Isolation and Characterisation of Bacteriophages

That Infect Capsulated Streptococcus pneumoniae

Thesis Submitted for the Degree of Doctor of
Philosophy at the University of Leicester
By
Mohammed Almaghrabi, MSc.
Department of Infection, Immunity and Inflammation
University of Leicester

May, 2013

Page | i



Abstract

Isolation and Characterisation of Bacteriophages That Infect Capsulated
Streptococcus pneumoniae

S. pneumoniae (pneumococcus) is a major cause of pneumonia, sepsis, and meningitis,
responsible for over 1.2 million deaths per year. Rates of antibiotic resistance are rising,
with over one third of isolates in the US and parts of Europe showing a reduced
susceptibility to penicillin. Although pneumococcal conjugate vaccines have resulted in
a decline in invasive disease caused by the pneumococcal serotypes included in the
vaccine, non-vaccine serotypes have been shown to cause replacement disease. To
address these important clinical challenges and provide cross serotype protection
against pneumococcal infection, alternative therapies are urgently needed such as the
exploitation of bacteriophages, which can specifically target and kill pneumococci.
Bacteriophages are being developed to treat a range of bacterial pathogens due to their
ability to kill pathogens which are resistant to conventional antibiotics, and due to their
specificity and ability to access and replicate in difficult micro-environments within the
human body. Although the previously isolated pneumococcal lytic phages; Dp-1 and
Cp-1 showed promise as a treatment for pneumococcal infection, they could only infect
non-capsulated strains, which are attenuated and non-invasive in the human clinical
setting. This project describes the isolation and characterisation of a new lytic phage
SP-QS1, which can infect and significantly reduce the load of capsulated pneumococcal
strains that cause human invasive disease. SP-QSL1 is a distinctive new siphovirus with
prolated-head, non-contractile tail and tail fibres. The interaction between SP-QS1 and
S. pneumoniae in both in vitro and in in vivo assays demonstrated that it is able to
significantly reduce the amount of S. pneumoniae in two mouse models of invasive
pneumonia; the intranasal and the intravenous model of infections. The genomic
sequencing of SP-QS1 revealed that genes with recognisable homologies are often
ordered according to the following; genes involved in phage packaging, structural
proteins, replication and genes associated with cell lysis. Interestingly, SP-QS1 genome
does not encode CRISPR sequences, proteins with trans-membrane domains or
regulatory elements. In addition, because the phage genome does not encode integrase
genes, it appears to be a genuine lytic phage. Genetic characterisation of SP-QS1
genome illustrated that this phage encodes for glycosyltransferase, and it is suggested to
be responsible for capsule degradation. SP-QS1 shows promise to control and treat the
infections caused by S. pneumoniae.
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Chapter 1. Introduction and literature review

1.1 General characteristics of S. pneumoniae

S. pneumoniae is a facultative gram positive capsulated oval or spherical bacterium. It is
the most common bacterial respiratory pathogen, causing community-acquired
pneumonia in the United Kingdom with a mortality rate of over 20% in patients with
concurrent septicaemia (Kadioglu et al., 2008). Pneumococcal disease is the main cause
of child mortality in the developed world, and according to the World Health
Organisation (WHO), two million children under the age of five die every year from
pneumococcal infection (Spier, 2008). Invasive infection can develop following
mucosal infection, with meningitis suspected to typically follow otitis media or blood
infections. The inner ear and haematogenous infection are the main routes that allow the
bacterium to enter the body, facilitating the onset of meningitis. It has been reported that
meningitis is associated with acute otitis media (AOM), especially in those people with
a cochlear implant (Wei et al., 2006).

Nasopharynx is the normal niche for S. pneumoniae; the pneumococcus colonises these
sites in the first month of life. This colonisation is normally seen as an asymptomatic
carriage and is not usually followed by invasive infection, due to the protection afforded
by the innate immune system. However, a disturbance of homeostasis between host and
pathogen, such as that caused by viral infection, malnutrition or local damage of the
mucosa can be followed by invasive infection (Plotkowski et al., 1986; Hament et al.,
1999).

S. pneumoniae infections can be treated with p-lactams (penicillin G, amoxicillin and
cephalosporins), respiratory fluoroguinolones, macrolides and vancomycin. Despite the
continuing development of new classes of antibiotics, pneumococci have shown
resistance to most of them. The first reports of resistance were made in Australia and

New Guinea in the 1930s against penicillin (Austrian and Gold, 1964). Highly penicillin
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Chapter 1. Introduction and literature review

resistant pneumococci were reported in 1977 in South Africa, where resistance against
cephalosporins was also reported (Appelbaum et al., 1977). Many years after this
publication, the rapid spread of penicillin resistant pneumococci was reported in all over
the world. Previous pneumococcal spread arose mostly due to the outbreak of a few
multi-resistant clones of serotypes 6B, 9V, 14, 19A, 19F and 23F (Kroon et al., 2000).
An example of this, one study reported that a total of 1817 S. pneumoniae strains were
isolated during winter of 2002—-2003 from patients with community-acquired respiratory
tract infections in different US medical centers. These isolates were screened for
antibiotic susceptibility using MICs of 27 antimicrobial agents by assaying the broth
microdilution method described by the NCCLS. The study showed a high rates of
resistance for some antibiotics, such as penicillin (34.2%), trimethoprim-
sulfamethoxazole (31.9%), and erythromycin (29.5%) (Doern et al., 2005).

The pneumococcal cells are arranged in pairs or in small chains. They grow on blood
agar or blood serum under microaerophilic conditions. The presence of CO2 enhances
the growth of this organism by stimulating its metabolism as CO2 can be converted into
organic constituents by some microorganisms (Ruben and Kamen, 1940). It has been
found that CO2 can be reduced to methane during aliphatic alcohol fermentation and
can be also converted into formic acid and succinic acid. Colonies on blood agar
medium are surrounded by a-haemolysis where blood cells are lysed incompletely
(Barnard, 1996).

The colony appearance can vary between strains; this has been demonstrated with some
pneumococci which produce an interchangeable colony morphology that is opaque or
transparent, depending on the teichoic acid content and the presence of capsular
polysaccharide (Weiser et al. 2006). Transparent variants were found to express a

higher content of teichoic acid and a lower content of capsular polysaccharide and vice
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Chapter 1. Introduction and literature review

versa in opaque variants, with less teichoic acid and more capsular polysaccharide (Kim
et al., 1999). Certain strains have been shown to be able to transform their cells from
capsulated to non-capsulated and vice versa, depending on the biological activity of
pneumococci as they reduce the amount of capsule during colonization and increase it
during host invasion (Kim and Weiser, 1998; Magee and Yother, 2001; Bender et al.,

2003).

1.2- Pneumococcal Vaccines
There are two vaccines licensed in the UK that are currently used to immunise people
against S. pneumoniae; the polysaccharide-protein conjugate vaccine and the

polysaccharide only vaccine.

1.2.1- The pneumococcal conjugate vaccine (PCV)

The conjugate vaccine (PCV-7) was licensed in 2000 in the United States (Whitney et
al., 2003). In September 2006, it was licensed and implemented in the childhood
vaccination schedule in the UK (Koshy E et al., 2010). PCV is comprised of a linkage
of a polysaccharide and protein carrier (Poland, 1999) giving the opportunity to induce
T cell-dependent responses leading to B cell memory induction and consequently
improved B cell responses. It provides good protection in childhood but only against 7
invasive serotypes (4, 6B, 9V, 14, 18C, 19F and 23F); at the present time 91 serotypes
of pneumococci have been described. Moreover, the link between polysaccharides and
carrier proteins is very restricted, as a high number of carrier antigens can impair the
antibody response to the polysaccharide (Di John et al., 1989; Peeters et al., 1991).
Studies revealed that PCV-7 provides good protection against pneumococcal infection
in children < 2 years. It reduced the nasopharyngeal carriage in this population group

(Esposito et al., 2003; Clarke et al., 2004; Veenhoven et al., 2004; Zissis et al., 2004;
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De Schutter et al., 2006), however, PCV-7 has low efficacy as the majority of
pneumococci have been found associated with serotypelwhich responsible for severe
pneumococcal infection in children > 2 years (Camou et al., 2003; De Schutter et al.,
2006; Hansen et al., 2006). The majority of positive culture-based cases are attributed to
serotype 1 in the United States and the UK, whereas serotype 14 was isolated in 30% of
positive cases in Taiwan. Not only serotype 1 was reported to cause invasive
pneumococcal infection in the US, but also serotype 3 and serotype 19 (Rees et al.,
1997; Byington et al., 2002; Hsieh et al., 2004). Serotypes 3 and 19 are not included in
PCV-7. Serotype replacement is a big challenge in pneumococcal vaccination. It has
been reported that the use of PCV-7 resulted in an increase in the emergence of new
strains such as serotype 15 and serotype 33 (Black et al., 2004; Byington et al., 2005;
Gonzalez et al., 2006). Studies on the second generation of this vaccine (PCV-9) in
Africa showed that the high incidence of pneumococcal infection among children with
broad infecting serotypes made the subsequent generation more vulnerable.
Furthermore, the serotype-specific protection for PCV-7 becomes lower than that in the
developed countries (Pavia et al., 2009). Thus, the use of PCV-7 elevates the concern of
increased prevalence of pneumococcal infections with non-vaccine serotype (NVTS)
and reduces the value of vaccination (Weinberger et al., 2011).

Recently, PCV-7 is no longer used and is substituted with PCV-9 which includes two
more capsular antigens (serotypes 1 and 5) and latterly PCV-13. PCV-13 was licensed
in 2010 by the Food and Drug Administration (FAD) which includes 4 additional

capsular antigens serotypes (3, 6A, 7F, and 19A).
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1.2.2 The pneumococcal polysaccharide vaccine (23-valent vaccine)

The polysaccharide vaccine is T-independent antigen vaccine which contains antigens
for 23 pneumococcal serotypes. These serotypes are serotypes 1, 2, 3, 4, 5, 6B, 7F, 8,
9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F. It
provides protection against 85-90% of pneumococcal diseases affecting adults and
children (Bruyn et al., 1992), however it is not effective in children under 2 years of
age, the group with the highest rate of pneumococcal infection. That is because this
group of people response poorly to T-independent antigens. T-independent antigens are
required to stimulate the response of B-lymphocytes but not T-lymphocytes, that results
in an immune response which is neither long-lasting nor characterised by anamnestic
response (Douglas et al., 1983; Koskela et al., 1986; Stein, 1992). Moreover,
Polysaccharide vaccine is not effective against AOM infections because it has a little
effect on nasopharyngeal carriage which is potentially high, particularly with otitis-born
children (Rosén et al., 1984; Faden et al., 1991). The inefficiency of this vaccine
derives from the inability of polysaccharide to induce T cell-dependent immune
responses. This has led to the absence of memory associated with B cell responses,
resulting in a relatively short period of protection (Poland, 1999).

The pneumococcal polysaccharide vaccine was licensed in the UK in 1989 and is
currently used to vaccinate adults at high risk (Conaty et al., 2004). In 2000, this
vaccine was recommended for administration to people over 65 in the UK (Fedson and
Liss, 2004).

Worldwide, PCV13 is used to immunise children with three doses recommended to be
given at 6 weeks of infant age with a minimum of 4 weeks between subsequent doses

(Russell F. et al., 2011), whereas, the polysaccharide vaccine (23-valente vaccine) is
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used to immunise adults over 65 years and adults at high risk aged 19-64 years (CDC.,
2010, 2012).

Neither the polysaccharide vaccine nor the conjugate vaccine gives protection against
all pneumococcal serotypes. Therefore, there is an urgent need to investigate other

strategies to control pneumococcal diseases.

1.3- Pneumococcal colonisation and clearance

Nasal carriage of pneumococci starts from early colonisation in children, as the nose is
considered to be a reservoir of S. pneumoniae. Direct contact with the secretion of a
colonised person causes the spread of nasal carriage from person to person. An
understanding of pneumococcal colonisation enables the determination of host factors
that can have an effect on pneumococcal colonisation and clearance. Pneumococcal
carriage decreases dramatically after childhood, which might suggest a non-specific
immune response during prior infection. This decrease of nasal carriage correlates with
the presence of antibodies generated against pneumococcal surface protein A and
capsule polysaccharides (McCool et al., 2002).

Mucus secretions are the first line of defence that pneumococci encounter in the nasal
cavity. However, the expression of the pneumococcal capsule plays an important role in
diminishing entrapment in the mucus (Nelson et al., 2007). Furthermore, the repulsion
between capsule and mucus components might enable S. pneumoniae to adhere to
epithelial cells. However, this adherence might potentially be inhibited during capsule
expression (Cundell et al., 1995; Kamerling, 2000) or alternatively might be inhibited
by N-acetylglucosamine-f-(1, 3)-galactose (Andersson et al., 1983).

Some adhesins are involved in pneumococcal attachment to host cells. One such

adhesin is phosphorylcholine, which exploits its similarity to that possessed by platelets
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and attaches to the host cell via the platelet activating factor. The other is the choline
binding protein A, which binds to human secretory components (Hammerschmidt et al.,
1997).

Pneumococcal clearance may be avoided by the action of pneumococcal
exoglycosidases (neuraminidase, PB-N-acetylglucosaminidase and [-galactosidase).
These enzymes change the structure of human glycol-conjugates by removing the
terminal sugars, which are otherwise known to be involved in clearing of pneumococci

from the nasal carriage (King et al., 2006).

1.4- Pneumococcal interaction with host immune response

Once the pneumococci bypass the mucus and adhere to the host’s epithelial cells, they
encounter other immune responses. Within the first three days, neutrophil proliferate
and attack the bacteria leading to an inflammatory response (van Rossum et al., 2005;
Nelson et al., 2007). The production of specific immunoglobulins with activated
complement followed by phagocytosis generates host-mediate killing (McCool and
Weiser, 2004). Studies have shown that CD4+ T cells are more important in the
clearance of pneumococci than the humeral response. Interestingly, it was discovered
that mice, which lack the Toll-like receptor 2 (TLR2) had prolonged pneumococcal
carriage (Malley et al., 2005). Some studies have shown that the CD4+ T cells,
generated by an early host response, infiltrate to the site of infection. This infiltration is
suggested to be induced by bacterial pneumolysin (PLY) as migratory CD4+ T cells are
correlated with the presence of PLY in vitro. Moreover, CD4+ T cell chemotaxis was
not stimulated when pneumolysin deficient pneumococci were used in the experiment
(Kadioglu et al., 2000; Kadioglu et al., 2004). CD4+ T cells participate in antibody-

independent immune responses, as mice which lack these cells fail to survive during the
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vaccination challenge, whereas, antibody-deficient mice survived. Furthermore, CD4+
T cells play a key role in pathogen clearance from the nasal cavity (van Rossum et al.,
2005). Recently, it has been found that natural CD4+ T cells occur in higher quantities
in children and it is postulated that they might modulate nasopharyngeal carriage
(Zhang et al., 2007). Recently, it been found that released pneumolysin synergises with
TLR agonists to induce the production of cytokines by dendritic cells and macrophages,
however, in contrast with previous studies, it does not do that alone. Moreover, cytokine
production including IFN-y and IL-17A by splenocytes is promoted by PLY. PLY is
also essential for pneumococci to promote the production of IFN-y and IL-17A by
natural killer cells and yd T cells, respectively in lungs following infection.
Furthermore, activation of node-like receptor protein 3(NLRP3) is required for both
PLY and IL-1B and also required for protection against pneumococcal infection

(McNeela et al., 2010).

1.5- Pneumococcal virulence factors
Several antigens of pneumococci are implicated in pneumococcal infection. Some of
these factors are responsible for colonisation and adherence, while others are

responsible for interaction with the host cells. These factors are:

1.5.1- Capsule

The capsule is the most important factor determining invasion. It is thought to help in
the colonisation of the pathogen by enabling the bacteria to resist phagocytosis, i.e. it
interferes with the binding of complement C3 to the cell wall, which results in bacterial
survival and proliferation inside the infected tissue with consequential tissue damage
(Tonnaer et al., 2006). The capsular polysaccharide determines the virulence of the

pneumococci. Species that express more capsular polysaccharide and less teichoic acid
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are potent inducers of inflammation, while those expressing more teichoic acid and less
capsular polysaccharide have increased ability to adhere to epithelial cells (Long et al.,

2003).

1.5.2- Pneumolysin (PLY)

Pneumolysin is a 52 kDa protein which exhibits cytolytic activity against cells with
cholesterol-containing membranes (Boulnois et al., 1991). It belongs to the family of
cholesterol-dependant cytolysin which includes streptolysin O and perfringolysin O
expressed by Streptococcus pyogenes and Clostridium perfringens, respectively. The
toxin is an exogenous product and requires another protein to be released from
pneumococci, autolysin which breaks the peptide cross-linking of the peptidoglycan in
cell wall, this breakage in peptidoglycan results in the formation of holes in the cell
wall facilitating the release of pneumolysin (Whatmore et al., 1999).

PLY is thought to interact with Toll-like receptor 4 (TLR4) as the activation of TLR4
was observed by a pneumococcal mutant that produced PLY in the absence of
haemolytic activity (Malley et al., 2003). However, the interaction of TLR4 with PLY is
controversial as some studies confirmed that pneumolysin does not activate TLR4
(Tweten, 2005). As described in (section 1.4), PLY has not been found to induce the
production of cytokines by dentritic cells (DCs) and macrophages alone but it does that
in a synergy with TLR agonists. It has also been found that protection against S.
pneumoniae requires the production of IL-1f by PLY which is NLRP3-dependant
(McNeela et al., 2010).

Due to increasing levels of pneumococcal resistance to antibiotics, the serotype
replacement against vaccines makes these vaccines not able to give a thorough

protection against all S. pneumoniae serotypes for all different human ages, different
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strategies of therapy are required to control and treat the infections of this bacterium

such as phage therapy.

1.6 General Characteristic of Bacteriophages

Bacteriophages are a group of viruses which are able to infect bacteria. They consist of
heads with or without a tail. The head is a protein capsid that takes one of three shapes:
icosahedral, filamentous or prolate-shaped; this may be surrounded by an envelope
(Ackermann, 2006). There are 14 recognised families of phages, comprising different
morphologies and different genetic material (Maniloff and Ackermann, 1998). The
genetic material of phages is either single or double stranded DNA or RNA located in
the head. However, most bacteriophages have double stranded DNA and belong to one

of three families Podoviridae, Myoviridae and Siphoviridae (figure 1.1).

ssDNA dsDNA
Microviridae Q ‘ @ Q
Corticoviridae Techvmdae
Podoviridae STV
Myoviridae
Siphoviridae

Plasmaviridae ‘Globuloviridae’ Q &

: Guttaviridae  ‘Ampullaviridae’

Fuselloviridae Salterprovirus

‘Bicaudaviridae’

ssRNA dsRNA

Lipothrixviridae O @
[

Leviviridae
Cystoviridae

JTh

Inoviridae Rudiviridae

Figure 1.1: Different morphologies of bacteriophages (Ackermann, 2003).
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1.6.1 Phage Abundance and Distribution

Bacteriophages are found where their host cells are found, and they are therefore
distributed in a variety of environments. Viruses are the most abundant microorganisms
on Earth (Bergh et al., 1989). In aquatic environments, viruses are 10-20 times higher in
number than bacteria, with abundances ranging from 104 to 108 viruses mi-1
(Weinbauer, 2004a). it has been reported that the abundance of viruses decreases
gradually from coastal to offshore water (Frank and Moebus, 1987). Cyanophages has
the highest viral number of 9.6 x 108 viruses/ml™ in an aquatic environment (Hennes
and Suttle, 1995). The abundance of viruses is higher in fresh water than marine system
(Maranger and Bird, 1995). The number of viruses varies in oxic and anoxic water
layers, it has been reported that in the eutrophic PluBRsee viral existence is significantly
higher in anoxic than oxic water layers, however, viral abundance is more higher in
O2/H2S interface (Weinbauer and Hofle, 1998). Furthermore, studies have shown that
the number of viruses increases during and after the period of phytoplankton bloom and
that attributed to the high abundance of bacteria after that incident (Bratbak et al., 1990;
Hennes and Simon, 1995).

