATTGCGTTAAA
S RE T e I vV E RV s s T KT T Y
346. AGCCTGTGCAAAGAAATTGGCATTAAAGTTGAAGTTAGCGGTCTGGATACCAAAATCGATAAAATCTAT
K D K 8 T 8 b ¥ T K D T T E Q €C 8 Q@ F N 8 K K
415. AAAGATAAAAGCATCAGCGACGTGATTAAAGACATTATTGAACAGTGCAGCCAGTTTAACAGCAAAAAA
R T E N F DN e T KNP KK T KV E e
484, TTCTTCATCGAGTTCGATAACGGCACCCTGAAAATTATGCCGTACAAAAAAATCAAAGTGTTTGGCCAG
FIUE Tl kDR E T N T N E N T el e v s T ke s
553, TTCGAAATCCAGAAAGACAAATTCATCAACATCAACGAAAACATTGGTGGTGTTAGCCTGACCAAAAGC
I vV D M K N S V L V I T E N K 6 A I R T I 6 Q@
622. ATTGTGGATATGAAAAATAGCGTGCTGGTGATTACCGAAAACAAAGGTGCAATTCGTACCATTGGTCAA
O D T S T e Y e I D OO Y T R CR D M E R K E
691. GAACAGGATACAAAAAGCATCGAAAAATACGGTAAACTGCAGCAGGTTGTTACCCTGGATGAAAAAGAA
F S K A N L V A K N E L K K L N R I T E D F s
760. TTTAGCAAAGCAAATCTGGTGGCCAAAAACGAGCTGAAAAAACTGAATCGTATCACCGAAGATTTCAGC
I o VvV L 6 Db D N V K S 6 R V I D I D L P L F N
829. ATTGATGTTCTGGGTGATGATAATGTTAAAAGCGGTCGCGTGATTGATATTGATCTGCCGCTGTTTAAT
K e e L N G E s N T s N e R A
898. CTGAAAGGCGAGTATCTGATCAAAGAAAGCAATCATACCATCAGCAATAACATCCACCGCATTAACCTG
XK. L E ‘@ v s p E *
967. AAACTGGAAGGTTATTCCGATGAATAACTCGAG

Figure 3.15 Snapshot for the final optimized nucleotide sequence of FNP_1699 and
FNP_1700. The restriction enzymes Ndel [CATATG] and BamHI [GGATCC] were add
to the beginning of the sequence while Xhol [CTCGAG] (yellow boxes) and a stop codon

(*) were added at the end.
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3.6.1.1 Cloning into pJET 1.2 vector

pJET1.2 vector is a versatile cloning plasmid that possesses a lethal restriction
enzyme gene which when disrupted by ligation of a DNA insert into the cloning site
results in formation of viable colonies, but in the absence of an insert is lethal to the E.coli
cell. After ligation with T4 ligase, the resultant plasmids are immediately transformed
into E. coli DH5a competent cells and plated onto LB agar containing ampicillin. The
resulting colonies are picked carefully, subjected to PCR amplification using pJET1.2
primers (see section 2.3.3) and plasmid clones related to positive colony were extracted
and sent to a sequencing facility (GATC biotecH, Germany) to ensure that the insert
harbors the correct sequence (data not shown).

Purification of pJET1.2-FNP1699 and pJET1.2-FNP1700 was performed with the
aid of a plasmid mini prep kit followed by double digestion with Ndel-Xhol and BamHI-
Xhol for each vector separately, to clone in pET15b or pGEX-4T3 respectively. Upon
successful digestion with Ndel-Xhol and BamHI-Xhol, bands were released as
demonstrated below in Figure 3.16 and Figure 3.17 alongside the vector bands of 2.97
Kbp, PCR fragments with correct sizes were excised with the aid of a sterile scalpel and

purified with PCR gel and clean Kit.

Ndel-Xhol BamHI- Xhol

Figure 3.16 Restriction digestion of pJET1.2-FNP1699. Two prospective pJET1.2-
FNP1699 clones were digested with Ndel-Xhol (left) and BamHI-Xhol (right)
respectively. Uncut plasmid is seen at 3500 bp with the linearised plasmid at 3000 bp and
the released FNP1699 insert at 565 bp. Hyperladder | and Il molecular weight markers
were used to elucidate the DNA fragment size respectively.
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1000bp e ——
. T

Ndel-Xhol BamHI-Xhol

. ‘e
- < SaBoaie ‘¢ .
Figure 3.17 Restriction digestion of pJET1.2-FNP1700. The FNP1699 was digested
with Ndel-Xhol and BamHI-Xhol respectively. The linearised vector size is 2974 bp while
the incomplete digested vector-insert will be higher at approximately 4000 bp and the

insert of FNP1700 at 1000 bp (upper band in the first and second lane).

3.6.1.2 Cloning into pET15b

In order to express the FNP1699 and FNP1700 protein at high levels in E. coli it
was required to clone the coding sequence into a suitable expression vector. Both genes
of interest were removed from the pJET1.2 plasmid through restriction enzymes Ndel and
Xhol in order to transfer it into the expression vector, pET15b, which is detailed in Figure
3.18. Prior to the cloning of resultant FNP1699 and FNP1700 DNA fragments, the vector
was dephosphorylated with alkaline phosphate CIP (NEB) to avoid pET15b self-ligation.
The vector pET15b possesses a T7 promoter that is highly inducible in E.coli ADE3
lysogen strains to control the expression of the plasmid and with the use of Ndel and Xhol
restriction nucleases could accommodate the gene insert such that it would contain an N-

terminal His-tag for later purification of the expressed recombinant protein.
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T7 promoter
Bglll_ p e lac operator Xbal

AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAA T ATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAA
Neol His-Tag Nde| Xhol BamH |

TA ATGL CAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCTCOAGGATCCGGCTGC TAACAAAGCCCGA
Me SerSerHisHisHisHisHisHisSerSerGlylLeuValf g srHisMetlLeuGluAspProAlaAl oA Al aAr

Sy [— "
Bpu1102 | thrombin T7 terminator
AGG SCCACCI AGC A GGGCCTCTAAACGGGTCTTGAGGGGTTTTTTC
ysG Ala

T7 terminator primer #69337-3

Figure 3.18 pET15b vector map and cloning details. The pET15b vector contained

Ndel and Xhol restriction sites such as to allow for the insertion of FNP1699 and

FNP1700 DNA fragment in the correct orientation.

The double digested pET15b and gel purified FNP1699 and FNP1700 extract
were ligated using T4 DNA-ligase before transformation into E. coli DH5a competent

cells and cultured overnight on LB ampicillin selective plates (pET15b contains

ampicillin resistance). The resultant colonies were picked, subjected to PCR

amplification using T7 primer and plasmid clones related to positive colony were
extracted and sent to a sequencing facility (GATC biotecH, Germany) (Figure 3.19).
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Figure 3.19 PCR screen of pET5b-FNP1699 and 1700 DNA from differnt colonies.
(A) 10 colonies screened positive for pET15b-FNP1699 indicated by 785 bp (565 bp
insert+200 bp T7 primer extension) and (B) 16 colonies screened positive for pET15b-
FNP1700 indicated by 1200 bp (1000 bp insert+200 bp T7 primer extension).

The results revealed that the cloning was successful as the inserts came at the
correct expected size, and the sequencing came back 100% identical with both

synthesised gene and with an in-frame 6-Histidine tag.
3.6.1.3 Cloning into pGEX vector

In order to increase the chance to produce recombinant protein expression in a
soluble form, the FNP1699 and FNP1700 DNA fragment encoding region were also
cloned into pGEX-4T-3, an expression vector which attaches a glutathione S-transferase
(GST) tag to the recombinant protein expressed and again is IPTG inducible as shown
below in Figure 3.20. This technique often increases the solubility of proteins since the
fusion protein - GST is highly soluble, and has proven successful in our laboratory for

Tannerella genes (Phansopa et al., 2015). Both genes of interest were removed from the
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pJET1.2 plasmid through restriction enzymes BamHI and Xhol this time, in order to
transfer it into the expression vector pGEX-4T-3. Prior to the cloning of the resultant
FNP1699 and FNP1700 DNA fragments, the vector was again dephosphorylated with
alkaline phosphate CIP (NEB) to avoid plasmid self-ligation.

(4868) Btgl BfuAl - BspMI (62)
(4760) Bsu36I . lac operator]|
/ _ EcoNI (268)

Mscl (465)

BstBI (655)
| Swal (685)

(4310) PluTI
(4308) Sfol |
(4307) NarI* |
(4306) KasI —

pGEX 5" Sequencing Primer (869 .. 851)
(4173) Hpal BamHI (930)

(4117) EcoRV _

(4078) BssHII .. J

| EcoRI (938)
|| TspMI - Xmal (943)
||/ Smal (945)

PaeR7I - PspXI - XhoI (953)
Eagl - NotI (959)

™\ Pfol (1035)

(3878) Apal - BanII _
(3874) PspOMI — ——.
(3848) BStEII — —

pGEX-4T-3
4968 bp

pGEX 3' Sequencing Primer (1018 .. 1040)

U PFAIFL - Tth111I (1138)
\ BsaAl (1145)
S Zral (1242)
AatIl (1244)

(3667) Mlul —

(3350) BStAPI

(3249) PAMI

PstI (1921)
Bsal (2007)

/ AhdI  (2153)
(2642) AlwNI

Figure 3.20 pGEX-4T-3 vector map and cloning details. The pGEX-4T-3 vector
contained BamHI and Xhol restriction sites such as to allow for the insertion of FNP1699

and FNP1700 DNA fragment in the correct orientation.

The double digested pGEX-4T-3 and gel purified FNP1699 and FNP1700 DNA
extract were ligated using T4 DNA-ligase before transformation into E. coli DH5a
competent cells and cultured overnight on LB ampicillin selective plates. Colony PCRs
were performed on the resultant colonies using pGEX primer and the resulting band of
correct length were excised and sequenced, this was done to ensure that the insert harbors

the correct DNA fragment sequence (Figure 3.21).
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Figure 3.21 PCR screen of pGEX-4T-3-FNP1699 and 1700 DNA. (A) pGEX-4T-3-
FNP1699 indicated by 731 bp (565 bp insert+166 bp pGEX primer extension) and pGEX-
4T-3-FNP1700 (B) indicated by 1166 bp (1000 bp insert+166 bp pGEX primer

extension).

The results revealed that the cloning to be successful and the sequencing came

back positive and 100% identical with both synthesised genes.

3.6.2 Overexpression of FNP lysis module genes
3.6.2.1 FNP_1707 protein overexpression and solubility

FNP_1707 was cloned previously into a pET expression vector and proved
insoluble by a previous student (Arati Satyal Nepal) from the Stafford group. It was thus
decided to clone it into another type of expression vector that might increase its solubility.
The FNP_1707 was cloned by the same student into the plasmid vector pPGEX4T3-amiC
and was provided to me. The plasmid vector pGEX4T3-amiC has transformed into E-coli
strain DH5a (cloning strain) before extraction using ISOLATE Plasmid Mini Kit
(BIOLINE). After that, transformation was performed into expression strains
BL21(ADE3). pGEX vector carries a T7 highly inducible promoter so as to over-express
the cloned gene. Attempts to heterogeneously overexpress amiC in E. coli BL21(ADE3)
with 1 mM IPTG at 37°C for 5 h were made. Samples were taken at 0, 2, 4 and 5 h after

induction with IPTG. In this case, IPTG acts as a mimic form of allolactose which serves
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to induce the over expression of protein by binding with the Lac repressor, resulting in

activation of amiC gene translation (Figure 3.22A).

The SDS-PAGE demonstrated that BL21(ADE3) E. coli strains yielded the
expression of the protein (46 KDa) when incubated for 5 hours at 37°C in the LB media.
Consequently, protein overexpression was performed in large scale volume of
BL21(DE3) at 37°C for 5 h (Figure 3.22B).

0 2 4 5
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Figure 3.22 amiC GST-tag protein overexpression and solubility test. A) pGEX4T3-
amiC was transformed into electrocompetent E. coli strains namely BL21(DE3) and
overexpressed by adding 1 mM IPTG in the mid log phase. Uninduced cell represents as
a control O time, induced represented by 2, 4 and 5 h time. B) BL21(DE3) protein
solubility test showing the obtained supernatant (soluble) and pellet (insoluble) after
centrifugation of total cell lysate. 15% polyacrylamide gel was used to run the SDS-
PAGE.

Solubility of the GST-tagged recombinant amiC had to be examined so as to
purify the protein in soluble form. The harvested pellet of BL21 were resuspended in
binding buffer (50 mM Tris-HCI, 0.5 M NaCl, pH 8.0) and subjected to French Press
lysis. The collected supernatant and cell pellet were analysed through SDS-PAGE for
BL21 (Figure 3.22B).
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The data revealed that the overexpressed amiC GST-tagged recombinant protein

was insoluble. The heavy band (46 KDa) represented the insoluble protein that was
present in the cell pellet. While the light band refers to a small proportion in the soluble
protein fraction present in supernatant. However, despite this small amount in the soluble
fraction, purification failed (not shown), probably as it was mainly located in the insoluble

fraction and we suspect that precipitation occurred during purification also.
3.6.2.2 FNP_1699 lysis protein overexpression and solubility

Upon successful cloning of FNP_1669. The pGEX-FNP1699 and pET15b-
FNP1699 plasmid vectors were then transformed as described in a previous section
(3.6.2.1). Induction with 1 mM IPTG at 20°C overnight was performed, 1ml cell pellets
were taken from the two samples before and after induction. After re-suspension of the
bacterial pellet in binding buffer, they were subjected to a French Pressure at 1000 psi to
release internal proteins while the pellets will contain the insoluble protein. The four
samples of uninduced, induced, soluble and insoluble for both pGEX-FNP1699 and
PET15b-FNP1699 were analysed via SDS-PAGE (Figure 3.23A and B).

The size of the pGEX-FNP1699 and pET15b-FNP1699 protein was worked out
using the EXPASY ProtParam tool (http://web.expasy.org/protparam/) and was estimated
to be 47 KDa and 22 kDa respectively as the two-plasmids harbour the same inserts, but
the pGEX-FNP1699 possess an extra 25 KDa GST tag protein domain. Although, both
showed successful overexpression of the indicated protein as shown by the heavy bands
in the two induced samples at 47 KDa and 22 KDa respectively and the absence from the
un-induced samples, the His-tag (pET15b-FNP1699) showed more protein
overexpression than the GST-tagged protein (pGEX-FNP1699) that reside in soluble

form.
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Figure 19 Séyl—ilkié-tag prdtin overrssi and solubility
test. A) FNP1699 GST-tag protein (pGEX-FNP1699) at 47 KDa. B) FNP1699 His-tag
protein (pET15b-FNP1699) at 22 KDa. 12% polyacrylamide gel used to run the SDS-
PAGE.

Elution and purification for the soluble protein was performed next, pGEX-
FNP1699 and pET15b-FNP1699 soluble protein was suspended in binding buffer and
subjected to GST and His purification protocols respectively (see section 2.3.11.2 and
2.3.11.1). The GST-tag protein was introduced onto Glutathione affinity resin before
elution with 100 mM L-reduced glutathione while His-tag protein was introduced onto a
nickel resin before elution with a 300 mM imidazole buffer (Figure 3.24A and B).
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Figure 3.24 FNP1699 GST-tag and His-tag protein elution test. ) FNP1699 GST-
tag protein elution fragments at 47 KDa, 12% polyacrylamide gel was used to run the
SDS-PAGE. B) FNP1699 His-tag protein elution fragments at 22 KDa, 15%
polyacrylamide gel used to run the SDS-PAGE. F Th:flow through, E1-E4:elution
fragments.

As can be seen from comparing the different fractions of proteins generated from
elution, a small amount of soluble protein was obtained from GST-tag and His-tag protein
at 47 KDa and 22 KDa respectively. However, upon dialysis with lower salt buffer, the
resulted GST-tag protein was precipitated and returned to an insoluble form (Figure 3.25),
this was followed by several trials of dialysis with higher concentrations of salt buffers
with new eluted proteins patches with the same results, while the His-tag protein was not
pure enough and had many contaminants as revealed from the SDS-page. Since this
happened we did not follow up as they are not suitable for further activity test

investigation.
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Figure 3.25 Testing FNP1699 GStag afters dialysis. No band was visualised at 47
KDa after dialysis with 150 mM NaCl buffer, 12% polyacrylamide gel was used to run
the SDS-PAGE.

3.6.2.3 Improving recombinant protein production and solubility for FNP_1707 and
FNP_1699

Successive attempts were made to reproduce and overexpress both proteins in
order to obtain enough quantity of recombinant protein for improving solubility and
purification. However, these attempts showed inconsistency in the expression and/or
production (several attempts even reveal no expression of target protein) in E. coli strain
BL21(ADE3) which might be due to loss of plasmids from the expression strain as a result
of plasmid instability (high toxic recombinant protein being produced). It was decided to
transform both GST-tagged plasmids that harboured FNP_1707 and FNP_1699 into E.
coli strain C41(ADE3). The E. coli strain BL21(ADE3) used generally for both prokaryotic
and eukaryotic protein overexpression based upon the bacteriophage T7 promoter
expression system (the T7 RNA polymerase is produced from the lysogenic A prophage
DE3 under the control of the IPTG-inducible lac UV5 promoter) (Miroux and Walker,
1996).

C41(ADE3) strain has been used previously in several studies to produce proteins
that were either insoluble, expressed poorly, and in cases with unstable plasmid
transformation into BL21(DE3) (Masi et al., 2003, Sgrensen et al., 2003, Voet-van-
Vormizeele and Groth, 2003). E. coli strain C41(ADE3) is a mutant from BL21(ADE3)

that propagated to high density, and continue to produce proteins at improved level
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without toxic effects (Miroux and Walker, 1996). Therefore, it was selected for both

unstable protein overexpression as shown in Figure 3.26.

o
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Figure 3.26 FNP_ 1707 and FNP_ 1699 GST- -tag protelns overexpressmn in E coli

strains C41(ADE3). A) pGEX4T3-1707 plasmids was transformed into electrocompetent
E. coli C41(ADE3) and overexpressed by adding ImM IPTG in the mid log phase.
Uninduced cell represents as a control 0 time, induced represented by 2, 4 and 5 h. B)
Overexpression and solubility test of pGEX-FNP1699 protein at 47 KDa. 15% and 12%
polyacrylamide gel was used for the SDS-PAGE..

Both FNP_1707 and FNP_1699 GST-tag proteins were overexpressed

successfully using E. coli strain C41.

If the recombinant protein is expressed faster than they can fold into its native
structure, sometimes aggregates will be formed as the result of the reaction of its
hydrophobic or sticky partially folded or misfolded regions with other similar proteins
(Burgess, 2009). This insoluble form is called an inclusion body of about 0.2-0.5 microns
in diameter and the exact mechanism for its formation is not fully understood and differs
with different protein being expressed (Singh and Panda, 2005).

Attempts were made to obtain both proteins in active soluble forms using three

denaturant agents (N-lauroyl sarcosine, guanidine hydrochloride, and urea) based on
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recommendations by Leal et al., (2006) and Burgess, (2009). In all methods, the insoluble
protein pellet is resuspended in a suitable denaturant to allow denaturation and
solubilisation. Refolding is then performed by dilution of the denatured protein about 60
fold to a point where the protein can refold (flash dilute into refolding buffer). If the
denaturation is successful, elution and dialysis can be performed after. As can be seen in
Figure 3.27, attempts to resolubilise in a urea and guanidine hydrochloride solutions were
successful in denaturation and solubilisation as can be seen by strong bands in Figure
3.27A and B respectively. However, while this was successful for resolubilisation,
unfortunately most protein was lost during dialysis due to dilution or aggregate formation
due to instability of the solubilised protein when lower salts dialysis buffer was used (our

ultimate goal is to produce protein in physiological salt concentration, of 150 mM NaCl).

soluble insoluble U soluble insoluble G

L -

40KDa—» =

Figure 3.27 FNP_1707 and FNP_1699 GST-tag proteins solubilisation. A) FNP_1707
protein solubilisation with urea (U). B) FNP_1699 protein solubilisation with guanidine
hydrochloride (G). 12% polyacrylamide gel was used for SDS-PAGE.

The main problem observed in many refolding attempts is that upon dilution or
dialysis of the solubilised recombinant protein to decrease the concentration of the
denaturant detergent to lower levels to allow native protein that might have a measurable
activity, major precipitation was formed. This might be caused as the sticky regions of
the solubilised protein folding again and precipitate, thus it has been stated that refolding

of any given protein still presents a significant challenge (Singh and Panda, 2005). As
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both FNP_1707 and FNP_1699 proteins overexpression reside mainly in insoluble form,
we stopped further purification and went for investigation of the third lysis module
FNP_1700 gene that might give better chance to be overexpressed in soluble form.

3.6.2.4 FNP_1700 lysis protein overexpression and solubility

Upon successful cloning of FNP_1700. The pGEX-FNP1700 and pET15b-
FNP1700 plasmid vectors was then transformed into the E. coli strain BL21(ADE3) and
subjected to overexpression and solubility test protocol of FNP_1699 as described in
previous section (3.6.2.2). The four samples of uninduced, induced, soluble and insoluble
for both pGEX-FNP1700 and pET15b-FNP1700 were analysed via SDS-PAGE (Figure
3.30A and B). The size of the pGEX-FNP1700 and pET15b-FNP1700 protein molecular
weight estimated to be 62 KDa and 37 kDa respectively. Both showed successful
overexpression of the indicated protein as shown by the heavy bands in the two induced
samples at 62 KDa and 37 kDa respectively and the absence from the un-induced samples.
In addition, the protein resided mainly in the soluble form from both vectors that express
the recombinant protein in E. coli strain BL21(ADE3) as shown in Figure 3.28 soluble
lane of 62 KDa and 37 kDa respectively.

Uninduced induced soluble insoluble Uninduced induced soluble insoluble

Figure 3.28 FNP19700 GST-tag and His-tag protein overexpression and solubility
test. A) FNP1700 GST-tag protein (pGEX-FNP1699) at 62 KDa, 12% polyacrylamide
gel was used to run the SDS-PAGE. B) FNP1700 His-tag protein (pET15b-FNP1699) at
37 KDa, 15% polyacrylamide gel used to run the SDS-PAGE.

His-tag purification and elution protocol for the soluble protein from pET15b-
FNP1700 was performed next. The His-tag protein was introduced onto a nickel resin
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before elution with a 300 mM imidazole buffer. Since this is a competitive binding, the

soluble protein will reside into the eluted fractions as shown below in Figure 3.29A.

F Th El E2 E3 E4

. 37KDa—» -
37KDa—»

Figure 3.29 FNP1700 His-tag protein elution and dialysis tests. A) FNP His-tag

protein elution fragments at 37 KDa. F Th:flow through, E1-E4:elution fragments. B)
Dialysis results in more purified protein and absent of most contaminants. 12%

polyacrylamide gel used to run the SDS-PAGE.

As can be seen from Figure 3.29A, His-tag protein results in high yield of protein
fractions generated from elution at 37 KDa. Dialysis was performed with buffer exchange
that contain suitable working concentration of 150 mM NaCl as the high concentration
present in elution buffer will interfere with the subsequent protein activity tests. The

resulted dialysed protein was stored in 4°C until further test Figure 3.29B.
3.6.2.5 Anti bacterial activity testing of FNP_1700 lysis protein

The dialysed and purified FNP_1700 lysin was measured to be 10 mg/ml using a
BCA assay (Pierce BCA assay kit, Thermo-Fisher Scientific). Its antibacterial activity
was tested next. To allow the enzyme access to the G-negative peptidoglycan (PGN)
through outer membrane (OM), a suitable OM permeablizer (EDTA) was mixed with the
FNP_1700 hydrolyase in a final concentration of 0.05 mM. This concentration of EDTA
was used to overcome the OM and promote the penetration of several endolysins of
muralytic activity on the peptidoglycan of a broad range of G-negative bacteria, namely
OBPgp279 (Pseudomonas fluorescens phage OBP), PVP-SElgpl46 (Salmonella
enterica serovar Enteritidis phage PVP-SE1) and 201phi2-1gp229 (Pseudomonas
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chlororaphis phage 201phi2-1) (Walmagh et al., 2012). First attempt was done by
spotting 10 ul of FNP_1700 lysin (with EDTA) onto a 0.7% BHI top agar that contain a
lawn of FNP ATCC 10953 and incubation overnight in anaerobic incubator at 37°C.
Clearance in the top agar at point of spotting compared to a control of 0.5 mM EDTA
only, mean that the mixture of enzyme and EDTA prevent the growth of bacteria and
indicate the antibacterial activity of the endolysin. However, no clearance were observed
at the points of spotting for both the mixture and the control also, indicating that bacterial
growth was not affected. The FNP ATCC 10953 has a mid-log phase of growth about 8
h (Figure 3.30) and usually need 24 h to form a uniform lawn in top agar. Bacterial growth
might be returned to normal after enzyme inactivity and its effect might not be visualised
with slow growing bacteria, this is supported by the fact that most endolysin-bacterial
interaction were tested till 30-60 min (Walmagh et al., 2012, Gong et al., 2016).
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Figure 3.30 Growth curve of FNP ATCC 10953 in broth medium. Fresh bacterial
cultures were inoculated broth of BHI with additions of 0.5% yeast extract (YE) (Oxoid,
UK), 5.0 ug/ml haemin (Sigma, UK), 1.0 ug/ml cysteine (ICN Biomedicals Ltd, UK) and
2.0 pg/ml menadione sodium bisulphate (vitamin K) (Sigma, UK), from overnight growth
to a starting ODeoo 0f 0.085 before the growth was measured. Each record represents the
mean of three replicates of the same sample. Records were taken across various time

points to assess growth rate.
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Next FNP_1700 hydrolyase activity was tested against whole FNP bacterial
suspension in PBS (Walmagh et al., 2012, Gong et al., 2016) and changes in the turbidity
were monitored over time by measuring optical density at ODesoo every 1 min for 30 min
with 2 s circular shaking before each reading in plate reader spectrophotometer (Tecan
infinite 200, Austria). As can be seen in Figure 3.31, there was no decrease in turbidity
of the enzyme treated bacterial suspension, instead there was slight increase in turbidly
measurement reading and there was no significant difference in counting the CFU spotted

on FA agar plate compared to the control.

|

Time (minute)

Figure 3.31 FNP_1700 lysin-bacterial activity assay. FNP_1700 (40 pg/ml)/0.5 mM
EDTA was incubated with 108 FNP cells in PBS at 37°C in 100 pl final volume and ODsoo

measured over time in a plate reader.