Viruses are also abundant in soil ranging from 108 to 109 viruses per gram dry weight
of soil, this range of abundance is slightly higher in wetter forest soil, and is lower in
managed agricultural soil (Williamson et al., 2005). The depth of soil has an influence
on viral abundance. It been reported that the viral number decreases with sediment
depth in marine system, however, the abundance of benthic viruses is 10-1000 times
higher than that in water that overlying on this sediment (Steward et al., 1996). The
sediment of say water is suggested to be the reservoir of Synechococcus phages as well

as the phages of algae Heterosigma akashiwo (Suttle, 2000). The number of tailed
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phages on earth is estimated at 1031, with a variable population in microbial
communities (Jarling et al., 2004).

The ratio between viruses and bacteria was used to indicate the relationship between
them (Wommack and Colwell, 2000). Viruses to bacteria ratio (VBR) in marine pelagic
water is 5-10 whereas it is low as about 0.01-1.2 in organic matter collected from
sediment traps and this low value might be attributed to strong viral decay during
storage (Haral et al., 1996; Taylor et al., 2003) VBR is low in lake and river water
reporting ratio of 1-4 (Maranger and Bird, 1996). Although, the number of viruses in
anoxic layer is more than that for oxic water layer, VBR is lower in anoxic lakes and
that might refer to the organic matter which resulted in more bacterial productivity
(Maranger and Bird, 1996). Generally, VBR in Limnetic system is typically higher than
in marine pelagic system. There are some factors were suggested to be causing this
variability in VBR between these types of water such as the increase dependence of
freshwater bacteria on allochthonous material in association with the contribution of
cyanobacteria (Maranger and Bird, 1995). The viral and bacterial ration in soil is
reported as low as 0.04 for all tested rhizosphere soil samples (Ashelford et al., 2003).
The distribution of bacteriophages such as those infecting picophytoplankton M. pusilla
and cyanophages was reported (Moebus and Nattkemper, 1983; Zhong et al., 2002).
There are some reports have shown the geographical restricted distribution of
bacteriophages in ocean (Wichels et al.,, 2002). The lack of information on the
distribution of viral species resulted in very limited knowledge on their affiliation as
ubiquitous or endemic species. The use of approaches such as denaturing gradient gel
electrophoresis (DGGE), sequencing and Quantitative PCR (gPCR) or (real time PCR)
facilitated the quantifying the abundance of phage and certainly increase the knowledge

of viral biogeography (Gruber et al., 2001; Weinbauer, 2004a). In addition to these
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approaches, some other techniques such as monoclonal antibodies, DNA analysis,
enzyme-based detection of bacteriophages in their situ, specific primers or probes to
detect phage genomes within their hosts (Blasco et al., 1998; Chibani Azaiez et al.,

1998; Fuller et al., 1998; Puig et al., 2000).

1.6.2 Classification of Phage

F’elix d’H’erelle, who gave bacteriophage this name, described bacteriophages as one
bacteriophage with many races, the Bacteriophagum intestinale (d’H’erelle, 1918). In
1943, the first phage classification was proposed by Ernst Ruska who distinguished
three morphological types of phages (Ruska, 1943). In 1948, Holmes subordered phages
within the order Virales (Holmes, 1948). Viral order included one genus and 46 species
based on host range. In 1962, phages were classified based on their nucleic acid type
(DNA or RNA), capsid shape, presence or absence of an envelope, and number of
capsomers by Lwoff, Horne, and Tournier (Lwoff et al., 1962). They placed tailed
phages in an individual order and named as Urovirales.

In 1971, the International Committee on Taxonomy of Viruses (ICTV) classified
bacteriophages into six groups based on their morphology using electron microscope,
T4, A, X174, MS2, T7 and fd. Currently, The ICTV classifies phages into 14 families
(Figure 1) and 37 genera with different virions (Fauquet et al., 2005). These virions
have binary, cubic or helical symmetry. Phages with binary symmetry are tailed, giving
them a unique morphology amongst viruses as a whole. This group of phages are named
as Caudovirales which possess double stranded DNA. This group of bacteriophages
includes Myoviridae, Siphoviridae and Podoviridae. (Ackermann, 2009).

The “phonetic” classification used by the ICTV was not satisfied by taxonomist

(Lawrence et al., 2002), thus suggested the use of another criterion to phage
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classification such as the type of genetic material, however, genetic evolution during
phage infection enabled the horizontal gene transfer among them, tailed phages
particularly created an in this such approach as appears as a net of entities representing a
complex with criss-cross pattern of relationship (Hendrix et al., 1999). The type of
genetic material is not suitable for distinguishing tailed phages as all have dsDNA
genomes (Ackermann, 2009).

An alternative approach to phage classification is to use the phage proteomic tree. In
this approach, phage genomes in a tree- and distance generating computer programs are
compared together to generate phage taxonomy (Rohwer and Edwards, 2002).
However, the use of this approach resulted in inconsistence classification as two
different phages were placed in the same clade such as the tectivirus PRD1 grouped
with $29 — a member of the Podoviridae; and, phages A (Siphoviridae) and P22
(Podoviridae) (Ackermann, 2009).

A Step-Wise procedure is the common used approach for phage classification. In this
approach the phage morphology is considered first as it classify tailed phages into
Myoviridae, Siphoviridae and Podoviridae. Then tailed phages will be investigated
depending on any desirable properties such as the molecular weight of the DNA or any

other criterion could be applied in the lab (Ackermann, 2009).

1.6.3 Phage Life Cycles

Phages attach to host cells via different receptors, such as lipopolysaccharide, teichoic
acid, polysaccharide, and cell components like surface proteins, flagella and pilli. Once
attached, phage genetic material is injected into the cell and the phage then enters one of
two life cycles; lytic and temperate (Figure 1.2). The lytic cycle leads to the production

of new phage progenies and cell lysis. This lysis is manipulated by different
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mechanisms according to phage type; phages with double-stranded nucleic acid have a
precise time-programmed holin-endolysin- mechanism. Holin is a protein that forms
holes in the cell wall as well as activating the endolysin enzyme which causes cell lysis.
In contrast, phages with single stranded DNA or RNA induce the production of a single
protein called murine hydrolase. This protein causes cell lysis. Filamentous phages have
the ability to produce new progeny which can be released through cell walls without
causing lysis (Young et al., 2000).

The lytic cycles mentioned previously are the most common. However phage infection
has been further classified into six “lower-level” categories. These include the
following; (1) lytic infection, which leads to cell lysis and phage release, (2) chronic
infection which allows the virions to be released without any impact on host cells, (3)
lysogeny infection, which leads to phage genome incorporation into host cell
chromosomes and replication within it but with no virions released, (4) pseudo-
lysogeny infection, which involves no phage genome replication, but the phage
enhances the ability of other phages to replicate and to be released from host cells, (5)
phage restriction infection which is considered as anti-phage immunity (involving the
loss of phages but not of the bacteria) and (6) phage abortive infections, which involve

loss of both phages and their host cells (Abedon, 2008).
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Figure 1.2: Bacteriophage life cycles.
(http://inst.bact.wisc.edu/inst/images/book 3/chapter 9/9-1.qif).

1.6.4 Latent period and burst size

The latent period describes the period from when the phage has entered the host cell to
the time of releasing new phage progeny. It includes the eclipse period which describes
the time when the phage DNA takes over the host biosynthetic machinery and phage
specific proteins have been made. The number of phage progeny released from each
individual cell is called the burst size (Ackermann, 1998); (Weinbauer, 2004b). All

different periods of phage infection are as shown in the Figure 1.3.

Page | 17


http://inst.bact.wisc.edu/inst/images/book_3/chapter_9/9-1.gif

Chapter 1. Introduction and literature review

Plating after
chloroform
o] \
2 Direct plating
@
g Burst size
b= Eclipse |
= |-
o I
I
I
I
I
- ! _
7
T
|

;//Lalent period
2L — - - Unadsorbed phage
!

Time after infection

Figure 1.3: different periods of phage life cycle (Gachechiladze K. 2005)

Both the latent period and burst size determine the phage proliferation rate. Many
factors play a role in determining the length of the latent period, including the species of
phage, type of infected cells and their physiological condition, culture media and
temperature (Ackermann and DuBow, 1987 ; Weinbauer, 2004a).

The number of phage progeny (burst size) varies depending on the bacterial strains and
other environmental factors. These factors are the amount of nutrients in the culture
media, which leads to efficient bacterial growth and consequently a high proliferation
rate of phage progeny (Weinbauer, 2004b). The size of host cells can effect the number
of phage progeny. It has been found that large cells produce a larger number of phages

compared with smaller ones (Weinbauer and Peduzzi, 1994).

1.6.5 Lysogeny
The extent lysogeny of among bacterial strains is variable as some bacteria do not carry
prophages and some other bacteria contain multiple prophages in their chromosome
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such as E. Coli 0157:H7, this bacterial strain contains 18 prophage genome elements
which represent 16% of the total genome count (Ohnishi et al., 2001). It has been found
that many prophages from pathogenic bacteria encode virulence factors such as phages
gamma and C1 in the chromosome of Corynebacterium diphtheriae and Clostridium
botulinum, respectively (Freeman, 1951; Barksdale and Arden, 1974). This property of
lysogenic phages allowed researchers to identify specific prophages in a large set of
related bacterial strain using molecular techniques such as microarray and PCR
(Canchaya et al., 2003).

Prophage carriage in pneumococci is relatively high. Some studies have shown that
58.3% of pneumococci are lysogenic while others have indicated 42% lysogeny among
tested S. pneumoniae strains. These findings rely on plague formation using mitomycin
C induced lysates (Bernheimer, 1979). Recent studies have used PCR-based assays to
assess prophage carriage. These studies have been based on the hybridisation of
pneumococcal phage DNA with autolysin encoding gene (lytA). The PCR-based assays
were undertaken on 791 pneumococcal isolates obtained from The Rockefeller
University collection. The study has shown that 76% of these isolates are lysogenic
strains (Ramirez et al., 1999). Romero et al. (2009) reported prophage carriage in 108
clinical samples, using both mitomycin C induction and PCR-based assay. Their
observation showed that prophage carriage in tested isolates using the aforementioned
techniques was 40% and 50%, respectively.

There are different induction agents which might lead to the induction of lysogenic
phages. However, some antibiotics, such as mitomycin C, and UV radiation are the

most common and powerful agents that can be used (Ackermann and DuBow, 1987 ).
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1.7 Phage Therapy

Phage therapy is a strategy that has been suggested for treating bacterial infection in
both man and animals (Jado et al., 2003). Bacteriophages are extremely specific to
infect and Kill their host bacterial species. This is in contrast to antibiotics which effect
the human bacterial microflora (Bartlett, 2002). Moreover, phage therapy eliminates the
incidence of secondary infection that might occur due to the clearance of normal flora; a
problem that arises with use of antibiotics (Carl et al, 2006).

The discovery of bacteriophages dates to observations by Ernest Hankin in 1896. He
noticed that an undefined substance gave a protection against Vibrio cholera in India.
The same phenomenon was noticed in Russia when observing activity against Bacillus
subtilis. Two decades later, Fredrick Twort reported the same observation and attributed
the phenomenon to a virus. However, he did not pursue his work on them due to
financial reasons (Sulakvelidze et al., 2001). Following this, Felix Hubert d’Hérelle
observed bacteriophages in 1910 in Mexico; he used bacterium-free filtrate and Shigella
for his immunisation study to observe clear areas on bacterial lawn. These areas were
called taches, taches vierges and finally plaques. He also identified Shigella phages in
France during Maisons-Laffitte outbreak in 1916. D’Herelle was the first one who
proposed the name “bacteriophage” based on the Greek “bacteria” and “phagein”,
meaning eat. Shigella phage was used to treat Shigella dysentery in rabbits (Summers,
1999).

The first trial of phage therapy was carried out by d'Herelle in association with
paediatrician Victor-Henri Hutinel. They ingested the Shigella phage preparation with
some of his interns, to confirm the safety of the preparation. The same phage was then
given to a 12 year old boy with severe Shigella dysentery. The patient was cured

completely after a couple of days. The phage treatment regime was repeated again with
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another patient who recovered after one day with only a single dose (Summers, 1999).
Richard Bruynoghe and Joseph Maisin published the results of the first phage therapy
trial in 1921; they treated opened lesions with Streptococcus phage by direct injection in
and around the wound (Sulakvelidze et al., 2001).

Phages have also been used commercially as antibacterial therapeutic agents in many
places in Europe and the United States (Larkum N., 1932; Merril et al., 2003). Phage
suspension was used to treat 550 cases of bacterial infections in Poland between 1981
and 1986. These infections were caused by different bacteria (Streptococcus, Klebsiella,
Escherichia, Proteus and Pseudomonas) that were found to be unresponsive to
antibiotic therapy. The results showed that 92.4% of treated patients were cured, and the
remaining 6.9% experienced an improvement in their condition. In contrast, 0.7% of
cases showed that phage therapy was ineffective (Slopek et al., 1987).

However, following antibiotic discovery the use of bacteriophages was discontinued in
many countries. Despite this some western European countries and the Soviet Union
continued their work on phages. Two institutes in Europe are commercially using
phages as therapeutic agents: Eliava Institute of Bacteriophage, Microbiology and
Virology (EIBMV) and Hirszfield Institute of Immuniology and Experimental Therapy

(HIET). They were founded in Georgia in 1923 and in Poland in 1952, respectively.

1.8 Pneumococcal Phages

The isolation of lytic and temperate pneumococcal phages has been reported previously
(McDonnell et al., 1975; Ronda et al., 1981; Diaz et al., 1992; Gindreau et al., 2000).
Recently, four pneumococcal phages have been isolated and characterised. These
include temperate phages; MM1 and EJ-1 and lytic phages; Cp-1 and Dp-1. These

phages were isolated from different strains of S. pneumoniae (Lopez and Garcia, 2004;
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Lopez, 2004 ), all details of their isolation will be discussed later. Pneumococcal phages
have also been isolated from the nasopharynx, where pneumococci typically colonise
(McDonnell et al.,, 1975). Therefore, swabs of throat and sputum samples might

represent an ideal localisation for lytic pneumococcal phages.

1.8.1- Temperate pneumococcal phages

The phage EJ-1 belongs to Myoviridae morophotype phages which possess a 42-kb
leaner DNA. The first induction of this phage was in 1992 by Diaz et al. based on the
pneumococcal strain 101/87. This phage, in contrast with other pneumococcal phages,
does not have a terminal protein linked to the DNA. It has the gene encoding choline-
dependent lytic enzyme (N-acetylmuramyl-L-alanine amidase), which is similar to
pneumococcal autolysin. The insertion region of this phage has been found near to the
Iytic enzyme gene. Increasingly, phage EJ-1 was not shown to have any lytic activity on
the pneumococcal strain studied (wild-type R6 (Rockefeller University), M31 (AlytA),
CP1000 (lacking Dpnl and Dpnll), and 101/87 (Diaz et al., 1992).

The phage MM1 was induced by Gindreau et al in 2000 from antibiotic-resistant
Spanish/American 23F S. pneumoniae, it is Siphovirus with 40-kb double-stranded
genome. MML1 has a DNA-protein complex that is capable of becoming integrated into
the pneumococcal chromosome (Gindreau et al., 2000). The lysogeny with MM1
reduces the speed of pneumococcal growth; however, it causes significant improvement
in cell adhesin to plastic and human cells making pneumococci much more virulent.
Furthermore, the choice of lysogenic or lytic pathways can be influenced by the growth
stage of the bacteria. The search for lysogeny may play a role in transparency selection.
In addition, it was found that the lytic cycle of MM1 might be favoured over the

lysogenic in the opaque-phase phenotype (Loeffler and Fischetti, 2006).
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Temperate phage HB-3 is a siphovirus induced from pneumococcal strain HB-3 in 1990
(Romero et al., 1990a). The genome of HB-3 shares the same property of phage MM1
as DNA of both of them linked with protein used for integration into pneumococcal
chromosome (Lopez and Garcia, 2004). This phage has not been sequenced, therefore,
the genetic characterisation unknown. However, the phage has been found codes for
amidase which shares many biochemical and immunological properties with that one of
its host (Romero et al., 1990b).

Phage VOL1 is a temperate bacteriophage of the type 19A multidrug-resistant epidemic
8249 strain of S. pneumoniae. There is a similarity between this phage and phage MM1
in their specific integration site, protein composition, restriction patterns, and molecular
dissection of the lytic system. In contrast with other temperate pneumococcal phages,
the LytA amidase coded by VOL1 is significantly different from that of the host
bacterium. In addition, the genome has a gene putatively coding for a C5
methyltransferase. Despite of high similarity between this phage and MM1 and HB-3,
the viability in genes those encode for LytA amidase and C5 methyltransferase suggests

a horizontal transfer and lysogenic state co-evolution (Obregon et al., 2003b).

1.8.2 Lytic pneumococcal phages
Two lytic phages of S. pneumoniae have been isolated previously: Diplophage 1 (Dp-1)

and complutense phage (Cp-1).

1.8.2.1 Diplophage Dp-1

Dp-1 was isolated from the throat swab of a patient with upper respiratory infection in
1974; belonging to the Siphoviridae family, it consists of a polyhedral head, tail and
base plate (McDonnell et al., 1975; Varea et al., 2004). Phage morphology is shown in

Figure 1.4. The isolation and storage of this phage presents some difficulties, such as
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low titre and poor stability during storage. It also requires murein hydrolase activity to

be released from infected cells (Ronda-Lain et al., 1977) .

Figure 1.4: Dp-1 morphology under E-microscope (Lopez et al., 1977).

Unlike other pneumococcal phages, Dp-1 lytic enzyme (Pal) has a different N-terminal
domain. The C-terminal domain Of Pal contains a choline binding module (ChBM)
which is homologous to the same domain of lytic enzyme produced by the host bacteria.
ChBM attaches to the choline residues of the bacterial envelope. When choline has been
replaced by ethanolamine (EA) or monoethylamino ethylamine (MEA) and
dioethylamino ethylamine (DEA), the pneumococci show complete resistance to the
phage (McDonnell et al., 1975; Varea et al., 2004). The use of Dp-1 to treat the
infection of pneumococci is not an appropriate as this phage is not able to infect
invasive capsulated S. pneumoniae (Bernheimer and Tiraby, 1976) Thus, lytic enzyme
which encoded by this phage was suggested to be used alternatively (Sheehan et al.,
1997).

The Pal amidase (pal-1) has been shown to have the ability to kill 15 clinical strains
(serotypes 1, 2, 3, 4, 5, 6, 9v, 10, 14, 15, 18, 19F, 23F and 24) and two mutants (R36A

and Lyt 4-4) of S. pneumoniae in vitro. It also prevents and minimises nasopharyngeal
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carriage in mice (Loeffler et al., 2001). Pal-1 led to the effective protection and
treatment of murein mice with bacteraemia (Loeffler and Fischetti, 2003). However,
using whole phages as therapeutical agent seems much preferable than using lytic
enzymes because phages propagate and release to invade new cells. Thus one or two
doses will be adequate for treatment, whereas using lytic enzymes as treatment requires
several doses and that over the permissible limits that indicated by human and animal

acts.

1.8.2.2 Complutense phage Cpl

Cp-1 is a podovirus, which has an irregular hexagonal flat-ended end head, with a size
of 60 by 45 nm, a short tail 20 nm long and 15 nm thick and a fibrous head (Figure 1.5).
The first isolation of this phage was from a throat swab of healthy children in 1981; it
produced very broad clearance compared with previously isolated pneumococcal

phages; however, its production was low due to the low burst size (Ronda et al., 1981).

Figure 1.5: Electron micrograph and schematic drawing show the morphology of

phage Cp-1 (Ronda et al., 1981).
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Genetic material of phage Cp-1 incorporates a double stranded DNA of about 19 kb, the
terminal protein of this bacteriophage is linked to linear DNA of the 5' end through a
threonine residue (Martin et al., 1995). The complete genomic sequence of Cp-1
revealed the similarity between this phage and Bacillus phage (¢29); what is more, they
have a similarity in their requirement for a protein-priming mechanism for initiation of
their replication (Salas, 1991). This phage has the same problem of phage Dp-1, it lacks
consistent stability and the ability to infect capsulated pneumococci, therefore, phage
Iytic enzyme Cpl-1was used as alternative therapeutical agent to control and treat the
infection of pneumococci.