Despite its lack of antimicrobial activity, and in order to assess the enzymatic
efficacy of the FNP_1700 lysin, we performed peptidoglycan degradation assays. Since
there is no Fusobacterium nucleatum polymorphum ATCC 10953 peptidoglycan
available commercially for purchasing, we purchased Staphylococcus aureus
peptidoglycan (PGN), a G-positive cell wall peptidoglycan to see if any changes in OD
could be detected that could reflect the protein activity. In this test, the purified lysin was

added to the PGN (0.6 mg/mL) suspended in phosphate buffer (the final concentration of
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FNP_1700 lysin is 40 pg/mL), and the mixture was incubated at 37°C. ODegoo Was
measured every 1min for total of 58 min in a plate reader. Lysozyme was included as
positive control, FNP_1700 lysin alone is the negative control while PGN alone is the
control (Figure 3.32A). A decrease in turbidity reading means solubilisation of insoluble
PG and positive activity of the enzyme (Hash, 1967). The graph demonstrates that the
OD reading decreased over time in FNP_1700 lysin treated S. aureus peptidoglycan as
did the lysozyme control. However, the decrease in OD of FNP_1700 lysin/PGN is
slightly confusing given that the FNP1700/PGN starting OD was higher at time = 0.

In order to also test activity on a G-negative PGN (which has an altered structure
compard to S. aureus, the same experiment was repeated with commercial E. coli K12
PGN. The OD of the treated FNP_1700 lysin/PGN increased instead of decreasing with
time (Figure 3.32B).
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Figure 3.32 Peptidoglycan degradation assays of FNP_1700 lysin. A) FNP_1700 lysin
(40 pg/ml) with S. aureus peptidoglycan (PGN) (0.6 mg/mL) and B) FNP_1700 lysin (20
pg/ml) With E. coli K12 PGN (0.25 mg/ml). ODeoo measured over time in a plate reader

at 37°C.

To further investigate the potential activity of FNP1700, zymogram was

performed as described in section 2.3.15 and shown in Figure 3.33.
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Figure 3.33 Zymogram analysis of FNP_1700 lysin for both S. aureus and FNP
ATCC 10953 PGN. Purified enzyme were subjected zymogram analysis using 0.1-0.2%
PGN. No clear zones in the gel stained with methylene blue were observed but bands

related to expected protein size can be visualised at 37 KDa.

The results of zymography did not show zones of clearance in the blue
background of the stained gels, instead bands of protein could be seen related to
FNP_1700 lysin size for both bacterial PGN as can be seen in Figure 3.34.

In summary, the antimicrobial activity of FNP_1700 lysin was tested, which
showed increase in OD reading towards FNP ATCC cells. This was followed by testing
its activity towards G-positive and G-negative commercial PGN, while it showed
decrease in OD reading regarding S. aureus PGN, it does not confirmed by zymography.
As we run out of time, the decision was made to go through isolation of bacteriophage
targeting oral and endodontic pathogens from human and environmental samples and

fully characterise them in order to be applied as antimicrobials.
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3.7 Discussion

3.7.1 Bioinformatic exploration of Fusobacterium nucleatum polymorphum ATCC
10953 (FNP) prophage

The first aim of this chapter was to characterise a potential prophage present in
the genome of the ‘orange complex’ periodontal pathogen Fusobacterium nucleatum
polymorphum ATCC 10953 that was revealed by genome sequencing (Karpathy et al.,
2007) and explore its potential as a source of lysogenic conversion of selective advantage
to the bacterial host and/or as a source of lateral transfer of other mobile DNA elements
or bacterial DNA. To address this aim, the full chromosome sequence of Fusobacterium
nucleatum polymorphum (ATCC 10953) with GenBank number: CM000440.1 was
analysed using the online web server: PHAST (PHAge Search Tool) (Zhou et al., 2011),
a phage searching tool http://phast.wishartlab.com. The program is designed to rapidly
and accurately identify, annotate and graphically display prophage sequences within
bacterial genomes. This was folowed by manual annotation using the Basic Local
Alignment Search Tool (NCBI) (Altschul et al., 1990).

A prophage like genetic element (phiFNP1) was identified during the genomic
analysis of Fusobacterium nucleatum polymorphum (ATCC 10953) and is represented
by genes immediately downstream of tRNA-Arg3 (t0043, 5> of FNP1662) and tRNA-
Arg4 (10044, 3° of FNP1712) that was arranged in modular form. They include genes
involving in phage integration and DNA replication, phage structural proteins, and a lysis
module. The integration and DNA replication module harboured gene that encodes for an
integrase enzyme (FNP_1662) which usually functions to allow the short phage genome
to attach at a specific site to the host bacterium genome (called attL and attR) and are
usually highly conserved in terms of primary amino acid sequence (Groth et al., 2004).
Bacteriophage integrase FNP_1662 amino acids BLAST search revealed a specific
domain of tyrosine based site-specific integrase of INT_ICEBsl1 C like (cd01189)
similar to Bacillus subtilis conjugative transposon ICEBsL1 integrase, that can be excised
and transfered to various recipients as a result of stress (Lee et al., 2007). It also can be
carried by non-phage structures such as in plasmids, pathogenicity islands and integrons,
thus integrases can not be considered as enough proof to its complete existence as
prophage, but it is certainly indicative of this (Casjens, 2003). The same argument can be
applied to DNA regulatory genes due to the fact that non-prophage bacterial homologues

to nearly all these genes can be recognised. However their occurrence together in this
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putative prophage genome is certainly highly suggestive of a complete prophage (Lewis
et al., 1998). In contrast to the first locus, the presence of genes that are encoding the
phage morphogenetic genes is considered to be a true indication of prophage existence in
the host bacterial genome, and the cornerstone for that is the identification of the large
terminase subunit and portal protein (Casjens, 2003). The genes ordering observed here
are found in nearly every tailed temperate phage. In addition, an amino acid BLAST
search for conserved domains of the predicted head capsid protein (FNP_1688) revealed
a specific hit for those in phage major capsid protein of HK97 family (TIGR01554) found
in E. coli bacteriophage HK97, Bacillus subtilis bacteriophages phi-105, and Salmonella
Bacteriophage P27. This model represents one of several analogous families lacking
detectable sequence similarity.

3.7.2 Induction of FNP prophage with Mitomycin C

In order to understand if phiFNP1 temperate phage was functional or merely a
pseudophage of genetic remnant in the chromosome, | attempted to induce it using
Mitomycin C in an attempt to isolate it, view the induced particles using TEM negative
staining, and infect other clinical and lab strains and study the change in its pathogenicity.

Mitomycin C has been used to induce the synthesis of temperate phages from
Yersinia strains (Popp et al., 2000) and phages or phage-like particles from G-positive
dairy Streptococcus strains (Huggins and Sandine, 1977). In addition,it is categorised as
antibiotic derived from Streptomyces caespitosus that inhibits DNA synthesis. It reacts
covalently with DNA, in vivo and in vitro, forming crosslinks between the
complementary strands of DNA. This interaction prevents the separation of the
complementary DNA strands, thus inhibiting DNA replication (Ueda and Komano,
1984). The TEM negative staining technique consists of staining the virus particles with
electron dense material, to introduce contrast. Uranyl acetate was used in this study to
stain the phage particles as it was proved previously to be a potent phage stain in
numerous studies (Huxley and Zubay, 1960). Putative phages appeared as negative
translucent particles against a dark background- positive staining of phage heads occur
because uranyl acetate has strong affinity to dsDNA phages result in black stained capsids
(Kutter and Sulakvelidze, 2004). The rpoB primer set was chosen to assess the presence
of any contaminating DNA arising from cell lysis from phiFNP1 because it is very
specific to FNP and possesses no specificity to other Fusobacterium species while 16S

rRNA primer is specific to a range of Fusobacterium species.
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If phiFNP1 prophage could infect or integrate into the genome of Fusobacterium
polymorphum strains that lack the temperate phage, the presence and expression of new
virulence genes could be studid by comparing to its phage free strain. Although positive
bands related to the phiFNP1 were shown in the PCR screen using specific primers after
induction with 1 pg/ml Mitomycin C, the TEM images did not show any clear fully
formed morphology of tailed phage or polyhedral head particles, while some particles
possessed small protrusions that might represent small tails such as those present in
several podoviridae, it was not conclusive. Instead, variously sized round particles with
potential double membranes were present in large numbers as in Figure 3.6B. These
particles might be phage or could be outer membrane vesicles (OMVs) similar to those
identified from P. aeruginosa and many other G-negative bacteria of different sizes
bilayered MV of 50-150 nm (Kadurugamuwa and Beveridge, 1996). The amount of
OMVs from P. aeruginosa were positively associated with exposure to gentamycin
(antibiotics) and they were filled with periplasmic components i.e. peptidoglycan
hydrolases. While no lysis of FNP ATCC 10953 cells was associated with this possible
induction of the particles it is possible that the cells stayed intact with progeny production,
as is the case for some single stranded DNA filamentous bacteriophages, whose newly
formed progenies are released by a secretion-related mechanism that maintains bacterial
cell integrity (Russel, 1995) or in certain enveloped mycoplasmaviruses in which budding
of the newly formed progenies with host cell outer membrane in order to be elaborated
occur (Maniloff et al., 1980). However, this does not explain the presence of DNA
belonging to phiFNP1. On the other side, Seaman et al. (1964) showed that different sizes
of oval PBSX prophage heads could be induced from Bacillus subtilis alone (heads only)
or associated with tails. They are genetically defective and unable of self-reproduction in
the recipient strains (they can infect other strains of Bacillus subtilis but they do not
produce new progenies and do not produce plaques in spot testing on a lawn of the host
strains), though they harbour DNA similar to the host DNA which might explain the
presence of positive PCR reaction towards phage DNA in our experiments. Later reports
identify the DNA to be approximately 13 Kbp that were belonged to Bacillus subtilis
(Haas and Yoshikawa, 1969, Anderson and Bott, 1985). Although, they are adsorbed to
the surface of their host strains, their DNA seems not to be injected which might explain
why we could not identify the phiFNP1 genome from the clinical and laboratory strains
that were infected by the induced particles (Okamoto et al., 1968). However, DNA

extraction and sequencing of the induced particles from phiFNP1 was not performed in
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this study and should be recommended for future investigations to identify the nature of

the particle contents.

The particles from the Mitomycin C treated lysates were incapable of infecting in
broth and double layer plaque assay other clinical and laboratory Fusobacterium that we
isolated from patients in Sheffield and which we also showed were negative for

possessing the PhiFNP1 phage.

The FNP prophage bioinformatics reveals the presence of several genes that
encode for tail proteins (Table 3.1) namely FNP_1689 (head-tail joining protein),
FNP_1693 (tail sheath), FNP_1698 (tail tape measure protin), FNP_ 1703 (base plate J-
like assembly protein and FNP_1709 (phage tail-like assembly protein). However, there
may be a defect in these tail proteins that made them not assembled in correct order to
form the tails and join the heads particles later on during head tail assembly and thus
improper formation of complete phage particles. In tailed phage, it is the tail of the phage
that first contacts bacterial host and is likely responsible for primary recognition and
adsorption to specific receptors on the bacterial membrane host (Casey et al., 2015b).
This is in agreement with Mmolawa et al. (2003) who mentioned that tail genes of ST64B
phage isolated from Salmonella enterica Serovar Typhimurium DT 64 were not
expressing that render the phage defective and no visible tail was identified in TEM
micrographs. They suggested that the presence of virulent fragments of genes within tail
genomes might cause the phage defective in tail region. Figueroa-Bossi and Bossi (2004)
identified that mutation in certain tail operon gene region results in reactivation of ST64B
phage. However, this was possible by comparing the sequence of the defective phage
with similar active once unlike Fusobacterium as no active prophage could be isolated
and sequenced that is capable of infecting other Fusobacterium strains. One recent study
mentions the induction, sequencing and isolation of 2 phages from F. nucleatum subsp.
animalis strain 7-1, a highly invasive isolate from the human gastrointestinal tract
(Cochrane et al., 2016). However, both were defective and incapable of produce plaque
in a simple plaque assay. In addition, the TEM micrographs did not show fully formed
phage particles, despite claims to the contrary in the manuscript. A previous study by
Machuca et al. (2010) mentioned the isolation of active phage capable of lysogeny and
infection of other oral Fusobacterium strains, hence partial sequencing of small 500 bp
DNA fragment was sequenced and showed more than 90% nucleotide sequence identity
to gp3 and gp4 structural protein-encoding genes of P. acnes phages. Thus, I, and others

believe that it represents a contaminant sequence from oral P. acnes phage and not a true
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Fusobacterium phage sequence (Briggemann and Lood, 2013). Although phiFNP1
genome sequences annotation did not ultimately identify virulence associated genes
within it, several of its genes coded for hypothetical proteins of unknown function, and it
is possible that these predicted genes are involved in virulence mechanisms that not been
identified till now. The virulence encoded genes located inside the prophage genome
usually appear to be remnants from previous bacterial host and some proved to be encode
for virulence factors in S. enterica prophages (McClelland et al., 2001). Nevertheless, we
have still obtained valuable information concerning the predicted gene content of the FNP

prophage.

3.7.3 Testing for the occurrence of Fusobacterium nucleatum polymorphum and its

prophage in clinical plaque samples.

In order to investigate the clinical important of phiFNP1 prophage and the FNP
ATCC strain, clinical plaque samples from deep periodontal pockets (diseased sites) and
healthy sites collected from cases of patients attending the periodontal departments for
treatments at the School of Clinical Dentistry were screened by extracting DNA and doing
qualitiave pcr for presence or absence phiFNP1 and its FNP ATCC strain. The DNA
extracted from the plaque samples were in the range of 1.2-28 ng/ul, but both for ease of
assay and since we were only looking for a qualitative assessment of phiFNP1 carriage
we designed an assay where we used a set, but consistent volume of extracted DNA.
While this has limitations, it does not enable the quantification of gene (or transcript)
numbers which are proportional to the starting template concentration (Smith and Osborn,
2009), i.e. each sample can have differing concentrations of DNA based on differing
amounts of plaque collected in the samples, we felt that it provided a simple and robust
method to establish how prevalent this phage was in our patient population. During an
optimisation phase we established 4 ul as the optimal level of DNA sample to detect the
DNA by PCR in this qualititative PCR assay. It is worth mentioning at this stage that the
same plagque samples were used in another recently published study for investigation of a
novel predictive biomarker profile for the outcome of periodontal treatment (Gul et al.,
2017). In which universal 16S rRNA primers and those specific for F. nucleatum, P.
gingivalis and T. forsythia were used to count their numbers in response to treatment. The
result of that study indicates that F. nucleatum cell numbers were not significantly
different in health or disease or after treatment, while the reverse was true for P. gingivalis
and T. forsythia (Gul et al., 2017).
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The results revealed that the phiFNP1 prophage and its strain are common among

the disease sites of patients suffering from periodontal disease (half of the patients
screened positively from diseased sites) and they are not just present in a lab strain
isolated previously. However, half of the patients screened negatively for both which is
in agreement with (Moore and Moore, 1994), as he mentioned that the most common
subspecies in the gingival crevice is F. nucleatum subsp. vincentii followed by F.
nucleatum subsp. nucleatum and finally and less common is the F. nucleatum subsp.
polymorphum in an isolation ratio of 7:3:2. In contrast, Kim et al. (2010), reported that
F. nucleatum subsp. polymorphum is the most frequently isolated subspecies in the
Korean oral cavity. They regarded that to the difference in the geographical ethnic groups
and their different eating habits, various methods being used and the sampling size
difference. Metagenomic sequencing could be also applied to identify different
Fusobacterium species and most importantly the diversity of phages within subgingival

palque samples (Ly et al., 2014) that we recommend for the future study.

A second interesting finding is that if the patient screened positively in the first
visit before treatment, that result will be still consistent throughout the successive 2 visits
(after treatment). This finding assumes that once the bacterial strain is established in a
diseased site and or sites, it will persist even after treatment and the treatment outcomes
even when it is positive will not end in pathogenic strain complete elimination and
removal from the mouth of patients suffering from chronic periodontitis. This finding is
in agreement with research conducted on animal models that mention anti-inflammatory
treatments suppress the periodontal bacterial load (Hasturk et al., 2007, Eskan et al.,
2012, Moutsopoulos et al., 2014) and not completely eliminate them. In addition, this is
further supported by the fact that synergistic and dysbiotic selection of bacterial
community initiated by certain pathogens such as P. gingivalis are behind periodontitis
(Hajishengallis and Lamont, 2012, Abusleme et al., 2013). They can act at low levels of
abundance, as mentioned in mucosal keystone pathogens hypothesis (Hajishengallis et
al., 2012). The presence of FNP ATCC 10953 in healthy sites is not surprising (in about
half of the patients that their diseased sites were positive), as F. nucleatum is one of the
G-negative species always identified in biofilm plaque of healthy sites and its numbers
increase distinctly in diseased sites (Moore and Moore, 1994, Becker et al., 2002). Hence,
it is considered as an intermediate colonizer bridging the attachment of early commensals
of the tooth and epithelial surface with late pathogens (Kolenbrander, 2000) that might

explain why it is not found in all healthy sites of positive diseased patients as their
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presence in identified form might be occur not so early. Testing for the phiFNP1 and its’
host strain in a future study in plague samples of healthy people and compare it to similar
once from healthy sites of patients having chronic periodontitis is recommended. In
addition, in light of this study, the distribution and occurrence of other periodontal
associated pathogenic bacteria should be tested which harbour known inducible
prophages from samples obtained from the dental plaque of diseased and healthy sites of
patients having chronic periodontitis before and after treatment and correlate the results
to the sites that responded to treatment, like phages from A. actinomycetemcomitans such
as in the study performed in patients having prepupertal periodontal destruction (Preus et
al., 1987).

3.7.4 Investigation of the phiFNP1 lysis module as a source of therapeutic

antimicrobial proteins

Bioinformatics revealed that the genome of phiFNP1 prophage harbours three
potential lysis genes named peptidoglycan-binding lysin domain protein (FNP_1699),
putative hydrolase (FNP_1700) and N-acetylmuramoyl-L-alanine amidase (FNP_1707).
However, the bioinformatics of FNP prophage did not reveal the presence of an obvious
gene that encode for holin. Holin is a protein that enable passive diffusion of endolysin
into the periplasmic space thus rendering the former act on hydrolysing bacterial PG
(Young, 2002, Reddy and Saier, 2013, Savva et al., 2014). However, new systems other
than the holin-endolysin cell lysis system has been reported in bacteriophage, such as
Lys44 reported from Oenococcus oeni phage fOg44 (Séo-Joseé et al., 2000). In this
system, the endolysin is produced with an N-terminally located signal-arrest-release
(SAR) sequence that is cleaved by the proteolytic activity of periplasmic protease LepB,
and released into the bacterial periplasm. More recently Frias et al. (2013) reported that
the lysin Svl from the pneumococcal phage SV1 is able to carry out holin-independent
killing and the choline containing teichoic acid (TA) was responsible for endolysin

transport.

The recognised prophage genes that encode for lysis could potentially be an
antimicrobial protein that would target Fusobacterium nucleatum. This could be
employed as part of phage therapy in the combat of this periodontal disease. To date, the
potential antimicrobial efficacy of Fusobacterium phage endolysins have not been
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studied. In order to assess their antimicrobial activity, the potential lysin genes were either
cloned by PCR (FNP_1707) or synthesised as linear DNA fragments by Invitrogen
GeneArt (FNP_1699 and FNP_1700). The method of codon optimisation has proved very
useful in recombinant protein production, both in the literature (Rosano and Ceccarelli,
2009) and in our own laboratory (unpublished data) where enzyme have been transformed
from insoluble proteins to soluble active enzymes as a result of codon optimization using
this method. In these cases, the aim is to obtain a high yield of protein from synthetic
genes whilst the encoded amino acid sequence of the synthesized nucleotide sequence
remains identical to that encoded by the native original DNA sequence (Figure 3.15).
This was necessary as the GC content and codon usage of FNP differed markedly and
this was an approach used in the lab for the Tannerella NanH sialidase. As a result the
final synthetic genes had altered DNA sequence in comparison to the orignial gene but
identical primary amino acid sequences (Figure 3.15). In addition, the final nucleotide
sequences for both genes were in-frame checked by ExPASy translate online tool
(web.expasy.org/translate) with 6-Histidine tag (pET vector) and gst-tag (0 GEX vector)
and, showing changes in nucleotide but not amino acid sequence for both sequences.

Via these methods | managed to express and purify successfully one of the three
recognised phiFNP1 prophage genes lysis module (FNP_1700) in soluble form and then
began to examin its potential as as antimicrobil. It had no antimicrobial activity towards
FNP bacteria. Despite that, | went to test FNP_1700 lysin enzymatic activity
(peptidoglycan degradation assays) against commercial cell wall of G-positive
(Staphylococcus aureus peptidoglycan) and G-negative (E. coli K12 peptidoglycan).

Again, no FNP_1700 lysin activity was obtained from these experiments.

Endolysin is an enzyme that is encoded by bacteriophage that hydrolyse and
digest the bacterial cell wall PG at the end of the phage infection cycle. This occurs in
order to release the newly formed and packed phage particles carried out by the double
strand DNA viruses in a process called lysin-mediated breakdown of PG (Young et al.,
2000, Young, 2014, Lood et al., 2015). The endolysins of bacteriophages infecting G-
positive bacteria harbour endolysins that contain at least one catalytic and one cell wall
binding domain arranged in a modular form in nature (Fischetti, 2010, Sudiarta et al.,
2010). Regarding the lysis modules of FNP ATCC 10953 prophage, all the three
identified lysis genes do not harbour a cell wall binding domain (CBD), this is not
surprising as most endolysins of phages infecting G-negative bacteria contain only a

catalytic domain (Cheng et al., 1994). This obviously will end with broader effective
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host-range of spectrum as endolysins of G-negative bacteria will not be necessarily
obligated to certain bacteria that match with its CBD (Loessner et al., 2002, Hermoso et
al., 2003, Fischetti, 2008). However, it was stated that deletion of CBDs results in a
significant decrease (Morita et al., 2001) or complete loss (Loessner et al., 2002, Zimmer
et al., 2002) of the enzymatic activity of different endolysins that highlight the need for
CBD. Hence, the G-negative bacteria have an outer membrane that shielding the
peptidoglycan from the lethal action of external endolysin with high-affinity binding

domain comparing to G-positive bacteria (Briers et al., 2007).

FNP_1699 and FNP_1707 were proved to be insoluble, which places a limitation
for investigating their potential lysis activity. This might be due to recombinant protein
being produced in solo form by E. coli, while in the actual phage infection cycle more
than one protein from the lysis module are produced in parallel at the same time that
might have positive affect on each other. Several studies mention that the transcription of
phage lytic genes started at an early stage of infection, and continue through out different
stages of infection (Duplessis et al., 2005, Dedrick et al., 2013, Nguyen and Kang, 2014).
This is further supported by the study of Briers et al. (2007) which showed that deletion
of the N-terminal PBD of KZ144 and EL188 endolysins resulted in insoluble catalytic
domains, emphasising the important of PBD in enzyme folding and activity. Furthermore,
several endolysins were proven to be formed without activity then later to be activated at
a certain time point to initiate the lysis of the host cell membrane. The first and best
studied example is represented by PlyC, an endolysin produced by streptococcal C1
phage. PlyC oligomer is formed by the association of PlyCA (bear the catalytic domain)
with PlyCB (that possess the cell wall binding ability). Interestingly, PlyCA alone shows
no lytic activity in the absence of PlyCB (McGowan et al., 2012). Another example is
represented by depolarisation of the bacterial cytoplasmic membrane that occurs by the
pinholins (Young, 2002). Pinholins, forms very small dimension holes in the cytoplasmic
membrane of the host that lead to leakage of protons leading to the disruption of proton
motive force (PMF), and thus resulting in the depolarization of membrane (Park et al.,
2007, Pang et al., 2010, Pang et al., 2013). In addition, when the purified phage fOg44
endolysin Lys44 is added to Oenococcus oeni culture, no activity was observed and lysis
do not occur unless nissin added (a membrane-disrupting agent) (Nascimento et al.,
2008). The formation of disulphide bond between Cys13 and Cys44 activates the P1
endolysin (Xu et al., 2005) is another example. However, not all process that activate

endolysin are known till now such as in case of coliphage 21 endolysin (R%'), the
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formation of the catalytic triad inside the periblasmic space is unknown till know (Sun et
al., 2009b). However, the results were conflicting and left us with the assumption that the
potential FNP_1700 endolysin might exhibits low activity towards S. aureus PG but not
towards E. coli PG. However, FNP_1700 endolysin might be naturally produced in an
inactive form and might need another enzyme from the lysis module to be fully active
such as FNP_1699 (predicted to be peptidoglycan-binding lysM phage domain, see
section 3.6). Thus, the cloning of lysis module enzymes such as FNP1700 and FNP1699
in the same vector is suggested for future study, which might improve the solubility of
the later and improve the activity of the former at the same time. In addition, to improve
the solubility of FNP1707 and FNP1699, the fusion of cloned protein with maltose
binding—protein (MBP) is suggested also, which showed proper folding of the attached
partner (cloned protein) into its biologically active conformation and thus improve
solubility that were much superior to GST-tagged protein for five fused partners (Kapust
and Waugh, 1999).

3.8 Conclusions

Bioinformatics for the whole genome sequence of Fusobacterium nucleatum
polymorphum ATCC 10953 revealed the presence of a complete prophage as predicted
by phage searching tool. However, the phiFNP1 prophage seems to be defective, as it
could not infect other Fusobacterium strains. Hence, several of its genes coded for
hypothetical proteins of unknown function, and it is possible that these predicted genes
are involved in virulence mechanisms that have not been identified until now and still we
get valuable information from studying the phiFNP1 prophage. Fusobacterium
nucleatum polymorphum ATCC 10953 and phiFNP1 prophage occurrence are common
in patients suffering from periodontal disease. Once the pathogenic bacterial strain
established in diseased site and or sites, it will persist even after treatment and the
treatment outcomes even when it is positive will not end in pathogenic strain complete
elimination and removal from the mouth of patients suffering from chronic periodontitis.
Finally, one of three recognised prophage genes within phiFNP1 prophage lysis module
has been successfully cloned and expressed by E. coli in soluble form. Though its activity
as antibacterial was not confirmed, it needs to be further explored as phage endolysins
against Fusobacterium have not been identified yet and may aid in the treatment of

periodontal diseases and other Fusobacterium infection associated disease such as FadA
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adhesin positive Fusobacterium nucleatum that are found to promote colorectal

carcinogenesis (Rubinstein et al., 2013).
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Chapter 4: Isolation of lytic
Bacteriophage targeting endodontic and
oral associated pathogens from oral and

wider environments
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4.1 Introduction

The aim of the work in this chapter was to attempt to isolate bacteriophage
targeted against a range of periodontal, endodontic and other oral associated bacterial
pathogens and subsequently go on to characterise them as potential therapeutic agents.
As mentioned in the introduction, bacteriophage are the most numerous organisms on
earth and are found in abundance in almost all environments inhabited by bacteria
(Hendrix et al., 1999). The oral cavity is no exception, it is an environment rich in bacteria
with estimation of more than 1000 taxa and over 500 species present, of which around
50% are culturable (Dewhirst et al., 2010). These bacteria are the cause of the two major
oral disease affecting our teeth and supporting tissues, namely caries (or cavities) and
gum disease- characterised by reversible gingivitis and more chronic and serious
periodontal disease (Hardie, 1992) (see section 1.1). As outlined in section 1.3, if cavities
in our teeth progress to enter the tooth pulp or even break out of the tooth apex, this leads
to apical abscesses that after initial treatment may not resolve due to the presence of small

numbers of hard-to-eradicate bacteria such as E. faecalis.

Given that these infections, although not classical, are caused by dysbiotic
microbial biofilm communities, that are by their nature hard to treat and eradicate. In
some cases influenced in this dysbiosis by a small handful of ‘keystone’ species, the
possibility of using targeted therapy against the most influential of these species has
become attractive. In addition, in the case of recalcitrant endodontic infections and
localized aggressive periodontitis there are strong associations with one-species, namely
E. faecalis (Dahlen et al., 2000) and A. actinomycetemcomitans (Fine et al., 2007) both
of which can be difficult to eradicate via normal means. One possibility for novel targeted
treatment of these infections might be the isolation of bacteriophage targeted against these
pathogens. However, to date cataloguing or indeed isolation of oral cavity derived or
those phage that target oral strains has met with little success, and in reality the best
existing evidence phage in the oral cavity is from metagenomic studies (Ly et al., 2014).
However, these have rarely been observed visually, and even more rarely isolated (Hitch
et al., 2004).

Given the evidence of the presence of phage in the oral metagenome (Ly et al.,

2014) (accepting that a proportion of this might be from prophages) and following the

logic that they should be present, one aim in this chapter was the cataloguing and

attempted isolation of phage from oral samples against oral pathogens. We also took the
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novel approach of attempting isolation against new, i.e. limited lab adaptation, clinical
strains from periodontal patients in Sheffield and Baghdad. In addition, given its
traditional use for such studies, we also sourced phage from a rich wastewater source as

a known habitat of phage.

If isolated, we then aimed to go on to characterise these phage in terms of
morphological characterisation, phage genome characterisation, phage-host range
determination, One step growth, infection cycle, adsorption rate, biofilm eradication on
biofilm and infection models. We also attempt to investigate the molecular determinants
of the strain specificity of these phages.

Specific Aims:

1. Isolation of new clinical strains of periodontal pathogen A.
actinomycetemcomitans.

2. Cataloguing of phages from the oral cavity of patients attending periodontal
department in UK and IRAQ by TEM.

3. Cataloguing of phages from Sheffield wastewater by TEM.

4. Attempted isolation of phage against isolated strains, a range of endodontic
E. faecalis strains and other periodontal associated clinical strains.

5. Characterisation of E. faecalis phages in both biofilm model and animal
model.

4.2 lIsolation of clinical strains of Aggregatibacter

actinomycetemcomitans

In order to gain novel and fresh (non-lab adapted) strains of periodontal
pathogens, and in this case specifically the causative agent of localized aggressive
periodontitis (previously known as juvenile periodontal disease) (Fine et al., 2007), a
disease strongly associated with this organism, an attempt was made to isolate
Aggregatibacter actinomycetemcomitans (previously known as Actinobacillus
actinomycetemcomitans) strains from deep pockets of patients attending the
Periodontology Clinic at the Charles Clifford Dental Hospital, Sheffield, UK using TSBV
(tryptic soy-serum-bacitracin-vancomycin) selective media according to the methodology
used by (Slots, 1982).
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In the case of other colony types, the best growing strains with differing
morphologies were picked for subsequent plating out of colonies onto fresh agar to single
colony for 3-4 passages, samples of the strains were frozen in BHI/glycerol (80%-20%)
and stored at - 80°C. Once colonies were isolated, DNA was extracted and the Universal
16S ribosomal rRNA primers 27F and 519R that used to amplify the 16S ribosomal gene
which is commonly used for molecular typing of bacterial spp before sequencing and
comparisom to the NCBI GenBank database using BLASTN search (Goodfellow and
Stackebrandt, 1991).

Using this method, a range of clinical isolates were obtained namely three strains
of Campylobacter rectus, two Aggregatibacter aphrophilus, and two Fusobacterium spp.
(Gram stains are illustrated in Figure 4.1A-D) while the star shape colony of A.
actinomycetemcomitans (four strains) were differentiated from the other colonies such as
the cotton-wool appearance of Fusobacterium as can be seen in Figure 4.1G-J. In
addition, other clinical strains used as indicator strains for bacteriophage isolation were
also Gram stained to assure their purity (Figure 4.1E-F). Some of these clinical strains
namely Porphyromonas, Prevotella and Fusobacterium (Table 2.1) were isolated by PhD
student Sarhang Gul from the same source of plaque samples, as indicated. All of these
strains were used in subsequent studies in attempts to isolate phage against these strains.
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A. actinomycete!

F. animalis
o

Figure 4.1 Gram stain and colony morphology of some oral clinical isolates. Oral

clinical strains were isolated from the plague samples of patients attending the
Periodontology Clinic at the Charles Clifford Dental Hospital, Sheffield, UK. Gram stain
of A) Compylobacter rectus, B) Aggregatibacter aphrophilus, C) Fusobacterium, D) A.
actinomycetemcomitans. E) P. gingivalis Shef21 and F) Prevotella denticola Shef22. G)
and H) The star shape colonies morphology of A. actinomycetemcomitans as seen in

stereomicroscope, colony morphology of I) Shef2 and J) F. polymorphum Shef3.

4.3 Investigation of morphological diversity of bacteriophage

within oral samples by direct electron microscopy

Given that limited evidence exists of intact bacteriophage particles in the oral
cavity we first set out to examine whether phage could be visualised from saliva and
eluted from plaque of both healthy volunteers and from periodontal clinic patients. In
order to achieve this, ethical approval was obtained (STH 19056, appendix 1 and 2) to
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facilitate the collection of whole mouth sub and supra gingival plaque samples as well as
saliva of patients suffering from chronic periodontitis. In addition, another ethical
approval was obtained from College of Dentistry, Al-Mustansiriya University; Baghdad,
Irag (my sponsorship university) to collect whole mouth plaque samples from patients
attending the periodontology clinics (Apendix 4). Plaque samples from 21 Sheffield
patients (mixed in one tube) and 50 from lIraqi patients (mixed in one tube), were
processed and concentrated as described in section (2.2.2 and 2.2.5), 2 grids from each
concentrated Iraqi and Sheffield samples were screened under TEM. For salivary samples
5 mM of DTT was added in each tube so as to cleave sulphide bond present in mucus of
saliva to recover possible phage particles and to reduce viscosity. The supernatant was
filtered through a 0.45 pum syringe filter. Finally, in order to recover the phage particles
from suspensions, samples were then centrifuged 35,000 xg for 90 min to pellets the
phage particles. The pellets that harbour the possible phage particles were then carefully
suspended overnight in 4°C with 2 ml of SM buffer (so as not to cause phage damage by

immediate and heavy resuspension).

These samples were then stained as described in (section 2.4.7) using 2% (wt/vol)
uranyl acetate pH4 on carbon-coated copper grids as can be seen Figure 4.2 A-E. The
electron micrographs show the presence of several phage particles scattered within the
processed plaque of both Sheffield and Iragi samples. Most of the identified phages have
apparent non-contractile tails, which putatively belong to the family Siphoviridae as
illustrated in Figure 4.2 (1, 2, 9, 10, 11, 12, 13). However, phage particles with short tails
are also identified that mostly belong to the family Podoviridae as seen in Figure 4.2 (4,
5). Both family are within the order Caudovirales based upon tail morphology that have
a third family of contractile tail named Myoviridae. Cubic phage particles (Figure 4.2 7,
8) with no obvious tail could also be identified that either lost its tail during processing
or belong to the family Tectiviridae. In addition, filamentous (6) and enveloped like
phages (3) could also be identified. In summary, many phage like particles had been
visualised which reflect the richness and diversity of bacteriophage that is harboured in

the dental plague samples obtained from patients having chronic periodontitis.
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Figure 4.2 Electron micrographs of bacteriophages in plaque samples from Sheffield
samples (A and B) and Iragi plaque samples (C, D, E). Possible phage particles of
non-contractile tails that belong to the family Siphoviridae (1, 2, 9, 10, 11, 12, 13).
Bacteriophage like particles with short tail that mostly belong to the family Podoviridae

(4, 5). Both families are with order Caudovirales that possess a third additional family of
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long contractile tail named Myoviridae. Cubic phages particle with no obvious tail (7, 8),
possible filamentous (6) and enveloped phages (3). Note that some phage particles

pictures were enlarged for better illustration.

4.4 Phages observed in Sheffield wastewater

A third possible main source of bacteriophage was also included in order to
increase the chances for bacteriophage isolation especially towards E. faecalis oral
strains, as wastewater was reported to be rich in Enterococcus species (Bahirathan et al.,
1998, Graves and Weaver, 2010) that provide rich host source for bacteriophage infection
and multiplications. The Sheffield wastewater collected by PhD student Afifah Abd
Rahim (Pennine Water Group) was also scanned for bacteriophage and compared to those
in oral samples. 8 liters of wastewater in total were filtered, processed and concentrated

before samples were screened under TEM.

The identified phages were a mixture of morphologically different particles. At
least 24 morphologically different phages could be identified in one carbon grid that the
concentrated sample of wastewater adsorbed to and examined under the TEM. The
sample showed traces of phages mainly with isometric heads, long or short contractile
and noncontractile tails. All three families of Siphoviridae (Figure 4.3 and 4.4),
Myoviridae (Figure 4.5) and Podoviridae (Figure 4.6 A and B) could be identified. In
addition, cubic phages could also be identified (Figure 4.6 C).

The isometric phages of Siphoviridae family identified mostly had icosahedral
heads shape as shown in Figure 4.3 with variable tail length (used mainly to differentiate
between them). However, Siphoviridae with isometric elongated heads, variable tail
length (Figure 4.4 A, B and D) and irregular head (Figure 4.4 C) were also been identified.
In total, at least 10 different phages in Siphoviridae family could be recognized based

upon morphology.
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Figure 4.3 Electron micrographs of bacteriophage from wastewater that belong to
the family Siphoviridae. Each phage particle is composed of icosahedral head and non-
contractile flexible long tail. (Bar 200nm). Arrows indicate, base plate (A and E), tail
spike (B), visible neck (F).
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Figure 4.4 Electron micrographs of bacteriophage from wastewater that belong to
the family Siphoviridae; show elongated and variable head morphology. (Bar

200nm).

The most variation in phages morphology were identified in wastewater belong to
Myoviridae family, as they show more diversity in head shapes morphology (being
mostly isometric) in addition to variable tail length and shapes as can be seen in Figure
4.5. Both uncontractile (Figure 4.5 A, D and H) and contractile (Figure 4.5 1) tail position
were observed, in addition some phages showed variable tail sheath position within the
central tail (Figure 4.5 J, K and L). Tail sheath usually surround the central non contractile
tail and by contraction during infection will drive the phage tail tube through the outer
membrane of the bacterial host, thus creating channel for the viral genome delivery as in
T4 bacteriophage (Aksyuk et al., 2009). In total, about 12 phage morphologies that belong

to this family were observed.
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Figure 4.5 Electron micrographs of bacteriophage from wastewater that mostly
belong to the family Myoviridae. Each phage particle is composed of head and
contractile tail. Variable head morphology and double tail sheath are visible in most

pictures. (Bar 200nm). Arrows indicate, base plate (B, I, K), tail fibres (D).
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On another hand, two phages morphology that belong to the third family of
Podoviridae were observed in the sample of wastewater which reflect the low diversity
of this family (Figure 4.6 A and B). Finally, possible cubic phages were also recorded as

can be seen in Figure 4.6 C.

Figure 4.6 Electron micrographs of bacteriophage from wastewater that mostly
belong to the family Podoviridae (A and B), cubic like phage (C). (A) Head fibre is

visible (arrow). (Bar 200nm).

The electron micrographs revealed some fine structure of nearly all phages. Base
plates could be observed as seen in Figure 4.3 A, E and Figure 4.5 B, I, K. Tail spike
(Figure 4.3 B). A visible neck that join the head and tail (Figure 4.3 F). Tail fibres (Figure
4.5 D and Figure 4.6 A).

An interesting observation about phage behaviour could also be recorded
represented by adsorption of a group of several similar morphology phages together at
the head region as illustrated in Figure 4.7 A and B. While Figure 4.7 C and D show the
adsorption of phage to a wastewater debris at the tail end, which reflect that phages always

explore the media for a possible host through its tail.
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Figure 4.7 Electron micrographs of bacteriophages from wastewater. (A and B)
Group of similar morphology phages attached to each other at the head region. (C and D)

phage particle attached to debris at the tail end. (Bar 200nm).
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4.5 Isolation of virulent bacteriophage

4.5.1 Isolation of bacteriophage targeted towards periodontal associated pathogens

Several attempts were conducted to isolate bacteriophage targeting pathogens
associated with periodontal disease and periodontal pathogens (Table 2.1) using
concentrated samples from Sheffield wastewater, Sheffield and Baghdad plaque, saliva
and dental chair drains. However, no visible plagques that indicate successful isolation

were obtained after enrichment and/or direct spotting on double layer agar.
4.5.2 Isolation of bacteriophage targeted towards endodontic associated pathogens

Despite the failure to isolate phage against periodontal associated pathogens, we
then tested our samples against a range of clinical E. faecalis strains that had been used
as target for bacteriophage isolation. They were isolates from oral origin, either directly
from endodontic infections or mouthwash of patient receiving endodontic treatment, and
from oral lesions which we sourced from a range of oral microbiology labs in Europe.
We wish to thank Professor Wim Crierlaard (ACTA, University of Amsterdam, NL) and
Professor Gunnar Dahlen (Department of Oral Microbiology and Immunology, Institute
of Odontology, Sahlgrenska Academy, University of Gothenburg, Sweden) for donating
the Enterococcus clinical and lab strains (Table 2.5). Again, no successful phage isolation
was obtained from the concentrated plaque samples, chair drain and saliva (used as
possible phage sources). Despite that, using Sheffield wastewater showed successful
phage isolation results. It was collected by University of Sheffield Pennine Water Group
(by PhD student Afifah Abd Rahim) and we processed it as described in Materials and
methods (section 2.2.4 and 2.2.5). The wastewater was collected from a treatment plant
in Sheffield area, UK. The plant treats both industrial and domestic wastewater with the
capacity of 185,000 P.E. (population equivalent). The wastewater had been through

sieving to remove any large solids but not treated chemically or biologically.

Phage plagues were first identified by spotting the suspended solution (Figure
4.8A) on top agar lawns of a range of orally isolated clinical strains of E. faecalis (Table
2.5). 10 ul of processed sample were spotted on lawn of E. faecalis (for example OS16),
the spotted samples either produce several small spots of clearance or one large clearance,
and other samples do not produce any clearance. One plague was picked and mixed with
the same host in double layer plaque assay, an immature plaques were start to be visible
after 3 h of incubation and mature plagues were visible after 24 h (Figure 4.8B and C).
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This process was repeated 3 times to ensure purity. Finally, single, well-isolated plaques
were excised and suspended in SM buffer and stored in 4°C for further testing. Via this
method phages against several E. faecalis strains were obtained successfully followed by

identification and characterisation.

3 hours

Figure 4.8 Phage isolation procedure. A) 5-10 pl of processed sample were spotted on
lawn of E. faecalis bacteria (OS16), some produce several small spots of clearance (black
arrows), one large clearance (white arrows), and no clearance (blue arrow). One plaque
was picked and mixed with the same host in double layer plaque assay, B) Immature
plaques were start to be visible after 3 h of incubation, C) Mature plagues were visible
after 24 h.
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4.5.2.1 Bacteriophage isolation, plaque morphology and EM morphology analysis

As outlined in Figure 4.9, a total of five distinct bacteriophage named phiSHEF
2, 4,5, 6, and 7 were obtained that infect various E. faecalis strains. phiSHEF2 was
isolated using strain OS16, while phiSHEF 4 was isolated using the EF3, strain EF2 was
used to isolate phiSHEF 5 (all are oral clinical strains isolated from oral rinse of
endodontic patient), while phiSHEF 6 and 7 were isolated using the oral lesion derived
clinical strain OMGS3919. Another phage named phiSHEF 3 was also isolated. However,
it possesses many similarities to phiSHEF 2 with exceptions that will be discussed later

in this chapter.

Three distinct plaque morphologies were identified when infecting E. faecalis
strains with the isolated phages. Firstly, a plaque with 3-4 mm diameter surrounded by a
thin rim of secondary lysis of 1mm (phiSHEF 2, 5, 6 and 7), 2 mm diameter central plaque
surrounded by haloes of larger secondary lysis (phiSHEF 4), while the third morphology
observed had a small pin hole sized plaques of 1 mm diameter without distinct secondary
lysis (phiSHEF 7+OG1RF). It has been observed both here and in the literature that the
shape and plague morphology are both phage and indicator strain dependant. The same
phage was shown to produce two different plague morphologies when the host strain was
changed, for example phiSHEF 7 produced a plaque diameter of 3-4 mm with
OMGS3919 host strain, while a pin hole plaque was formed if OG1RF strain used as host
strain as shown in Figure 4.9 (phiSHEF 7 and phiSHEF 7+OG1RF).
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Figure 4.9 Isolation of E. faecalis bacteriophages and plaque morphology. PhiSHEF
2 was isolated using strain OS16, while phiSHEF 4 was isolated using the EF3, strain
EF2 was used to isolate phiSHEF 5 (all are oral clinical strains isolated from oral rinse of
endodontic patient), while phiSHEF 6 and 7 were isolated using the oral lesion derived
clinical strain OMGS3919. Three distinct different plague morphology were observed on
DL agar. PhiSHEF 2, 5, 6 and 7 produce plaques of 3-4 mm diameter surrounded by thin
rime of secondary lysis. PhiSHEF 4 produce 2 mm diameter of central plaque surrounded
by large haloes of lysis. PhiSHEF 7 phage on the host OGIRF produce pin hole sized

plaques of 1 mm diameter.
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As seen in Figure 4.10, transmission electron microscopy analysis revealed that
all phiSHEF bacteriophages had an isometric head and an apparently non-contractile long
tail ranging in size form 200-250 nm depending on the phage in question (see Table 4.1).
In general the isometric heads diameters ranged from approximately 41-46 nm in
diameter. According to the guidelines of the International Committee on Taxonomy of
Viruses (ICTV, 2005), phiSHEF bacteriophages apparently are classified as belonging to
the family Siphoviridae (order Caudovirales) based upon tail morphology (Ackermann,
2007).

Table 4.1 The head and tail dimensions for the isolated E. faecalis phages.

Phage Mean Head SD Tail length SD
diameter + +
(nm) (nm) (nm)

" SHEF2* 4234 1 31 13
SHEF4 45.60 1 1994 0.8
SHEF5 44.32 0.9 240.5 1.5
SHEF6 45.81 04 250.6 3
SHEF7 41 0.1 230 2.4

*Three of the phage particles were measured for each phage type and the mean value was used for
calculating the dimension.
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Figure 4.10 Transmission electron micrographs of SHEF phage particles. Phages

were negatively stained with 0.2 % uranyl acetate. The image revealed that phage

phiSHEF phages belongs to Siphoviridae family. They have an isometric head and long
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segmented non-contractile tail. Three of the phage particles were measured for each phage
type and the mean value was used for calculating the dimension. One phage particle from

each phage was enlarged for better illustration.

4.5.2.2 Characterisation of isolated phages

To establish and confirm that these five phages were in fact distinct from each
other restriction fragment length polymorphism (RFLP) analysis was performed. In order
to extract phages chromosomal DNA, 200 ml of exponential growth phase indicator
bacteria were infected with each phage at MOI of 0.01 for 3-4 h, the clear broth was
subjected to Polyethylene Glycol (PEG 8000) precipitation (see section 2.4.6), followed
by treatment with 10 pg/ml DNase and RNAse in order to remove contaminating DNA,
and further treatment with 100 pg/ml of proteinase K was performed to degrade the
enzymes. Removal of proteins from phage nucleic acids were achieved by extraction with
phenol: chloroform: isoamyl alcohol (25:24:1) (as described in section 2.4.11) and the
final phage chromosomal DNA was dissolved with sterile milli-Q-water. In order to
evaluate which of the restriction enzymes was an efficient cutter of phage genomic DNA
to produce phage map, an initial attempt to subjected to use phiSHEF 2 DNA to restriction
digestion with several enzymes such as Afel, EcoRI, Dpnl, Hindlll, Agel, and NedI and
the digested products were separated by 1% agarose gel electrophoresis (section 2.4.12).
As can be seen in Figure 4.11, Hindlll and Nedl restriction enzymes was an efficient
phage genome DNA cutter, the decision was made to go with Hindlll for all other
phiSHEF phages in RFLP tests.
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Afel Hindlll Agel EcoRI Dpnl
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1000bp

Figure 4.11 Restriction fragment length polymorphism (RFLP) of phiSHEF 2.
Chromosomal DNA digestion by several restriction endonuclease enzymes, Hindlll and
NedI were capable of phage genome digestion. The digested products were separated by
1% agarose gel electrophoresis (15x15 cm) in 1x TBE buffer running at 90 volts for 4 h

to determine the map and genomic size of bacteriophage.

The restriction profiles indicate that these five phages were genetically different,
corresponding to differences in their host-range- see later (in fact we isolated several other
phage which displayed identical RFLP patterning and protein profile that were discarded
at this stage). Furthermore, digestion of extracted DNA with restriction enzymes and
DNase | indicated that that all were double stranded DNA viruses. By annotating these
fragment sizes and adding their cumulative masses we estimated that the phage indicative
genome sizes in the range 39-43 kb, a size in-keeping with expectations (Figure 4.12A).
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Figure 4.12 Restriction fragment length polymorphism (RFLP) of extracted phage
chromosomal DNA and protein profile for phiSHEF phages. A) PhiSHEF phages
genome DNA profiles digestion by restriction endonuclease Hindlll. Phages genome
sizes reside in the range 39-43 kb. B) Virions protein profiles of phiSHEF on the SDS-
PAGE. A large protein band was conserved in all phages of about 36 KDa.

To further characterise these phages, phage particles from PEG 8000 concentrated
phage stock was mixed with equal volume of chloroform in order to separate the phage
particles from PEG 8000 (section 2.4.9). Followed by mixing 50 pl from the upper layer
(10*1-10' PFU/mI) with 50 pl of SDS-PAGE loading buffer, 10 pl volume of lysate was
loaded directly (after heating at 95°C for 7 min) onto 4-12% and subjected to analysis by
SDS-PAGE, again confirming that five separate phage were present based on their
alternative protein profiles. As expected, given that the phage has largely similar
structures both among and across phyla the protein profiles between these strains were
more similar than their DNA profiles with the most prominent band in all cases a 36 KDa
band. In short, we confirmed that we isolated five distinct phages against E. faecalis in
the family Siphoviridae (Figure 4.12B).
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For identification of the major 36 KDa band, the band from phiSHEF 2 (because

it is one of the early isolated phages and it exhibits a wide host range as shall be mentioned
later, section 4.4.2.4) was cut from the gel and proteomic technique of ‘in gel digestion’
performed as described in mass spectrometry in material and method section (2.4.10).
After comparing against the full genome sequence of phiSHEF 2 (fully annotated fasta
amino acid file format derived as part of this project, see section 4.4.2.3), a protein
sequence coverage of 28% identified this 36kDA band as the putative phage capsid
protein (one of the phage structural head module) as illustrated in Figure 4.13. This is

not surprising as phage head is a significant part of the phage particle.

Protein sequence coverage: 28%

Matched peptides shown in bold red.

1 RAVDNKDEEX
51 EEXEEPXEEE
101 Xz ETRALPESFE
151 AMGKYPILKRA
201 N ;: A EALQDSDDDL
251 SGIIARHIQR QGLNTANKAI VAKLKTATAV AATSIDDLRT QUNTGFDEAY
301 NLEFIVSQSF FNALDQMXDA NGRYLLEDDI RAQSGKSLLG REXVIVLADKL
351 IGTADGDXVA FLGQPDAFAV FFDRVDTIVR WVEHQYYGQV LAVAMREDCE
401 VVDHXNAGKYI TLTPAP

Figure 4.13 Snap shot from MASCOT search results of the 36 KDa protein band
analysis of phiSHEF 2 phage. 50 peptide matches were obtained (24 non-duplicate and
26 duplicate) giving 28% protein sequence coverage of phage capsid protein of phiSHEF
2.

4.5.2.3 Genome organisation of phiSHEF 2, 4 and 5.

In order to analyse further the genome of the isolated phages i.e. genome size,
genome modules distributions, and most important to understand the nature of phages,
whether they are lytic or lysogenic (through the absence of genes associated with
lysogenic cycle such as integrase). PhiSHEF 2, 4, and 5 phages DNA were sent for full
chromosome sequencing at (MicrobesNG, Birmingham, UK) as described earlier in
section 2.4.13. The sequence results were received in two basic formats namely: FASTA
(contains the nucleotide sequence in one or several nodes) and GBK (contains an

automated annotation performed using Prokka). Analysing the FASTA formats revealed
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that phiSHEF 2 composed of one main node/contig and 12 small unrelated nodes, while
phiSHEF 4 sequence has only one main node, and phiSHEF 5 has one main and two
unrelated small nodes. The main node from each phage was further analysed using the
online web server: PHAST, a phage searching tool as well as Artemis. The results of the
analysis revealed that their genome size range from 40.9-41.3Kbp with GC percentage of
about 34.55-34.75% as illustrated in Table 4.2.

Table 4.2 PhiSHEF 2, 4, and 5 characterisation. The main nucleotide sequence of

each phage was analysed by PHAST online program.

Phage Regi(c:(nbls)ngth ORF | Region position perccégtage
ST 413 68 | 266-41607 34.55%
o 40.9 63 | 160-41070 34.71%
SPEF 41.2 69 | 105-41334 34.75%

Next, the annotated GBK files were visualised by SnapGene® Viewer 1.1.3
Software and further analyses on an amino acid sequence level performed using the
Mauve align software tool. Images of phiSHEF 2, 4, and 5 genome organisations and
protein features were generated as shown in Figure 4.14 and Table 4.3, 4.4, and 4.5
respectively and have been deposited for phiSHEF 2, 4 and 5 at NCBI with GenBank
refrence numbers MF678788, MF678789, and MF678790 respectively.