Phage lytic enzyme Cpl-1 activity was determined using animal models. This enzyme
has two terminal domains, the N-terminal domain which contains catalytic activity
against the major bond of peptidoglycan, and the choline-terminal domain which binds
specifically to a certain subjects (mainly carbohydrates) (Lopez et al., 1997; Navarre et
al., 1999). Grandgirard et al (2008) demonstrated the ability of Cpl-1 to Kill S.
pneumoniae (serotype 3) in Wistar rats with meningitis. They discovered that a single
dose of Cpl-1 injected intracisternally reduced the bacterial count to below the detection
limit 30 minutes after injection. They also discovered that a dose of 30 U of Cpl-1 for
30 seconds and 10 minutes decreased the colony forming units from 107 to 103 in both
incubation periods. Mice with bacteraemia were protected by an intravenous dose of
Cpl-1 (2 ug), the viable count of S. pneumoniae was decreased within 15 minutes from
log of 10 4.70 cfu/ml™ to undetectable levels (<log10 2.00 cfu/ml™) (Loeffler et al.,

2003).
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1.9 General comparison of pneumococcal phage genomes

The lytic pneumococcal phages Cp-1 and Dp-1, and two temperate phages MM-1 and
EJ-1 have been sequenced previously. Some genes from the genome of these phages
have been functionally characterised and others have been described as hypothetical.
The genomic length of phages Cp-1, Dp-1, MM1 and EJ-1 are 19,343 bp, 56,506 bp,
40,248 and 42,935 bp respectively (Martin et al., 1996; Pelletier et al., 2000; Obregon
et al., 2003a; Romero et al., 2004). The genomic map of the four pneumococcal phages
is shown in Figure 1.6. Temperate phage VO1 has been sequenced and characterized

(Obregon et al., 2003b), however, data is not accessible.

1.9.1 Lytic pneumococcal phage genomes

Phage Dp-1 genome has an organisation that falls into four clusters: replication,
packaging, structural and lytic. That arrangement is similar to the genome organisation
of lactic acid bacteria lytic phages (Martin et al., 1995; Brussow, 2001). Two
remarkable features in the genome of this phage are that eleven ORFs are responsible
for the transcription of leftward and five genes (orfl to orf5) which encode proteins
involved in the synthesis of 6-pyruvoyltetrahydropterin; these include GTP
cyclohydrolase and synthase (orf 5 and orf 3 respectively). The organisation of all
mentioned genes appears to be implicated on the forming the genome structural unit
(Garcia et al., 1979).

The genome of Cp-1 is a double stranded DNA with a terminal protein covalently
linked to its 5' end and a 236-bp perfect inverted repeat (Martin et al., 1995). Two stages
are involved in the transcription of this phage genome; the first is the early expression
of those genes that are involved in DNA replication; while the other genes are those

encoded for the structural components of the phage particle, morphogenesis, and host
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lysis. The first promoter is located in orfl and is followed by two promoters located
between orf2 and orf3; these promotors direct the transcription of early genes (Martin et
al., 1995; Martin et al., 1996). Although, phage Cp-1 has a similarity with phage ¢29
having a short RNA that is regulating a particular stage in its replication, there is no
sequence similarity between them. Phage Cp-1 shares a similarity with Bacillus phage
GA-1 and B103 in terms of sequence. However, the location of promoter is different, in
Bacillus and Pseudomonas phages, the promotor is located at the far-left end of their
genomes; whereas, it is located at the right end in phage Cp-1 (Martin et al., 1996;
Lopez and Garcia, 2004). Phage Cp-1 holds a terminal protein-priming that is used as
the initiation for replication. This protein is directed by the third free amine terminus
from the 3'-end of the template molecule. A stepwise sliding back mechanism accounts

for the maintenance of Cp-1 DNA ends (Meijer et al., 2001).

1.9.2 Temperate pneumococcal phage genomes

Temperate phage MML1 is similar to lytic phage Cp-1 in the peculiarity of containing
covalently linked protein. Phage MM1 has circularly permuted and terminally
redundant DNA. The genome of this phage is organised into five major clusters starting
with the gene encoding for the integrase (Romero et al., 1990c; Obregon et al., 2003a).
The first five leftmost genes of the genome are the lysogenic cluster, which encodes
protein C1. This protein is a repressor for the elongation of those transcripts that are
mediated by promoters PR and PL (Obregon et al., 2003). The phage MM1 genome has
only one of inverted clusters of genes in its DNA which represents the lysogeny cluster
(Obregon et al., 2003a).

Bacteriophage EJ-1 was described as the first myovirus that could infect a low G+C

content Gram-positive bacterium. Bacteriophage EJ-1 genomic organisation falls into
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this cluster; lysogeny, DNA replication, regulation, packaging, and head morphogenesis
protein clusters are those similar to siphovirus infecting lactic acid bacteria. It has been
found that those genes that are encoded for the putative tail protein (orf53 to orf64) are
similar to those in the genome of Bacillus subtilis myovirus PBSX. Orf 56 is the only
Orf encoded for tail protein similar to the that one produced by Gram-negative bacteria
(Romero et al., 2004).

EJ-1 shares a similarity in several genes which belong to lysogeny, replication and
regulation clusters with S. pyogenes SF370.3 defective prophage (Romero et al., 2004).
One more substantial property of the genome of this phage is that the gene encoding
excisionase is remote from the genes coding integrase; this is in contrast with other
temperate phages for both Gram-positive and Gram-negative bacteria (Bruttin et al.,

1997).

Cp-1 (19,343 bp)

Dp-1 (56,506 bp)
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Figure 1.6: Schematic representation of the genomes of lytic pneumococcal phage Cp-1,
Dp-1 and temperate MM1, and EJ-1 (L6pez and Garcia, 2004).

Yellow, dark blue, green, light blue and red arrows correspond to genes involved in lysogeny
regulation, DNA replication, packaging and head-assembly, tail morphogenesis, and lysis of the

host cell, respectively.
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1.10 Thesis aims and outlines

This study aims to address the isolation and characterisation of new lytic S.
pneumoniae bacteriophages, which can infect capsulated strains. Pneumococcal lytic
phages (whole phages and their lytic enzymes) are useful for the treatment of
pneumococcal infections, due to their ability to Kill bacteria in vitro (both in liquid and
sold media) (McDonnell et al., 1975; Grandgirard et al., 2008). In this study lytic
pneumococcal phages will be isolated and whole phages will be used as therapeutic
agents in mice models, which have not been done before. The project will lead to an
understanding of the interaction between pneumococcal phages and the treated animal.
Prior to animal treatment, isolated phages will be characterised based on their
physiological properties, such as their burst size and latent periods. One of the aims of
this project will be to establish morphology with an electron microscope and genome

size by using pulsed field gel electrophoresis.

Chapter 2 focuses on the different materials and methods used in this study, explaining
the strains of pneumococcal used in the isolation and the sources of isolated phages. It
also highlights the preparations which were assayed, based on the collected samples
(phage sources), and the different techniques involved in the isolation. All the
procedures which enable us to image isolated phages can assist us in explaining the
interaction between phages and their host cells in vitro and in vivo, and those involving
the genetic characterisation of the phage genome are identified in this chapter. Chapter
3 aims to isolate lytic phages and to induce temperate phages and characterise them.
Therefore, this chapter explains in detail the processes of the isolation of lytic

pneumococcal phages. It shows the different biological characteristics of isolated
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phages; including their behaviour on bacterial lawns, propagation, purification,

morphology, classification and the different stages of infection.

Chapter 4 aims to detect the interaction between isolated phages SP-QS1 and their host
cells in vitro. This chapter is crucial to indicate the ability of SP-QS1 to decrease the
viable count of pneumococci facilitating further animal experiment. The growth curve
of infected different pneumococcal serotypes with bacteriophage SP-QS1 is presented
in this chapter. Furthermore, the phage SP-QS1 growth curve is constructed to

demonstrate the ability of this phage to propagate and to determine the final phage titre.

Chapter 5 concentrates on the most important part of the thesis, which is the behaviour
of both S. pneumoniae serotype 2 (D39) and phage SP-QS1 towards each other in the
mouse model. The chapter aims to indicate the ability of SP-QS1 to cause
pneumococcal killing and reducing its viable count in vivo. Mouse survival was
suspected in this particular experiment. Two different mouse models of infection were
involved in this chapter; intranasal infection and sepsis infection. The survival rate of

the infected mice treated with this phage was measured and is reported here as well.

Chapter 6 presents the genomic characterisation of phage SP-QS1. This chapter aims
to characterise phage genome, elucidate the type of phage and predict an important
genes such as gene encoded for toxin and proteins which involved in capsule
degradation. The phage DNA was extracted and following this, the genome of this
phage was sequenced using new generation sequencing-454 pyrosequencing technique.
Genes were predicted for the sequenced DNA and annotated to detect their functional
proteins. Data collected from annotation was used to build phylogenetic trees of genes

of interest to deduce the evolutionary history of this phage.
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Finally, Chapter 7 provides a conclusion to the thesis overall, and this is presented in

view of the possible prospects for future related work.
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2.1 Bacteria

Seven strains of S. pneumoniae were used in this project: D39 and its mutants R36 and R6,
serotype 3, serotype 4, 6B 35A, 23F and 19F. These serotypes are all virulent strains that
can cause invasive infections, with the exception of serotype D39 and its mutant R36 (non-
capsulated), which are laboratory strains. All used strains were provided from our

laboratory beads collections stocks.

2.2 Culture media

2.2.1 Blood agar

To prepare blood agar, 39 g of Columbian agar base was added to one litre of distilled
water. The mixture was sterilised by autoclaving for 15 minutes at 121°C. The medium was
cooled to 50°C and then 5% horse blood was added and then shacked to obtain
homogeneous mixture. The medium was poured out into plates which were left until the

medium turned solid and then inverted and stored at 4°C.

2.2.2 Brain heart infusion broth (BHIB) and solid medium

The amount indicated by the manufacturer (37 g) was added to one litre of distilled water.
The pH of the broth was adjusted to 7.4 and then the medium autoclaved at 121°C for 15
minutes. The same instructions of broth preparation were followed to prepare solid medium
with the addition of 1.5% agar before autoclaving. The medium was poured out into plates

which were left until the medium turned solid and then inverted and stored at 4°C.
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2.2.3 Modified BHI broth and solid medium

Modified BHI media was prepared using the same instruction for normal BHI. In modified
BHI, the broth was filtered (ftc) and the pH was adjusted to 7.4 by Tris-HCI. Then the broth
was autoclaved and supplemented 5 ng of choline chloride. 1.5% agar was added to
modified BHI base before autoclaving. The medium was poured out into plates which were

left until the medium turned solid and then inverted and stored at 4°C.

2.2.4 Soft top agar
The top sloppy agar was prepared using modified BHI broth and 0.4% agar and

supplemented with 0.4% glycine.

2.2.5 C medium
C medium consists of 0.5% protease, 1.5% yeast extract, 10 mM K;HPO,, 0.4 mM mgSQ,
and 17 mM NaCl. Agar was added to this media in both base layer (1.5%) and top layer

(0.4%).

2.2.6 K-Cat medium and Na-Cat medium

K-Cat medium is a modified Cat medium in which sodium is replaced with potassium. The
broth is a combination of 0.1% yeast extract, 1% casitone, 0.5% tryptone, 0.5 % NaCl, 10
ml 20% glucose and 30 ml 0.5M K;HPO,. Na-Cat medium consists of the same
components but contains 30 ml 0.5 M Na2Hpo4 instead of K,HPO,. Agar was added a

different percentage (0.4% and 0.6%).
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2.2.7 SM medium
SM medium was prepared from SM buffer with the addition of 5 ml of 2% gelatine and

1.5% agar in the base and 0.4% of agar in the sloppy top agar.

2.2.8 LEM broth

LEM broth contains 10 g Bacto-tryptone, 5 g yeast extract, 5 g NaCl and 10 ml 1M MgSO..

2.3 Solutions

All solutions were prepared according to the ingredients listed below.

2.3.1 SM buffer (pH 7.5)

Ingredients Amounts per liter
NaCl 589

MgSO, 29

0.5 M Tris-HCI 5mi

Water to 1000 ml

2.3.2 Tris-acetate (TAE) buffer (50x)

Ingredients Amounts per liter
Tris 242 g

Glacial acetic acid 57.1 ml

0.5 M EDTA (pH8.0) 100 ml

Water to 1000 mi

2.3.3 TE buffer

Ingredients Amounts per liter
1M Tris—ClI [pH 8.0] 10 ml

0.5 M EDTA 2ml

Water to 1000 mi

Water to 1000 mi
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2.3.4 Phosphate buffer saline (PBS)

Ingredients Amounts per liter
NaCl 8¢

Na;HPO,4 1.44 ml

KHPO, 0.24 g

KCI 0.2¢

Water to 1000 ml

2.3.5 Lysis buffer

Ingredients Amounts per liter
1 M Tris-Cl 20 ml

10% SDS 20 ml

0.5 M EDTA 40 ml

Water to 1000 ml

2.3.6 Sputum liquefying buffer

100 mM NacCl, 8 mM MgS0O,4.7H,0 and 50 mM Tris-HCI pH 7.5.

2.3.7 Sodium dodecyl sulphate (SDS) (10% wt/vol)

100 g of SDS was added to one liter of distilled water.
2.4 Bacterial methods

2.4.1 Culturing and confirmation of S. pneumoniae

For all pneumococcal strains, bacteria were grown from beads collection stock in 10 ml of
brain Heart Infusion (BHI) broth and incubated overnight at 37°C. The following day, they
were centrifuged at 1750 x g for 15 minutes. The pellets were re-suspended in 1 ml of BHI-
serum broth (20% of foetal calf serum). 700 ul from the re-suspended pellets for each
serotype was added to 10 ml of BHI-serum broth, which was then incubated at 37°C. One

ml of this suspension was immediately used to measure absorbance using a Jenway® 6305
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UV/Vis spectrophotometer (Bibby Scientific Limited). The initial absorbance of the culture
was about 0.2. The absorbance of the culture was measured every hour at a wavelength of
500. Incubation was continued until growth reached an exponential phase, obtained when
an absorbance of ~ 1.6 nm was achieved. When this absorbance rate had been obtained, the
growth suspensions were aliquoted into 500 pl and were stored at -80°C.

To confirm the identity of S. pneumoniae, several biochemical tests were performed. These
included growing on blood agar, gram staining, the catalase test and the Optochin

sensitivity test. All these tests are described in appendix 1.

2.4.2 Animal passage pneumococci preparation

An aliquot of non-passaged pneumococci stock stored at -80°C was thawed and then
streaked for isolation on a blood agar plate. Plates were incubated in a CO, gas jar
overnight at 37°C. A sweep of colonies was inoculated into 10 ml BHI broth in a Universal
Tube with a tight cap. The culture tube was incubated statically overnight at 37°C. After
incubation, the tube was centrifuged at 1500 x g for 15 minutes and the supernatant
discarded using a sterile Pasteur pipette. The pellet was re-suspended in 5 ml sterile PBS (to
give an ODsgo of 1.4-1.6) and was kept at room temperature. The viability of the culture
was confirmed as not being less than cfu of 1 x 107 /mlI™.

100 pl of pneumococci suspension was injected intraperitoneally into two MF1 mice
(Harlan) aged - 9 weeks using a 0.5 ml fine insulin syringe. After 22-28 hours, it is
expected that the animals should be at least 2+ Starey (wild type only). If these disease
signs are not reached within this time, this process should be repeated again. The mice were

anaesthetised with 5% (v/v) inhaled anaesthetic (isoflorhane) at a rate of 1.6-1.8 L
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O,/minute in an anaesthetic box. A cardiac puncture blood sample was extracted using a
syringe with a 23G needle. Without allowing recovery from anaesthesia, the animal was
killed by dislocating its neck. Death was confirmed by the absence of eye and joint reflexes.
50 ul of blood from the cardiac puncture was inoculated into 10 ml of BHI broth in a
Universal Tube with a tight cap. Inoculated culture tubes were incubated statically for 16-
20 hours at 37°C. After incubation, the cloudy suspension was removed with minimal
disturbance to the loose sediment of red blood cells. The suspension was centrifuged at
1500 x g for 15 minutes and the supernatant discarded using a sterile Pasteur pipette. The
pellet was re-suspended 1 ml BHI serum broth, which consists of 80% (v/v) BHI broth and
20% (v/v) filtered foetal calf serum. 700 ul of the re-suspended pellet was added to 10 ml
of fresh BHI serum broth. The ODsqo of the suspension should be around 0.70 and was
checked to see if this was the case. The culture tube was incubated statically at 37°C for
five hours until the ODsq of the culture reached 1.6. 500 pl of this culture was aliquoted
into sterile cryotubes, labelled and saved at -80°C. Once aliquots had been stored at -80°C
for 24 hours, a single aliquot was thawed and tested for viable count, which should not be
less than 1 x 107 cfu/ml™. Streaking pneumococci on blood agar was used to confirm their
growth. Optochin discs were used in the whole study to confirm that the existing bacterium

was S. pneumoniae.

2.4.3 Standard Manual and Automated Growth Curve
The growth curve allows the determination of when pneumococci will reach the
exponential phase. It was carried out based on readings of the absorption assayed during the

preparation of aliquots. These were recorded and used to determine the growth curves for
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each serotype. An automated growth curve was carried out using the Carioca Flash 2041
micro-plate (96-well Nucleon U-bottomed) reader (Thermo Scientific). From overnight
growth, the culture was centrifuged centrifuged at 1500 x g for 15 minutes. The pellet was
re-suspended 1 ml BHI-serum. From this suspension, 10 pl was added to 10 ml of BHI-
serum in a Universal Tube. 100 pl of this mixture was placed in a well. All serotypes were
placed in a row with five duplicates in a column. In the first column, a blank was added
(100 pl of BHI serum broth). The plate then was placed into the plate reader and the
machine was set up to measure the absorption (ODsg) every 30 minutes for 20 hours. After

20 hours, the data was collected and analysed to plot the growth curve for each strain.

2.4.4 Quantification of S. pneumoniae

This process is necessary to enumerate colony-forming units in stored aliquots using the
Miles-Misra assay (Miles and Misra, 1938). Shortly after 24 hours of storage at -80°C,
serial dilutions (ten-fold) from thawed aliquots of all tested serotypes were prepared to a
dilution of 10°®. Dilutions were duplicated for each serotype aliquot. The blood agar plate
was divided into six sections. Three drops of 20 pl of each dilution were spotted over each
section. The previous process was assessed on two plates and repeated for all dilutions and
all serotypes. All plates were incubated in CO; gas jar at 37°C overnight. The following
day, the dilution containing the optimum numbers of colonies (~ 200 colonies) was counted
and the viable count was calculated using the following formula:

CFU per ml = Mean number of colonies in sector x Dilution x 1000/60.
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2.4.5 Establishment of a confluent lawn of bacteria

Bacterial lawns are essential for further experimental processes as both spot tests and
plaque assays depend on a good quality confluent lawn of culture. Lawns which are too thin
can affect the appearance of putative plaques. In thin lawns, plaques become hard to from
natural break, whilst thick lawns are a consequence of bacterial overgrowth on plaques, so
plaques may be overgrown. 0.5% blood agar plates were prepared as a base layer for the
bacterial lawn. From overnight growth of re-suspended pellets, 700 pl was added to 10 ml
of BHI-serum broth, which was then incubated at 37°C for five hours. At the end of the
incubation period, 500 pl of exponential growth was added to 3 ml of 0.4% sloppy agar (3.7
g BHI broth base and 0.4 g of agar). The mixture was then poured and distributed all over
the plate and left on the bench to set. The same procedure was applied using a BHI agar
base (1.5% agar) with BHI sloppy agar (0.6% agar). Plates were incubated in CO; jar

overnight.