The organization of the phiSHEF 2, 4 and 5 genomes coding regions are divided
into two halves transcribed in opposite directions (Figure 4.14). The genome sizes of these
three phage were approximately 41 kilobase pairs (Kbp)- i.e. in agreement with our RFLP
estimations and, placing them as moderate genome length as compared to other
Enterococcus phages. Each genome was assembled into one large contig with low read
mapping coverage at the 5" and 3' ends with no clear edges at the ends of the contigs, this
suggested circularity of terminally redundant permuted linear genomes. As with most
phages, the genomes are arranged in a modular form, which include modules for DNA
packaging, structural components, cell lysis (rightward transcribed genes) and a module

for regulation and replication (left ward transcribed genes) as shown in Figure 4.14A
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(colour coded). As is typical for bacteriophage, there is little noncoding DNA between
these genes, suggesting that there is a single transcript for each set of genes. Although
each one exhibits a different host range, they have high similarity among them at the
primary amino acid level (aa) suggesting that these phages might have recently diverged,
for example phiSHEF 2 is 94% identical to phiSHEF 5 with query coverage of 81%, while
harbouring 92% similarity to phiSHEF 4 with query coverage of 77% using BLASTp
(Fiqure 4.14B, mauve align comparisons). The results of phiSHEF 2, 4 and 5 genomes
analysis using PHAST program showed high identity to the complete sequence of the
enterococcal bacteriophages EfaCPT1 GenBank accession no. (NC_025465), IME-EF3
(NC_023595.2), IME-EF4 (NC_023551.1) and vB_IME196 (NC_028990) respectively.
Finally, the same analysis reveals the absence of putative gene that encoded integrase,
which indicate that they are likely to be lytic in nature as evidenced by our isolation

method which favoured lytic viruses.
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Figure 4.14 A) Genome organization of E. faecalis lytic phages phiSHEF 2, phiSHEF
5, and phiSHEF 4 respectively. Images produced using SnapGene® Viewer 1.1.3
Software. B) Snap shot of aa comparison of phiSHEF genomes by Mauve multiple
genome alignments Version 2.4.0. C) Enlarged section of genome and mauve align for
the tail and lysis module organization. Areas that are completely white were not aligned
and probably contain sequence elements specific to a particular genome. The height of
the similarity profile corresponds to the average level of conservation in that region of the

genome sequence.
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Table 4.3 Names and proposed function of phiSHEF 2 annotated genes.

Feature Location

1 266 .. 418
2 433 . 906
3 1443 .. 3167
4 3237 .. 3401
5 3406 .. 4557
6 4544 . 5107
7 5177 .. 6427
8 6553 .. 6753
9 6797 .. 7093
10 7065 .. 7400
11 7397 .. 7804
12 7801 8166
13 8242 ., 8808
14 9003 .. 9314
15 9571 .. 13,941
16 14,024 .. 16,105
17 16,176 .. 18,233
18 18,242 .. 18,535
19 18,713 .. 18,958
20 18,973 .. 19,209
21 19,206 .. 20,192
22 20,274 .. 20,501
23 20,498 .. 21,097
24 21,160 .. 23,451
25 23,487 .. 23,711
26 23,782 .. 24,489
27 24,567 .. 24,818
28 24,819 .. 25,115
29 25,1156 .. 25,934
30 25,924 .. 26,112
31 26,088 .. 26,864

Size (bp)

153
474
1725
165
1152
564
1251
201
297
336
408
366
567
312
4371
2082
2058
294
2456
237
987
228
600
2292
225
708
252
297
819
189
777
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Type

cos
CcDs
cDs
cDs
cDs
CDs
cDs
cDs
CcDs
cDs
cDs
cDs
cDs
cDs
CcDs
CcDs
cDs
cbs
cDs
cDs
cos
cDs
CDs
cDs
CcDs
cbs
CcDs
cos
cDs
CcDs
CcDs
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hypothetical protein

Fhage terminase, small subunit
Phage Terminase
hypothetical protein

Fhage portal protein
Caudovirus prohead protease
Phage capsid family
hypothetical protein

gp&-like head-tail connector
Phage head-tail joining protein
hypothetical protein

hy pothetical protein

Phage major il protein

tail tape measure chaperone
Chromosome partition Smc
Fhage tail protein

Prophage endopeptidase tail
hypothetical protein
hemolysin XhiA
Bacteriophage halin

Autolysin

Glutaredoxin-like protein NrdH
hypothetical protein

DMA polymerase

hy pothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

DUF1351

hypothetical protein
Beta-lactamase superfamily
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Feature Location Size (bp) = ‘—_’_ Type

32 26,875 .. 27,354 480 O 4  CDS | HNH homing endonudease
33 27,351 .. 27,572 222 O 4 cDs | hypothetical protein

34 27,574 .. 28,173 600 O +«— cDs | DUF3310

35 28,330 .. 28,554 225 | 4 (DS | hypothetical protein

36 28,529 .. 29,047 519 O 4 DS | HNH endonudease

37 29,001 .. 29,741 741 O +— DS | DNA primase/polymerase
38 29,754 .. 29,951 198 O +— cDs | hypothetical protein

39 30,014 .. 30,190 177 ] +— cDsS | hypothetical protein

40 30,187 .. 31,482 1296 O 4+  CcDs | SNF2 family N-terminal/helicase
a1 31,475 .. 31,864 390 [} 4+ cDs | hypothetical protein

a2 31,848 .. 32,084 237 ] +— CcDs | hypothetical protein

a3 32,087 .. 32,296 210 O 4+ CDs | hypothetical protein

a4 32,299 .. 32,508 210 ] 4 CDs | hypothetical protein

45 32,510 .. 32,671 162 ] +— DS | hypothetical protein

46 32,673 .. 32,945 273 ] +— cDs | hypothetical protein

a7 32,994 .. 33,437 444 ] 4 CDS | hypothetical protein

a8 33,510 .. 33,698 189 ] 4— CDs | hypothetical protein

49 33,787 .. 35,367 1581 O . cDS | D5 N terminal like/primase
50 35,462 .. 35,659 198 a 4 DS | hypothetical protein

51 35,656 .. 35,895 240 O — DS | hypothetical protein

52 35,892 .. 36,107 216 O 4+ cDs | hypothetical protein

53 36,104 .. 36,331 228 O 4+ cDs | X878 like protein

54 36,328 .. 36,546 219 O 4+ DS | hypothetical protein

55 36,546 .. 36,767 222 ] 4  CDS | hypothetical protein

56 36,767 .. 36,907 141 | 4—  CDs | hypothetical protein

57 36,904 .. 37,065 162 O 4+ CcDs | hypothetical protein

s8 37,221 .. 37,931 711 a +— CDs | hypothetical protein

59 38,008 .. 38,142 135 ] — CDS | hypothetical protein

60 38,445 .. 38,708 264 O 4—  CDs | hypothetical protein

61 38,705 .. 38,890 186 [} 4— DS | hypothetical protein

62 38,890 .. 39,297 408 [} 4+  cDs | hypothetical protein

63 39,294 .. 39,506 213 (] 4 DS | hypothetical protein

64 39,544 .. 39,909 366 O 4 DS | hypothetical protein

65 39,923 .. 40,240 318 [m] 4 DS | hypothetical protein

66 40,744 .. 40,947 204 [} —»  cDs | hypothetical protein

67 41,030 .. 41,236 207 m} —»  CDs | hypothetical protein

68 41,236 .. 41,607 372 O —»  cDS | HNH endonudease
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Table 4.4 Names and proposed function of phiSHEF 4 annotated genes.

Feature Location Size (bp) r 2 Type

o1 7314 .. 7610 297 O —»  CDS | gp6-like head-tail connector
02 7582 .. 7917 336 O e d cDs | Phage head-tail joining protein
03 7914 .. 8321 408 | — cDS | hypothetical protein

04 8318 .. 8683 366 O — cDs | hypothetical protein

05 8762 .. 9322 561 O — cDs | Phage major tail protein

06 9500 .. 9811 312 —» DS | TAIL TAPE MEASURE CHAPERONE
07 10,068 .. 14,438 4371 O —> cDs | tape tail measure protein

08 14,521 .. 16,596 2076 - CDS | putative minor tail protein

09 16,602 .. 18,869 2268 ! b d CDS | putative minor tail protein

10 19,052 .. 19,297 246 O —»  cDs | hemolysin XhiA/DUF 1267

11 19,311 .. 19,544 234 O — cos | Bacteriophage holin

12 19,547 .. 20,644 1098 O — CDS | Bifunctional autolysin precursor
13 20,737 .. 20,961 225 O 4 cDS | Glutaredoxin-like protein NrdH
14 20,962 .. 21,648 687 O 4 cDS | Modification methylase DpnlIB
15 21,711 .. 24,002 2292 O 4—  cDs | putative DNA polymerase

16 24,037 .. 24,261 225 | 4 CDS | hypothetical protein

17 24,332 .. 25,042 711 O 4 CDs | hypothetical protein

18 25,120 .. 25,368 249 O 4+ DS | hypothetical protein

19 25,369 .. 25,665 297 | <4+ CcDS | hypothetical protein

20 25,666 .. 26,484 819 1] 4 cDs | DUF1351 LIKE PROTEIN

21 26,474 .. 26,662 189 (] 4— cDs | hypothetical protein

22 26,638 .. 27,450 813 O 4+ DS | Beta-lactamase superfamily
23 27,404 .. 27,925 522 = 4 cDs | NUMOD4 motif

24 27,937 .. 28,416 480 O 4 CDS | HNH homing endnuclease

25 28,413 .. 28,619 207 O 4 CDS | hypothetical protein

26 28,621 .. 29,127 507 O 4— cDS | DUF3310

27 29,291 .. 29,539 249 O 4— cDs | hypothetical protein

28 29,490 .. 30,233 744 15 +— CDS | DNA primase/polymerase

29 30,245 .. 30,433 189 O 4 cDs | hypothetical protein

30 30,492 .. 30,668 177 O 4+ cDs | hypothetical protein

31 30,665 .. 31,960 1296 O 4 cDS | SNF2 family N-terminal domain
32 31,953 .. 32,342 390 (] +— CcDS | hypothetical protein

33 32,326 .. 32,559 234 O 4 cDs | hypothetical protein

34 32,562 .. 32,771 210 O 4 cDs | hypothetical protein

35 32,773 .. 32,934 162 O 4 cCDS | hypothetical protein

36 32,936 .. 33,220 285 ] 4—  cDs | hypothetical protein

37 33,353 .. 33,814 462 O 4 cDs | hypothetical protein

38 33,890 .. 34,078 189 O +— cDs | hypothetical protein

39 34,119 .. 34,466 348 O 4 CDS | DUF1140 LIKE PROTEIN
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40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Location
34,557 .. 36,137
36,233 .. 36,430
36,427 .. 36,639
36,636 .. 36,860
36,860 .. 37,000
36,997 .. 37,152
37,264 .. 37,887
37,968 .. 38,177
38,174 .. 38,359
38,359 .. 38,766
38,803 .. 39,168
39,185 .. 39,583
40,097 .. 40,300
40,342 .. 40,548
40,548 .. 40,919

22 . 384
399 .. 872
1469 .. 3193
3282 .. 3548
3586 .. 3789
3794 .. 4945
4932 .. 5495
5565 .. 6818
6943 .. 7143

Size (bp)

198
213
225
141
156
624
210
186
408
366
399
204
207
372
153
474
1725
267
204
1152

1254
201

LR T R T N I A N O Ol

Type

cbs
cDs
cos
cDbs
cDs
cDs
CDbs
cDs
cDs
CDs
cbs
cbs
CcDs
cDs
cbs
cDs
CcDs
cDps
CcDs
cDbs
CDs
CDs
CcDs
CcDs
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putative primase
hypothetical protein
transcriptional regulator
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein

HNH endonudease
hypothetical protein

Phage terminase, small subunit
Phage Terminase large subunite
hypothetical protein
hypothetical protein

Phage portal protein
Caudovirus prohead protease
Phage capsid family
hypothetical protein
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Table 4.5 Names and proposed function of phiSHEF 5 annotated genes.

Feature Location Size (bp) =_ 2 Type

o1 265 .. 417 153 | —»  CDS | hypothetical protein

02 432 .. 905 474 O —»  CDs | Phage terminase, small subunit
03 1278 .. 2999 1722 |} e d CcDS | Phage Terminase/large subunite
04 3088 .. 3354 267 | — CcDS | hypothetical protein

0s 3392 .. 3595 204 O -  CDS | hypothetical protein

06 3600 .. 4751 1152 ] —» DS | Phage portal protein

07 4738 .. 5301 564 O —» DS | Caudovirus prohead protease
08 5371 .. 6624 1254 ) - CcDs | major capsid protein

09 6747 .. 6968 222 O —»  CDS | hypothetical protein

10 6982 .. 7278 297 = —  cDs | gp6-like head-tail connector
11 7250 .. 7585 336 ] — CcDS | Phage head-tail joining protein
12 7582 .. 7989 408 | —» DS | hypothetical protein

13 7986 .. 8351 366 O -  CDS | hypothetical protein

14 8427 .. 8993 567 = — cDS | Phage major tail protein

15 9188 .. 9499 312 ] — CcDS | tail tape measure chaperone
16 9756 .. 14,126 4371 ] e d CDS | putative tail tape measure SMS
17 14,206 .. 16,281 2076 O -  CDS | Phage tail protein/minor

18 16,293 .. 18,647 2355 = -  CcDs | putative minor tabe protein
19 18,825 .. 19,070 246 O — cos | hemolysin XhlA/DUF 1267

20 19,085 .. 19,321 237 O o CDs | Bacteriophage holin dass IT
21 19,318 .. 20,304 987 O —»  CDS | Autolysin/ENDOLYSIN

22 20,388 .. 20,615 228 [} 4—  CDS | Glutaredoxin-like protein NrcH
23 20,678 .. 22,969 2292 . <+ CcDsS | putative DNA polymerase

24 23,005 .. 23,277 273 | 4+ DS | hypothetical protein

25 23,255 ., 23,413 159 | 4 CDS | EFP-GP141

26 23,504 .. 24,208 705 O 4  CDsS | hypothetical protein

27 24,286 .. 24,537 252 5] 4+ DS | hypothetical protein

28 24,538 .. 25,356 819 | 4+ CDs | DUF1351 protein

29 25,346 .. 25,534 189 [} +— DS | hypothetical protein

30 25,510 .. 26,286 777 [ 4+  cDs | Beta-lactamase superfamily
31 26,297 .. 26,776 480 =] — CDS | HNH homing endonudease
32 26,773 .. 26,979 207 | 4  cDs | hypothetical protein

33 26,981 .. 27,580 600 O 4+ DS | DUF3310 PROTEIN

34 27,737 .. 27,985 249 | 4+ DS | hypothetical protein

35 27,936 .. 28,811 876 1] 4 CDs | DNA primase/polymerase

36 28,824 .. 29,012 189 | 4 cDs | hypothetical protein

37 29,026 .. 29,223 198 H 4+ DS | hypothetical protein

38 29,285 .. 29,461 177 O +“— DS | hypothetical protein

39 29,458 .. 30,753 1296 ] < DS | SNF2 family N-terminal domain
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Feature Location Size (bp) = = Type

40 30,746 .. 31,135 390 | “— cDs | hypothetical protein
a1 31,119 .. 31,352 234 ] “— cDs | hypothetical protein
a2 31,355 .. 31,564 210 O 4+ DS | hypothetical protein
43 31,567 .. 31,776 210 ] +— cDS | hypothetical protein
44 31,778 .. 31,939 162 ] A cos | hypothetical protein
as 31,941 .. 32,219 279 O S ol cDs | hypothetical protein
46 32,343 .. 32,786 444 ] “— cDS | hypothetical protein
47 32,859 .. 33,047 189 | “«— cDs | hypothetical protein
48 33,087 .. 33,404 318 O <+ cDS | DUF1140

49 33,398 .. 33,604 207 [ | “— cDs | hypothetical protein
50 33,693 .. 35,273 1581 O +— cDs | D5 N terminal like
51 35,374 .. 35,574 201 | “— cDs | hypothetical protein
52 35,571 .. 35,810 240 ] < cos | hypothetical protein
53 35,807 .. 36,022 216 O +“— cDsS | hypothetical protein
54 36,019 .. 36,237 219 O +— CcDS | hypothetical protein
55 36,230 .. 36,451 222 | — cDs | TRANSCRIPTIONAL REGULATOR
56 36,448 .. 36,672 225 l “— cDs | hypothetical protein
57 36,672 .. 36,827 156 O <« cDs | hypothetical protein
58 36,986 .. 37,813 828 O “— cDs | hypothetical protein
59 37,815 .. 38,132 318 ] < cos | hypothetical protein
60 38,204 .. 38,356 153 O <+ cDS | hypothetical protein
61 38,446 .. 38,655 210 O “— CcDS | hypothetical protein
62 38,652 .. 38,837 186 O +— cDs | hypothetical protein
63 38,837 .. 39,244 408 ] +— cDs | hypothetical protein
64 39,241 .. 39,465 225 O +— cos | hypothetical protein
65 39,478 .. 39,690 213 O “— cDs | hypothetical protein
66 39,712 .. 40,146 435 ] “— cDs | hypothetical protein
67 40,634 .. 40,837 204 O — cDs | hypothetical protein
68 40,917 .. 41,123 207 O — cos | hypothetical protein
69 41,123 .. 41,494 372 O —> cDs | HNH endonudease

All phiSHEF phages share a similar distribution pattern for DNA packaging and
head morphogenesis (Figure 4.14, orange coded genes), i.e. packaging module preceding
head assembly via predicted terminase. The small subunit terminase recognizes and binds
to the phage DNA site, while the large subunit usually delivers the enzymes needed to
cleave concatemeric phage DNA at cos sites to allow packaging of the DNA into phage
heads (Fujisawa and Morita, 1997, Sun et al., 2012). The predicted head module (Figure
4.14, turquoise coded genes) harbours genes encoding portal proteins (for genome
injection into host cells), prohead protease maturation, head capsid proteins and head-tail
adaptor proteins. Based on the absence of two extra head-tail adaptor proteins we suggest
phiSHEF phages are more related to EfaCPT1 than IME-EF3 type phage. These genes
are followed by tail and tape-measure proteins (Figure 4.14, green coded genes) and a

lysis module (Figure 4.14, yellow coded genes) containing putative haemolysin XhlA,
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putative holin and endolysin genes, which are very highly conserved in these phage (95-
98%aa, 95-96%aa and 80-97%aa respectively). PhiSHEF 2 and 5 contain an endolysin
with a predicted C-terminal ZoocinA_TRD (pfam16775) superfamily of lytic exoenzyme
target recognition domain that differs in this C-terminal end from the phiSHEF 4
endolysin, which have SH3b (smart00287) domain of bacterial SH3 domain homologues
superfamily (pfam08460) (Figure 4.15).

s 100 150 200 %0 300 328

1 L]
Query seq. s s

substrate binding site

T v < ——— — SHEF2
amidase catalytic site ) A A A
Specific hits a2
Non=specific CwlA ZoocinA_TRD
hits
Superfanilies PGRP superfamily 2oocinA_TRD superfamily

CwlA superfamily
1 S0 i 150 20 250 30 %0 368

Query seq,

substrate binding site
5

2n binding residues |
amidase :u(u:ytxc site | Y : : SHEF4
Specific hits S Pmi2z
Non-specific CwlA SHOS
hits =
Superfaniliss PGRP superfamily SH3 superfanily

CwlA superfamily

Figure 4.15 Snap shot from NCBI conserved domains for phiSHEF 2 and phiSHEF

4 endolysins.

The replication and regulation module are also clustered and ordered identically,
with a few exceptions. PhiSHEF 4 encodes for an adenine-specific methyltransferase
(modification methylase DpnlIB) which is absent from phiSHEF 5. At the same position
in phiSHEF 2, the bioinformatics reveal two hits for a homologue of DNA modification
protein of Polaribacter phage P12002L and an acetyltransferase of uncultured
Mediterranean phage uvMED, all of which are putatively involved in modification of
phage DNA (a well-known strategy to protect viral DNA on injection into the host). In
addition, phiSHEF 4 and 5 harbour a transcriptional regulator encoding gene (gene
number 42 in Figure 4.4 and number 55 in Figure 4.5 respectively ) that is absent from
phiSHEF 2 suggesting that all three employ slightly different modes of post-replication
and DNA modification that might be key for survival of the DNA during infection cycle.

During infection, it is the tail of the phage that first contacts bacterial host and is
likely responsible for primary recognition and adsorption to specific receptors on the
bacterial membrane host (Casey et al., 2015a). Due to the fact that phiSHEF 2, 4 and 5
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exhibit different host ranges we examined the predicted primary aa sequence of their tail
gene locus by using Mauve (Figure 4.14C) to align the genomes and revealed that the
first three tail genes have high similarity (81-100% at primary aa). In contrast, alignments
of the fourth tail gene (first minor tail gene) (Figure 4.14B, gene number 16 from
phiSHEF 2) reveal that only the first 130aa (out of 695 aa) share similarity which
represent an N-terminal highly conserved domain of a siphovirus G-positive bacteria tail
component (pfam05709), while still retaining some conserved motifs, then the sequence
starts to diverge after 130 aa (Figure 4.16A). However, it does retain some other small
regions of strong homology, which might represent structural homology rather than
sequence homology. For the fifth tail gene (second minor tail gene) (Figure 4.14B, gene
number 17 from phiSHEF 2) a similar situation exists but with about 175 aa at the N-
terminal end sharing similarity (out of 800 aa) with a family of proteins potentially
involved in host specificity and annotated as a phage anti-receptor (TIGR01665) in the
databases, while another small section matches a phage tail endopeptidase (pfam06605)
then it starts to diverge as in previous gene (Figure 4.16B).

187



Chapter 4

A
1 10 20 30 a0 50 s0
31 IR IMIE N YNF LRSFTFDGRE THELFQIAKVNPFLSKDNDGIHOMGN TD GKHF RNSIL GPJNI S
53z o S B MINE NYNF LRSFTFDGUETHHELFQIAKVNP FLSKDNDYS@RUGNTD GKHF RNISIL GG I S
31 o SR AMINE NYBJF LRSFTFDGIME TWHLFQIAKVNMPFLSKDND|BWRYGNTD GKHF RNEIAL GIRE I S
Sipho/Phi_dom 70 80 90 100 110 120
1 MR MM IDGF I I SDN SEMBVSETKDALVKIINSDEPKRELILDEPDRYFNA IBMGTHEYDATD TKY
SHEF4_8 IDGFIISDNSIMMEVSISTKDILVKIINSDEPKIYLILDBIPDRYFHAIINGTOEYDATD TKY
i WA T DGF I I SDN S[EMBV S TKDRLVKI INSDEPKIL ILDISIP DRYFINA INMSGTOJEYDATD TKY
130 140 150 160 170 180
SHEF2_16 [USEFATINAIAIFNHOME A SNF NRRY I[TIKEISEIM VILEEIN FIE RIKD OFq Y ES3A O LA TFK QGERN
SHEF4_8 BBl B AoV 3ol AN WSHOBIE P SGY TRAYT|T| TIIERIL V| I IE FIK D|T R KP4 Y 1823 T V K|L ViyD N|N|GE]S
SHEF5_17 pg330$Av)iolia-Be]GiR.N:ARN P A GF TRAYKISIGRIKRIL I/YPEE YT K|{I N QMLESALV K V|L PIAK RILINE T
190 200 210 220 230 240
SHEF2_16 [VI|scPIITIAIC IlA Y[YIT DN S TP HOECEAF Y D ARINESM NI LEFAERLE 0| TG F OF\KVIR INVVDNE VR
SHEF4_8 I IRGPIAS|TISRIAT GIF|. YISVNWDEEGAAOMNANT)IAT TIKPRATNASTIKNY . . KEAS|TEARVIQKNNN
SHEF5_17 |V I/GAPIYTISIGVIZF DIY|DKN S TIK GIOENZEHO MN QP4 T 15851 TP pRAKNAEDIRY . . VEVG|IITFKIGFVDSDD
250 260 270 280 290
SHEF2_16 PDKTRELILMEEADNEFIEKTYTEVIOMENE VKD|. WHL[YFIKTITIKSPET|T[GLSMNF G|L[Y[d
SHEF4_8 FIEINN[GK|L I VEJAYG I N T T LIEREIEVV I)EJATE SD|TIFRYR|Y T|IIDTTIKNKD T|QA INLAF G[S|I[¢]
SHEF5_17 ADIIAGR[IVIEGDAJLIATI LKREITRD IJdKGTTIE|. WEYHIF Y/LDIKLESPNVKIGINF QY S|A[F[E
300 310 320 330 340 350
SHEF2_16 DHV[SGDIICEEMFALD TIKAPMTFOKEL|I[ELRKE LIKVIVRIN[EERTKAFSIR F SIFIUNGDRIGM V GiA
SHEF4_8 N|F T|I VD F|SKidML{S|INPAEPF|THVPEETIALTENLILVISRIN[EERYRI ThE4R Y T3ROS ERJA MV AN
SHEF5_17 S[EF|SVAYARIYMYLNPET|T/GDFVPHREFIQYTEN I|T|I/ORIK[ERSYK SPS4T ¥ TI:EV8NS DIYA F C Gh#
360 370 380 390 400 410 Sipho_dom2
SHEF2_16 VNKNED IHSAENEE E VY TEQTR TEERY LI LEIIEPINTIP[E NMV ORIS[GHT S TP BdL.GNPD T
SHEF4_8 INDK[EN IHeSalelNi=dN D VIs]V|A T(S|L K VIRl K |2 W )sdd e D(T(LIGE E(W[V IIRNIID T SPEAR4AFDP SK
SHEF5_17 VD|GK[eN Ve el YI4AE KB Y| IEK|T K VIsRRUKIWII RSN KIPILD DFR IRIEGIYV S SPERR4AGD INK
420 430 440 450 460 470
SHEF2_16 LVD[ERLNUTKDVD SVVENET|. GEK[TDVELEIGITAVVP I TAPHTRIDESYS AF VEWWESSI 1T
SHEF4_8 VF S[EBFDINIAKNP DDV TIFTIYTIPNTGIT G YRR ASMLAPF P ANKNIYEIEYG P(T TENS p8s8aN | I,
SHEF5_17 IFD{EPYIDINTLDPNSATIZVIYG. SANDQ YIIR:{PISMVA I I P PISETIRIDIEEYL NE TEWNESIYNIK
480 490 500 510 520 530
SHEF2_16 [NYKDNPPRAHLEFMI|GPITA[ENPEAIIN TILIIE]LY S TN HT|I[MIC wiqM(G EIK[VEIE YR LI FS3C
SHEF4_8 YSKI.QARIGRVIHMNLIQIMV NEKIANWMMS VIVI@EEITIADNDN I|YMMAC IF4KIN E|(LIQJIT YRy LsR AN SHK
SHEF5_17 |YSNSPQARIGRVIHFENLIVITA[GE Y MGAVIREITIT TSDN ILITIAT IP4OIGKA|IEIT OpyF DK ) 9YC
540 550 560 570 580 590
SHEF2_16 QJTKLPINIFETETYIK AISPRIG INK[YPERVVGDNY IF TYRJVISDKSNLDKFErEEEK O Y|s
SHEF4_8 WGWRIVTLIAAWSDKIV SIOpSNS LAPNPIAYHVGNEFKYALNIVIDTSE IMS|Y[EOIBI0 RWIQ
SHEF5_17 PRIGWRIINLIPALGDKLV C|S SINOQFPRANVKKDEYKYTLIJEKINTQO I|YE|F[ET WR
600 610 620 630 640 650
SHEF2_16 [NFRANQVMV TPJAIRLENILNVIKH IKDWRE]Y Y K D[ LEE LPEY Y SEINVEY IRIEAIRIN E LRIV V[ER]O
SHEF4_8 NIK|L HVLMSV SPVISIIAYRID VISV T TINMNKRI L F Q D{EI) T\YE I pEIK O)dvVIVE4VIEE V(I G D IR T VY E
SHEF5_17 [SIN[LHILMD|I SPJARMIEKID TP Y L QDMK E O N[E3o]ONAT TisRyA TIIT L4V TIPRIG T LISIT L{e33D
660 670 680 690 Sipho_dom3
SHEF2_16 [AARIRIAD V[EE HERLEF YRS WENLIOBEERAN|C[T L E O|TFéH
SHEF4_8 | WAKIYRIAE L{e]D T|T TV VEIE WINT|RIFENTIA|L V E E[Spe
SHEF5_17 1K) VAP 1[e]E T|VEK)gdV YEID FENLI T VIUN|VIS V N E[Rp$H