2.5 Phage Methods

2.5.1 Spot tests

Spot tests were the initial tests used to isolate phages from the samples in this study. The
spot test procedure was performed as described by Armon and Kott (1993). Briefly,
confluent lawns of host serotypes were made from 500 pl of exponential cells and 100 pl of
catalase (10° to 2 x 10° units per plate) on the base agar plates. Once lawns were made and
the agar set, 10 to 20 ul of processed samples was spotted on the top of pneumococcal
lawns. Spotted plates were left on the bench to dry and then incubated overnight at 30°C or

at 37°C using aerobic and an-aerobic conditions. Plates were observed the following day for
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the presence of zones of killing, which indicates phage lytic activity. The cleared patches
were scraped and put in an Eppendorf tube containing 1 ml of SM buffer and stored
overnight at 4°C. The Eppendorf was centrifuged at 600 x g for 10 minutes the following
day to precipitate host bacteria and agar. The supernatant was collected and filtered using a
0.22 um pore size filter. The filtrate was then used to repeat the spot assay and plaque

assay.

2.5.2 Plaque Assays

A plaque assay is the confirmatory test used to determine the presence of phages after their
initial inhibition in the spot assays (Adams, 1952). It is used to obtain single plagques to
distinguish phages from each other, as each single plaque should be originated from a
single phage. This assay is also used to obtain highly purified stock phages following the
phage being made clonal.

To isolate phages from collected samples, culture was grown as described in (2.1.3). From
this culture, 500 pl of exponential cells were first dispensed in Bijou tubes in addition to
100 ul of catalase (10% to 2 x 10° units per tube) to neutralise the amount of H,O,
produced. 20 pl of the putative phage containing sample was added to bacteria cells and
catalase in addition to 3 ml of sloppy agar. The tube containing the mixture was rolled
between the palms of the hands for 20 seconds to distribute the cells and phages in agar and
then poured on the top of the base agar. When the agar set, the plate was incubated
overnight at 30°C or at 37°C using aerobic and an-aerobic conditions. Plates were observed

the following day for the presence of single plaques.
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Figure 2.1: Spot test and plaque assay.

After obtaining single plaques, a single plaque was transferred individually in a bijou tube
with 1 ml of BHI and incubated for two hours at 37°C. Serial ten-fold dilutions from this
phage elution were made. A volume of 1 ml of each dilution was used a subsequent plaque
assay in the same technique as that described above, however, plates this time were
incubated overnight at 30°C. These processes were repeated several times to ensure that the

phage was clonal. Isolated phages were saved at 4°C for further processes.

2.5.3 Temperate pneumococcal phage induction

5 ml of fresh BHI broth growth media was inoculated with 50 ul of an overnight culture of
S. pneumoniae strains. The initial absorbance was mesasured at 500 nm and incubated at
37°C for 30 min. Mitomycin C or norfloxacin was added to a final concentration of 0.1
pg/ml. The absorbance was measured at 500 nm each hour for 6-8 hours until a decrease of
the optical density was observed. The culture was centrifuged at 3000 x g for 12 minutes at

4°C. The supernatant was neutralized to pH 7.0 with 0.1 M NaOH. The supernatants were
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filtered through a membrane filter of 0.22 um pore size. The sterile supernatant was stored

at 4°C.

2.5.4 Lytic pneumococcal phage isolation

Different environmental samples (258 samples) were used as sources of the pneumococcal
phage isolation. These samples include volunteer and clinical samples and tissues of mice
that had been infected with invasive S. pneumoniae. These samples are shown in Table 2.1.

All collected samples were tested by spot test and plague assay techniques.

2.5.4.1 Sample Collection for phage isolation

a) Samples from healthy volunteer

Despite the fact that pneumococci are cleared from the nasal carriage of most adults, some
people still have pneumococci in their nasal cavity. Samples were collected from healthy
children and adults. As the geographical distribution of pneumococci varies around the
world, 42 samples were collected from the UK and 12 from Saudi Arabia. Screened
volunteers included healthy toddlers, infant and adults. Some adults had handled S.
pneumoniae in their laboratories for at least one year.

Volunteer sampling involved two different samples; throat and nasal swabs. Throat swabs
were collected using wooden sterile swabs and wooden tongue depressor. The wooden
depressor was used to push the tongue down and then swab was inserted in volunteer’s
mouth all the way down to the throat. Throat was swabbed from different areas and pulled
out and repacked into its tube. Nasal swabs were collected using flexible metal swabs that
enable the movement through the nasal cavity without causing any damaging in attached

tissues. Nasal swab was inserted throw the nasal cavity until reaching the nasopharynx and
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rotated gently for few seconds, and then pulled out and repacked. Collected swabs were

stored in the refrigerator for further experiments.

B) Clinical samples

Clinical samples were collected from patients who were suspected to either carry
pneumococci, such as chronic pulmonary disease patients or patients suffering from chest
infections. A total of 19 samples were collected from Leicester Royal Infirmary (UK). A
total of 153 samples were collected from four different hospitals in the cities of Taif,
Jeddah, Abha and Al-Qunfidah in Saudi Arabia (Figure 2.2). Saudi Arabia has a high
prevalence of pneumonia despite the obligate vaccination (Memish et al., 2000), and in
addition, the ease of seeking ethical permission for clinical sample collection provided an

opportunity to collect more samples.

Algqunfidah
o Abha

A

Figure 2.2: Map of Saudi Arabia, highlighting the collection sites of clinical samples.
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c) Tissues samples from infected mice with invasive pneumococci
Mice were infected with invasive S. pneumoniae serotype D39 in a final concentration of
1x10° cfu/ml™ and left for 48 hours. Lungs and spleens of these infected mice were

collected at the end of the infection period and used for pneumococcal phage isolation.

Table 2.1: Number and collection sites of collected samples

Site of collection Throat/nasal swab Sputum  Pulmonary Mouse Mouse
fluid lung spleen

UK clinical — 19 — 16 16

UK volunteer 42 — S _ _

Saudi clinical 45 94 14 _ _

Saudi volunteer 12 — S _ _

Total 99 113 14 16 16

258

2.5.4.2 Sample preparation

Collected samples were processed using different procedures according to their type to
make them suitable for further tests.

Swabs and 0.5 ml of sputum samples were added to 1 ml of SM buffer immediately or after
overnight incubation with exponential phase growth of different pneumococcal strains.
Sputum was also processed using a different procedure as described by Tejedor et al
(1982). In brief, 1 ml of sputum was suspended into 7 ml of sputum manipluation buffer.
The sample was centrifuged at 10,000 x g for 30 minutes to remove bacteria and insoluble
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material. The clear supernatant was then spun at 100,000 x g for 8 to 12 hours to pellet the
phage particles. The top fluid overlying the small pellet was carefully removed and the
pellet resuspended in 0.5 ml of SM buffer supplemented by 0.01% gelatine. Phages were
assayed either by spot tests or plaque assays using dilutions of the resuspended pellet onto
lawns of S. pneumoniae serotypes.

All samples were cultured on blood agar plates to isolate S. pneumoniae. Swabs were all
incubated with BHI broth overnight to increase the chance of pneumococcal recovery.
Plates were incubated in CO, gas jar at 37°C overnight.

The lungs and spleens of infected mice were collected at the end of the infection period and
used for pneumococcal phage isolation. Tissue samples were collected in a universal tube
containing 10 ml of SM buffer and were homogenised using an Ultra-Turrax T8b
homogeniser (Sigma Aldrich). All homogenised samples were stored in the refrigerator
overnight to allow the release of phages from tissues. They were centrifuged (1750 x g for
15 minutes) the following day and the supernatants filtered with 0.22 pm pore size filters.
The filtrate was tested for phage isolation using both spot tests and plaque assays.

Recovery of S. pneumoniae was carried out by streaking all collected samples on a blood

agar plate and incubating them in CO, gas jar at 37°C overnight.

2.5.4.3 Optimisation of appropriate phage isolation conditions

The isolation of bacteriophages requires optimisation, including cultivation conditions, the
type of culture media and the micronutrients that are essential for bacteriophage isolation. It
is worth mentioning that due to the ability of S. pneumoniae to produce hydrogen dioxide

(H,0,) in culture media, catalase (10° to 2 x 10% units per plate) was added to the sloppy
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agar layer to neutralise the amount of bacterial produced hydrogen dioxide. All media
described in section 2.2 were used in the optimisation to indicate the best growth conditions
and appropriate media for the isolation. The optimisation also includes the addition of
different chemicals such as 5 M magnesium chloride and 1 M calcium chloride to both
media bases and soft top agar. Two different incubation conditions were used in the
isolation: micro-aerophilic (using CO, gas jar) and aerobic atmosphere. The incubation

temperature varied from 30°C to 37°C to maximise the chance of phage isolation.

2.5.5 Phage amplification

2.5.5.1 Plate amplification of phages

This assay is useful and appropriate for phages which can produce single plaques on
bacterial lawns. In this type of propagation, the plates which developed plaques were either
flooded with 3 ml of SM buffer or scraped in universal tubes containing 5 ml of the SM
buffer. Both flooded and scraped plates were stored at 4°C overnight. Plates and tubes were
soaked and shaken, respectively, at regular intervals during their storage. Phage elution was
collected by Pasture pipette from flooded plates and then centrifuged at 1750 x g for 15
minutes. Phages were harvested from scraped plaques by centrifugation under the same
conditions mentioned above. This process is assumed to give a higher phage titre each
cycle. Serial dilutions (tenfold) were made from phage elution and the same procedure was
repeated until the titre of 10'° pfu/ mI™ of the phage was obtained. Phage stock was stored

at 4°C for further processes.
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2.5.5.2 Liquid amplification of phages

This type of propagation is the only available method to propagate phages that do not form
single plaques on plates. The zone of killing caused by phages from the spot test was placed
into 100 ml of exponential phase growth culture of pneumococci. After three hours of
incubation, 200 pl of pre-warmed broth media (BHI, C-medium or K-cat medium) was
added to the same culture. Following overnight incubation, the culture was centrifuged at
1750 x g for 15 minutes. The supernatant was filtered with 0.22 um pore size filters and

stored at 4°C for further processes, such as spot testing and PEG purification.

2.5.6 Phage concentration using polyethylene glycol (PEG)

This purification protocol was used for both liquid culture and single plaque propagated
phages. In this assay, purified phages (2 x 10" pfu/ml™) were added to 5 ml of overnight
culture of pneumococci in a bottle containing 500 ml of BHI (fct). The mixture was
incubated at 37°C overnight. The bottle was centrifuged at 3300 x g for 15 minutes the
following day and supernatant collected in a new bottle. Sodium chloride was added in a
final concentration of 1M and placed on ice for one hour. The debris was separated by
centrifugation at 3300 x g for 15 minutes. Polyethylene glycol was added at a final
concentration of 10% to the supernatant and incubated at 4°C overnight when the PEG had
completely dissolved. The PEG-phage complex was harvested after centrifugation at 3300
x g for 20 minutes. The supernatant was discarded and the tube inverted to allow residual
solution and PEG to drain from the pellet. The pellet was gently resuspended in 1 ml SM

buffer and saved at 4°C until needed. The pellet is sometimes difficult to resuspend, and
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then was therefore refrigerated overnight with SM buffer and then resuspended using 1 ml

Gilson pipette.

2.5.7 Phage purification

2.5.7.1 Phage particle purification by isopycnic centrifugation in a caesium chloride
gradient (CsCl)

This protocol is used to make highly pure phage preparations. After obtaining the PEG
precipitated lysate, a gradient technique was set up using three different concentrations of
caesium chloride: 1.3 g/ml (40.41 g of CsCl in 100 ml of phage buffer), 1.5 g/ml (67.48 ¢
of CsCl in 100 ml of phage buffer) and 1.7 g/ml (94.29 g of CsCl in 100 ml of phage
buffer). 3 ml of each concentration was added to a 12 ml soft ultra-clear tube, starting with
the highest CsClI concentration at the bottom. 2 ml of phage lysate was added at the top of
these gradients and centrifuged in TH641 rotor for 20 hours at 114688 x g at 4°C. The
phage band was collected by needle and syringe and dialysed three times using one litre

SM buffer for eight hours at 4°C for each. The phage preparation was stored at 4°C.

2.5.7.2 Phage particle purification by high performance liquid chromatography
(HPLC)

High performance liquid chromatography an approach commonly used for protein
purification was used to purify phage particles. Phages have charged residues which can
bind to stationary phases in the presence of an appropriate solvent. Two different
concentrations of SM buffer (100 mM and 2 M) were used as solvents. The low salt solvent
was used to enhance the attachment of phage SP-QS1 to the column, and the salt

concentrated buffer was used to liberate this attached phage to form the stationary phase.
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Phage lysate was injected into the HPLC apparatus at a final concentration of 107 for two
hours. Different fractions were collected at different retention times according to the peaks
shown on the graph. Purified phage elution was filtered with 0.22 um pore size filter and

assayed for plaque assays to determine the phage titre.

2.5.8 Transmission electron microscopy

Phages were concentrated from the lysate using PEG precipitate and then purified by
isopycnic centrifugation in a caesium chloride gradient. Following these preparations,
phages were examined under a TEM microscope using the negative staining procedure.

For negative staining, EM grids were treated using an Emitech K100X glow discharger
(EM Technologies Ltd) to make them hydrophobic. Each grid was handled with tweezers in
an inverted position. Each sample was handled with different tweezers to avoid cross-
contamination. 3-5 ul of the phage specimen was added to the grid — shiny side up - and
then left for five minutes. The excess sample was removed using Whatman filter paper. The
grids were washed twice using distilled deionised water. Uranyl acetate (1% wi/v) dye was
used to stain the grid for 45 seconds and the excess of the stain was then immediately
removed with filter paper. The grid was then ready to be viewed on the JEOL 1400 TEM
with an accelerating voltage of 80 KB. Images were captured using Olympus soft imaging

system on a Megaview Il digital camera with iTEM software (Olympus).

2.5.9 One-step growth curve
Prior to the application of one-step growth, phage SP-QS1 titre was determined using
plaque assay. One-step growth was then carried out using a phage multiplicity of infection

(MI10O) of 0.1. MOl is calculated using the following:
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MOI= the number of phages/the number of bacterial cells

The one-step growth technique described by Ellis and Delbriick (1939) was used with some
modifications. In short, 9 ml of exponential phase culture cells was added to 1 ml of phage
lysate in universal tubes. 1 ml of Phosphate-Buffered Saline (PBS) was added to the
controls. The mixture was incubated at 37°C for 15 minutes. The mixture was then
centrifuged at 1750 x g for 10 minutes. The pellets were resuspended into 10 ml of pre-
warmed (fct) BHI-serum medium. The suspension was dispensed into ten Bijou tubes and
incubated at 37°C. One tube was assayed for plaque assays for 10 minutes, 20 minutes, 30
minutes, 40 minutes, one hour, two hours and three hours. PFUs were calculated each time
and the results compared. The phage growth curve was drawn using GraphPad prism5

software.

2.5.10 Phage in vitro impact on infected host cells and their growth curve

This experiment was carried out manually using phage SP-QS1 with different
pneumococcal serotypes, including D39, serotype 3 and 4, 23F, 6B and 19F. To detect the
optimal ratio of phages and pneumococci for rapid bacterial clearance, different MOIs were
examined. In universal tubes, 9 ml of exponential phase growth of pneumococci at a final
concentration of 1 x 10° cfu/ml™ was mixed with 1 ml of phage SP-QS1 lysate at a final
concentrations of 1 x 10%, 1 x 10" and 1 x 10° pfu/ml™* (MOI of 0.1, 1 and 10, respectively)
for 15 minutes at 37°C. The only serotype that was examined using these three different
MOI was D39, whereas the rest of serotypes were tested with MOI of 10 only. 1 ml of PBS

was added to the controls.
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Pneumococcal cultures were centrifuged at 1750 x g for 10 minutes. The pellets were
resuspended into 10 ml of pre-warmed (fct) BHI-serum medium. The suspensions were
incubated at 37°C for five hours. The optical density, colony-forming units and phage-
forming units were measured every hour until the end of the incubation period. Processed
plates for the cfu count were incubated overnight at 37°C in a CO, gas jar while those
processed for pfu count were aerobically incubated overnight at 30°C. Data were collected
the following day and analysed using the Excel and Prism programmes.

To confirm the results obtained from this experiment, the interaction of phage SP-QS1 with

each pneumococcal serotype was tested in triplicate and repeated twice.

2.5.11 Pneumococcal phage interaction with S. pneumoniae in vivo
The ability of phage SP-QS1 to clear S. pneumoniae was tested to maximise the possibility
of using it for phage therapy. Two different in vivo experiments were assayed to detect the

behaviour of the phage toward pneumococci, including intranasal and sepsis infections.

2.5.11.1 Intranasal model of infection

Phage stock was used to run five individual experiments. 25 female MF1 mice (Harlan)
with the age of 9 weeks were challenged with 50 pl pneumococci via the intranasal route at
a final concentration of 1 x 10° (cfu/50 pl™). Mice were divided into two groups: control
and treated mice. Ten control mice received 50 pl of BHI post-dose after one and five hours
intranasally, while ten phage-treated mice received 50 pl of phage lysate instead (pfu/50 pl’
1. Both BHI and phage lysate were administrated twice; after one hour and five hours from

the beginning of bacterial challenge. The final concentration of used phage was 1 x 107
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(pfu/50 pl™) in all experiments, giving MOI of 10. The rest of mice (n: 5) were injected
with phage lysate only.

The plaque-forming units and bacterial colony forming units were determined before and
after their injection in mice. Three mice from each group (controls and treated mice) were
culled at time zero and their lungs and nasopharynx collected, homogenised and processed
for the colony-forming unit count. All mice involved in the experiment were assayed using
the pain scoring scheme (Morton, 1985) regularly to determine the severity of infection
over time. The score sheet used is shown in Appendix 2.

After 24 hours, five control mice and five treated mice were culled and their lungs and
nasopharynx collected. Cardiac puncture blood was also extracted from all the mice. The
remaining mice were subjected for tail bleed to determine the presence of bacteria in their
blood and were then left for a further 24 hours. Blood was collected from mouse tail in 0.5
ml Eppendorf tubes containing 1pl heparin to avoid clotting. Nasopharynx and lung
samples were homogenised and these samples in addition to the blood samples were
assessed for colony-forming unit count to determine the viable count of S. pneumoniae.
The results of this part of the experiment were compared with the results of the pain score

and the 48 hour results.

After 48 hours from the onset of infection, the remaining control and tested mice were
culled and their blood, lungs and nasopharynx collected and processed for viable counts.
All data from this experiment was analysed with t-test to calculate both standard deviation

and P- value using GraphPad prism5 software.
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2.5.11.2 Sepsis model of infection

A fresh stock of phage was used to run this experiment. Twelve female MF1 mice (Harlan)
were challenged with 50 pl pneumococci via the intravenous route at a final concentration
of 1 x 10° (cfu/50 pl). Six control mice received 50 pl of BHI post-dose after one, three,
and six hours intravenously, while six phage-treated mice received 50 ul of phage lysate
(phage/50 pl) instead. This led to a MOI of 10, which should be consistent with the
intranasal model of infection.

The phage and bacterial titres were determined before and immediately after
(approximately 20 minutes) their injection in mice. All mice involved in the experiment
were assayed for pain scoring regularly to determine the severity of infection over time.

All tested mice (controls and treated mice) were assayed for tail bleeding six hours after the
beginning of the bacterial infection. Blood samples were collected in 0.5 ml Eppendorf
tubes containing 1 pl heparin to avoid clotting and then processed for the bacterial titre
determination. The same process was repeated again after 24 hours to evaluate the severity

of infection after this time of incubation.

After 48 hours, the remaining mice were assayed for cardiac puncture and then culled to
collect their nasopharynx and lungs samples. The viable count of the bacteria in the
collected tissues and blood was tested. All data from this experiment was analysed with t-

test to calculate standard diviation and P value using GraphPad prism5 software.