188



B

1 10 20

SHRR2: X7 aiis ssiinisantiend MDF YH T DREFEILISNEY S 3 TEQT IS
SHEF4_ 09 MGGVIATLNGGNKLDIR{VEIDIEGTIAK|T 1 TES ﬂ ';IK Hln <; I\ 8 ll)l
BEERS 18’ .cioivnioininioniseni MDF YMTDRIBFRILEASNEN S I RR

Chapter 4

< =<
0

70 80 90 100 110

SHEF2 17 KPFANCIIN E[IMIT LE SEEINCEF T TEYS M LEIDEYS ORGKARETEP FRTKY
SHEF4_09  KDRAUNLIF ILIARVMKAREID] NEvs LE LRV S E TigP ElY S AP YITIA KIE]
SHEFS 18  1[JANcidn E[jMpl1 LK SN TRV T L cHDlG ETRSTYKADISAYNVAH

l‘l«

E .";(; R JD
E I LESRfy LEAWES
SK| RES E

150 160 179 180 190

[ IR A GO TALER IQSVATQF DNAE LB FEEEY c ( DKHK‘ (DEVE
SHEF4 09 TALERIQSVATQPDNAE EQSYDY YNR' 5 E
SHEFS 18 ( HATALERIQSVATQFD ElJRF E)3 KI'K'

240 250 260 279

llr/lr

SHEF2 17 RE EL vn .‘VN(:Y?LBKM' Y1y K“rﬁ"h]“ JUTHNER
SHEF4 09 KDP. ‘TYKT[VDPIKG Yvyrro‘,[ ELENITNTRE
SHEFS5 18 KD K TIYEGIIFVILNKTSET I RIYT K| DN TNE]

OLEFET TAQNKRARD Y AVK
ELQFIZAMSOOK I.MATMI HL
HKQWIAT TINKNT

329 330 340 350

SHEF2 17 DIANIPEJLEVCDIEES D!NBKLY SRV KYl) TIDS VS
B MO B VD IANIPRS LISVC DAY LMDENEK LY LESRV: bIYl) TTNTC
[N TVE DENEKLY SRV TENMESNS CJ3

SHEFS 18 DIANIPIL

LSDFVL LR ¥
NLSDFV S JK LAND LOANLINK Gl1|K
JE1QINLNNKTEQMENE

LSDFVELESCILRS

390 400 410 420 430

SHEF2 17 FAA*EEP|3
SHEF4_09 MVOlS
SHEFS5_18 13V QL

470 480 490 500

SHEF2 17 HTILEE TNQFKATY . . AGEQLEEBVISTVTGEEMETEYNN TN LTIOINR
SHEF4_09 I{INGS lTwN1KMT. HDNIdK sk LslElE T LGl ENY T Y]

SHEFS5 18 [JThq [ NEJWNTKEN I DGIG TIVRRO[EVIN'T LGE{SE I LODND T Y T[LP TG
550
SHEF2 17 Lol).,ITu BRO o o:cc o o | SR v v s 668, S AT N T F
SHEF4 09 lr dl‘b kL), .. va 115 J00 AR |
SHEF5 18 |1 K RKAN[-I IISANRVYLNELDYTVANVETNQQVTLEPRGLSF L’
590 600 610 620 630

SHEF2 17 [KMEECAIGWHF LWOPYDTTINGKPLNWDYTYYLVPKARAN . GNSGEG INMRIQ(A( TGG]
SHEF4 09 L nKMCN[NN LRJI|GP Y S|GAID FN TS T Y|&vidlo T llriupunpm_;olll plc TiL K 1pjviriLrA
SHEF5_18 NITNAKSGNMFRFGNLOALGENTNIRALNGLVQKNQANDALFQOA

670 680

SHEF2_17 GTGNGAKWVLTSIFSV. .[. ... .[]- [l .-« % [ karsveiate BH A e A e R RS A AR R
SHEF4 09 LTSKPEYGY|]. Iol\mlsyr‘l NMveNirFlilscesYvvNFHkicDlF GALR|S|ASGKYS . |1-1155vvsn{dr‘rls1vh-15lxlo
SHEFS_ 18 LKSTSGGVMIASAIGTGNSDSIKLOWVGTATVVIDVKAGQOWFGCVILE[LRESRNNLFAMRLVNVQLEELFP|IA

VNP0 CEMLLA VD GTVF 0P 1 ARLGT Y E TRAVKENP uw
! VNI\H(; LEN - 1dTir . eoojply . . .|. Ejv. RATDNG .). L 15

WW &_Q“IP‘{RDMI‘TF( EL.VRVDTGEV V

[

FSQGFDGRVLNTD .
ldx l.Inl 1S TI 1lYiNsip lISNF leI

‘H’L_K‘l RSEETTLIKYGE ILNTINK r)

AH IMBMNF—R NSWVTNTDETIKPTL

kk,lxlﬂv NR xlx PIFGAF PHAHP

GLIKVDGHSPNISAWGEGO

ANI) FVYKY'VYV'SNT

DaTHls o VHITAT

DAKIIKFQATVLF,

230

3G CLigE!
> E
E

310

LVAE
141 vis| N
QI4V TN|

SHPL
S\YP 3

NP [e]
LNIETLNANWINGE

50T IDQSLNIE
d I JIN[¢
I v

LNIETLNANLHING

PAG

(,{IN
GTK

SETGTVNN
DjOD I SK
KNTYNE

Figure 4.16 Multiple sequence alignment of fourth and fifth tail gens of phiSHEF

phages produced by Multalin online program. A) Alignments of the fourth tail gene

(first minor tail gene) reveal that only the first 130 aa (out of 695 aa) share similarity

which represent an N-terminal of highly conserved domain of a siophvirus G-positive

bacteria tail component (pfam05709) then it starts to diverge (underlined black line),

while still retaining some conserved motifs (underlined blue line). B) The fifth tail gene

(second minor tail gene) with about 175 aa at the beginning share similarity (out of 800

aa) that involve in host specificity protein of phage anti-receptor (TIGR01665) and

smaller domain of phage tail endopeptidase (pfam06605) then it starts to diverge as in

previous gene (underlined black line). High similarity (red font).

4.5.2.4 Determination of phage host-range

Having isolated a range of novel phage against E. faecalis and characterised them

both morphologically and three in terms of their genome sequence we next investigated

their biological host-range capacity. Host-range was tested qualitatively using the soft

agar overlay method test at MOI 0.1 to detect visible plaques. Host-range tests show that
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the phiSHEF 2 phage has the broadest host-range with capacity to lyse 9 out of 13 E.
faecalis indicator strains tested, followed by phiSHEF 6 and 7 while phiSHEF 5 and 4
possesses the lowest host-range (lysis of 3 and 2 strains respectively). All five phiSHEF
bacteriophages were specific to E. faecalis (Table 4.6) as none of them were capable to
produce visible plaques towards an E. faecium strain (E1162), or towards other

periodontal associated pathogens used in this study (Table 2.1).

Table 4.6 Phage-host range of phiSHEF phages. PhiSHEF 2 exhibits the widest host
range followed by phiSHEF 6, 7, 5, and 4 respectively.

strain/phage SHEF2  SHEF4  SHEF5S  SHEF6  SHEF7
| 0S16 T T T e T Ty
ER3/2s + i i + +
EF1 i i + i i
EF2 i + i i i
EF3 i " i i i
EF54 + i i + +
OMGS 3197 + i i + i
OMGS 3198 ; i i i i
OMGS 3885 T i i + i
OMGS 3919 + i i + +
OGI1RF + - - + +
V583 T i + i i
JH2-2 i i + i i
| Total e 2 4 1 s

4.5.2.5 PhiSHEF 3 phage

In addition to the phage indicated above, several other phage were also isolated,
that are both less well characterised and in some cases were not distinguishable from our
current pool of phage, either by RFLP or SDS-PAGE profile. However, there was one
very interesting exception to this occurrence, namely the isolation of phiSHEF 3 phage.
This was also isolated from our wastewater samples using the oral clinical strain OS16

(same host used to isolate phiSHEF 2).
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The initial genome digestion, plaque morphology and micrograph appeared

identical to phiSHEF 2 (Figure 4.17). PhiSHEF 2 and 3 DNA were subjected to restriction

digestion with HindlIll and the restriction profiles indicate that they are sharing the same

genome map as seen in (Figure 4.17A), phiSHEF 3 produce plaque diameter of 3-4 mm

morphology (Figure 4.17B) and phage head diameter~41 nm and tail length of ~235 nm
(Figure 4.17C) which is seems to be similar to phiSHEF 2.

A SHEF2 SHEF3

6000bp i
3000bp

Figure 4.17 Characterisation of phiSHEF 3 phage. A) phiSHEF 2 and phiSHEF 3
sharing similar genome map, B) phiSHEF 3 plague morphology diameter of 3-4 mm, C)
Transmission electron micrographs of phiSHEF 3 which revealed that it belongs to the
Siphoviridae family of head and long non contractile tail.
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However, further characterisation revealed that it possessed a slightly different
host-range compared to phiSHEF 2, as phiSHEF 3 was able to infect E. faecalis non-oral
clinical strain U92304 while phiSHEF 2 was not (Fig 4.18A). In contrast, phiSHEF 3 was
not able to infect E. faecalis oral strain OMGS3198 that phiSHEF 2 was able to. In
contrast, they share the same host-range profile for the rest of the 8 strains. In addition,
and possibly very importantly, the SDS_PAGE protein profile revealed differences
between them, as two high molecular weight bands at around~60 and 65KDa are present
in the profile of phiSHEF 3 and not phiSHEF 2 (Figure 4.18B, indicated by arrows). This
suggested differences at the genome level that result in production of two altered proteins
compared to phiSHEF 2, and are probably contained on Hindlll fragments since Hindl1l
based RFLP patterning was unable to differentiate the phage. Therefore, we decided to
send phiSHEF 3 for full genome sequence, in order that we could compare it to the
phiSHEF 2 genome sequence, and potentially define the reason for this alteration in host-
range. Unfortunately, upon analysing SHEF3 sequence as described in section 4.4.2.3,
the sequence was incomplete and missing several sections related to tail modules as can
be seen in Figure 4.18C, this section represent the nucleotide sequence from 37500bp
until 41725bp (about 4225bp) at the end of the sequenced phiSHEF 3. Through the
genome comparisons with fully annotated GBK file of sequenced genome of phiSHEF 2,
tail gene number 15 with size of 4371 (Figure 4.14 and Table 4.3) that encode tail
chromosome partition protein smc, seems to be unidentified and/or corrupted which make
the comparisons unachievable. However, this part could be amplified using PCR primers
from annotated ends of the phiSHEF 3 ends and several other primers could be designed
upon the received PCR sequence until the full missing area identified which is suggested

for future work.
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Figure 4.18 Further characterisation of phiSHEF 3. A) PhiSHEF 3 is sensitive to E.
faecalis U92304 as revealed from the elimination of that strain in broth and in spotting
test while phiSHEF 2 is not (arrow indicates that no clearance is produced from phiSHEF
2 spotting). B) Virions protein profiles of phiSHEF 2 and 3 on the 12% SDS-PAGE.
Arrows indicate the presence of extra bands belong to phiSHEF 3. C) Snap shot from
PHAST program of the sequenced phiSHEF 3 showed the unannotated (absence of
continuous red line) nucleotide sequence from 37500 bp until 41725 bp (about 4225 bp)
at the end of the sequenced phiSHEF 3.
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4.5.2.6 Molecular determination of phage adhesion for phiSHEF 2, 6, and 7

Previous studies indicated that several E. faecalis phages (and indeed from other
bacteria) adhered to the surface of G-positive bacteria via their extracellular
polysaccharide capsule material (Monteville et al., 1994, Tremblay et al., 2006, Teng et
al., 2009, Casey et al., 2015a, Duerkop et al., 2016). Therefore, we endeavoured to
investigate whether this was the case for any of our isolated phage. One limitation to such
a study is the availability of genetically altered strains that contain defined mutations in
Enterococcus polysaccharide (EPS) genes that have also been well characterised
phenotypically. Fortunately, these were available for the strain OG1RF which is the most
studied of the E. faecalis strains via collaboration with Dr S Mesnage, department of
molecular biology and biotechnology in Sheffield. E. faecalis OG1RF is a laboratory-
generated strain of the non-antibiotic resistant human oral isolate OG1 (Gold et al., 1975).
OG1RF produces a cell wall polymer of rhamnopolysaccharide that is known as the
enterococcal polysaccharide antigen (Hancock et al.) composed of rhamnose, N-
acetylglucosamine, N-acetylgalactosamine, glucose, and galactose which together with
wall teichoic acid forms the secondary wall polysaccharides (Hancock et al., 2003, Teng
et al., 2009). The OG1RF epa locus is composed of 18 highly conserved genes (epa A to
R) followed by a variable region of about 13 genes (Xu et al., 1998) as illustrated in
Figure 4.19A. Within this locus, the epaB gene is known to encode a glycosyl transferase
that mediates allocation of the major rhamnose component of Epa and is considered key
to Epa composition while the variable region encodes decoration genes that are believed
to modulate rhamnopolysacchride, but are as yet uncharacterised (Teng et al., 2009,
Palmer et al., 2012).

In order to investigate the effect of disruption of epa locus genes on phage
sensitivity, a mutant of epaB and several mutants and complemented strains of the Epa
variable region of OG1RF_11720, 11715 and 11714 were infected with phiSHEF phages
(Figure 4.19A black arrows). In order to perform these analyses we had to choose phage
that infected wild type OG1RF, namely phiSHEF 2. In addition, phiSHEF 6 and 7 were
also capable of infecting both strains when incubated with the epaB mutant (Figure
4.19B), the phage showed no infection in both spot and double layer agar tests, this mean
that the EpaB dependent EPS was important for successful infection of OG1RF by
phiSHEF 2, 6, and 7. This is further illustrated in TEM micrographs as seen in Figure
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4.19C, where phiSHEF 2 showed to be adsorbed to both but plaques of clearance only

appeared with OG1RF and absent in case of Epa mutant strain.

A v vy
U 10,0007 70,0007 g R 0, 000" ] i
B BIDIDHD (D DD DO )| DR O - (B
cCD F H KL OG1RF_11707
OG1RF_11738 epaA OG1RF_11718 OG1RF_11714 OGI1RF_11710 OG1RF_11709
—» ) D
B J OG1RF_11711
Protein Coding Sequence Annotation
. Glycosylransferases Putative tagD/tarD . epa core genes
D LicD family D O-antigen ligase (Wzy_C)

D Glycoside hydrolase faminZSD Polysaccharide biosynthesis genes
. Putative tagF/tar™ . Anchor gene

C

epaB mutant

200 m

Figure 4.19 Molecular determination of phiSHEF phages adhesion. A) The OG1RF
Epa locus is composed of 18 highly conserved genes (epa A to R) followed by a variable
region of 13 genes (variable colour coded) (Teng et al 2009), arrows indicate location of
the mutants. B) Spot testing of SHEF phages on OG1RF lawn in DL agar, OG1RF were
sensitive to three of SHEF phages tested namely phiSHEF 2, 6, and 7 though it lost its
sensitivity when mutations in Epa were tested. C) TEM showed that adsorption of
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phiSHEF 2 phage (arrow) to both OG1RF (spent head) and epaB mutant (tail without
head).

Similarly, the phage was incubated with mutants of the variable region
(OG1RF_11720, 11715 and 11714) and complemented versions of the variable region.
Furthermore, when the mutants of the variable regions were complemented, they all
regained sensitivity to all of the tested phages and produce plaques in DL agar.
Interestingly, when we complement the OG1RF_11715 with plasmid encoding the
function of OG1RF_11714 (both encoded predicted glycosyltransferases), the mutants do
not retain sensitivity unless it is complemented with the original plasmid that hold
OG1RF_11715 function which might indicate that its function cannot be substituted with
gene predicted to perform the same function. Taken together these data indicate that the
overall structure of the EPS is key to infection with these phages (Table 4.7).

Table 4.7 Sensitivity of phiSHEF phages to E. faecalis OG1RF and mutants.

Strain/Phage SHEF2 SHEF4 SHEF5 SHEF6 SHEF7
OGIRF + - - + +
OGI1RF epaB - - - - -

OGIRF_11720 - ; ; ] ]
OGIRF_11720C  + ; ] + .
OGIRF 11715 - - ; ] ]
OGIRF_11715C  + _ ] n .

OGIRF_11714

OGIRF_11714C  + - - + +

OGI1RF_11714C*

epa core locus (epaB mutant), mutants and complements (C) in variable region. OG1RF_11715
complemnted with plasmid encoding the function of OG1RF_11714 (C*).
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As phiSHEF 2, 6 and 7 were not able to lyse Epa mutants of OG1RF. We then set

out to investigate for one of these phage phiSHEF 2 (since it had the broadest host-range),
whether this lack of infection might be due to exclusion from adsorption by loss of the
Epa saccharide or whether phiSHEF 2 might be adsorbing successfully but not able to

bind to a secondary component to produce a productive infection cycle.

To dissect if this lack of infection was due to poor adsorption to the cell surface
or lack of progression to a productive infection, or a combination of both, we performed
a series of experiments examining both adsorption to the cell surface but also phage
progeny produced. Using an adsorption assay where phage were incubated with target
strains OG1RF (WT) and mutants for 10min before harvesting of cell-free phage via
centrifugation and filtration, we observed that about 2-4 fold less phage adsorbed to the
mutants as illustrated in Table 4.8. However, this reduction does not explain the complete
lack of infection by phiSHEF 2, as evidenced by the number of progeny after incubation
with WT reaching 1x10! pfu/ml from an inoculum of 2x10° pfu/ml, while with the
mutants strains this actually reduced dramatically to less than even original inoculum,
reflecting that all phages that adsorbed over a 24 h period, none had proceeded to lytic
infections. This evidence was further supported when we added 0.28 M NaCl, a treatment
known to interfere with electrostatic phage-bacterial interactions but not harm cell
viability (we tested this here also) and released further still infective phages particles that
were already adsorbed to the mutants surface (but not injecting its DNA inside the host
cytoplasm). In addition, there are differences in the number of released infective phages
that were adsorbed to the cells suface between mutants epaB (core region) and mutants
from the variable region such as OG1RF_11720, being much less from the later (only 700
phage particles released) which might mean that they are not involved in strong phage-
host interaction in the later (still strong). The same for OG1RF_11715 (700 phage
particles released) but not with OG1RF_11714 (8000 phage particles released). On the
other hand, this might also be due to that injection of the phage genome occurs after
adsorption but not reached inside bacterial cell cytoplasm to continue a successful phage
cycle and the remaining released phage particles are not infective anymore, which reflect
the low numbers in OG1RF_11720 and OG1RF_11715. In general, this indicates that
they might be involved in 2-stage interactions for productive infection (reversible and
irreversible) while the substrates and products of these enzymes are not fully

characterised but the data do imply 2-stages to the injection process.
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In order to exclude the possibility of phage progenies entrapment inside the host

cells that could not lyse the host membrane and escape for any reason, cells suspensions

were treated with chloroform to lyse the cells, this resulted in no further release of viable

phage particles. In addition, samples from both infected wild type and epaB mutant at 30

min post infection were examined under TEM, micrographs taken revealed the adsorption

of phiSHEF 2 phage to both cell surfaces (Figure 4.19C). However, more round bacterial

cells shape of epaB and OG1RF_11720 mutants could be visualised when examined
under the TEM (Figure 4.20).

Table 4.8 Molecular determination of Epa mutants of OG1RF.

OG1RF OGIRF OGI1RF

OGIRF  epaB 41200 11715 11714

Input PFU/ml »x10°  2x10° 2x10° 2x100 2Xx10°

After24h PFU/ml  1xX 10  27X10 4X10° 12X10° 15X10

0.28 M NaCl 5
PEU/MI 1.4X 10 700 700 8000
Adsorptlo_n after 50% 17% 17% 12% 14%
10 min
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epaB

200 nm

OG1RF _11720

200 nm

Figure 4.20 Transmission electron micrographs of epaB and OG1RF _11720

mutants, round bacterial cells outline could be visualised.
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4.5.2.7 One step growth, infection cycle and adsorption rate

We then proceeded to a more in depth characterisation of the wide spectrum host
range bacteriophage phiSHEF 2. Using the orally isolated clinical strain OS16 (isolated
from mouthwash of endodontic patient). Firstly, we performed a one-step growth
experiment to establish the eclipse period (average time to produce the first mature
intracellular phage), latent period (average time to cell lysis) and burst size (the average
number of phage released at cell lysis), which showed phiSHEF 2 as a highly efficient E.
faecalis targeting phage with an eclipse period of only 10 min, a latent period of only
30min (broadly in agreement with Figue 4.21A, and a burst size of 9.3 PFU, i.e. 9-10
phages produced per bacterial cell infection cycle. The plateau phase was reached after
75 min, following a 45 min burst period. Next, infection cycles of phiSHEF 2 was
performed at different MOI with the OS16 host. PhiSHEF 2 was capable of OS16
elimination in a dose dependant manner, as the higher the phage titre the faster drop in
OD of the growing bacteria till clearance of the broth occurs, the time needed ranged
between 60 min at higher MOI down to 120 min at the lowest MOI tested (Figure 4.21B)
which means that higher numbers of phage particles available at the time of infections
will result in infections and elimination of most cells at the same time. In addition, we
examined adsorption parameters of this phage with the E. faecalis strain OS16, and found
that saturation of adsorption was reached after 10 min (Figure 4.21C). This adsorption is
illustrated in Figure 4.22 where a TEM taken of cells at 30 min post infection illustrates
adsorbed phage that seem to have injected DNA (spent heads are seen on the surface) but

the cell is still intact.
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Figure 4.21 One step growth, infection cycle and adsorption rate of phiSHEF 2. A)
One-step growth curve of phiSHEF 2 phage with the OS16 clinical strain host. The two
sets of data represent samples treated with and without chloroform. lysis of the bacterial
host happens too quickly result in a low burst size of about 9.3 though few numbers of
phage particles will be made. B) Infection cycle that showed the dose dependence manner
of phiSHEF 2. C) Adsorption of phiSHEF 2 phage to OS16 host strain occurs very fast
as 60% of the phage particles were adsorbed within 9-10 min.
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Figure 4.22 Transmission electron micrographs taken of cells at 30 min post
infection with phiSHEF 2. Adsorbed phage that seem to have injected DNA (black
arrows: spent heads are seen on the surface of E. faecalis OS16 strain) or still unadsorbed

(white arrow) but the cell is still intact.

4.5.2.8 Ability of phiSHEF 2 to clear biofilms of E. faecalis

Given that most bacteria in nature and in clinical infections reside in biofilms
(Hall-Stoodley et al., 2004, Hgiby et al., 2011) we tested the ability of phiSHEF 2 to
eradicate pre-formed biofilms of E. faecalis in vitro. However, we first tested biofilm
growth potential of three E. faecalis strains (0OS16, ER3/2s and EF54) and established
that EF54 formed the strongest one-day biofilms on abiotic plastic surfaces (data not
shown), and was thus chosen for these tests. Biofilm tests where phiSHEF 2 was
introduced to the biofilm both after 24 h (young biofilm) and 144 h (mature biofilm)
revealed that phiSHEF 2 is capable of complete elimination of E. faecalis mature or
immature biofilm (p<0.0001) using a crystal violet based assay (Figure 4.23A). As
phiSHEF 2 phage was capable of eliminating the biofilm formed on abiotic surfaces and
as a previous study mentioned that E. faealis endodontic isolates were rich in biofilm

associated esp gene (surface adhesin gene) (Sedgley et al., 2005a), we tested its effeciency
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to eradicate biofilm formed on natural mineralised tooth root surfaces and quantify it
through a resazurin metabolic assay. The blue and nonfluorescent resazourin is reduced
by cellular activity (oxygen intake through bacterial cells metabolism) to pink colour
highly fluorescent resorufin which is further reduced to nonfluorescent hydroresorufin
(O'brien et al., 2000) as illustrated in Figure 4.23B. The results reveal a significant
reduction (p<0.0001) in emission of samples infected with phiSHEF 2 phage treated EF54
biofilm from tooth surfaces (blue colour unreduced solution) compared to the untreated
group which showed higher emission (higher cellular activity) and pink colour solution
(Figure 4.23B). In addition, more biofilm of E. faecalis colonies was observed (Figure
4.24) along the walls of the root canal (stereomicroscope images) and on the tooth dentin
surface (light microscope images).
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Figure 4.23 Biofilm assay on polystyrene plates and tooth root slices. A) Polystyrene
plates: left) representative part of microtiter plate with E. faecalis biofilm after
resolubilization of crystal violet used to stain the formed biofilm (initial and mature

biofilm). The upper wells represents phage treated biofilm in which phiSHEF 2 phage
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were added to E. faecalis after the required time incubation. Lower wells represent
untreated biofilm with more intense coloration (thicker biofilm formation), right) ODs7o
readings of one (initial) and six (mature) days biofilm assay of the treated versus untreated
respectively. PhiSHEF 2 phage significantly elimenate the biofilm when added and
almost no biofilm were detected in the treated groups. B) Tooth root slices: left) The uppr
well represent the phiSHEF 2 treated group while the lower pink colour well represent
the reduced resazurin to the fluorescence resorufin by E. faecalis cellular activity, right)
the addition of phiSHEF 2 phage significantly reduced 7 days biofilm formation as
represented by ODsgo emission readings. Student's t-test was used to compair between

treated and untreated groups.

168h EF54+SHEF2

168h EF54 only

Figure 4.24 Stereo microscope and light microscope images of treated and untreated
E. faecalis biofilm on root surface slices. Stereo microscope (upper and lower left
images) and light microscope (upper and lower right images), upper images represent
phiSHEF 2 treated group with no ovbvious E. facalis colonies, while the lower images
(untreated) showed the biofilm of E. faecalis colonies scattered on the root canal (RC )

and dentinal surface (DS) respectively.
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4.5.2.9 Zebrafish as in vivo model for phage treatment evaluation

In clinical settings E. faecalis is known to be a common cause of septicaemia
while there is a well-established link between dental procedures and certain systemic
infections such as association of endocarditis with release of oral bacteria into the
bloodstream (L.i et al., 2000). Therefore, we decided to test phiSHEF 2 in an established
model of E. faecalis systemic infection (Prajsnar et al., 2013), namely the use of zebrafish
embryo infection model. In these studies a strain of E. faecalis, which phiSHEF 2 can

lyse were used to infect zebrafish, namely the oral clinical strains OS16.

This experiment was performed through collaboration with a visiting PhD student,
Magdalena Widziolek who performed all the injections, records and statistics. Zebrafish
(n = 40) were injected with E. feaecalis OS16 with 30,000 CFU (Colony Forming Units),
which was then allowed to spread through the embryo circulation for two hours. Phage
were then injected next at an MOI of 20 (about 6x10° phage particles) at 2 h post infection
(no = 20) with photographs taken and vital signs (heart beat and blood circulation)
recorded every 24 h for three days (72 h) as shown in Figure 4.25. When embryos were
infected with E. faecalis OS16 alone (in the absence of any bacteriophage (control
group)), only 12% of the embryos survived at the end of 72 hpi as can be seen from the
survival curve Figure 4.24A. Examination for the presence of unhealthy looking fish
which displayed pericardiac oedema, yolk sac and eyes abnormalities as well as spine

curving were evaluated every 24 h for three days also.

Two extra separated groups of fish were also microinjected systemically into the
Duct of Cuvier of dechorionated larvae with PBS and phiHEF 2 phage. This is very
important as the effect of phage injection should be monitored and evaluated to be safe
to the fish and not cause any extra side effects compared to its control (PBS in this case)
that interfere with the overall results of the treated group. The results revealed that no
signs of infection were visualised when injected with phiSHEF 2 which reflect that

delivery of phage alone was safe.

However, most changes occur during the first 24 hpi, with the majority of the fish
(72%) displaying decreasing vital signs, i.e. heart rate which was annotated as ‘sick’
(Figure 4.24B). After 48 hpi, most of the sick fish had died (68%) while the mortality rate
is increased to 85% at the end of 72 hpi as illustrated in Figure 4.24C and 4.24D.
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Concerning the treated group, the efficiency of the treatment started to be
observed after 24 hpi as all the fish that were treated with phage had survived (only 13%
were sick compared to 72% sick fish from E. faecalis infection). At the end of 72 hpi,
89% of fish were survived (80% healthy and 9% ill) while only 11% from the phage
treated group were died due to infection (Figure 4.24D and 4.24E). In conclusion,
treatment of OS16 infected fish with phiSHEF 2 phage increased the survival rate from
12% (control) to 88% (treated) and the results were statistically significant as
p<0.0001(student's t-test).
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Figure 4.25 Animal model of phage-bacterial interaction. Zebrafish larvae were
injected with E. faecalis OS16 strains at a dose of 30 000 CFU at 30 hpf (hours post-
fertilisation) and after 2 hpi (hours post-infection) larvae were injected again with
phiSHIF 2 phage at a MOI of 20. Fish were monitored for survival and disease
development for up to 72 hpi. Kaplan-Meyer plot shows that phage therapy was very
successful for E. faecalis OS16- infected larvae as it significantly increased fish survival
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from 12% for phage-untreated fish to 88% for phage-treated larvae by 72 hpi (A). B) 24
hpi, C) 48 hpi, D) 72 hpi. Vast majority of E. faecalis OS16 infected but phage-untreated
larvae, developed progressive signs of systemic disease as soon as 24 hpi, in contrast to
phage-treated fish, most of which remain healthy (B-D). E) Unhealthy looking E. faecalis
OS16-infected fish displayed pericardiac oedema, yolk sac and eyes abnormalities as well
as spine curving in contrast to phage-treated larvae which remain healthy throughout the
experiment and showed appearence comparable to PBS-injected control fish. Scale bar
500 pm.

4.6 Discussion

4.6.1 Isolation of new clinical strains of periodontal pathogen A.

Actinomycetemcomitans

We set out first to isolate strains namely A. actinomycetemcomitans from the oral
cavity in order to use in phage infection, several clinical strains were isolated successfully
(Shef30, Shef3l, Shef32, and Shef33). This was performed to expand our library of
clinical strains that been associated with periodontal infection, thus if phage been isolated
using them as template for infection (indicator strains), it could be used as antibacterial
therapy that might aid in treatment of periodontal disease. In addition to the isolated
strains of A. actinomycetemcomitans, several other strains could also be detected that
were also grown on TSBYV selective medium but the star shaped colonies and subsequent
16S rRNA confirmed the isolation of A. actinomycetemcomitans. This selective media
was enriched with 10% horse serum instead of blood to suppress hemin-requiring
Haemophilus and since the growth of A. actinomycetemcomitans can be repressed in vitro
by oral streptococcal species, Bacitracin was added (in addition it suppresses other G-
positive oral bacteria). The TSBV selective medium suppresses growth of most oral
species and permits the recovery of A. actinomycetemcomitans that can be isolated based
upon colony morphology- characteristic star shape. However, this medium will support

the growth of fusobacteria and G-negative anaerobic motile rods (Slots, 1982).
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4.6.2 Cataloguing of phages from the oral cavity of patients attending periodontal
department in UK and IRAQ

In order to investigate the morphological diversity of bacteriophage within oral
samples obtained from patients that attending the periodontal department in Iraq and UK,
direct electron microscopy was used to view the samples. TEM is widely used as a method
of choice for phage geography, ecology investigation, and identification (Ackermann and
Nguyen, 1983). Due to the small sizes of phages, they can only be directly visualised with
significant magnification. In addition, some bacteria are not cultivable under the lab
conditions, thus their corresponding phages could not be identified using DL plaque
technique but direct visualisation will provides through perception into the morphological
diversity of phage populations within sample without depend on certain host (Demuth et
al., 1993).

Reports for the direct visualisation of human gingival plague by Electron
Microscope has been identified the presence of bacteriophage as early as 1975 (Halhoul
and Colvin, 1975). It describes head particles hexagonal in shape of about 50 nm in
diameter attached to “fine fibres” referring to a tail. Yet, processing and concentration of
the samples for bacteriophage identification were not performed, as the plague samples
were placed under the TEM without phage concentration step. After 2 years, Brady et al.
(1977) describe “tailpieces” that attached to hexagonal bacteriophage-like particles that
clumped between bacteria in dental plaque. Recently, techniques such as metagenomics
were used to characterise phage communities within dental plaque followed by filtering
out obvious phage reads through comparing it to the bacteriophage database (Ly et al.,
2014, Naidu et al., 2014). Ly et al. (2014), established that large communities of viruses
that inhabited saliva, biofilms composed largely of bacteriophage. Siphoviridae
bacteriophages were mainly dominated in saliva and supragingival plague samples of
healthy and periodontal diseased groups while Myoviridae bacteriophages were
dominated in subgingival samples of diseased group only and significantly higher than
healthy group. The use of new metagenomic sequencing is possible due to low plaque
biomass available, which render final sample quite not adequate even after processing
and concentration (Edlund et al., 2015). In our study, we recorded a high distribution and
diversity of phage particles within the concentrated plaque samples in both Iragi and
Sheffield plaque samples; with observation of both groups TEM micrographs revealed
that Siphoviridae family were more dominant in samples from Irag but displayed less

bacteriophage diversity within the samples. However, this might be due to the fact that
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amount of supragingival plaque from Iraqgi patients were much higher (observed at the
time of collection) than those collected from Sheffield patients and they are stored and
transported differently.

In this study, the presence of a range of phage were observed in the two main
families of Siphoviruses and Podoviruses in electron microscope micrographs in addition
to possible cubic, enveloped, and filamentous like virus particles from the plaque samples
that been obtained from supra and sub gingival plaque of chronic periodontitis cases
patients. However, (Ly et al., 2014) reported the identification for the all tailed three
families using metagenomic sequencing. As we can exclude the processing and
concentration method used in this study as the cause (wastewater sample reveal the
presence of the three families that will describe later, which indicate the successful
methodology used), we could estimate that the new sequencing methods is more sensitive
but temperate phage might be also recorded, that might be actually represent a defective
integrated phages which lost their capacity to excise from bacterial genome. This data
shows that there are various phages morphology that inhibited the oral cavity in ethnically
diverse populations. This is expected because the isolation of bacteriophage sourced from
the oral cavity targeting oral and non-oral pathogenic bacteria has been described against
a range of spp. i.e.; Actinomyces viscosus (Tylenda et al., 1985), Enterococcus faecalis
(Bachrach et al., 2003), Proteus mirabilis (Hitch et al., 2004), Fusobacterium nucleatum
(Machuca et al., 2010), Aggregatibacter actinomycetemcomitans serotype b (Castillo-
Ruiz et al., 2011) and Neisseria meningitidis (Aljarbou and Aljofan, 2014). In contrast,
in this study the presence of bacteriophage within the sourced samples were performed
first followed by isolation trials.

4.6.3 Cataloguing of phages from Sheffield wastewater

We also went to investigate the morphological diversity and distributions of
bacteriophage from samples obtained from Sheffield wastewater. Great morphological
variability was detected in the phage collections from Sheffiled wastewater. Similar
results were obtained for phage identification from various studies with several specific
examples in the literature, e.g. Limestone Creek wastewater treatment plant (South
Carolina, USA). With exceptions, phages were more diverse in Sheffield wastewater as
cubic phages were not described in earlier papers (Ewert and Paynter, 1980). In addition,
it does not differentiate between contractile and non-contractile phages ratio. We could

observe about equal distribution of both families in Shefield wastewater. However, direct
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microscopic study of phages morphology from rumen of sheep and cattle samples
mention that phages with contractile tails were the most frequent (Klieve and Bauchop,
1988). In contrast, the reverse ratio were estimated in lake water from Yaquina Bay,
Oregon (Torrella and Morita, 1979), a water sample from the North Atlantic (Frank and
Moebus, 1987) and Lake PluBsee in the northern part of Germany (Demuth et al., 1993).
Phages diversity may have great impact on the density and distribution of their hosts in
wastewater as in marine (Suttle and Chan, 1993) and freshwater (Phlips et al., 1990)
environments, suggesting a major role as a powerful regulation mechanisms. The average
size of the phages observed in the Sheffield wastewater samples of 37 to 95 nm (head
diameter) which is less than previously described range found for 662 bacteriophages
from diverse habitats (Reanney and Ackermann, 1982), while the tail length of 5 to 450

nm in our study were in line with it.

Studies that focused on recording phage morphological diversity within natural
samples were also performed through pre-enrichment with known numbers of bacteria
before having the TEM micrographs (Hidaka and Fujimura, 1971, Ogata et al., 1980).
Ackermann and Nguyen (1983) enriched sewage water with 35 E. coli strains, and the
phages within enrichment cultures were studied in the electron microscope. They
contained about 10 varieties of morphologically different particles most of which belong
to corresponded enterobacterial phage species. However, it shall not reflect the actual
phage inhabitant distribution within a certain sample as the number of phages specific to
the enriched bacterial strain will overcome the others. Studies concerning direct
visualization of whole bacteriophage population in wastewater without bacterial host
enrichment are very limited (Ewert and Paynter, 1980). In this study, we focused on direct
visualisation of bacteriophage communities in wastewater samples without any

enrichment.

We could estimate the abundance of phages in Sheffield wastewater that infect E-
Coli and Enterococcus as research indicate that both bacteria have the ability to multiply
in such environments (Whitman et al., 2003). In addition, there counts are high in
wastewater and sludge (Lasobras et al., 1999, Mignotte-Cadiergues et al., 2002,
Mandilara et al., 2006). Mandilara et al. (2006) found a strong correlation between the
number of E. coli bacterial indicators and the presence of their coliphages. Finally,
evidence that show coliphages are capable of infection and multiplication in water

environments (Grabow et al., 1984, Borrego et al., 1990) further support our assumption,
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placing bacteriophage as strong tool in controlling the bacterial community within

wastewater.

4.6.4 Isolation of phage against isolated strains, a range of endodontic E. faecalis

strains and other periodontal associated clinical strains
4.6.4.1 Isolation of phage towards periodontal associated clinical strains

The initial attempt to isolate phage aginest periodontal pathogens were performed
using concentrated samples of saliva and dental chair drain on a host of type strains (also
could be called indicator strains) of F. polymorphum ATCC 10953 and F. nucleatum
ATCC 25586. This was followed by expanding studies to test infection of oral clinical
strains of Fusobacterium, Porphyromonas and Prevotella isolated from the dental plaque
of patients having chronic periodontitis in Sheffield (Table 2.1). As bacteriophages are
very specific to their hosts (as mentioned previously in section 1.3.1), expanding the
indicator strains will obviously increase the chances to isolate possible phage. Another
reason to include these strains is that, if isolation was achieved, that phage will be specific
towards pathogens associated with periodontal disease and might be used as potential
therapy (obviously because the indicator strains were from real disease sites). Isolation of
bacteriophage from oral salivary samples was shown to be possible previously in our labs
by the Stafford group targeting E. faecalis (G Stafford, unpublished) but unfortunately it
was lost due to improper storage. Clinical isolates of A. actinomycetemcomitans (Table
2.1) were also included in the library of indicator strains for phage isolation since phage
that infect various strains of A. actinomycetemcomitans were mentioned previously such
as PAA84 (Loftus and Delisle, 1995) and Aaphi23 (Resch et al., 2004). Both enrichment
and direct spotting were performed to isolate bacteriophage (see section 2.4.3 and 2.4.4).
In the enrichment method, the sample which might harbour the potential phage was added
to the broth that contain mid-log phase of single indicator strain, this will allow the low
phages numbers that are specific to that indicator strain to multiply and increase in
numbers. This was followed by filtering to remove the bacteria to leave only phage
particles suspended in the broth and thus providing suitable starting phage sample to work
with. In order to screen for possible phage, that sample will be used either mixed with the
same host in double layer agar or directly spotted on the host. On the other hand, the
second method of spot pipetting involves the spotting of small amount (5-10 ul) from the
processed sample on 0.4-0.7% top layer agar that contains a single lawn of indicator host.

In both ways, the presence of visible clear zone in the top agar (plaque) will represent a
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potential successful isolation. Later trials to isolate bacteriophages involved the addition
of processed samples obtained from supra and sub gingival plaque and processed samples
from wastewater, as they were rich in phage particles as visualised in TEM (see section
4.3 and 4.4). However, as mentioned in the start of this section, no bacteriophages capable
of infecting periodontal pathogens were isolated. Phage targeting Fusobacterium spp.,
Prevotella spp., and P. gingivalis have not been isolated and characterised previously in
the literature except one that infected Fusobacterium spp. (Machuca et al., 2010).
However, its published small genome fragment believed to be a contaminant sequence
from oral P. acnes phage and not a true Fusobacterium phage sequence (Briiggemann
and Lood, 2013). Some periodontal pathogens such as Fusobacterium had not been
associated to date with phage transduction or well known conjugation and natural
transformation mechanisms (Han et al., 2007, McGuire et al., 2014) which is in part
related to the various restriction-endonuclease systems that Fusobacterium species harbor
which may cleave foreign DNA irrespective of the extent of methylation (Lui etal., 1979).
Bacteria also can act to degrade phage DNA that does not convey the corresponding
methylation configuration via the action of restriction endonucleases that recognise and
destroy foreign DNA (restriction-modification). (Forde and Fitzgerald, 1999, Coffey et
al., 2001). In addition, bacteria that harboured clustered, regularly interspaced short
palindromic repeats with cas genes (CRISPR-cas) showed immunity to foreign phage
infections and vice versa (Palmer and Gilmore, 2010). For example, V583 (which does
not harboured the CRISPR-cas system), has a genome that harbours approximately 25%
of acquired DNA (Polidori et al., 2011).

4.6.4.2 lsolation of phage towards endodontic associated clinical strains of E.

faecalis

Isolation of bacteriophage targeted towards endodontic E. faecalis clinical strains
were possible using processed wastewater samples. The E. faecalis clinical strains were
isolates from oral origin, either directly from endodontic infections or from the
mouthwash of patients receiving endodontic treatment, and from oral lesions which were
sourced from a range of oral microbiology labs in Europe. Six distinct tailed
bacteriophage that belong to the Siphoviridae family as reflected from TEM
micrographes named phiSHEF 2, 3, 4, 5, 6, and 7 were isolated. In general, our overall
aim is to prepare a bacteriophage cocktail that contain several broad spectrum phages
target towards different oral clinical strains of E. faecalis. This cocktail could be used as

preventive measure in the form of a mouth wash prior to endodontic treatment sessions
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or as intracanal irrigation in failed endodontic treated teeth to decrease the bacterial load
of E. faecalis associated with infection in addition to preparing a library that harbour new
and updated E. faecalis phages. This could be performed throughout isolation and
characterisation of new wide spectrum phages like phiSHEF 2. In order to reach our goals,
characterisation for the isolated phages were performed followed by the establishment of
a biofilm model and animal model to test the efficiency of these phages to eliminate E.
faecalis infection.

In the oral cavity, enterococci show prevalence in oral infection of 3.7 to 35% in
periodontitis (Rams et al., 1992, Souto and Colombo, 2008, Sun et al., 2009a) and
participating in oral mucosal lesions infections (Dahlén, 2009, Dahlen et al., 2012). In
addition, E. faecalis plays a role in endodontic failure and is often isolated from the
opturated root canal system. The results of two studies showed that the vast majority of
human chronic endodontic infection isolates were Enterococci (Dahlen et al., 2000, Love,
2001). One reason this might be the case is that there is evidence that they can live and
survive in the presence of several commonly used root canal antiseptic irrigants (e.g.,
sodium hypochlorite) (Spratt et al., 2001), tolerate prolonged periods of starvation
(Figdor et al., 2003), form biofilm (Mohamed et al., 2004) and acquire antibiotic
resistance (Leclercg, 1997, Hunt, 1998). Moreover, anatomical variation and
complexities of the tooth root canal and tooth related structures make it more selective
towards bacteria that can withstand depleted nutritional levels (Nair et al., 2005). All
these distinct features make E. faecalis an exceptional survivor and place a limitation to
the current chemomechanical procedure to resolve the issue. Finally, it is probably the
cause behind many failed root canal treatments and outlines an urgent need for a new

antimicrobial therapy (Khalifa et al., 2016).

Successful attempts were made previously to isolate lytic E. faecalis phages using
indicator strains of animal origin (Son et al., 2010b, Fard et al., 2010b), non-oral human
isolates and lab strains (Uchiyama et al., 2008a, Li et al., 2014, Khalifa et al., 2015a,
Khalifa et al., 2015b). In order to investigate the potential of phage therapy towards oral
infections elimination and estimate the capability of such new antibacterial therapy, we
successfully isolated and characterise six E. faecalis phages designated as phiSHEF 2, 3,
4,5, 6 and 7 using an isolates from oral lesions and endodontic E. faecalis clinical isolates.
The full chromosome of three phiSHEF phages were sequenced and annotated (phiSHEF
2, 4 and 5). PhiSHEF 4 and 5 exhibited a narrow host range compared to phiSHEF 2, 6

and 7. This might be due to the difference in the bacterial cellular target molecule for
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phage adsorption between these phage and due to the fact that some bacterial strains
express different types of surface molecules that are not found in the all the isolates (Gu
et al., 2014). PhiSHEF 3, possessed similar digested genome map of phiSHEF 2 but

exhibited a different protein profile and host range.

Bioinformatics revealed that their genome size ranged from 40.9-41.3 Kbp with
a GC percentage of about 34.55-34.75%. The organisation of the phiSHEF 2, 4 and 5
genome coding regions are divided into two halves transcribed in the opposite direction
and that the genomes are arranged in a modular form, which include modules for DNA
packaging, structural components, cell lysis (rightward transcribed genes) and a module
for the regulation of the DNA replication (left ward transcribed genes). In addition, the
same analysis revealed the absence of a putative gene encoding integrase, which indicate
that they are likely to be lytic in nature as evidenced by our isolation method that favoured
Iytic viruses. Although each isolated phage exhibits a different host range, they have high
similarity at the primary amino acid level (aa), suggesting that these phages might have
recently diverged.

The host cellular receptor protein called PIP (phage infection protein) is proved
to play an important role in phage DNA injection in G-positive bacteria as in prolate-
phages (Geller et al., 1993, Monteville et al., 1994, Garbutt et al., 1997). However, both
bacterial receptor and phage adhesin PRP are important in making the phage host
variation and with the PIPer receptor being identified (Duerkop et al., 2016), our goal
was therefore to place a site into possible tail genes that might play a role in phiSHEF
phages-bacterial host recognition. Analysing their tail genome module revealed the
presence of two genes that might participate in host specificity selection based on several
facts: phiSHEF 2, 4 and 5 exhibited different host range and regarding amino acids level,
genes 4 and 5 are the only genes in the tail locus that sharing less than 50% identity in aa
level. While the N-terminal part of these two genes is highly conserved among them, the
C-terminal show amino acids variable region (VR). (Duplessis and Moineau, 2001), show
practically a similar trait in Streptococcus thermophilus phages as the N-terminal part of
(ORF18) are highly conserved while changing the C-terminal variable region of phage
DT1 with the C-terminal variable region from phage MD4 changed the host specificity
accordingly. After that, Stuer-Lauridsen et al. (2003) suggested that ORF31 of phage
bIL67 is one in a set of genes that participate in G-positive phage-host determinant based
to a similarity to another ORF110 in phage C2 of Lactococcus lactis. The later ORF110

product found by immunogold electron microscopy was located at the tip of the phage
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tail. Both ORFs are sharing the N-terminal and then diverging to form a variable region
as in phiSHEF tail locus genes 4 and 5 (Lubbers et al., 1995). Moreover, blast search of
the tail gene 4 shows 27% aa similarity to tail fibre protein of Lactobacillus bacteria i.e.
phage Lrm1 of Lactobacillus rhamnosus (Durmaz et al., 2008). Overall, our suggestions
here regarding the importance of both genes build upon their location at the tail locus,
their assortment pattern of homology to phages of different G-positive bacterial and
putative blast hits similarity to host specificity protein in the phage data base. Our vision
will open the way for further investigation of phage host specificity and adhesion of G-
positive bacteria. Finally, we suggest the genome sequence for phiSHEF 3, 6 and 7
phages, having both sequenced and annotated, proper compares of their genomes to the
previously sequenced phiSHEF 2, 4 and 5 should be performed next.

The lysis module of phiSHEF phages delineated the presence of a putative protein
haemolysin gene XhlIA (Pfam10779). Both haemolysin and holin encodes putative
proteins that can aggregate to form structures in the inner membrane which in turn allow
the endolysin out from the cytoplasm to degrade the cell wall and thus control the timing
of lysis during phage infection (Longchamp et al., 1994, Krogh et al., 1998), thus
expression of both protein XhlA and holin is necessary to establish effective host cell

lysis of B. subtilis.

PhiSHEF 2 phages endolysin lytic enzyme contain two domains: N-terminal
catalytic domain and a C-terminal binding domain. The catalytic domain class type
amidase being the same in all the three sequenced phiSHEF 2 phages, which is the most
identified enzyme at the present time (Kutter and Sulakvelidze, 2004). Hence, the C-
terminal half of the molecule which binds to a substrate in the host cell wall are different
among them. ZoocinA_TRD (found in phiSHEF 2 and 5) is the target recognition domain
of zoocin A, an exoenzyme secreted by Streptococcus equi subspecies zooepidemicus
4881 that has potent antibacterial activity against a range of streptococci including the
pathogens Streptococcus pyogenes and Streptococcus mutans (Chen et al., 2013). On the
other hand, SH3b domains (phiSHEF 4) contain the target recognition site of another lysis
exoenzyme called Lysostaphin, which is secreted by Staphylococcus simulans biovar
staphylolyticus. Lysostaphin is active against the pathogen Staphylococcus aureus
(Gargis et al., 2010). Notably, both enzymes have different spectrum of susceptible
bacteria. We could estimate due to the variability at the C-terminal among putative

phiSHEF endolysins (TRD and SH3b recognition site) modules, indicates that the internal
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host cell membrane recognition plays also a central role in diverse biological processes

of endolysin-receptor interactions.

Adsorption of the tailed phage to the host surface membrane comes through the
interaction between the attachment site on the phage tail and the host surface molecules
(Casey et al., 2015a). This may involve two main steps, such as initial reversible binding
by tail adhesin with proper phage tail positioning, followed by irreversible binding of a
different tail protein to secondary receptor molecule (Monteville et al., 1994, Duplessis
and Moineau, 2001, Spinelli et al., 2006). The receptors of G-positive bacteria might be
peptidoglycan elements, implanted teichoic acids, lipoteichoic acids, and associated
protein (Geller et al., 1993, Wendlinger et al., 1996, Garbutt et al., 1997, Stuer-Lauridsen
et al., 2003).