2.5.11.3 Survival experiment

This experiment was carried out to determine the effect of using phage SP-QSL1 to prolong

the period of mouse resistance to pneumococcal infection. The procedure used in this
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experiment is similar to that used for the intranasal model of infection (2.10.2). However, in
this procedure mice were checked and scored without taking any samples. To briefly
summarise, female MF1 mice (Harlan) were challenged with 50 ul pneumococci via the
intranasal route in a final concentration of 1 x 10° (phage/50 ul) Mice were divided into
two groups: control and treated mice. Ten control mice received 50 ul of BHI post dose
twice after one and five hours intranasally, while ten phage-treated mice received 50 pl of
phage lysate (phage/50 pl) instead. Mice were checked and scored regularly for 48 hours.
Data was processed and analysed in GraphPad prism5 software using Kaplan-Meier

survival analysis.

2.6 Genetic characterisation of the phage SP-QS1 genome

2.6.1 Assaying phage DNA by pulse field gel electrophoresis (PFGE)

PFGE is used to determine the size of phage genomes. DNAse and RNAse (Sigma) were
added to phage lysate at a final concentration of 14 pug/ ml and 30 pg/ ml respectively, and
incubated at 37°C for one hour or preferably overnight. 2% low melting point agarose
(SeaPlaque® GTG® Agarose) was prepared in 0.5 x TBE. An equal volume of 40 ul of
agarose and processed phage lysate were mixed in a 1.5 ml Eppendorf and transferred to
the gel mould, which was then refrigerated for at least 30 minutes or kept for two hours at
room temperature. Each agarose plug was placed in an Eppendorf tube containing 1 ml of
lysis buffer. The Eppendorfs were left in a water bath at 55°C overnight. Plugs were
washed three times in the following day with 1 x TE buffer. 200 ml of 1% pulse field
certified agarose was prepared in 0.5 x TBE. Once the gel was set, marker and sample

plugs were inserted into wells. Bio-Red CHEF of the PFGE was rinsed with ultrapure water
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and then with 0.5 x TBE. Two to three litres of 0.5 x TBE was added to the tank and the gel
correctly positioned. The bands were separated at 6 volts/cm at 14°C for 17 hours. The gel
then was examined using the transilluminator (EuroSciCon) to visualise the DNA bands

(Lingohr et al., 2008).

2.6.2 Phage DNA Extraction

High quality and quantity DNA is needed for molecular analysis. In order to achieve this,
the PEG purified phage lysate must be completely free from bacterial chromosomal DNA.
Removing chromosomal DNA was achieved by the adding of DNase (14 mg/ ml) (Sigma)
and RNase (30 mg/ ml) (Sigma) to phage lysate overnight at 4°C. To extract the DNA, an
equal volume of phenol was added to the processed phage lysate for two minutes. The
mixture was centrifuged for 10 minutes at 21000 x g and the aqueous layer was then
transferred to another tube, an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1
v/viv) was added to this and given two minutes before being centrifuged for 10 minutes at
21000 x g. The aqueous layer was extracted with an equal volume of chloroform:isoamyl
alcohol (24:1 v/v) and left to set for two minutes and then centrifuged for 10 minutes at
21000 x g. After centrifugation, the aqueous layer was added to 0.4 volumes of 7.5 M
ammonium acetate and two volumes of isopropanol and then left on ice for one hour. It was
then centrifuged at 21000 x g for 20 minutes at 4°C. The resulting DNA pellet was briefly
air-dried and washed once with 500 ul of 70% (v/v) ethanol and centrifuged at 21000 x g
for 20 minutes to recover the DNA pellet. The pellet was left to air-dry and was then
resuspended in 20-50 pl of elution buffer (10 mM Tris-HCL, pH 8.5), depending on the

size of resulting pellet. A NanoDrop ND-1000 spectrophotometer (Thermo Scientific) was
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used to quantify the phage DNA. Phage DNA concentration was measured initially using a
NanoDrop ND-1000 and then confirmed using Qubit® 20 (Invitrogen), as NanoDrop ND-

1000 gave a measurement approximately 10 times higher.

2.6.3 DNA sequencing and annotation

The phage genome was sequenced using 454-pyrosequencing. The concentration of DNA
required for sequencing was 30 pg/ ml. Sequenced DNA was annotated using Artemis
(Rutherford et al. 2000).

Genmark.hmm 20 (Besemer and Borodovsky, 1999), GLIMMER 3.02 (NCBI) (Salzberg et
al. 1998) and GeneNote (Shmueli et al., 2003) were used to predict ORFs. The putative
functions of predicted ORFs were assigned using Blastp (Altschul et al. 1990). The circular
genome of the phage SP-QS1 was vyielded using Q script language version 6

(http://www.star.le.ac.uk/~rw). The organization of genes was designed using Gliffy

software (http://www.gliffy.com/qgliffy/).

The existence of transfer RNA was identified by scanning the phage SP-QS1 genome using
tRNAscan-SE 1.21 (Lowe TM and Eddy SR, 1997). The terminators were detected using
transtermHP programme (Kingsford C.L et al., 2007). The direct repeat sequences or
spacers of CRISPRs (Clustered Regularly Interspaced Short Palindromic Repeats) were

obtained from the CRISPR database (Rousseau et al., 2009).

2.6.4 Genome characterisation
Blastp was used to generate file comparison and the genomes of Streptococcus phage SP-
QS1 and Enterococcus phage SAP-6 and BC-611were visually compared using ATC

(Carver et al., 2005). Each set of phage genes from the two phages were compared to
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determine their similarity using blastp (the amino acid sequences). Results with an e-value
of less than 10™ were removed. Shared and similar genes were the top hits in the blastp
search that could identify one another. The percentage identity value between ORFs was
obtained from the alignment of two ORFs’ amino acid sequences in ClustalX (1.83) by
calculating the percent identity matrix (PIM). Both default parameters (gap opening and
gap extension) - pairwise and multiple options - were involved in the alignment (Thompson

et al. 2002). Pairwise and multiple comparisons were set to 2 and 0.1, respectively.

2.6.5 Phylogenetic trees

The genes of interest were selected after their alignment using Clustal X 1.83 (Thompson et
al. 2002). These genes were terminase large subunit, minor capsid and DNA polymerase.
They were combined with the top 25 blastp hits and then submitted to the MEGA4:
Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0 (Tamura et al.
2007). A phylogenetic tree was constructed using the neighbour-joining method as well as
the number of differences model. The tree was constructed to be unrooted, and the
parameters used to test the phylogeny were bootstraps from 100 replicates with a random

seed.
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3.1 Introduction

Although two lytic pneumococcal phages have been isolated, neither of them have
shown the ability to infect invasive capsulated S. pneumoniae (McDonnell et al., 1975).
The host cells for these lytic pneumococcal phages were R36 and R6 which are non-
capsulated strains. The resistance of pneumococci to these phages was attributed to the
role of the capsule in protecting capsulated strains of S. pneumoniae (Bernheimer and

Tiraby, 1976).

Four temperate pneumococcal phages have been previously induced: EJ-1, MM1, HB-3
and VO1 (Romero et al., 1990c; Diaz et al., 1992; Gindreau et al., 2000; Obregon et al.,
2003b). The Temperate phage HB-3 is a siphovirus which were induced from the
pneumococcal strain HB-3 in 1990. The phage HB-3 similar to the phage MML1 in that
they both have a protein linked to their genomes which are used for the integration into
pneumococcal chromosome. This phage has been found codes for amidase which shares
many biochemical and immunological properties with that one of its host (Romero et
al., 1990c).The phage EJ-1 belongs to the Myoviridae family phages which possess a
42-kb linear DNA. The first induction of this phage was in 1992 by Diaz et al. from the
pneumococcal strain 101/87 (Diaz et al., 1992). The phage MM1 was induced from
antibiotic-resistant Spanish/American 23F S. pneumoniae, it is a siphovirus with 40-kb
DNA (Gindreau et al., 2000). Phage VOL is a temperate bacteriophage of the type 19A
multidrug-resistant epidemic 8249 strain of S. pneumoniae. There is a similarity
between this phage and phage MML1 in their specific integration site, protein
composition, restriction patterns, and in the way which lysis their hosts (Obregon et al.,
2003b). Two phages have been sequenced with accessible data;, MM1 and EJ-1

(Obregon et al., 2003a; Romero et al., 2004). VO1 has been sequenced but the data is
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not accessible. None of the phages described in this paragraph has shown the ability to

infect capsulated strains of pneumococci.

The objective of this study was to isolate lytic phages which have wide host range and
can infect capsulated pneumococci. To facilitate the isolation of lytic phages, several

temperate phages were induced to understand the dynamic of lytic phages.

In this project, 258 different samples (described in section 2.2) were screened for the
isolation of pneumococcal phages. These samples were obtained from the UK and Saudi
Arabia and came from 54 healthy volunteers and 172 patients with respiratory
conditions. The remaining samples (32 samples) were lung and spleen tissues from mice
infected with invasive pneumococcal strain D39. Phage isolation was undertaken using
capsulated S. pneumoniae strains as host cells including; serotype 2 (strain D39), the
invasive serotypes 3 (strain A66), 4 (strain TIGR4), 23F, 19F and 6B. In addition, two
non-capsulated mutants derived from strain D39; R36 (Avery et al., 1944) and R6
(Tomasz A and Hotchkiss RD, 1964) were also used for phage isolation. The capsulated
strains were selected as they represent a diverse array of pneumococcal strains, the
laboratory strain (D39) which the most strain studied and have appropriate mouse
model of infection, the most invasive strains (serotype 4 and 6B), strain with thick
capsule and other capsulated strains which are invasive but not as common as the
pervious strains (23F and 19F). These strains were used to increase the probability of
isolating appropriate phages which can infect the capsulated strains. All these strains

contain prophages in their genomes except strain D39 (Ramirez et al., 1999).

All these strains were previously serotyped and identified and confirmed as strains of S.

pneumoniae using their colony appearance on blood agar (oo hemolysis), gram staining
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and Optochin sensitivity. These confirmatory tests were routinely checked consistently

throughout the study.

3.2 Results and discussion
3.2.1 Optimising growth parameters

The results of bacterial culture and characterisation show that all the bacteria strains
were as expected gram positive cocci, capsulated and sensitive to Optochin discs. The
period spent reaching exponential phage growth for these strains vary from five hours,
for the wild serotype D39, to nine hours for the mutant strain R36. Using the same
bacterial culture procedure for both wild and mutant strains resulted in similar viable

counts, of approximately 1 x 10% (cfu/ml™). Growth curves are shown in Appendix 3.

When all serotypes were confirmed as pneumococci and their viability checked, the data
from growth curve was used to identify the optimum time required to obtain exponential
phase. The exponential phase growth is essential to form confluent growth. Most
capsulated strains reach this phase within 5-6 hours. Confluent lawns preparation are
substantial for phage isolation as both sparse and dense lawns can affect the formation
of plaques, plaques are either not formed or covered by bacterial growth on sparse and
dense lawns, respectively. The preparation of confluent pneumococcal lawns showed
that there is no difference between using 0.5% blood agar supplemented plates and non-

supplemented as S. pneumoniae was able to give confluentt growth on all agar plates.

3.2.2 The induction of temperate pneumococcal phages

Phage induction from S. pneumoniae serotypes showed that there were several phages
induced from prophage serotypes 6B and 23F. One phage was induced from serotype

6B using mitomycin C (6BT-1), while two were induced from serotype 23F using
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mitomycin C and norfloxacin (23FT-1 and 23FT-2, respectively). These phages were

able to show zones of lysis on the pneumococcal lawn of strains D39, 19F and 35A.

The temperate phages have different morphologies to the previously isolated ones, with
each of them being distinctive. Lysogenic phage MM1 is a siphovirus with an
icosahedral head and long tail and tail fibres(Gindreau et al., 2000). The morphology of
temperate phage EJ-1 has an icosahedral head, sheathed contractile tail separated from
the head by a nick, and a basal plate with spikes (Diaz et al., 1992). These morphologies
are not similar to any of the newly induced phages. In contrast, temperate phage 6B-1
appears to have icosahedral head, sheathed contractile tail and spikes (Figure 3.1 A).
Despite temperate phages 23FT-1 and 23FT-2 (Figure 3.1 B and C) are both
podoviruses with an icosahedral head and short tail; they were induced using different

antibiotics, mitomycin C and norfolxacin, respectively.

Figure 3.1: Pneumococcal temperate phages.

A is phage 6BT-1 which was induced using serotype 6B; B and C are phages 23FT1

and 23FT2, respectively, which were induced using serotype 23F. Scale bar is 500 nm.
3.2.3 The isolation of lytic pneumococcal phages

All collected samples were screened initially with spot tests. The screening with spot
tests showed that 25 samples were able to form lytic activity on pneumococcal lawns.
The rest of samples were screened with phage enrichment by incubating them with

pneumococci overnight and then tested with spot tests. Phage enrichment was assayed
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to increase the chance of the isolation by increasing the titre of expected phages.

However, none of them showed any zone of lysis or plaques in spot tests.

19 sputum samples and 6 throat swabs from clinical samples spots cleared lawns of
pneumococcal strains D39, 6B, 23F and 19F, however, none of these samples showed
individual plaques. The zones of lysis on pneumococcal lawns decreased gradually
corresponding to phage lysate dilutions and then disappeared (Figure 3.2), this
phenomenon was also observed when induced phages were tested with spot tests and
plaque assays. Phages isolation from mouse tissue following invasive pneumococcal
disease showed no zone of lysis on pneumococcal lawn indicating that might there was
apparent not to be phages existing in their processed organs. Alternatively, they might
present in low numbers which not enable them to cause lysis or the grow conditions
were might not have identified in a way which allow them to grow. Because these
phage were not able to grow on plates, liquid propagation was undertaken to propagate

them and then were visualised by TEM.

Figure 3.2: The appearance of non-plaquing phages on pneumococcal lawn.
The letter n is neat and 23F is one of tested strains.
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The disability of obtaining individual plaques was obtained every time using all media
types used in the study. The same result was obtained consistently with all the
pneumococcal strains tested. Furthermore, the addition of magnesium chloride and
sodium chloride to the base media, and/or to sloppy agar, had no effect on obtaining
single plaques. Three phages were visualised by TEM after phage liquid propagation
and were named as phages 6BL-1 and 6BL-2 (6B: is the strain used for the isolation, L:
Iytic, 1 and 2: phage number) and 23FL-1 (23F: is a pneumococcal strain, L: lytic, 1:
phage number). 6BL-1 is belonging to Siphoviridae family with an icosahedral head and
long tail and tail fibres (Figure 3.3 A). 6BL-2 being a member of Myoviridae with an
icosahedral head, contrail sheathed tail separated from tail fibres with unsheathed tail
(Figure 3.3 B). 23FL-1 belonging to the Siphoviridae with a circular head, short thin tail
and tail fibres (Figure 3.3 C). Although, these phages are appearing as lytic, they could
not be further propagated and used for further analysis. The phages described in this

paragraph could be temperate phage; however, my induction showed that induced

phages have different morphologies from these phages.

Figure 3.3: Different lytic phages have been isolated from clinical samples.

A and B are lytic phages belonging to Siphoviridae and Myoviridae, respectively. They
were isolated using serotype 6B as a host cell (6BL-1 and 2); C is a lytic phage
belonging to Podoviridae which was isolated using serotypes 23F (23FL-1) as a host
cell. Scale bar is 500 nm.

Page | 66



Chapter 3. The isolation of pneumococcal phages

All samples that showed a zone of lysis in spot test were assayed for clearing
pneumococcal growth in liquid culture. The addition of these samples to exponential

phase growth of pneumococci showed no reduction in bacterial growth ODs.

There are several reasons to explain why these isolated phages did not propagate on
pneumococcal lawns. One possible explanation is that all samples which gave a zone of
lysis were clinical samples; therefore they might contain traces of antibiotics which
probably caused that lysis. Another explanation is that all tested serotypes carry
prophages except serotype D39 (Romero et al., 2009). Therefore, it is possible that
prophages may provide superinfection exclusion or immunity against additional related
phage entrance into the bacterial cells or phage replication after penetration (Chesney
and Scott, 1975; Hershey and Dove, 1983). Another reason could be that the initial
phage infection during spot tests occurred when pneumococcal cells transformed from
being capsulated to non-capsulated (Kim and Weiser, 1998). Finally, the disability in
the production of individual plaques by described phages might be related to phage
traits such as low burst size. Phages which have low burst size could make small
plaques but were being covered by bacterial growth (Abedon and Yin, 2009; Kaur et al.,

2012).

The formation of individual plagues was only obtained using the modified BHI media
base and the plaque assay technique. Modified BHI media contained a combination of
filtered brain heart infusion (fct) and 5 ng choline chloride, with the pH adjusted to 7.4
using Tris-HCI. The base of this media was prepared in the same way as for the broth
with the addition of 1% agar. The top sloppy agar (0.4% agar) was supplemented with
0.4% glycine. Several attempts to isolate lytic phage were tried and eventually plaques

were obtained after this modified media was used with another assay procedure, in this
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new assay, the zones of the lysis areas which were obtained from spot tests were
bunched and incubated at 37°C for 1 to 2 hours in 1 ml (fct) BHI broth. Following this
procedure, the plaque assays were undertaken which resulted in distinctive plaques. The
plaques were obtained from a clinical throat swab sample from admitted child with a
respiratory tract infection at general hospital in the city of AL-Qunfidah, Saudi Arabia.
The distinctive isolated lytic phage which gave these plaques was found to belongs to
Siphoviridae and possess a prolate head of size ~ 45 by 112 nm, a non-contractile tail of
size ~ 140 nm ending with ~20 nm tail fibres (Figure 3.4). Siphoviridae are double-
stranded DNA (dsDNA) viruses of the order Caudovirales (tailed phages). The lytic
phage was named as phage SP-QS1 (SP: S. pneumoniae, Q: The city of Qunfudah

where the samples were collected from, S: siphovirus, 1: Phage number).

Figure 3.4: Phage SP-QS1.
A) TEM image shows the distinctive prolate-head, long tail and tail fibre. Scale bar is

500 nm. B) Microtome image of phage SP-QS1 attached to serotype 2.
SP-QS1 was able to clear the pneumococcal growth in high titre lysate and the cell lysis

decreased unit single plaques formed (Figure 3.5).
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Figure 3.5: Phage SP-QS1 plaque assay. A and B: confluent lysis; C and D: phage

plaques which decreased corresponding with phage dilutions.

All induced temperate and isolated lytic phages obtained in the study are shown below

in Table 1.

Table 3.1: Temperate and lytic phages studded in this project

Temperate

Temperate
Temperate
Lytic
Lytic
Lytic
Lytic
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Podoviridae
Siphoviridae
Siphoviridae
Siphoviridae
Siphoviridae

Siphoviridae

Serotype 6B
Serotype 23F

Serotype 23F
Serotype 6B
Serotype 6B
Serotype 23F
Serotype D39

No
No

No

No

No

No
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3.2.4 Phage amplification

Phage amplification resulted in obtaining a highly purified phage when a single phage
clonal assay was used. This technique enabled the obtainment of a high phage titre over
the purification. Every step of amplification using single plaque resulted in more
concentrated phage, which was sometimes tenfold higher than in the previous cycle.
Despite the ability to propagating phages using liquid amplification method, however,
the titration was very poor and the purification of non-plaquing phages was not
possible, in addition to that the titration of phage particles became difficult and more

challenging.

3.2.5 Phage purification

In order to determine best way to make stock of phage SP-QS1, two phage purification

techniques were used to obtain highly purified phages with high titre.

3.2.5.1 Phage purification using caesium chloride gradients

The purification of the SP-QS1 using a CsClI gradient resulted in the formation of a very
thick band (Figure 3.6). The band contains the phage particles which migrate depending
on their size and density through the gradient. Due to the phage purity which was
resulted from clonal assay, only one band was obtained by CsCI gradient purification
which set between densities 1.3 and 1.5 g/ml. The phage band was dialysed for three

rounds using SM buffer and then stored at 4°C.

Page | 70



Chapter 3. The isolation of pneumococcal phages

Phage band

Figure 3.6: SP-QSL1 purification using caesium chloride gradients.

The arrow indicates a phage band which is present in CsCl gradient between 1.3 and 1.4 g/ml.