The enterococcal cell wall in general is composed of peptidoglycan layer (PG)
that located above the lipid bilayer membrane. Like other related G-positive organisms,
their PG and cell membrane decorated with a variety of polysaccharides and proteins
(Archibald et al., 1993, Bhavsar and Brown, 2006). Polysaccharides, teichoic acids, and
surface-anchored proteins are directly chained to the cell wall PG through covalent
linkages, while lipoteichoic acid and lipoproteins are anchored to membrane lipids
envelope (Coyette and Hancock, 2002, Huycke and Hancock, 2011). Previous study
shows that G-positive phages of L. lactis adsorb initially to a greater extent to rhamnose
moieties of the cell wall carbohydrate, and in order to obtain a productive phage infection,
adsorption to both the cell wall carbohydrates and the plasma membrane of the host are
mandatory (Geller et al., 1993, Monteville et al., 1994, Babu et al., 1994). Mutants in the
epa main and variable locus showed lower adsorption rate of phiSHEF 2 phage than the
wild type OG1RF when measured at 10 min after infection (17%, 17%, 12%, 14%
compared to 50% of wild type as shown in Table 4.8. In addition, small phage numbers
were counted from the free supernatant of the mutants strains 24 h after infection which
were less than even the original input of 2x10° PFU/mI compared to high phage yield
count for the wild type of 1x10'* PFU/mI. Whether it is not adsorbed at all or freed due
to weak adhesion to the mutant cell surface, lead us to assume that Epa of E. faecalis
function is important in phage recognition and adsorption to the bacterial host surface.
Duerkop et al. (2016), showed that in-frame deletion of EF0858 (an integral membrane
protein encodes PIPgf) in E. faecalis V583 chromosome was resistant to phage VPE25
infection but not required for initial phage adsorption. Furthermore, PIPgr is conserved in

E. faecalis including OG1RF and harbours a 160-amino-acid hypervariable region (hpr).
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A mutation in this cell wall protein hpr by the bacterial cell may result in developing
phage resistance by disable phage DNA entry. This lead us to the suggestion that
unsuccessful infection of phiSHEF 2 to the Epa mutants cells of OG1RF might be related
to disruption at the mechanism that deliver the phage DNA inside the cytoplasm across
PG and plasma membrane in order to switch lytic phage infection cycle. This is in
agreement with Teng et al. (2009), as they suggested that replacement of rhamnose with
mannose in the epaB mutant in the overall sugar composition has an effect on the structure
or integrity of the cell envelope of OG1RF. This suggestion came after TEM observation,
which showed that epaB mutant cells result in a more round cell shape as compared to
the more oval-shaped cells of wild-type. We observed the same shapes during cells
screening under the TEM, however, we acknowledge that the TEM preparation itself may

have altered cell morphology (Figure 4.19C and 4.20).

One of the phage isolated in this study, named phiSHEF 2 exhibited a wide host-
range against oral E. faecalis oral clinical isolate, and thus was chosen to be further
characterised. The results show that it is an efficient killer as lysis starts to occur shortly
after infection, represented by the latent period of only 30 min in a one step growth
experiment (Figure 4.21A). In addition, phiSHEF 2 adsorbs quickly to the cell surface as
60% of the phage particles are adsorb within less than 9 min. However, it has a low burst
size of 9.3 PFU compared to the other isolated Enterococcal phage- e.g. IME-EFm1
(Wang et al., 2014). In contrast to phiSHEF 2 phage, IME-EFm1 could infect E. faecium
isolates and did not infect any of the tested E. faecalis, and vice versa. Furthermore,
looking into the behaviour of phiSHEF 2 in one step growth, low numbers of phage
particles will be made if the lysis of the bacterial host happens too quickly and this might
be the case here with a short latency and only 10 progenies released per event (Abedon,
1990) as in some podoviridae phages which show a short latent periods and small burst
sizes (Ashelford et al., 1999). Due to the time limit, we suggest to repeat all phiSHEF 2
characterisations using different oral E. facalis strain as phage-characterisation is both
phage-strain dependant. In addition, it is important to characterise all the other isolated

phiSHEF phages in a similar.
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4.6.5 Biofilm models

Many studies have been done to assess the capability of E. faecalis to form biofilm
in vitro and concluded that 15-80% of the clinical isolates are biofilm formers (Baldassarri
et al., 2001, Prakash et al., 2005, Di Rosa et al., 2006). Previous studies were also done
to establish phage infection model to compete non-oral E. faecalis in animal, EF24c phage
was capable of competing the E. faecalis infection and saving the mice model from
abdominal infection (Uchiyama et al., 2008b). EFDG1 was isolated using V583 strain
and its host-range tested mainly using E. faecalis clinical strains isolated from urinary
tract infections. In an ex-vivo of root canal model, EFDG1 was capable of eliminating E.
faecalis colonisation of their root model and it reduce the number of bacterial tested
significantly (Khalifa et al., 2015a).

We aimed to set up a good model to test killing of E. faecalis in vitro in this study
both in abiotic surface and tooth root slices biofilm, thus we chose a strain that was a good
biofilm former namely EF54. In addition, it is identified previously as strong biofilm
forming E. faecalis and it is capable of primary attachment and biofilm formation on
abiotic surfaces of clinical devices (Toledo-Arana et al., 2001). First, we tested
elimination of biofilm on an abiotic surface which revealed that one and six days’ biofilm
of EF54 is efficiently and almost completely removed when phiSHEF 2 phage added. In
addition, this lytic bacteriophage is capable of 7 days mature biofilm elimination from
natural mineralized slices of the tooth root surfaces as estimated by resozarin metabolic
assay which can be implicated in failed root canal therapy as adjunctive therapy to reduce
the biofilm bacterial load associated with E. faecalis infection. Crystal violet was not used
in this test because it might stain the tooth dentin structures with different intensity, in
addition to bacterial cells biofilm, that might cause errors in reading after stain extraction.
These data also reflect that phiSHEF could eliminate stationary phase E. faecalis as we
assume that biofilm in that state. We suggest the testing of the treatment outcome of
combined phage plus root canal dressing such as calcium hydroxide and compare it to
either treatment in both abiotic surface and animal teeth model against chronic E. faecalis
infection and abscess. In addition, adding extra variables such as collagen, serum, and
level of acidity to test if the phage treatment still effective or might cause some retardation
and/or inhibition, this is in order to improve the efficiency of phage formula such as the
media that carry the phage suspensions. Regarding tooth model, we suggest testing an
even longer biofilm time in mineralised tooth root surface, which might resemble

persistence root canal infection and a longer phage incubation time also. Furthermore,
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testing the ability of isolated and characterised phiSHEF phages in competing non-oral
E. faecalis clinical isolates that were shown to adhere to and form biofilms on chronic
instrument and device associated infections such as urethral stents and catheters, and
against isolated strains that cause serious and life threating systemic infections such as

bacteraemia patients with defective immune systems.
4.6.6 Infection in an animal model- Zebrafish

Zebrafish larvae were established previously as an in vivo model for observing E.
faecalis pathogenesis using model strain (Prajsnar et al., 2013). It is considered as a
powerful module because it provides the advantage of monitoring the fish vital signs
throughout the E. faecalis infection process and divide the observations into three major
parts as healthy, ill and dead fish. Zebrafish were used previously as model for phage
treatment to reduce the negative effect of vibriosis infection in larviculture by adding the
phage and bacteria directly to the fish media (Silva et al., 2014). The author considers it
as inexpensive and simple approach by directly supplying phages to the fluid media. We
could not prove that, as our initial trial using addition of phage to the tank media was
unsuccessful to eradicate E. faecalis infection by adding phiSHEF 2 phage to the
Zebrafish media. This could be due to differences in the pathogenicity of the bacterial
strains used in both studies. Though we went for injecting the zebrafish directly with
bacteria first, allowing it to disseminate for two hours then injecting the fish with phage
after that.

Comparing the phage efficiency towards decreasing the mortality rate of E.
faecalis oral clinical strains, reveals that phiSHEF 2 treatment was successful in reducing
mortality of OS16-infected embryos. Out of 72% ill fish from 24 hpi, 68% were killed in
0S16 strains infections at the end of second day (48 hpi). Through combining this with
the one step growth infection cycle in vitro results, we observed that phiSHEF 2 could
eliminate OS16 infection very fast and prevent the increase in E. faecalis cell numbers
and thus allow the fish to survive and clear the infection. Data also showed that fish not
dying from phage injection and the release of peptidoglycan as a result of bacterial lysis
did not kill the fish. Here, we considered for the first time phage-oral clinical E. faecalis
isolate treatment in zebrafish larvae and our results reveal that the zebrafish is a novel,
successful model for testing phage efficiency towards E. faecalis infection. We suggest
the testing the capability of phiSHEF 2 phages to eliminate E. faecalis infection in other

animal model for example in induced abscess in mouse teeth and compare it to control
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group. Furthermore, biofilm elimination should be visualized and quantified by Scanning

Electron Microscope SEM after teeth are extracted.

4.7 Conclusions

Various phage like particles with different morphology were visualised by direct
electron microscopy from oral and wastewater samples, which reflect the richness and
diversity of bacteriophage within those samples. Six bacteriophages were isolated from
concentrated wastewater named (phiSHEF2, 3, 4,5,6,7) that belong to the Siphoviridae
family. They were specific to E. faecalis and had genome sizes ranging from 39-43kb.
Full chromosome sequences of phiSHEF 2, 4 and 5 alongside biological evidence
revealed that they are lytic bacteriophage which place them as suitable candidate for
therapy. We tested the ability of these phage to eradicate biofilm from abiotic surfaces
and a exractednatural tooth root slices model while also showing that they are able to
rescue Zebrafish embryos from E. faecalis systemic oral clinical stain infection. Finally,
we established that the extracellular Exopolysaccharide of E. faecalis was the bacterial
docking target of these phage and they are probably involove in 2-stage infection. We
suggest that these or other bacteriophage might be novel adjuncts to current endodontic

therapy to eradicate recalcitrant biofilm and antibiotic resistant E. faecalis.
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5.1 Summary of major findings

The data presented in this thesis has contributed to the characterisation of a
putative prophage present in the G-negative periodontal-associated pathogen
Fusobacterium nucleatum polymorphum ATCC 10953. Identification of the prophage
lysis gene module, and studied the possible ways of its expression to characterise its’
activity. In addition, attempts were made to isolate lytic bacteriophage targeted against
endodontic and oral associated pathogens from human and wastewater, characterise the
isolated phages, and establish an in vitro model for phage-bacterial infection in order to

develop them for treatments.

5.1.1 Chapter 3: Characterisation of a putative Fusobacterium nucleatum

polymorphum ATCC 10953 prophage

e Bioinformatics for the phiFNP1 phage that has harboured in the genome of
Fusobacterium nucleatum polymorphum ATCC 10953 was arranged in modular
form. They include genes involving in phage integration and DNA replication,
phage structural proteins, and a lysis module. The cornerstone for phiFNP1
prophage identification is the presence of genes that encode for structural proteins
such as terminase subunits and portal protein (Casjens, 2003). In addition, the
phiFNP1 is located between two tRNA coding regions that form direct repeats at
either end of prophage boundary (FNP_t0043 and FNP_t0044). They share the
same direct repeat sequence of 5° GCTCAATTGGATAGAGCATCTGACT 3°
that gave the assumption of phiFNP1 prophage site-specific direct repeat, which
is very important for future excision.

e Testing for the presence of phiFNP1 in oral samples collected from patients with
chronic periodentits attending for treatment at the Periodontal Clinic, Charles
Clifford Dental Hospital revealed that phiFNP1 is common among clinical plaque
samples as half of the patients tested harboured the phiFNP1 DNA (23 patients
out of 45 patients screened) displayed positive results.

e An attempt was made to induce the phiFNP1 prophage from the genome of
Fusobacterium nucleatum polymorphum ATCC 10953 strain using Mitomycin C
which revealed that phiFNP1 induced from the chromosome of its host cell
apparently without cell lysis as reflected by the phiFNP1 DNA positive PCR
amplification and absence of its host DNA in the induced samples. However, the

Mitomycin C-induced particles were neither capable of producing clear plaques
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when spotted on lawns of several lab and clinical Fusobacterium strains nor were
positive prophage bands were identified from the genome of the infected strains
which indicates that they might be defective and incapable of successful phage
infection.

e The genome of phiFNP1 prophage harbours three potential lysis genes named
peptidoglycan-binding lysin domain protein (FNP_1699), putative hydrolase
(FNP_1700) and N-acetylmuramoyl-L-alanine amidase (FNP_1707) as revealed
by bioinformatics. One of these three recognised prophage genes within phiFNP1
prophage lysis module was successfully cloned (FNP_1700) and expressed by
E.coli in soluble form. Its activity as an antibacterial agent needs further
exploration as phage endolysins against Fusobacterium have not been previewing.
These phages may aid in the treatment of periodontal diseases and also other
Fusobacterium associated disease such as FadA adhesin positive Fusobacterium
nucleatum that has been found to promote colorectal carcinogenesis (Rubinstein
etal., 2013).

5.1.2 Chapter 4: Isolation of lytic bacteriophages targeting endodontic and oral

associated pathogens from oral and watewater

e A range of clinical strains were isolated from the dental plaque of patients with
chronic periodontitis using TSBV selective media: namely several strains of A.
actinomycetemcomitans, Campylobacter rectus, Fusobacterium spp., and
Aggregatibacter aphrophilus. In addition, Gram staining and 16S rRNA
sequencing was performed to identify the isolated strains. Some of the orally
isolated clinical strains were used as indicator strains for bacteriophage isolation
in addition to other clinical strains that were previously isolated from the same
oral source namely Porphyromonas, Prevotella and Fusobacterium.

e Investigation of morphological diversity of bacteriophage within oral samples by
direct electron microscopy revealed many phage like particles, displaying non-
contractile tails, which putatively belong to the family Siphoviridae, phage
particles with short tails that mostly belong to the family Podoviridae. In addition,
filamentous, enveloped phages, and cubic phage particles with no obvious tail
could also be visualised. These polyhedral phages either lost its tail during
processing or belong to the family Tectiviridae. This reflects the richness and
diversity of bacteriophage that were harboured in the chronic periodontal plaque

samples, and this is the first study to document this fully.
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Investigation of morphological diversity of bacteriophage within Sheffield
wastewater revealed a mixture of morphologically different particles as reflected
from the TEM micrographs. At least 24 phage-like particles that belong mainly to
all families of tailed phages with different morphologies could be identified. An
equal percentage of the main two families (Siphoviridae and Myoviridae) were
distributed within the visualised samples followed by Podoviridae phage like
particles. However, the most variation in phage morphology in wastewater belong
to the Myoviridae family, as they show more diversity in head shape morphology
(being mostly isometric) and tail sheath position within the central tail.
Several attempts were conducted to isolate bacteriophages targeting pathogens
associated with periodontal disease using concentrated samples from Sheffield
wastewater, plaque, saliva and dental chair drains. However, no visible plaques
that indicate successful isolation were obtained after enrichment and/or direct
spotting on double layer agar.
Isolation of bacteriophage targeted towards endodontic associated pathogens were
possible using processed wastewater samples. E. faecalis clinical strains were
used as target for bacteriophage isolation, these strains were isolates from oral
origin, either directly from endodontic infections or from the mouthwash of
patients receiving endodontic treatment, and from oral lesions which were sourced
from a range of oral microbiology labs in Europe.
Six distinct tailed bacteriophage that belong to the Siphoviridae family named
phiSHEF 2, 3, 4, 5, 6, and 7 were obtained that infect various E. faecalis strains
basd upon restriction fragment length polymorphism (RFLP) of extracted phage
chromosomal DNA, protein profile, plague morphology, and host range. They had
non-contractile, long tails ranging in size form 200-250 nm depending on the
phage in question and head diameters ranging from approximately 41-46 nm in
diameter. Three distinct plaque morphologies were identified when infecting E.
faecalis strains with the isolated phages.
Full chromosome sequencing of phiSHEF 2, 4, and 5 phages revealed that their
genome size ranged from 40.9-41.3 Kbp with a GC percentage of about 34.55-
34.75%. Bioinformatics revealed that the organisation of the phiSHEF 2, 4 and 5
genome coding regions are divided into two halves transcribed in the opposite
direction and that the genomes are arranged in a modular form.
All phiSHEF bacteriophages were specific to E. faecalis as none were capable of

producing visible plaques towards an E. faecium strain (E1162), or towards other
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periodontal associated pathogens used in this study. In addition, the isolated
phages exhibited different host range towards E. facalis strains. They represent a
panel of phages that can infect 13 clinical and lab strains both orally and non orally
derived. In addition, another phage namely phiSHEF 3, that possessed similar
digested genome map of phiSHEF 2 exhibited a different protein profile and host
range was isolated.

Molecular determination of phiSHEF 2, 6, and 7 phage adhesion to genetically
altered strains that contain defined mutations in Enterococcus polysaccharide
(EPS) revealed that they adhered to the surface via their extracellular
polysaccharide capsule material leading to the assumption that infection is a 2-
stage process. They lost their sensitivity to epa E. faecalis mutants. However, they
still adsorb to the cell surface but could not produce successful infection cycle.
Characterisation for the wide host range phiSHEF 2 phage revealed it was capable
of E. faecalis elimination in a dose-dependant manner. The time needed ranged
between 60 min at higher MOI down to 120 min at the lowest MOI tested. In
addition, saturation of adsorption of phiSHEF 2 particles was reached after 10min
and showed phiSHEF 2 was a highly efficient E. faecalis targeting phage with an
eclipse period of only 10 min, a latent period of only 30 min, and a burst size of
9.3 PFU.

PhiSHEF 2 phage is an efficient biofilm killer on abiotic and tooth root surfaces.
When phiSHEF 2 was introduced to the biofilm both after 24 h (young biofilm)
and 144 h (mature biofilm) revealed that phiSHEF 2 is capable of complete
elimination of E. faecalis as well as 168 h biofilm formed on natural mineralised
tooth root surfaces.

Here, we considered for the first time the establishment of successful in vivo
animal model for testing phage towards E. faecalis infection. Treatment of E.
faecalis infected Zebrafish with phiSHEF 2 phage increased the survival rate from
12% (control) to 88% (treated) and the results were statistically significant as
p<0.0001. In addition, the results also revealed that no fish were dead or sick when
injected with phiSHEF 2 only which suggest that delivery of phage alone was

safe.
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5.2 General discussion: oral infections control: a target approach

Much recent attention has been made to investigate bacteriophage therapy as an
antimicrobial treatment option. This is due to the rise of antibiotic resistance and biofilm
associated infection. In the case of difficult to treat infections such as Pseudomonas
aeruginosa and Staphylococcus aureus associated with burn wound infection, phage
therapy is now considered an option (Rose et al., 2014). In the United States, the FDA-
approved a phase | clinical trial against P. aeruginosa and E. coli chronic infections,
which showed that treatment using a phage cocktail was associated with no adverse
reaction (Rhoads et al., 2009). This study leed to phase Il clinical trials in Europe using
phage therapy against chronic otitis externa caused by P. aeruginosa infection with
successful results (Wright et al., 2009).

Several attempts were made to test the effect of bacteriophage elimination of oral
bacterial biofilm either tested in vitro on a polystyrene plate or in an ex-vivo model of
extracted tooth roots. Castillo-Ruiz et al. (2011), showed that reduction of bacterial count
from polystyrene plate of A. actinomycetemcomitans and reduce it to 2.3 logio after
treating an overnight biofilms with AabphiOl-1phage. 48 h old biofilms formed on
polystyrene plate of S. mutans were challenged with phiAPCMO1 that resulted in a
reducing the viability of the cells by 5 logio (Dalmasso et al., 2015). Bacteriophages were
also successful in elimination of a biofilm of E. faecalis in extracted tooth roots models
(Paisano et al., 2004, Khalifa et al., 2015a). Our results also recorded that phiSHEF 2 was
an efficient biofilm killer of E. faecalis clinical isolate on both an abiotic surface and a
tooth root slice model developed in this study. The successfulness of bacteriophages
towards bacterial biofilm was attributed mainly to the fact that bacteriophage progenies
resulted from infection of upper layer bacterial host of biofilm could penetrates through
the successive and deeper layer until complete elimination of the bacterial host and killing
and eradication of biofilm (Khalifa et al., 2016). However, research concerning the
efficiency of bacteriophage therapy against oral pathogens in animal model is minimal
(Szafranski et al., 2017). One study conducted by Uchiyama et al. (2008b), describe
effectiveness and the safety of using phiEF24C to rescue the mouse model from non oral
clinical isolate of VRE E. faecalis infection, with the phage introduced by single or
multiple doses injected into the peritoneal cavity of the abdomen. In this study, we
confirmed the possibility of using bacteriophage as therapeutic potential in animal models
for systemic infection to rescue Zebrafish from infection caused by oral clinical isolate of

E. facalis OS16. These approaches and efforts will open the way for phage therapy to be
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implicated as a solution in combating an oral infection associated with E. faecalis and
other oral pathogens. Finally, our results also revealed the safety of using phage therapy,
as delivery of phages did not kill the fish whether it is delivered alone or after pathogens
injection i.e. the massive release of bacterial products such as PGN as a results of phage
treatment did not kill the fish.

On the other hand, the use of phage lytic enzymes to control bacterial
colonisations in vivo on mucosal surfaces of animals were also reported. Nelson et al.
(2001), showed that lysin derived from streptococcal bacteriophage C1 was effective in
elimination of Group A streptococci from the oral mucosal surfaces of heavily colonised
mice as no pathogens were detected observed 2 h after lysin treatment. This lytic enzyme
was specific to groups A, C, and E streptococci, it possessed no activity against oral
streptococci and the author suggested that it could have therapeutic application towards
upper respiratory mucosal epithelium infections caused by streptococci. In another study,
the pneumococcal bacteriophage lytic enzyme called Pal was effective in the elimination
of pneumococcal infection from nasal mucosal surfaces of mice and this lytic enzyme is
also effective in vitro towards pneumococcal penicillin-resistant strains (Loeffler et al.,
2001). Certain limitations should be addressed regarding clinical application of phage
Iytic enzymes. Phage lytic enzymes might have a short half life, for example phage Cpl-
1 enzyme which is specific to 14 strains of S. pneumoniae has a half life of 20 min thus
repeated dose of the enzyme will be need for complete elimination in the form of constant
intravenous infusion in order to be applied systemically (Loeffler et al., 2003). In
addition, another issue that accompanied the use of phage lytic enzymes systemically in
human and animal for therapeutic purposes is the development of neutralising antibodies
because they are large proteins (unlike antibiotics) that stimulate immune response.
However, initial research by Fischetti (2004), indicate that anti-Cpl-1 antibodies from a
rabbit hyperimmune serum did not block its activity against pneumococcal strain but slow
it down to about 50%, indicating that this may not be significant hurdle to use in clinical

situations.

Resistance to phage in the form of mutant strains have also been observed in many
cases, and although not investigated fully in this study, it is considered as a potential
problem that might place a limitation to phage therapy (Summers, 2001). In general,
mutants that deliver phage resistance occur by changing the phage receptor on the cell
membrane so that phage anti-receptor no longe recognise that host, which is similar to

mechanisms that deliver antibiotic resistance (Drake et al., 1998). Smith et al. (1983)
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conducted a study on animals to treat experimental diarrhea caused by E. coli infection,
they revealed that no resistant mutants strains could be isolated from the phage treated
lambs, few less virulent resistance strain were recovered from treated calves and pigs.
This issue could be reduced by using mixtures of phages called a “phage cocktail” that
results in increasing the range of targeted bacterial pathogens and decreasing the bacterial
resistance (as various phages to the same host adsorb to different membrane receptors)
which is very common practice in the former Soviet Union and Poland. Most phage
treatment of human infections has been used in these countries contain complex lytic
phages and the resistance could not be noticed in real-life trials, even though in laboratory
situations resistance is often observed under the stringent selection procedures seen in lab
infections. Some of these trials were reviewed by (Abedon et al., 2011) and are illustrated
in chapter one Table 1. 2. We did not notice any resistance to phiSHEF phages in biofilm
models and also in animal model. A second problem towards phage therapy is the
development of neutralising antibody. Phage antibodies were detected towards S. aureus
phage in 21% of patients examined during a study in Poland and the level of antibodies
increased to 54% after treatments, though most patients (27 out of 30) showed no further
signs of infection including those with high level of antibody titers (Kucharewicz-
Krukowska and Slopek, 1987). In addition, purified phiX174 were used extensively to
monitor humoral immune function in immunocompetent and immunocompromised
patients without any apparent side effects (Ochs et al., 1993, Fogelman et al., 2000). In
conclusion, even when high titers of phage neutralising antibodies are presents or multiple

dose are needed, it is possible to use phage therapy in an effective way.

5.3 Future prospects

Bacteriophage are viruses that infect bacteria only. Each virion resemble a
complex mobile factory that carrys its genome from one host to another to control the
production of more new phages. Although they harbour all the information to control their
reproduction, their genome have no equipments to produce energy and no ribosomes in
order to make protein. Once phage genomes injected successfully inside the bacterial
host, it will be exposed to host exonucleases and other restriction enzymes. Therefore,
phages have counteracts methods represented by circularize their DNA immediately
through their sticky ends or terminal redundancies or mediate the early transcription of
certain genes in which their products inhibits the host nuclease such as in T4
bacteriophage (Silverstein and Goldberg, 1976, Amitsur et al., 1987). However, the

process of lytic infection is correlated to the host metabolic machinery and its energetic
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state at the time of infections such as increasing in phage progenies release rate and
numbers of T4 bacteriophage with the increase of bacterial growth rate, while at the same
time the eclipse and latent periods decreased (Hadas et al., 1997).

Bacteriophages exhibit diverse susceptibility to various physical and chemical
agents such as pH, dryness, UV, detergents, chelating agents, alcohols, and heat. In
general, phages are stable in pH of 5-8, susceptible to UV light in the range of 260nm and
above but they might still infective as no protein created at this stage, and detergents have
less effects on phages than do on bacteria (Kutter and Sulakvelidze, 2004). However, each
phage need to be individually characterised in order to be developed for specific
treatments. Regarding our study, we could hypothetically develop our isolated phiSHEF
phages to be used in oral infection control and treatment either as adjunctive or preventive

therapy, these clinical prospects can be summarised by the followings:
A-Mouth wash/foam before and during endodontic treatment (preventive).

B-Irrigation (intra canal irrigation): Chronic infections associated with biofilm and/or

antibiotic resistant Enterococcus bacteria.

C-Topical applications in non-oral and oral mucosal surfaces infections such as skin

infection and infection associated with Enterococcus pathogens (antibiotic resistant).

The endodontic treatment procedure involves frequent and alternate use of sodium
hypochlorite solution, chlorhexidine solutions, calcium hydroxide, and mineral trioxide
aggregate (MTA) at various stages of treatment (Evans et al., 2002, Torabinejad et al.,
1995, de Almeida Gomes et al., 2006). The susceptibility and exposure of bacteriophage
particles to these various agents should be evaluated first to provide deeper insight into
the proper combinations that might be used to obtain the best results. Most of endodontic
dental medications mentioned above likely expose the bacteriophage particles to high
alkaline range of pH 10.1-12.5 that might result in inactivation; bacteriophages should be
exposed to various dilutions with gradual pH values of these material followed by testing
the phage counts and viability on their host to identify the lethal dose. However, these
values represents the net pH at the time of placement which might be diluted by various
agents such as various tissue fluid in the root canal and dentin resulted in lower pH as
various pH changes in dental tissues of monkeys were recorded in the range of 7.4-11.1
from various locations of teeth after endodontic treatment with calcium hydroxide
(Tronstad et al., 1981). In addition, the pH of aspirated pus from periapical abscesses of

human teeth had a range between 6 and 7.3 (Nekoofar et al., 2009), as suitable values for
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phage infections, phage delivery or intracanal irrigation with phage suspension could be
performed first before the delivery of intracanal medications, which will allow the
diffusion and adsorption of the phage particles to its suitable hosts. During clinical
endodontic treatment, sodium hypochlorite solution is also used in a concentration range
of 0.5-5% (Evans et al., 2002). Phage resistance to sodium hypochlorite were varied in
different studies, being as low as 100 ppm (residual free chlorine) of Lb. helveticus phage
(Quiberoni et al., 1999) to 800 ppm (Marco et al., 2009) which is higher than that used
in dentistry. This also should be addressed in future experiments. Finally, the vehicle
which harbour the phage particles suspension should be also investigated and chosen
according to the specified application such as proper solution carrier and formulation that
might be used in a mouth wash or intracanal irrigation and proper gel or ointment carrier

to treat mucosal surfaces infections.

The use of bacteriophage and/or their products (lytic enzymes), may have the
opportunity to control or eliminate oral infections because they are shown to reduce or
prevent infection caused by these bacteria. In addition to their apparent superiority to
eradicate biofilm forming and antibiotic resistant pathogens, they have great potential to
decrease the need for antibiotics consumption in routine practice throughout the use of
bacteriophages as adjunctive therapy for prophylaxis. However, state of the art
biotechnology should be used to purify, produce, and characterise the phage preparations
to further ensure the effectiveness and safety of treatments without any unwanted side-

effects.
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Sheffield Teaching Hospitals NHS'

NHS Foundatior

Patient Information Sheet

Version 2.3 02/02/2016

Isolation of Bacteriophage as potential sources of oral antimicrobials

You are being invited to take part in 3 research study. Before you decide it is important for you to
understand why the research is being done and what it will involve. Please take time to read the
following information sheet carefully and discuss it with others if you wish. Ask us if there is
anything that is not clear or f you would like more information. Take time to decide whether or not
you wish to take part. Thank you for reading this.

What is the purpose of the study?

the treatment of gum diseases in the future. Saliva and dental plaque samples will be collected
from patients attending for routine dental treatment.

Why have | been chosen?

You have been chosen because you are being treated for a gum condition. If you agree to take
pant, you will be one of several simdar patients participating in this study.

Do I have ro take part?

No, it is up to you to decide whether or not to take part. If you do decide to take part you will be
given the opportunity to consider this information and ask any questions you may have when you
return for treatment. You will then be asked to sign the consent form if you agree to take partin the
study. If you decide to take part you are still free to withdraw at any time without giving a reason
and any unused samples will also be destroyed.

What will happen if | agree ro take part in the stdy?

You will recaive your treatment as normal but instead of discarding the dental plaque removed
during treatment, we will collect some in tubes. You will also be asked to donate saliva into a sterile
tube prior t0 your treatment being started. Wemayaskyouformoﬁerump!eatwm
appointment. because we are also investigating the bactera and viruses in samples at different
time points.

Whar are the possible disadvantages and risks of taking part?

The procedures of sampling plaque and saliva may take up to an additional 10 minutes but are
they not associated with any further discomfort. It is unlikely that the study samples would highlight
any infection; however, in the event that an issue is identified during the course of the study, we
would arrange for you to have the appropriate treatment under the guidance of the consultant in
charge of the dental hospital.

Whart are the possible benefits of taking part?

There are no direct benefits to you of taking part. It is hopad that the information we get from this
study may help other people with gum disease in the future.

(Vermon 2.3, 029272018, STH19056)
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Sheffield Teaching Hospitals NHS

NHS Foundat

Patient Information Sheet

Version 2.3 02/02/2016

Isolation of Bacteriophage as potential sources of oral antimicrobials

You are being invited to take part in 3 research study. Before you decide it is important for
understand why the research is being done and what it will invoive. Flease take time to
following information sheet carefully and discuss it with others if you wish. Ask us
anything that is not clear or  you would like more information. Take time to decide whether
you wish to take part. Thank you for reading this.

What is the purpose of the study?

This study is part of PhD project that aims to investigate the presence of the bacteria and viruses in
samples taken from saliva and dental plaque. WWe think the knowledge gained might be used in
the treatment of gum diseases in the future. Saliva and dental plaque samples will be collected
from patients attending for routine dental treatment.

Why have | been chosen?

You have been chosen because you are being treated for a gum condition. If you agree to take
part, you will be one of several simdar patients participating in this study.

Do | have to take part?

No, it is up to you to decide whethar or not to take part. If you do decide to take part you will be
given the opportunity to consider this information and ask any questions you may have when you
return for treatment. You will then be asked to sign the consent form if you agree to take partin the
study. If you decide to take part you are still free to withdraw at any time without giving a3 reason
and any unused samples will also be destroyed.

What will happen if | agree to take part in the swdy?

You will receive your treatment as normal but instead of discarding the dental plague removed
during treatment, we will collect some in tubes. You will also be asked to donate saliva into a sterile
tube prior to your treatment being started. WWe may ask you for another sample at your next
appointment. because we are also investigating the bactera and viruses in samples at different
time points.

Whar are the possible disadvantages and risks of taking part?

The procadures of sampling plaque and saliva may take up to an additional 10 minutes but are
they not associated with any further discomfort. It is unlikely that the study samples would highlight
any infection; however, in the event that an issue is identified during the course of the study, we
would arrange for you to have the appropriate treatment under the guidance of the consultant in
charge of the dental hospital.

What are the possible benefits of taking part?

There are no direct benefits to you of taking part. It is hopad that the information we get from this
study may help other people with gum disease in the future.

(Vermon 2.3, 029272018, STH19056)
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Sheffield Teaching Hospitals NHS'

NHS Foundation

Patient Consent Form (Version 2.3 02/02/2016)

Centre Number:
Study Number:
Patient Identification Number for this trial:

CONSENT FORM

Title of Project: Isolation of bacteriophage as potential source of oral antimicrobials
Principle investigator: Professor A Rawfinson

Chief investigator: Mohammed Al-Zubidi

Please initial all boxes

1. I confirm that | have read and understand the information sheet dated 02/02/2016 version 2.3
for the above study. | have had the opportunity to consider the information, ask questions and
have had these answerad satisfactorily.

2. |understand that my participation is voluntary and that | am free to withdraw at any time
without giving any reason, without my medical care or legal rights being affected.

3. | understand that relevant sections of my medical notes and data collected during the sjudy,
may be looked at by individuals from regulatory authorities or from the NHS Trust, where itis
relevant to my taking part in this research. | give permission for these individuals to have

access to my records.

4. Further samples may be taken during dental treatment as patients are being recruited at
different time stage of treatment.

5. | agree to take part in the above study.

Name of Paticpant Date Signature
Name of Person Date Signature
BAg consent

(Version 2.3, 021022018, STH19056)
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The Finance

g University
%. ‘;;- Of and
W Sheffield. .
Commercial
To Mohammed Al-Zubidi
Your ref STHI9056
Date Issued 112,15

Certificate of Insurances (non clinical trial)

Trial Number NCT 15/19
Department Clinical Dentistry
Principal Investigator Prof. Andrew Rawlinzon
Title of Trial

Investigation of bacteriophage as potential cource of oral antimicrobials

Name of Investigators As stated

Commencement Date 0Vv02/2018

The University has in place inzcurance againct liabilities for which it may be legally liable and
thic cover includes any such liabilities arising out of the above research project/study

J Roww.sd-

Joanne Rollitt
Inzurance Section
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NHS

Health Research Authority

Yorkshire & The Humber - Sheffield Research Ethics Committee

Jarrow Business Centre
VIking Business Park
Roling Mill Road
Jarrow
Tyne and Wear
NE32 30T
Telephone: 0131 4283564
12 January 2018
Dr Mohammed Al-Zubidi
PhD student
School of Clinical Dentistry / University of Sheffield
School of Clinical Dentistry
Claremont Crescent
Sheffield
S102TA
Dear Dr Al-Zubidi
Study title: Investigation of bacteriophage as potential source of oral
REC reference: 16/YH/0033
Protocol number: STH19056
IRAS project ID: 186132

Thank you for your application for ethical review, which was received on 07 January 2016, |
can confirm that the application is valid and will be reviewed by the Proportionate Review
Sub-Committee in correspondence. To enable the Proportionate Review Sub Committee to
provide you with a final opinion within 10 working days your application documentation will
be sent by email to Committee members.

One of the REC members is appointed as the lead reviewer for each application reviewed
by the Sub-Committee.

Please note that the lead reviewer may wish to contact you by phone or email between
Fnday 15 and Friday 22 January 20186 to clarify any points that might be raised by members
and assist the Sub-Committee in reaching a decision. Please note you will only have 24
hours to respond to any request for additional information.

If you will not be available between these dates. you are welcome to nominate another key
investigator or a representative of the study sponsor who would be able to respond to the
lead reviewer's queries on your behalf. If this is your prefered option, please dentify this
person to us and ensure we have their contact details.

You are not required to attend a meeting of the Proportionate Review Sub-Committee.

Please do not send any further documentation or revised documentation prior to the review
unless requested.
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The documents to be reviewed are as follows:

|Document Version  |Date

Other [C.V GS supervisor]

Other [C.V ID supervisor]

articipant consent form [Consent form) 2.1 01 October 2015
[Participant information sheet (PIS) [PIS] 21 01 October 2015
[REC Appiication Form [REC_Form_07012016] 07 January 2016
Igeferee's report or other scientific critque report [scientific review |

esearch protocol of project proposal [Research protocol] 2.1 30 October 2015

[Summary CV for Chief Investgator (Cl) [C.V CI)

Summary CV for supervisor (student research) [C.V AD]

No changes may be made to the application before the meeting. If you envisage that
changes might be required, you are advised to withdraw the application and re-submit it.

Notification of the Sub-Committee's decision

We aim to notify the outcome of the Sub-Committee review to you in writing within 10
working days from the date of receipt of a valid application.

If the Sub-Committee is unable to give an opinion because the application raises matenal
ethical issues requiring further discussion at a full meeting of a Research Ethics Committee,
your application will be referred for review to the next available meeting. We will contact
you to explain the arrangements for further review and check they are convenient for you.
You will be notified of the final decision within 60 days of the date on which we originally
received your application. If the first available meeting date offered to you is not suitable,
you may request review by another REC. In this case the 80 day clock would be stopped
and restarted from the closing date for applications submitted to that REC.

R&D approval

All researchers and local research collaborators who intend to participate in this study at
sites in the National Health Service (NHS) or Health and Social Care (HSC) in Northemn
Ireland should apply to the R&D office for the relevant care organisation. A copy of the Site-
Specific Information (SSI) Form should be included with the application for R&D approval.
You should advise researchers and local collaborators accordingly.

The R&D approval process may take place at the same time as the ethical review. Final
R&D approval will not be confirmed until after a favourable ethical opinion has been given
by this Committee.

For guidance on applying for R&D approval, please contact the NHS R&D office at the lead
site in the first instance. Further guidance resources for planning, setting up and conducting
research in the NHS are listed at hitp://’www .rdforum.nhs.uk. There is no requirement for
separate Site-Specific Assessment as part of the ethical review of this research.

Communication with other bodies

All correspondence from the REC about the application will be copied to the research
sponsor and to the R&D office for Sheffield Teaching Hospitals NHS Foundation Trust. It
will be your responsibility to ensure that other investigators, research collaborators and NHS
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care organisation(s) involved in the study are kept informed of the progress of the review,
as necessary.

HRA Training

We are pleased to welcome researchers and R&D staff at our training days — see details at
hitp//www hra.nhs uk/hra-training/

| 16/YH/0033 Please quote this number on all correspondence

Yours sincerely

Miss Kathryn Murray

REC Manager
Email: nrescommittee. yorkandhumber-sheffield@nhs.net

Copy to: Mrs Sam Walmsiey, Sheffield Teaching Hospitals NHS Foundation Trust
Professor Simon Heller, Sheffield Teaching Hospitals NHS Foundation
Trust
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Rel: STH100S6/SW

Sheffield Teaching Hospitals NHS |

NHS Foundation Trust
07 March 2016

Dr Mohammed Al-Zubidi
PhD Student

School of Clinical Denlistry
University of Sheffield
Claremont Crescent
Shelfield S10 2TA

Dear Dr Al-Zubidi,

Project Authorisation
NHS Permission for Research to Commence

STH ref: 19056 |
NIHR CSP ref: N/A

REC ref: 16/YH/0033
MHRA ref: NIA EudraCT No: N/A

Clinical Trial reg no: N/A

Study title: Investigation of bacteriophage as polential source of oral

anlimicrobials

Chief Investigator: Dr Mohammed Al-Zubidi, University of Sheffield
Principal Investigator: | Prof. Andrew Ravdinson. Universily of Sheffield
ﬁnwn Sheffield Teach itals NHS Foundation Trust

| Funder: Minisiry of Higher Education & Sclentific Research of Irag (PhD)
NIHR TARGET FPFV | 16 May 2016
RECRUITMENT
DATE

MANDATORY REPORTING OF RECRUITMENT

The Research Depariment is obliged lo report sludy set up and recruilment performance for the Trust
to NIHR and to report research aclivity for all studies lo Trust Board. In order lo meet these reporting
requirements please be advised that it is now a mandatory condition of STH project authorisation
that recruitment to all research studies® at STH is reporied into EDGE (the Accrual Collation and
Reporting Database). It is essential that recruitment is entered inlo EDGE real-time to enable
direclorales to accuralely monitor performance. Please see item 2 of the ‘Conditions of R&D
Authorisation’ for further delails.

*Information regarding EDGE eligibility for reporting Is detailed in the ‘Conditions of R&D
Authorisation’
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Ref STH19056/SW
The Research Department has received the required documentation as listed below:

1. Sponsorship Agreement signed REC Form 15 Dec 2015 on behall
of Sponsor
Clinical Trial Agreement NA
Material Transfer Agreement N/A: samples analysed at University ¢ Sheffield
| Funding Award Letter Not available (PhD stucy) :
Monitoring Arrangements WA —~
3. | STH registration document REC Form signed by Sponsor (15 Dec 2015) and

C1(07 Jan 2018)

4. | Evidence of Favourable Scientific Review STH ISR: 01 Dec 2015

8. | Protocol - final version V2.1, 30 Oct 2015

"6. | Participant information Sheet V2.3, 02 Feb 2016 ]
Consent Form V2.3, 02 Feb 201€

8. | Letter of indemnity / insurance arrangements NHS indemnity

University of Sheffield Insurance, certificate
issued 11 Dec 2015

ARSAC certificate / IRMER assessment

N/A

10.

Ethical reviow - Letter of approval from NHS
REC (Yorkshire & The Humber Sheffleld REC)

22 Jan 2016 (PO)
27 Jan 2016 (FO with concitions)
04 Feb 2016 (concitions met)

1.

Site Specific Assessment

Pl declaration received 22 Feb 2016 (all queries
resolved 07 Mar 201€)

F12.

Clinical Trial Authorisation from MHRA

N/A

[13.

RMS Sign Off:

A. Rawlinson, 22 Feb 201€
A. Loescher, 24 Feb 2016
D. Marriott, 03 Mar 2016
L. Fraser, 07 Mar 201€

P. Wison, 25 Feb 201€

14,

N/A

15,

This project has been reviewed by the Research Department. NHS permission for the above research
to commence has been granted on the basis described in the application form, protocol and
supporting documentation on the underslanding that the study is conducted in accordance with the
Research Governance Framework, GCP and Sheffleld Teaching Hospitals policies and procedures (see
attached appendix).
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Yours sincerely

Was)

e

Professor S Heller

Director of R&D, Sheffield Teaching Hospitals NHS Foundation Trust
Telephone +44 (0) 114 2265834

Fax +44 (0) 114 2285937

cc: Kathryn Hurrell-Gillingham, Andrew Rawlinson, Graham Stafford, Charles William lan Douglas (by e-
mail )

Sheffield Teaching Hospitals NHS Foundation Trust

Conditions of R&D Authorisation

Please note the following requirements thal must be adhered to by the investigator when embarking on a
research project al Sheffield Teaching Hospitals NHS Foundation Trust (STH). The invesligator mus{ update
the Research Depariment of the following:

1. Safety reporting

Investigalors should ensure that they elicit information regarding adverse events from participanis at each
study visit, If a Serious Adverse Evenl (SAE) is discovered Ihe Investigalor mus! alert the Sponsor
immediately (within 24 hours) and must comply with sponsor requests for further information 10 ensure that
evanis are reporied lo ethics and regulalory bodies within the timelines laid down in the Medicines for
Human Use (Clinical Trials) Regulations 2004. Investigators should refer 1o the STH Research Depariment
SOPs available by request or on the Depanment website hitp:/iwww shelflielidclinicalresearch org for further
guidance.

2. Recruitment reporting in EDGE

It is now a mandalory requiremant of STH NHS Permission that recruitment to research studies at STH is
reporied using the EDGE and essential that recruitment is entered into EDGE real-time.

EDGE Exempt Studies

Not all studies are required to use the EDGE Accrual Collation and Reporting Database. Your CRO
Research Coordinator will confirm during the set-up phase of your study whether you are required to record
recruitment into EDGE.

Studies conducted in a STH Clinical Research Facility (CRF)* - These studies wil be under the
management of the CRF where accrual will be caplured in the CRF Manager dalabase and are therefore
EDGE exempl.

*Recruitment for CRF Link studies (where the CRF provides the research environment for the Pl and their
leam) wil require reporling into EDGE as data for these studies are not caplured in CRF Manager.

Definition of Recruited Participant: Eligible participant recruited onlo the trial.
Note: Screen faillures do not count as a recruited participant.
OrmmhwtbmisundﬂhlbﬁleDGE mmwnmmumnmm

For further informalion regarding the use of EDGE or Iraining provision please contac! your local STH EDGE
Administrators Gaurika Kapoor (qaurka kapoor@sth nhs k) and Zoe Whiteley (zoe whileley@®sth nhs uk).
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NHS

Health Research Authority
Yorkshire & The Humber - Sheffield Research Ethics Committee

Room 001
Jamrow Business Centre
Rolling Mill Road

Jarow

Tyne & Wear
NE32 30T

Tel: 0207 104 8282

27 January 2017

Dr Mohammed Al-Zubidi

PhD student

School of Clinical Dentistry / University of Sheffield

Claremont Crescent

Sheffield

S10 2TA

Dear Dr Al-Zubidi

Study Title: Investigation of bacteriophage as potential source of
oral antimicrobials

REC reference: 16/YH/0033

Protocol number: STH19056

IRAS project ID: 186132

Thank you for sending the progress report for the above study dated 27 January 2017. The
report will be reviewed by the Chair of the Research Ethics Committee, and | will let you
know if any further information is requested.

The favourable ethical opinion for the study continues to apply for the duration of the
research as agreed by the REC.

Where research involves the use of human tissue in England, Wales or Northem Ireland,

legal authority to hold the tissue under the terms of the ethical approval remains in place for
the duration of the approved project.
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| 16/YH/0033: Please quote this number on all correspondence |

Yours sincerely

i e

Kerry Dunbar
REC Assistant

E-mail: nrescommittee yorkandhumber-sheffield@nhs.net

Copy to: Mrs Sam Walmsley
Dr Nana Theodorou, Sheffield Teaching Hospitals NHS Trust
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J

IRAS 186132 Confirmation of Amendment Categorisation as Category A

Dear Mohammed

IRAS Project ID:

Short Study Title:

186132

Investigation of bacteriophage as source of
oral antimicrobials

|Date complete amendment submission received:

30/01/2017

Amendment No./ Sponsor Ref:

NSAQ1_Extension

Amendment Date:

30/01/2017

Amendment Type:

Non-substantial

Thank you for submitting the above referenced amendment. In line with the YK Pracess far
Handling UK Study Amendments | can confirm that this amendment has been categorised as:

= Category A - An amendment that has implications for, or affects, ALL participating NHS

organisations

You should now provide this email, together with the amended documentation, to the m

management support offices and local research teams at your participating NHS organisations in
England.

If you have participating NHS organisations in Northern Ireland, Scotland and/or Wales, you
should communicate directly with the relevant research teams to prepare them for implementing
the amendment, as per the instructions below. You do not need to provide this email or your
amended documentation to their research management support offices, as we will pass these to
the relevant national coordinating functions who will do this on your behalf.
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Ref: STH17158

25" September 2014
Andrew Rawlinson

Sheffield Teaching Hospitals

NHS Foundation Trust

Head of Academic Unit of Restorative Dentistry
School of Clinical Dentistry/ University of Sheffield

Claremont Crescent
Sheffield
S102TA

Dear Andrew,

STH ref:

NIHR CSP ref:
REC ref:
MHRA ref:
Study title:

Chief Investigator:
Principal Investigator:

Sponsor:
Funder:
Amendment Ref:

Minor Amendment

Letter of Continued NHS Permission

STH17158

N/A

13/YH/0114

N/A EudraCT no.: N/A
Enzyme Biomarkers in Periodontal Disease

A Rawlinson
A Rawlinson
Sheflield Teaching Hospitals NHS Foundation Trust

PhDY Directorate

Minor Amendment 4 - change to consent form

Thank you for submitting the following documents:

Document Version/date
Consent form Version 3, 19 Sep 14
Amendment 4 approval letter from REC 24 Aug 14

These have been reviewed by the Research Department who have no objection to the amendment and can
confirm continued NHS permission for the study at STH.

Yours sincerely

el

“' Professor S Heller

Director of R&D, Sheffield Teaching Hospitals NHS Foundation Trust

Tolophone +44 (0) 114 22 65034

Fax +44 (0) 114 22 65937

e &
.

v; hespial and In the community
proud to make a difference

Char; Tony Pedder OBE Chief Exscutive: Sir Ancrew Cash ORE
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Minisiry of Higher Education &
Scientific Research

golall Sadly gllall odasill 4415,

du g itisugll dagladl
Al Mustansiriya University A yiaddiasicd : il
College of Dentistry Jlisall s d4l&
Dean Office ol 2
KeC.: 2670

.Date: 30/12 /2015

To whom it may concern

We confirm that the ethical approval for the collection of plaque
samples and endodontic abscess for the study " Investigation of
bacteriophage as potential sources for oral antimicrobial " has been
accepted from patients attending our dental clinics.

Sincerely,
Assistant Professor
Dr. Hikmet A. Sh. Al Gharrawi
Dean
ollege of Dentistry /Al Mustansiriya University
Iraq — Baghdad

E-mail : Halgharrawi@yahoo.com
_Zo/12 | 2015

Tel.: 5372237 E - mail : must_coll_ofdentistry@yahoo.com OYYYYYY [ s
5372238 OYYYYYA
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Apendix 5

Re: IRAS176793 / STH18841 - Acknowledgement of Amendment (Amendment No./Ref. NSA
14Feb2017 & Category C)

258



Sent on behalf of Prof Simon Heller, Director of R&D, Sheffield Teaching Hospitals NHS FT
Dear Nicolas,

An in vitro study of the biomechanical performance of restored teeth (Using my extracted
teeth for research)

Non-substantial Amendment 14Feb2017

- Addition to the existing study team to work on biofilm formation and removal as part of
the development of optimised laboratory oral model [Mohammed Al Zubidi (PhD Student) /
Graham Stafford (Supervisor)]

- Addition to the existing study team to work on the restoration of the teeth [Keyvan
Moharamzadeh (Supervisor) / Sandra Elkhatib (DClinDent Student)]

This amendment has been received & acknowledged by the Research Department.
If you wish to discuss further, please do not hesitate to contact me.

Kind regards,

Sam

Sam Walmsley, Research Coordinator

Research Department

Sheffield Teaching Hospitals NHS Foundation Trust
D49, D Floor

Royal Hallamshire Hospital

Glossop Road

Sheffield S10 2JF

Direct line: +44 (0)114 226 5932

Fax: +44 (0)114 226 5937

Email: samantha.walmsley@sth.nhs.uk

Website: www.sheffieldclinicalresearch.org

Note: Working days are Mon, Tues, Weds and Fri.
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---------- Forwarded message ----------

From: <hra.amendments@nhs.net>

To: <k.hurrell-gillingham@sheffield.ac.uk>

Cc: <n.martin@sheffield.ac.uk>, <Samantha.Walmsley@sth.nhs.uk>

Bcc:

Date: Thu, 23 Feb 2017 15:20:30 +0000

Subject: IRAS 176793. Confirmation of Amendment Categorisation as Category C

Dear Kathryn,

IRAS Project ID: 176793

Short Study Title: Using My Extracted Teeth For Research
Date complete amendment submission received: 14/02/2017

Amendment No./ Sponsor Ref: Amendment dated 14/02

Amendment Date: 14/02/2017

Amendment Type: Non-substantial

Thank you for submitting the above referenced amendment. In line with the UK Process for
Handling UK Study Amendments | can confirm that this amendment has been categorised as:

Category C - An amendment that has no implications that require management or oversight
by the participating NHS organisations

As such, the sponsor may implement this amendment as soon as any relevant regulatory
approvals are in place (for participating organisations in England, please see ‘Confirmation of
Assessment Arrangements’ below).

As Chief Investigator/Sponsor, it remains your responsibility to ensure that the research
management offices and local research teams (if applicable) at each of your participating
organisations are informed of this amendment.

Note: you may only implement changes described in the amendment notice or letter.

Participating NHS Organisations in England — Confirmation of Assessment Arrangements

Further to the details above, | can confirm that no HRA assessment of this amendment is
needed.
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¢ If this study has HRA Approval, this amendment may be implemented at
participating NHS organisations in England once the conditions detailed in the
categorisation section above have been met

e If this study is a pre-HRA Approval study, this amendment may be implemented at
participating NHS organisations in England that have NHS Permission, once the
conditions detailed in the categorisation section above have been met. For
participating NHS organisations in England that do not have NHS Permission, these
sites should be covered by HRA Approval before the amendment is implemented at
them, please see below;

e If this study is awaiting HRA Approval, | have passed your amendment to my
colleague in the assessment team and you should receive separate notification that
the study has received HRA Approval, incorporating approval for this amendment.

Please do not hesitate to contact me if you require further information.

Kind regards

Laura Greenfield

Laura Greenfield | Amendments Coordinator
Health Research Authority

HRA, The Old Chapel, Royal Standard Place, Nottingham, NG1 6FS
E: hra.amendments@nhs.net

T: 020 7104 8096
www.hra.nhs.uk
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