3.2.5.2 Phage purification using high performance liquid chromatography (HPLC)
A HPLC approach for phage purification was attempted to obtain highly purified phage
particles and then to test their ability to infect their host cells. This kind of purification
is very important when SP-QS1 is used as therapeutical agent to treat human
pneumococcal infections. The phage was retrieved in the second fraction of the
purification cycles as shown in Figure 3.7. Despite the success of phage purification
with this approach, the efficiency of this technique was too low as the titre of the phage
decreased following purification. The titre of tested new lytic phage was 107 (pfu/ml™)
prior to HPLC and the phage titre was 10° after purification, which meant that only

0.0001% of the phage remained while the rest of the phage particles were washed off.
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Figure 3.7: SP-QSL1 purification using a HPLC approach.
The second fraction started from 3 to 8 on the scale.
It has been determined that using CsCI to purify phage SP-QS1 gave highly purified

phage particles with a higher titre than using HPLC.

3.2.7 Host range of phage SP-QS1

Spot tests were used to determine if phage SP-QS1 can infect all S. pneumoniae
serotypes. Zones of lysis were observed after overnight incubation at 30°C in an aerobic
environment. Serotypes 3, serotype 4, and 6B were susceptible to phage, whereas
serotype 23F and 19F were not susceptible. Other phages were excluded from this

experiment as they are not able to form plaques on pneumococcal lawns.

3.2.8 One-step growth curve of phage SP-QS1
This part of the study explained the biological parameters of phage SP-QS1, which
describe the lytic life cycle of this phage. Data collected during this phase facilitated

understanding of the other observations made regarding the life cycle.

Three replicates of two individual experiments to obtain one-step phage growth curves
were used and the average data was analysed to obtain growth parameters including
latent period and the burst size of phage SP-QS1. The experiment was assayed with

multiplicity of infection (phage/ bacterial cell ratio) of 10 to insure that each cell would
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be infected with one phage. The life cycle of phage SP-QS1 is shown in Figure 3.8. This
experiment could not be conducted with other phages as they did not propagate well in a

liquid medium.

The latent period for phage SP-QS1 was found to be approximately 90 minutes on strain
D39. Although, the previous pneumococcal phages have long latent periods during their
life cycle, phage SP-QS1 has the longest latent period among these phages. The latent
periods for lytic phages Dpl and Cp-1 are around 30 and 50 minutes, respectively
(McDonnell et al., 1975; Ronda et al., 1981). The burst size of this phage is 4.66 x10°

phage/ml™.

4.0 i 4

0 30 60 90 120 150 180 210 240
Time (Minutes)

Figure 3.8: Phage SP-QS1 one-step growth experiment using MOI of 0.1 on strain D39.

L indicates latent period and B indicates burst size. The experiment was repeated twice with three
replicates, and data are shown as mean + SD.

3.3 Conclusion

There is an increase in the emergence of pneumococcal strains which are resistant to
different antibiotics of choice, this corresponds with lack of overall protection of
vaccination for humans of all ages (Koskela et al., 1986; Di John et al., 1989; Peeters et
al., 1991). Previously, it has been thought that no phage could invade capsulated
pneumococci as the capsule works as a protective tool against the previously isolated
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Iytic pneumococcal phages (Bernheimer and Tiraby, 1976). In addition, these
previously isolated lytic phages are known to be unstable during storage. Therefore, an
objective of this study was the isolation of a new bacteriophage capable of infecting
capsulated S. pneumoniae with a potential application in the control and treatment of

infection caused by this pathogen.

In order to contextualise lytic phages, several temperate phages were induced with
mitomycin C and norfloxacin. The induction resulted in the obtaining of three phages
which were found to belong to Myoviridae (6BT-1) and Podoviridae (23FT-1 and

23FT-2) using strains 6B and 23F, respectively.

To isolate lytic phages, 258 samples were analysed and screened. The screening of
collected samples with extensive effort using spot test and plaque assays resulted in the
isolation of one detective lytic phage SP-QS1. This phage showed it is ability to form

zones of lysis and individual plaques on pneumococcal lawns.

Phage SP-QS1 was isolated from a clinical throat swab specimen from a child with
aspiration respiratory infection. This phage has a distinctive morphology with a prolate
head, long tail and tail fibres. Phage SP-QS1 has a relatively broad host range and its
growth curve shows that it has a long latent period of around 90 minutes. The burst size

of this phage was 4.66 x10° phage/ml™.

The ability of phage SP-QS1 to form individual plaques enables obtaining highly
purified phage with high titre which enables the detection of phage activity against

invasive pneumococcal strains in both in vitro and in vivo.
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4.1 Introduction

As an obligate parasite, bacteriophages can infect, replicate within and lyse their hosts.
This interaction between phages and their hosts was confirmed for both long-tailed
phages such as myophovirus and siphovirus with S. aureus and E. Coli, respectively
(O'Flaherty et al., 2004; Berkane et al., 2006) The ability of a phages to kill host
bacteria can be exploited in phage therapy to clear pathogenic bacteria that cause food
spoilage, infectious diseases in humans and agricultural diseases in plants and animals
(Khalil et al., 2012). Some advantages of phage therapy such as host specificity of
bacteriophages and the lack of toxicity and immunogenicity associated with lytic
phages are potential advantages that phage therapy has over antibiotics (Alisky et al.,
1998).

The interaction between phages and their hosts begins with phage recognition of
specific receptors on the bacterial cell wall. These receptors are different from one
bacterium to another; for example, choline has been indicated as a receptor for
pneumococcal phage Dpl (McDonnell et al., 1975) and lipopolysaccharides or outer
membrane porin protein of E. Coli are the binding receptors of lambda phage (Bartual
et al., 2010). Generally, two phage proteins are involved in receptor recognition, phage
tail tip protein and phage tail fibre protein (Skurnik and Strauch, 2006). The full
dynamic of phages and their host depends on parameters such as phage adsorption rate,
burst size, latent period, maximum bacterial growth and phage density. It has been
found that phages with high adsorption rates burst size would reduce the bacterial

population more than phages with low adsorption rates (Levin and Bull, 2004).
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Host density has an impact on phage density following community-wide host lysis. The
use of more phages in a culture with sensitive bacteria increases the chance of infecting
and lyse all bacteria. Phage-bacterial ratio or multiplicity of infection (MOI) has an
impact on the burst size and lysis timing as different MOI resulted in different outcomes

(Abedon, 2006).

In order to exploit phage specific doses which can be used for in vivo application, this
chapter designed to detect the effect of phage SP-QS1 on S. pneumoniae strains D39, 3,
4, 23F, 6B and 19F in liquid culture. It was also established to detect the time that is
required by SP-QS1 to clear pneumococci. The data in this chapter presented the
influence of phage infection on optical density and bacterial viable count with more
attention on the latter. The reduction in both parameters is encouraging the application
of interaction between phage SP-QS1 and pneumococci in mouse model of infection.
Phage MOI and the number of phage administrations and their timing in phage/host cell

in vivo interaction rely on the outcomes of this chapter.
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4.2 Results and discussion

4.2.1 Effect of phage SP-QS1 on strain D39

In order to detect the effect of SP-QS1 on D39 cells, ODsq and viable counts were
monitored at an MOI of 0.1, 1 and 10 (Figure 4.1A-C) and (Figure 4.2A-B). The culture
turbidity increased from approximately 0.5 to approximately 0.6 in the first 30 minutes
in both controls and phage-treated cultures using MOI of 0.1, Fand then it decreased in
phage-treated cultures to 0.58 which recorded a total reduction of 30% while the ODsg
of controls continued to increase (Figure 4.1A). A bacterial challenge with phage using
this MOI resulted in a gradual reduction in the viable counts to reach the lowest value
after 90 minutes (0.7 logs lower than the control). This reduction continued steadily for
half an hour and then bacterial viable count gradually increased. Its ultimate value was

0.29 logs lower than that for the control after five hours of incubation (Figure 4.2 A).

When MOI of 1 was used, the culture ODsqg decreased to 0.46 after two hours from the
beginning of incubation in phage-treated culture, that recorded a reduction of 43%
compared to the control ODsq (Figure 4.1B). On the other hand, the total viable count
of strain D39 using this MOI decreased dramatically to reach a log;o of 4.08 in the first
two hours, while the control had a log;o of 5.82. This reduction represents more than
one log difference between controls and phage-treated cultures. The culture viable count
continued to decrease for another hour until the difference between the two tested
cultures was 1.4 logs. However, this decrease did not continue further and the viable
counts of phage-treated cultures increased sharply over the next two and a half hours.
The viability of strain D39 in phage-treated culture ended with a value very close to that

for the control: logsp of 5.20 and 5.55, respectively (Figure 4.2 B).
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When MIO of 10 used in the study, the reduction in ODsg Of phage-treated culture
obtained after two hours from the start point of the phage treatment. The culture ODsg
decreased to 0.18 and that registered a difference of 78% compared with the controls
(ODsg of 0.81) as shown in figure 4.1C. Following that, it was then a gradual increase
in cultural ODsy until phage-treated cultures reached the same bacterial ODsgy as
controls at the end of incubation period. However, using MOI of 10 registered the
clearest effect of phage-bacterial interaction in the study. Viable plate count of strain
D39 in phage-treated culture dropped within the first half of the incubation period (180
minutes) and remained steady for one hour. Interestingly, the viability of this strain
continued to decrease for the next hours until became undetectable at the end of
incubation period (Figure 4.2C). Although no growth was detected when the phage-
treated culture was assayed for viable count, the ODsyy Of phage treated cultures

increased at the same time point recording an ODsgo more than the controls.

The increase in bacterial ODsqo in phage-treated cultures (Figure 4.1C) might be
attributed to cells starving during stationary phase. When infected cells reached
stationary phase, bacteria cannot be infected in this period and a resubmission of cell
growth is required to release phage progeny (Chibani-Chennoufi et al., 2004). The pH
of culture decreases in stationary phase, which can cause a reduction in the ionic
exchange between bacteria and the environment, decreasing the cell energy and
prevents enzymatic activation or sometimes causes enzymatic inactivation (Harold,
1972; Russell and Dombrowski, 1980). It has been reported that pneumococci can
propagate phage in low pH (Holtje and Tomasz, 1975; Ronda-Lain et al., 1977).
Therefore, the addition of new culture media is recommended to increase the pH of the

culture and allow for the activation of murein hydrolase enzyme in infected
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pneumococci.(McDonnell et al., 1975; Lopez et al., 1977) Thus, it has been hypnotized
that non-infected pneumococci continue replicating slowly during stationary face and
infected pneumococci are unable to release detained phage progeny to infect new cells.
This is might explain the increase in optical density of phage-treated culture with no

viable bacteria detected (Figure 4.2 C).

The growth of phage SP-QS1 was created and found to be correspondent with the MOI
ratios. A higher MOI resulted in higher phage titre. The phage titre increased after
phage adsorption by about 0.4, 0.7 and 4 logs using MOIs of 0.1, 1 and 10 respectively.

The phage growth curve is shown in Figure 4.3.

The influence of phage SP-QS1 on strain D39 growth optical density and pneumococcal
viable count was confirmed as discussed above; however, it is necessary to detect an

influence of this phage on recently passaged D39 using the same procedure.
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Figure 4.1: The effect of SP-QS1 on strain D39 ODs in vitro following phage
infection.

Phage was administered at MOI of 0.1, 1, and 10 from A-C, respectively. The culture
ODsq decreased as MOI increased (data presented as mean of two experiments with

three triplicates for each +/- SD).
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Figure 4.2: The effect of SP-QS1 on strain D39 viable counts in vitro following
phage infection.

Phage was administered at MOI of 0.1, 1, and 10 from A-C, respectively.

Pneumococcal viable counts decreased as MOI increased (data presented as mean of
two experiments with three triplicates for each +/- SD).
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Figure 4.3: Phage SP-QS1 growth curve using strain D39 as the pneumococcal
host.

Phage was administered to host cells at MOI of 0.1, 1 and 10, A-C, respectively (data

presented as mean of two experiments with three triplicates for each +/- SD).
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4.2.2 Effect of phage SP-QS1 on passaged strain D39

In order to determine if phage SP-QS1 be effective at different type of strain D39 this is
passaged serotype D39. Passaged D39 is an invasive pneumococcus that was used to
infect mice recently to confirm its ability to cause severe pneumonia in mouse model.
Severe infection should be observed on tested mice after 22-28 hours.

Passaged D39 would be different from laboratory strain because of its recent contact
with mouse immune system which might cause several biological differences from
normal strain. Thus, applying this experiment on this pathogenic strain is crucial as it
indicates whether the phage SP-QS1 is able to interact with this particular wild type
pneumococcus in the same manner as it does with the laboratory strain. It was applied
to support the in vivo phage administration to pneumococcal strain D39. The
bacterial/phage ratio used with this strain was an MOI of 10 as it gave the highest
reduction in pneumococcal viable counts with the laboratory strain as described earlier.
The ODsgo of phage-treated culture decreased sharply in the first hour to an ODsgy of
0.18. Following this reduction, it increased dramatically to approximately 0.65 after
four hours and then continued to increase until the reported ODsqo of 0.70, that was
exactly the same as the ODsqo of control at the end of incubation period (Figure 4.4A).
The result of this part of the study corresponded with that of the laboratory D39 strain
under the same conditions (Figure 4.1C).

In contrast to ODsg, Vviable pneumococcal count of phage-treated culture showed a
relative similarity for both the control and phage-treated samples in the first two hours,
before gradually decreasing to reach the lowest value of an approximately 5-logs-
difference with controls. However, it started to increase one hour later, as shown in
Figure 4.4B. This is in contrast to the same experiment with the laboratory strain D39,

in which the viable bacterial count decreased after one hour and continued to decrease
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until it reached a non-detectable value after five hours. This gave an indication that

pathogenic pneumococci have a greater survival rate than the laboratory strain.
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Figure 4.4: The effect of SP-QS1 on passaged strain D39 ODsq (A) and viable
counts (B) in vitro.

Phage was administered at MOI of 10. (A) Optical density (500 nm) decreased in the
first two hours and then increased again. (B) Pneumococcal viable counts decreased
after two hours and reached its lowest value after four hours before increasing again

(data presented as mean of two experiments with three triplicates for each +/- SD).

The interaction between SP-QS1 and passaged D39 showed a slightly different phage
growth curve compared to the laboratory D39. The titre of obtained phage using
passaged D39 as host was approximately two logs lower than that obtained when

laboratory D39 was used under the same conditions. The percentage of free phages was
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14% using passaged D39, while it was only 10% using laboratory D39. The phage

growth curve is shown in Figure 4.5.
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Figure 4.5: Phage SP-QS1 growth curve using passaged D39 as host.
Phage was administered at MOI of 10 and Data presented as mean of two experiments

with three triplicates for each +/- SD.

4.2.3 Effect of phage SP-QS1 on strain serotype 3

Strain 3 is sensitive to phage SP-QS1 when tested with a spot test during host range
screening. In this part of the study, the interaction between this strain of pneumococci
was examined using the same procedure that was assayed on strain D39. However, only
an MOI of 10 was assayed with this strain. One important feature of this strain is the
presence of a huge capsule around the cell wall (Abdelnour et al., 2009), which might

affect phage behaviour during the interaction.

It was found that phage infection did not change bacterial growth ODsg in the first
three hours. However, the ODsq of phage-treated culture decreased gradually during the
last two hours of the incubation period, as shown in Figure 4.6A. The influence of
phage infection on growth ODsq of strain 3 occurred two hours later compared to the
influence of this phage on the growth ODsgo of strain D39 under the same conditions.

The viable counts of strain 3 in phage-treated culture supported the opinion that capsule
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thickness might play a role in delaying the interaction between phage SP-QS1 and
pneumococci with a huge capsule. The number of viable bacteria is similar to that of the
control during the first three hours of the incubation period. This was followed by a

continuous decrease until no growth was detected after five hours of incubation, as

shown in Figure 4.6B.
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Figure 4.6: The effect of SP-QS1 on strain 3 ODsg (A) and viable counts (B) in
vitro

Phage was administered at MOI of 10. (A) Optical density (500nm) decreased after 3
hours and continued decreasing to the end of incubation. (B) Pneumococcal viable
counts deceased sharply after 3 hours and reached undetectable value after 5 hours (data
presented as mean of two experiments with three triplicates for each +/- SD).
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The phage growth curve using this strain appeared to give a lower phage titre compared
to that obtained using strain D39 as host. The titre increased from around log 9.5 to
approximately log 12.5, a difference of about three logs, which is one log lower than
phage titre using strain D39. However, the phage titre remained consistent for one hour
when it reached the peak and then sharply decreased at the end of incubation period, as

shown in Figure 4.7
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Figure 4.7: Phage growth curve using strain 3.
Phage was administered at MOI of 10 and Data presented as mean of two experiments

with three triplicates for each +/- SD.

4.2.4 Effect of phage SP-QS1 on strain 4

The interaction between phage SP-QS1 and strain 4 (Tiger 4) showed similar outcomes
to those obtained with strain 3; however, the reduction in bacterial ODsg Was slightly
greater. Phage-treated culture with SP-QS1 underwent the same growth as the control,
but was slightly higher for the first three hours; the culture of phage-treated optical
density then decreased sharply. This decrease in pneumococci began two and a half
hours after the beginning of infection. The lowest bacterial ODsgy was approximately
0.3nm and was observed four hours from the beginning of the infection (Figure 4.8A).

In contrast to the results obtained with cultural ODsg reduction, the viable plate count
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of strain 4 began to decrease two hours after the beginning of the infection, which
continued decreasing gradually until it reached a non-detectable value after five hours
(Figure 4.8B).The combination of viable count results with that of culture ODsg

showing that while some pneumococcal cells were not lysed, they were no longer

viable.
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Figure 4.8: The effect of SP-QS1 on strain 4 ODsgo (A) and viable count (B) in vitro.
Phage was administered at MOI of 10. (A) Optical density (500nm) increased in the
first three hours and then decreased sharply an hour later, then slightly increased. (B)
Pneumococcal viable counts decreased after two hours and continued decreasing until
they reached undetectable values at the end of the incubation (data presented as mean of

two experiments with three triplicates for each +/- SD).

The growth curve of phage SP-QS1 using this strain showed a fast burst of phage

progenies one hour after the infection. The release of new phages occurred one hour
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earlier than the phage release using strain D39 as host. Phage titre was maintained at log
of 12.5 for one hour and then decreased to approximately log of 9.0 at the end of the

experiment, as shown in Figure 4.9.
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Figure 4.9: Phage SP-QS1 growth curve using strain 4 as host.
Phage was administered at MOI of 10 and Data presented as mean of two experiments

with three triplicates for each +/- SD.

4.2.5 Effect of phage SP-QS1 on strain 6B

The interaction between phage SP-QS1 and strain 6B showed different behavior
compared to other phage-infected strains. The ODsqo of phage-treated culture decreased
after two hours from the beginning of the infection and remained stable for three hours,
and then decreased again. However, the decrease in phage-treated culture was about
0.39 by the end of the incubation period (five hours) compared to the starting ODsg

(Figure 4.10A).

The colony-forming unit of phage-treated culture of strain 6B with phage SP-QS1
showed a decrease that was not observed with other strains. The viability of strain 6
remained constant in the first hour, then dropped from a log of 8.2 to a log of 6.5 one

hour later. The viable counts then decreased in the next hour to log of 6.1. A reduction
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of a three logs was obtained four hours from the beginning of the phage-host
interaction, making a difference of five logs compared to starting viable count.
However, the viable count increased again by approximately two logs at the end of

incubation period (Figure 4.10B).
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Figure 4.10: The effect of SP-QS1 on strain 6B ODsgo (A) and viable count (B) in
vitro.

Phage was administered at MOI of 10. (A) Optical density slowly decreased after slight
increase in the first hour. (B) Pneumococcal viable counts deceased in ~ 2 logs after one
hour and decreased for another 3 logs after 2 more hours and increased ~ 2.5 logs again
(data presented as mean of two experiments with three triplicates for each +/- SD).

The phage growth curve of SP-QS1 showed that the latent period of the phage titre was

about an hour. The increase in phage number started after 90 minutes, reporting a phage
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titre log of 10.3. The burst period lasted for 1.5 hours. Phage titre then decreased by

about one log and remained at that value for a further hour (Figure 4.11).
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Figure 4.11: Phage SP-QS1 growth curve using strain 6B as host.
Phage was administered at MOI of 10 and Data presented as mean of two experiments
with three triplicates for each +/- SD.

4.2.6 Effect of phage SP-QS1 on strain 23F and 19F

In order to detect the interaction of phage SP-QS1 with non-susceptible strains, 23F and
19F were selected as host range screening experiment showed that phage SP-QS1 was
not able to infect them. That was expected because 19F was considered as a variant on
the Spanish strain 23F (Coffey et al., 1996).The procedure used to assay strain D39 was
undertaken on these strains. The results clearly demonstrate that the growth of strain
23F was not affected by phage SP-QS1 administration. Bacterial ODsgg of phage-treated
culture was relatively similar to that of the control (Figure 4.12A).

The total bacterial count of strain 23F in both phage-treated and control cultures was
8.89, which decreased after one hour to reach 8.2. Two hours later, the viable count of

this serotype in phage-treated culture increased slightly more than that of the control;
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however, it ended with a value of about 8.46 (3 x 10® bacteria/ml™) in both cultures as

shown in Figure 4.12B.
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Figure 4.12: The effect of SP-QS1 on strain 23F ODsgy (A) and viable counts (B) in
vitro.

Phage was administered at MOI of 10. (A) Optical density (500 nm) ended with the
same value for the phage-treated and control cultures. (B) Pneumococcal viable counts
of both cultures decreased in the first hour in about one log, then phage-treated cfu log
slightly for two hours later, and finally decreased (data presented as mean of two

experiments with three triplicates for each +/- SD).

The phage growth curve showed that following a small reduction in phage titre in the
first 30 minutes, there was no change in phage titre at all points during the incubation.
(Figure 4.13). This initial reduction might indicate phage adsorption, but not phage

replication, as no phages were obtained.
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Figure 4.13: Phage growth curve using strain 23F as host.
Phage was administered at MOI of 10 and Data presented as mean of two experiments

with three triplicates for each +/- SD.

The optical density of 19F of both phage-treated and control cultures was set at 0.6. In
the first hour, the ODsoo Of both cultures increased to 0.83nm, and then decreased

slightly to 0.7 at the end of the incubation period, as shown in Figure 4.14 A.

The two cultures in this experiment (phage-treated and control) started with the similar
viable count of logip 8.25. One hour after infection, the viable count of phage-treated
culture was relatively lower than that of the control. However, it increased gradually to
half a logio higher than the control at approximately the mid-point of the incubation
period. It then started to decrease slightly to a registered log of 8.46, the same as the

control five hours following the start of phage administration (Figure 4.14B).
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Figure 4.14: The effect of SP-QSL1 on strain 19F ODsg (A) and viable counts (B) in
vitro.

Phage was administered at MOI of 10. (A) Optical densities (500nm) were similar in
both cultures (+/- SD). (B) Pneumococcal viable counts increased gradually in the first
three hours and then decreased to end with the same value as the control after 5 hours

(data presented as mean of two experiments with three triplicates for each +/- SD).

The phage growth curve indicated that no phage progeny was produced as no phage
adsorption was observed. The phage titre remained steady at the same value from the

beginning of phage administration to the end of incubation (Figure 4.15).
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Figure 4.15: Phage growth curve using strain 19F as host.
Phage was administered at MOI of 10 and Data presented as mean of two experiments

with three triplicates for each +/- SD.

4.3 Conclusion

Prior to considering phage SP-QS1 application in vivo as a therapeutic agent, the ability
of this phage to lyse S. pneumoniae in vitro should be confirmed. Therefore, the impact
of phage SP-QS1 on growth culture optical density and viable counts of S. pneumoniae
was confirmed with strains D39 (laboratory and passaged strain), 3, 4 and 6B, but not

with strains 23F and 19F.

The MOI that gave the clearest results in term of drop in bacterial viable counts was
MOI of 10. The reduction in both ODsg and the viable counts was the highest when this
bacterial/phage ratio was used. This most likely indicates that more phages are required
to cause more bacterial damage as the burst size of this phage is relatively low.
Moreover, the phage titre using an MOI of 10 resulted in production of high phage titre,
which increased by four logs compared to the increase of 0.5 and 0.75 logs with MOls

of 0.1 and 1, respectively.

Page | 96



Chapter 4. In vitro interaction of pneumococcal phage SP-0OS1

A reduction in both optical densities and colony-forming units was obtained with all
strains that were infected by phage SP-QS1 using spot tests. In general, the decrease in
the optical densities of phage-treated cultures was variable; the reduction was observed
early with laboratory D39 and half an hour later with passaged D39. The decrease in
ODsgp was of less than two hours’ duration before it increased again. The optical
densities of phage-treated cultures of serotypes 3 and 4 were similar; it increased in the
first three hours, in line with controls, and then decreased gradually. Fast reduction in
the ODsgo Was observed with 6B, which continued to decrease slowly to the end of
incubation period, marking a difference of only 0.2 compared to the control. On the
other hand, no reduction in the ODsgo of phage-treated cultures of strains 23F and 19F

was obtained. Therefore, it seems that the phage cannot penetrate these strains.

Colony-forming units of phage-treated cultures showed a substantial decrease with
strain D39 (laboratory strain) and with serotypes 3 and 4, where the viable
pneumococcal count was non-detectable after five hours of incubation. This decrease
was comparatively lower with strains 6B and passaged D39. This reduction in bacterial

viability was correlated with ODsqo reduction with all the above strains.

It has been noted in this study that the capsule may be played an important role in
delaying the effect of phage SP-QS1 on pneumococcal strains. The reduction took place
earlier in strains D39, 4 and 6B, but occurred about half an hour later with passaged
D39 and strain 3. These two hosts share one feature, namely the presence of a thick
capsule, which might eliminate phage penetration and as a result, showed late viable
count reduction and fewer phage titres. Serotype 3 is known to have a thick mucoid
capsule (Abdelnour et al., 2009a). The thick capsule is produced to enable pneumococci

to resist phagocytosis (Hathaway et al., 2012b). Passaged D39 was derived from mouse

Page | 97



Chapter 4. In vitro interaction of pneumococcal phage SP-0OS1

blood with a severe pneumococcal infection; the pneumococci clearly produced a thick
capsule, particularly in the late stage of infection. Furthermore, it was found that the
percentage of free phages was relatively higher when passaged D39 was used rather
than a laboratory strain. This suggests that the large content of the capsule might delay
phage adsorption to host cells and then the infection with phage SP-QSL1.

In summary, SP-QS1 was shown to be able to lyse variant pneumococcal strains such as
D39, strains 3, 4 and 6B. This property of the phage would enable in vivo interaction

with pneumococci using an appropriate mouse model of infection.
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5.1 Introduction

The emergence of antibiotic resistance has become a major problem in recent years
(Richard Wise et al., 1998). Many formerly well-controlled diseases such as those
caused by S. pneumoniae have once more become a serious threat to public health in a
variety of contexts (Alanis, 2005; Goldberg et al., 2006). Pneumococcal resistance to
antibiotic combined with lack of thorough vaccine protection against pneumococcal
infection has led to the impetus to uncover alternative antimicrobial therapies, such as
phage therapy (Fedson, 1999; Hanlon, 2007). Some advantages of phage therapy such
as host specificity of bacteriophages and the lack of toxicity and immunogenicity
associated with lytic phages are potential advantages that phage therapy has over
antibiotics (Alisky et al., 1998). However, the development and adoption of phage
therapy remains slow, largely because most of regulatory procedure and developmental
steps associated with antibiotic therapies cannot easily be transferred to use with phage
therapies. For example, pharmacokinetics (in vitro interaction) and pharmacodynamics
(in vivo interaction) are not relevant to antibiotic therapy but are critical in phage
therapy (Payne and Jansen, 2000; Merril et al., 2003; Weld et al., 2004). Although
animal studies are limited, phage-host in vivo treatment has been successfully proven
with a variety of phages and some of these phages are now commercially available,
such as Entrococcus faecium phage ENBG6 in the USA which decreases the colonisation
of this bacterium to rescue immune-compromised patients (Smith and Huggins, 1982;

Biswas et al., 2002).

Phage growth depends on the physiological state of the bacterial host, which is strongly
affected by environmental conditions. Therefore, the outcome of phage-bacteria in vivo

interactions are unpredictable in light of the physical and chemical conditions that will
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exist in vivo (Kudva et al., 1999). The variation of outcomes between in vitro and in
vivo might refer to the physioical differences in the growth conditions between the two
environments, phage-host specificity and the possibility of phage inactivation during the
preparation, phage-lysate contamination and phage immune response (Weld et al.,

2004).

There are ten mouse strains are used for pneumococcal research which showed their
susceptibility for different model of infections such as pneumonia, otitis media and
sepsis, these strains are BALB/C, DBA/2, MF1, CBA/Ca, AKR, C57BL/6, NIH,
FVB/n, CSH/He and C3H/HeJ (Kadioglu and Andrew, 2005). MF1 strain was used for
phage SP-QS1 as this strain is susceptible for all model of pneumococcal infection;
survival rate of this strain is around 48 hours and cheaper than other strains.

As phage SP-QS1has the ability to infect and kill S. pneumoniae serotypes D39, 3, 4
and 6B under in vitro conditions. This chapter aims to detect the ability of phage SP-
QS1 to infect and kill serotype D39 (the original host) under in vivo conditions. Strain
D39 was selected for the in vivo interaction because there is mouse model of infection
appropriate for this strain in our laboratory. Two mouse models of infections were
assayed; an intranasal model of invasive pneumonia and a sepsis model of infection.
The intranasal model of invasive pneumonia was used to indicate the ability of phage to
clear pneumococcal carriage. Sepsis model of infection was used to identify the
capability of SP-QS1 to lyse and eradicate S. pneumoniae in severe pneumococcal

infection.
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5.2 Results and discussion

5.2.1 Phage SP-QSland S. pneumoniae interaction in intranasal model of invasive
pneumonia

The phage SP-QS1was introduced intranasally so it could interact with S. pneumoniae
serotype D39 as was described in materials and methods (section 2.5.11.1). In brief,
female MF1 mice (Harlan) were challenged with 50 pl pneumococci via the intranasal
route at a final concentration of 1 x 10° cfu/ml™ in 50 pl. The mice were divided into
two groups; the control and phage-treated mice. Control mice received 50 pul of BHI
post-dose after one and five hours intranasally, while phage-treated mice received 50 pl
of phage lysate instead at a concentration of 1 x 10 pfu/ml™ in 50 pl giving a MOI of
10. The plaque-forming unit and bacterial colony forming units were determined before
and after their injection into mice. Four individual experiments were assayed using the
same procedure, and the number of tested mice in each experiment was 26 in the first
experiment and 25 in the remaining experiments. Six mice in first experiment and five
mice in the rest of experiments were culled at time zero and their lungs and
nasopharynx collected, homogenised and processed for viable plate counts. The
remaining twenty mice in each experiment were used as controls and phage-treated

mice, ten mice for each group.

All the mice involved in the experiment were assayed for pain scoring regularly to
determine the severity of infection over time. After 24 and 48 hours, control mice and
phage-treated mice were culled and their lungs and nasopharynx collected. Cardiac
puncture blood was also extracted from all the mice. Organ samples were homogenised

and processed with blood samples for the colony-forming unit count.
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The pneumococcal count showed no significant decrease in all the samples collected
from phage-treated mice after 24 hours from the beginning of the study. The
pneumococcal viable counts in the nasopharyngeal and lungs were similar in both,
registering 0.5 log;o difference compared to the control mice samples. However, the

difference in viable count was slightly higher, at about 0.7 in blood (Figure 5.1).

The major reduction in bacterial viable count was observed 48 hours after phage
administration. As shown in figure 5.2, a significant decrease was obtained. The
reduction in pneumococcal viable count was more considerable corresponding with the
severity of the pneumococcal infection. The reduction detected in phage-treated mouse
nasopharynx and lungs was of the order of 1 and 2.5 difference, respectively compared
with the mice control samples. A significant bacterial reduction (p value of 0.0002) was

reported in blood samples, with a 5 logio of reduction as a result of phage treatment.

The sequential decrease in pneumococcal viable count, combined with the development
of pneumococcal infection, supports the hypothesis described in chapter 4 which
suggest the capsule degradation by phage SP-QS1. That was suggested because the
capsule becomes thicker during colonisation, which would be expected to delay the
penetration of the phage (Weinberger et al., 2009). When pneumococci migrate to the
lungs this decreases the capsule layer allowing attachment to epithelial cells and then
the infection of bacterial host (Battig et al., 2006; Hathaway et al., 2012a). In this stage,
phage attachment may be becomes high because of the decrease in capsule thickness. A
consequence of this is that the phage propagates more quickly during immigration into
blood stream. Therefore, a high titre of phage in blood is expected and then the
reduction in pneumococcal viable count becomes observed more than that one in both

lung and nasopharynx.
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Figure 5.1: Serotype 2 (D39) cfu counts in (A) nasopharyngeal, (B) lungs and (C)
blood at 24 hours post pneumococcal infection in an intranasal infection model.
Phage were administered intranasally at an MOI of 10 at lhour and 6 hours post

pneumococcal infection (data presented are mean of 10 mice per group +/- SD).
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Figure 5.2: Serotype 2 (D39) cfu counts in (A) nasopharyngeal, (B) lungs and (C)
blood at 48 hours post pneumococcal infection in an intranasal infection model.
Phage were administered intranasally at an MOI of 10 at lhour and 6 hours post

pneumococcal infection (data presented are mean of 10 mice per group +/- SD).

As compared to control values, the percentage reduction in pneumococcal viable count
in phage-treated mice compared to the control mice was 31.7%, 82% and 99% in the

nasopharyngeal, lungs and blood tissues, respectively, as shown in Figure 5.3.

Page | 105



Chapter 5. In vivo interaction of phage SP-OS1

Control
Naso
Control
Lung
Control
Blood

%
ARERER

cfu's copmared to control mice

Percentage reduction in pneumococcal

Tested mice

Figure 5.3: Percentage cfu differences in tissue and blood in intranasal phage SP-
QS1treated mice compared to equivalent tissue samples in control mice.

It is been shown that the percentage of pneumococcal c.f.u’s reduction in phage-treated
mice compared to control mice was 31.7%, 82% and 99% in nasopharynx, lungs and

blood respectively (data presented are mean of 10 mice per group +/- SD).

The efficacy of the phage treatment was also demonstrated by the pain score for the
mice in the intranasal infection model, which showed a significant reduction in hourly
mean pain scores in the phage treated group as compared to the control group, with

control mice exhibiting maximal pain scores (moribund) within 48 hours (Figure 5.4).
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Figure 5.4: Pain score in control and intranasal phage treated mice.
Pain score-1 is hunched and starry coat +, pain score-2 is hunched and starry coat ++,
pain score-3 is lethargic +, pain score-4 is lethargic ++, and pain score-5 is moribund

(data presented are mean of 10 mice per group +/- SD).
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5.2.2 Phage SP-QS1-pneumococcal interaction in a sepsis model of infection

A sepsis model of infection was assayed exactly as described in materials and methods
(section 2.5.11.2). In brief, a fresh stock of phages was used to run this experiment.
Twelve female MF1 mice (Harlan) were intravenously challenged with 50ul
pneumococci via the dorsal tail route in a final concentration of 1 x 10° cfu/ml™ in 50
pl. Six control mice received 50 ul of BHI post-dose, three times, after one, three hours
and six hours intravenously; while six phage-treated mice received 50 ul of phage lysate
in a final concentration of 1 x 10" pfu/ml™ in 50 pl. This led to a MOI of 10, which

should be consistent with the intranasal model of infection.

The phage and bacterial titres were determined before and after the mice were injected.
All the mice involved in the experiment were assayed for pain, scoring regularly to
determine the severity of infection over time. Blood samples were collected from all the
mice tested (controls and treated mice) 6, 24 and 48 hours after the beginning of the

bacterial infection, blood viable counts determined.

After 6 hours of phage-pneumococcal interaction, the pneumococcal viable counts in
the blood of both phage-treated mice and control mice were relatively similar. This
result was expected as both phage and pneumococci were proliferating coincidentally.
However, as the infection with S. pneumoniae was continued, a reduction in
pneumococcal viability was observed in phage-treated mice 24 hours from the
beginning of the bacterial challenge. At this time point, phage activity gave only less
than one log;o difference between controls and phage-treated mice. The major reduction
in pneumococcal viability was obtained 48 hours after the beginning of the
phage/bacterial interaction, the viability of pneumococci in phage-treated mouse

significantly dropped by about 5 logs (p value of 0.0003). This experiment yielded a
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significant conclusion in that the phage’s ability to infect and kill S. pneumoniae
increases with a longer duration of phage/bacterial challenge in blood. It was found that
the percentage reduction in pneumococcal viable counts in phage-treated mice
compared to control mice was 34% and 96.67% after 24 hours and 48 hours

respectively (Figure 5.5 and Figure 5.6).
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Figure 5.5: Serotype 2 (D39) cfu counts in blood at 6, 24 and 48 hours post
pneumococcal infection in sepsis infection model. Phage was administered
intravenously at an MOI of 10 at 1hour and 6 hours post pneumococcal infection. It is
been shown that pneumococcal logyy cfu decreased dramatically with longer

phage/bacterial interaction (data presented are mean of 6 mice per group +/- SD).
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Figure 5.6: Percentage cfu differences in tissue and blood in intravenous phage SP-
QS1treated mice compared to equivalent tissue samples in control mice.

After 48 hours of phage/bacterial interaction, the percentage reduction in
pneumococcal viable counts in phage-treated mice compared to control mice was
96.67% whereas was only 34% after 24 hours (data presented are mean of 6 mice per
group +/- SD).

The efficacy of the phage treatment was also demonstrated by the pain score of mice in
the intravenous infection model. This study showed a significant reduction in hourly
mean pain scores in the phage treated group as compared to the control group, over the
first 40 hours. Control mice exhibited maximal pain scores (moribund) within 48 hours,
whereas phage-treated mice exhibited one plus lethargic at the same time point. The

infection started to develop in phage-treated mice 10 hours later than in the control mice

as shown in Figure 5.7.
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Figure 5.7: Pain score in control and intravenous phage treated mice.
where pain score-1 is hunched and starry coat +, pain score-2 is hunched and starry
coat ++, pain score-3 is lethargic +, pain score-4 is lethargic ++ and pain score-5 is

moribund (data presented are mean of 10 mice per group).
5.2.3 Influence of phage treatment on mice Survival after pneumococcal infection

Survival of infected mice with serotype D39 using phage SP-QSlwas tested as
described in 2.13.3. To briefly summarise, female MF1 mice (Harlan) were challenged
with 50pl pneumococci via the intranasal route in a final concentration of 1 x 10°
cfu/ml™ in 50 pl. Mice were divided into two groups: control and phage-treated mice.
Ten control mice received 50 ul of a BHI post infection dose, twice, after one and five
hours intranasally, while ten phage-treated mice received 50 pl of phage lysate in a final
concentration of 1 x 10" pfu/ml™ in 50 pl instead. Mice were checked and scored

regularly thouroughout period of study.

A survival experiment was assayed with intravenous infection models. The same phage
and bacterial conditions used in intranasal administration were used for intravenous
administration; however, Pneumococcus was administered intravenously. Phage lysate
and BHI were injected into phage-treated mice and control mice respectively thouree

times, after one, three and six hours following the beginning of bacterial administration.
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Four survival experiments were assayed with intranasal infection model and one was

assayed with the intravenous infection model.

In intranasal infection model, the survival of phage-treated mice was 100% whereas
only 25% of control mice survived as shown in Figure 5.8. The survival of phage-

treated mice indicates that this phage provided protection against invasive pneumonia.

120+
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Figure 5.8: Animal survival study in model of invasive pneumonia.
Kaplan-Meier survival chart showing the number of mice still alive in different hours.
The survival of phage-treated mice was 100%, compared to 25% survival in control

mice (data presented are mean of 10 mice per group).

The survival of mice treated with phage SP-QS1in sepsis infection model illustrates that
all phage-treated mice survived for the first 42 hours, following this there was a sharp
drop in their number reporting a 30% survival portion at the end of the observation
period, whereas control mice lost about 10% of their population 25 hours after the
commencement of the bacterial challenge. Five hours later, the survival proportion in
control mice decreased to 40% and after 12 hours it finished with only 20% of the
control mice. This is slightly lower than the survival rate for phage-treated mice
however the latter survived 12 hours later than control mice without displaying any

mice reduction (Figure 5.9).
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To conclude the survival in sepsis model of infection, there was a significant difference
between controls and phage treated mice till about 40 hours post-challenge, then no
significant difference despite there were hardly being any pneumococci left in blood.
This is suggested to be related to the inflammatory response during the infection.
Pneumococci were lysed by SP-QS1 causing a release of high loads of pneumolysin
into the blood stream, causing inflammation. Developing of inflammation associated

with cytokine storm which could be the reason why these mice die (Kadioglu et al.,

2008).
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Figure 5.9: Animal survival study in sepsis infection model.

The curves report the number of mice still alive in different hours. Data refer to 6 phage
treated mice and 6 control mice from the beginning of pneumococcal infection to their
natural death. The survival proportion in phage-treated mice was only ~30% which was
similar to the control mice, however, the survival rate of 100% in phage-treated mice
was observed for 12 hours later than control mice which started to show sever mice

morbidity after 30 hours from the beginning of the study.
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5.3 Conclusion

The interaction between phage SP-QSland serotype 2 S. pneumoniae in the mouse
model showed a significant efficacy for bacterial reduction. Two mouse models of
infection were studied in this chapter, the intranasal infection model and intravenous

infection model (sepsis).

The ability of phage SP-QS1 to kill pneumococci and eliminate the development of
severe illness in phage-treated mice was obtained in an intranasal infection model. The
reduction in pneumococcal viable count was observed after 48 hours of the interaction.
The percentage of pneumococcal reduction was 31.7%, 82% and 99% in nasopharynx,
lungs (p value: 0.015) and blood (p value: 0.0002) respectively. This observation was
confirmed with a pain score study, which showed a significant reduction in hourly mean
pain scores in the phage treated group as compared to the control group; with control

mice exhibiting maximal pain scores (moribund) by 48 hours.

The reduction in pneumococcal viable count was observed in the sepsis infection model.
Six hours after the pneumococcal administration intravenously, no bacterial viability
reduction was obtained in phage-treated mice blood and that might resemble the
greatest challenge between bacterial and phage proliferation. When the infection
extended for 24 hours, one and half log;o of reduction was obtained and a percentage
reduction of 34% recorded as compared to control mice. The major reduction was
obtained after 48 hours as pneumococcal viable count decreased in about 6 logs
recording a percentage reduction of 96.67% (p value 0.0003) compared to control mice.
The pain score study showed that despite the worsening condition of phage-treated mice
at the end of observation period, a healthy condition prevailed in this group survived for

40 hours before the mice started developing a severe condition. The worse condition
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might be attributed to the immune response and not to the attack of pneumococci as the

bacterial viable counts were decreased by the end of treatment period.

Survival studies in intranasal infection resulted in good protection as 100% of phage-
treated mice survived, whereas only 25% of control mice survived. The survival study
in the intravenous infection model resulted in a survival rate of 100% in the first 40
hours of the phage bacterial interaction; however, it decreased subsequently, eventually
reporting the same survival rate as control. This might be due to a severe immune
response, which developed during the infection as a result of bacterial damage.
However, pneumococci sepsis infection is rarely developed directly and it almost
follows respiratory infection. Thus phage SP-QS1 could be nebulised for inhalation
therapy to treat those people with pneumonia and could also be used as a treatment

against pneumococcal carriage.
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6.1 Introduction

Phage genomes are characterised based on their size into three groups; Large size phage
genomes between 30—50kbp (corresponding to nearly 50% of all phages), small size
phage genomes which measure less than 10kbp (about 20% of total), and a third group
containing genomes size between 100—200 kbp (6% of the total) (Hatfull, 2008).

The small size and simplicity of isolation of bacteriophages enabled the first complete
phage genome to be sequenced, and that was 5,386 bp single-stranded DNA (ssDNA)
phage X174 in 1977 (Sanger F et al., 1977). The 48,502 bp genome of the lambda
phage was the first double-stranded DNA temperate phage to be sequenced (Sanger et
al., 1982). The 39,936 bp genome of the phage T7 was the first double-stranded DNA
Iytic phage to be sequenced (Dunn JJ and Studier FW, 1983). Mycobacteriophage L5
was the first sequenced dsDNA tailed-phage genome of a virus infecting a non-
Escherichia coli host (Hatfult and Sarkis, 1993). NCBI has reported that there are about
500 completely sequenced phage genomes ranging from 2,435 bp for Leuconostoc
phage to 316,674 bp for Pseudomonas phage 201phi2—1. In addition to these known
sequenced phages, phage sequencing data has been derived from random cultures from
various sources such as faeces, sea water and marine sediments (Rohwer et al., 2000;
Breitbart et al., 2002; Breitbart et al., 2003; Breitbart et al., 2004).

Sequencing data has shown that all dSDNA of bacteriophages are mosaics with access
to a large scale of genomic pool, however, there is no uniform of all phages (Hendrix et
al., 1999). It was thought that bacteriophages have undergone lateral gene transfer and
their origins placed at the level of the last universal common ancestors of eubacteria,
archaea and eukarya, if this hypothesis true, the vertical evolution of phages would be

postulated (Briissow and Desiere, 2001).
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There are two pneumococcal lytic phages Dp-1 and Cp-1 which have genomic sizes of
58,063 and 19,343 bp respectively. Neither of the phage genomes have any gene
encoded for capsule degradation enzyme such as glycosyl hydrolase (Martin et al.,
1996; Sabri et al., 2011). Phage Cp-1 genome contains a terminal protein, which is
covalently linked to its 5' end and a 236-bp-long perfect inverted repeat (Martin et al.,
1995).

Four temperate pneumococcal phages have been previously induced: EJ-1, MM1, HB-3
and VO1. All these phages are not able to infect capsulated pneumococci (Romero et
al., 1990c; Diaz et al., 1992; Gindreau et al., 2000; Obregon et al., 2003b).

Generally, siphoviruses have been characterised according to head morphology into two
classes; phages with isomeric heads and phages with prolate heads. The isomeric head
group contains the majority of siphophages which are well described by complete
genomic sequences. A few prolate-headed phages have been characterised at the
molecular details such as Lactobacillus phage C2 and mycobacterium phages Che9c,
corndog, and brujita (Lubbers et al., 1995; Hatfull et al., 2010) .

SP-QS1 is the first prolate siphophage genome sequenced. It is also the first phage
known to infect the capsulated strains of S. pneumoniae. Thus this chapter aims to
characterise the traits of the genome of this phage such as the presence of toxins or
recognizable integrase as that might facilitate the use of this phage to treat
pneumococcal infection in human. The genome was also sequenced to determine the
life cycle and the biology of this phage. Sequencing data can help to explain the ability
of SP-QS1 to infect capsulated pneumococci and the other phage cannot. Analysing
data from genome sequencing enables to determine the evolutionary relationship of this

phage with the others which retained matches with high blast scores.
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The annotation of this novel genome illustrates the homology of phage SP-QS1 to those
of Enterococcus phage SAP6 (acc. no JF731128.1) and BC-611 (acc. no AB712291.1).
Genes involved in phage packaging are homologous to those of Enterococcus phage
SAP6 as well as phage portal protein, phage tail and tail fibres from structural protein.
The rest of structural proteins including phage head, major tail and minor capsid are
homologous to those for Enterococcus phage BC-611. Phage replication proteins
primase and helicase are homologous to those for Enterococcus phage SAP6 whereas
DNA polymerase is similar to those for Enterococcus phage BC-611. SP-QS1 protease
is homologous to those for Enterococcus phage SAP6.

Phylogentic analysis of phage SP-QS1 has shown unresolved relationship to other
phages based on DNA polymerase data analysis, however, the terminase gene and the
capsid gene phylogeny studies suggest that SP-SQ1 is most closely related to the

Enterococcus phages SAP6 and BC-611.

6.2 Results and discussion

6.2.1 Genome Properties

The genome sequence of phage SP-QSL1 is 58, 063 base pairs. The appropriate size was
initially predicted by pulse field gel electrophoresis (Figure 6.1). The guanine-cytosine
(G-C) content average of the phage genome is 40%; similar to the content of the host
serotype D39 39.71% (Tettelin H et al.,, 2001). The completed SP-QS1 genome

sequence was deposited in the NCBI database under the accession number (HE962497).

Page | 118



Chapter 6. Genetic characterisation of phage SP-QS1

M B1 B2

97.0 kb —>

45.5kb —>

h

Figure 6.1: Phage SP-QS1 Genome Size - PFGE Image.
The First and second SP-QS1 genomic bands are a concentrate and diluted phage lysate,

respectively.

6.2.2 Open Reading Frames (ORFs) Prediction

The number of ORFs predicted using GeneMark was 97 and by GLIMMER were 100.
A combined analysis therefore suggested 103 putative ORFs. Blastp searches (accessed
on 30 May 2012) were performed on putative ORFs and all predicted functions
recorded in Table 6.1(all hits scoring less than 10-4 were considered non-significant and
so, excluded). 29 ORFs were found to have putative functions. The remaining ORFs
which retained matches with high blast scores were hypothetical proteins as shown in
appendix 4. The majority of predicted ORFs are homologous to the Enterococcus phage
SAP6 and BC-611. A list of ORFs and related protein predictions are shown in (Figure

6.2).
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Figure 6.2: Organisation of the Genome of Phage SP-QS1.

The circles from outside to inside represent the following: 1 to 6 the six reading frames,
7 is the scale bar (in kilo bases), and 8 is GC content (smoothed with a sigma _ 200 bp;
Gaussian; range from 29 to 59%, with a mean of 40%). In addition, given labels
indicate ORF numbers and gene designations where a putative homologue has been
identified. The following colour scheme has been used: red, ORFs encoding proteins
exhibiting similarity to other phage proteins, green, ORFs bacterial proteins; blue,

eukyarotic genes, and black is unknown.

6.2.3 Transfer RNA (tRNA) and Pseudogenes

Streptococcus phage SP-QS1 encodes for one transfer RNA (at position 24820 bp
24891 bp) within the genome. It encodes for a tryptophan CCA anticodon. The gene
encoding for tryptophan has been found in the DNA of strain S. pneumoniae D39
(NCBI). It has been reported that phage tRNA is required by their hosts and may

increase the fitness of these hosts (Miller et al., 2003).
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Scanning genome sequences with CRISPRFinder and transtermHP showed that the

phage did not encode CRISPR sequences, proteins with trans-membrane domains, or

regulatory elements. Furthermore, the phage genome did not encode any integrase genes

and so appears to be a genuine lytic phage.

putative toxins.

Table 6.1: Phage SP-QS1 Predicted ORFs and closest matches.

Finally, the phage did not encode any

ORF | Strand | Start | End Length | Predicted function E-value | Closest match
1 + 40 639 600 Phage terminase small | 2.00E- | Enterococcus
subunit 112 phage SAP6
4 + 1327 | 2598 | 1272 Phage terminase large | O Enterococcus
subunit phage SAP6
5 + 2655 | 4190 | 1536 Phage portal protein 0 Enterococcus
phage SAP6
6 + 4202 | 4957 | 756 Phage head | 1.00E- | Enterococcus
morphogenesis protein | 145 phage BC-611
8 + 5793 | 6599 | 807 Major head protein 1.00E- | Enterococcus
148 phage BC-611
9 + 6754 | 7194 | 441 Major tail protein 8.00E- | Enterococcus
74 phage BC-611
13 + 8429 8863 | 435 Phage tail protein 6.00E- | Enterococcus
80 phage SAP6
14 + 8884 9573 | 690 Major tail protein 8.00E- | Enterococcus
130 phage SAP6
17 + 10405 | 13290 | 2886 Minor capsid protein 0 Enterococcus
phage BC-611
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18 + 13304 | 14863 | 1560 Phage tail fibre protein | 2.00E- | Enterococcus
176 phage SAP6
19 + 15040 | 17538 | 2499 Phage tail fibre protein | 0 Enterococcus
phage SAP6
20 + 17551 | 20577 | 3027 Phage minor structural | 0 Enterococcus
protein phage SAP6
22 + 20925 | 21638 | 714 N-acetylmuramoyl-L- | 3.00E- | Enterococcus
alanine amidase 136 phage SAP6
37 + 27352 | 28299 | 948 DNA primase 0 Enterococcus
phage SAP6
39 + 28374 | 28727 | 354 Transcriptional 2.00E- | Enterococcus
regulator 57 phage BC-611
40 + 28776 | 29552 | 777 DNA replication | 3.00E- | Enterococcus
protein 151 phage SAP6
41 + 29564 | 30928 | 1365 Replicative DNA | O Enterococcus
helicase phage SAP6
42 + 30941 | 31693 | 753 DNA methylase 7.00E- | Enterococcus
73 gallinarum
EG2
45 + 32228 | 32668 | 441 HNH endonuclease 8.00E- | Enterococcus
78 phage BC-611
48 + 34021 | 34590 | 570 Crossover junction | 2.00E- | Enterococcus
endodeoxyribonuclease | 104 phage SAP6
RuvC
49 + 34587 | 35156 | 570 Putative adenylate | 1.00E- | Enterococcus
kinase 103 phage BC-611
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51 35873 | 36436 | 564 Glycosyltransferase 2.00E- | Enterococcus
103 phage BC-611
59 38062 | 40413 | 2352 DNA polymerase | 0 Enterococcus
phage BC-611
62 41359 | 42054 | 696 ATP-dependent 2.00E- | Enterococcus
metalloprotease 122 phage SAP6
64 42575 | 43207 | 633 Putative cytidine | 2.00E- | Enterococcus
deaminase 12 phage
phiEF24C
68 44116 | 44658 | 543 HNH endonuclease | 2.00E- | Streptococcus
family protein 33 agalactiae
2603V/R
75 46907 | 47212 | 306 Nucleoside 2.00E- | Enterococcus
triphosphate 46 phage BC-611
pyrophosphohydrolase
98 56236 | 56496 | 261 glutaredoxin 2.00E- | Actinomyces
9 sp. oral taxon
848 str. F0332
100 56728 | 57105 | 378 methyltransferase 1.00E- | Enterococcus
40 phage SAP6

6.2.4 Genome architecture

The organisation of the phage SP-QS1 genome roughly follows the architecture

typically seen in other siphoviruses including the well described coli-phage lambda,

Sfi2l and Sfill (S. thermophilus phages), L5 (M. tuberculosis phage) C31
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(Streptococcus coelicolor phage) and the Vibrio-phages VP16 C and VP16T (Seguritan
et al., 2003). Genes with recognisable homologies have been categorised in terms of the
following; (1) those genes (ORFs 1 and 4) involved in phage packaging (terminase), (2)
structural proteins (portal proteins — tail fibre proteins), (3) replication (primase -
polymerase) (4) genes associated with cell lysis (protease) as shown in Figure 6.3. In
terms of genomic architecture, the main difference between SP-QS1 and previously
described phages is the position of the protease. Here, the SP-QS1 protease is positioned
after the DNA polymerase, in most siphoviruses, the protease is next to the portal

protein.

k m‘m‘ﬂh primase Telicase | polymerase. O\ [Protease
ORFs 18 & 19 40334 ORF 41 ) ORF 62

Figure 6.3: Schematic of keys siphovirus genes which are for phage SP-QS1.
ORFs are colour coded based on the Blastp E-values and are labelled based on the
Blastp hits shown in table 6.1. In this chart, ORFs represent Blastp E-values (>1e—4)

only. ORFs employed to predict encoded putative function.

6.2.5 Glycosyltransferase and capsule degradation

The capsule is the key to pneumococcal virulence. The previously isolated phages are
unable to bypass this pneumococcal capsule (Bernheimer and Tiraby, 1976). However,
phage SP-QSL1 can infect capsulated S. pneumoniae. One gene might be responsible for
capsule degradation, enabling such phage to infect and lyse invasive capsulated
pneumococci. This gene is the gene encoding for glycosyltransferase.

The ORF 51 in SP-QS1 is predicted to encode for the glycosyltransferase.
Glycosyltransferase is an enzyme which catalyses the transfer of sugar moieties from

donor molecule to specific receptor molecules (Coutinho et al., 2003). There are two
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major structural types of glycosyltransferase; GT-A, which is a metal ion dependant,
and GT-B, which comprises of two Rossmann folds separated by a fork that forms the
substrate-biding site. The enzyme is also classified as either an inverting, or a retaining
enzyme, depending on the anomeric carbon atom. For example, where the anomeric
carbon atom has the same configuration in both donor and product, the enzyme is
classified as retaining. Conversely, with a different configuration, the enzyme is classed
as an inverting enzyme (Davies, 2001).

Glycosylated structural proteins are found in many viruses and occupy a number roles
such as; mimicking host glycans to evade the immune system, the folding and assembly
of viral particles, aiding the stabilisation of viral particles and functioning as receptors
to bind host cells (Vigerust and Shepherd, 2007). In bacteriophages, glycosyltransferase
acts to modify phage DNA so as to protect it from restriction modification (Gram H and
Riger W., 1986). Furthermore, this enzyme is involved in the biosynthesis of the
bacterial outer core, which functions as a receptor for specific phages such as the
Yersisnia enterocolitica serotype O:3 phage pR1-37 (Skurnik et al., 1995; Leipold et
al., 2007). Therefore, this enzyme may play two roles during SP-QS1 infection, firstly
in the modification of phage receptors; possibly preventing further phage infections
following takeover of the cellular machinery and secondly, to protect SP-QS1 DNA
from pneumococcal restriction modification systems. Finally, because the function of
glycosyltransferase similar to that for glycosyl hyrdorlase which has been found
encoded by phages those infected capsulated bacteria (Mushtaq et al., 2005; Scorpio et
al., 2007), phage SP-QS1 might uses glycosyltransferase to degrade the capsule of S.

pneumoniae.
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6.2.6 Phage structural proteins

Five structural genes encoding for structural proteins; head, tail, capsid and tail fibres.
Head proteins locate in ORFs 6 and 8 which were predicted as phage head
morphogenesis protein and major head protein, respectively. A top hit for the two
proteins in blastp analysis was the Enterococcus phage BC-611. Phage head genes were
found next to the gene which encodes for portal protein. Phage tail proteins are located
in ORFs 9, 13 and 14 which were predicted as major tail protein, phage tail protein and
major tail protein, respectively. Data analysis revealed that ORF 9 has similarity to
Enterococcus phage BC-611 while ORFs 13 and 14 have similarity to Enterococcus
phage SAP6. ORF 17 is the only ORF that was predicted to encodes for minor capsid
protein and was found similar to that protein encoded by Enterococcus phage BC-611,
furthermore, the phylogenetic tree of capsid gene suggest that SP-SQ1 is most closely
related to the Enterococcus phages SAP6 and BC-611 (Figure 6.4). Phage tail fibre
protein and phage minor structural protein are located in ORFs 18 and 19 and ORF 20,
respectively. A tope hit matching of all these proteins was the Enterococcus phage

SAPG.

6.2.7 Predicted Nucleic Acid — Metabolism, Modification and replication

The prediction of SP-QS1 genome indicate the encoding of 15 proteins involved in
phage DNA metabolism and modification. Here only three of these proteins described
in details due to their importance; endonuclease, methyltransferase, and DNA
polymerase. Endonuclease is essential enzyme in DNA replication and repair.
Methyltransferase plays an important role in the protection of phage DNA from host

restriction modification and DNA polymerase is the key factor in the DNA replication.
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6.2.7.1 HNH Endonuclease

There are two H-N-H endonucleases predicted genes in SP-QS1 which can be found in
two different ORFs; 45 and 68. These enzymes are homologous with the protein
encoded by Enterococcus phage BC-611 and S. agalactiae 2603V/R, respectively.
Homing endonucleases are encoded by introns and inteins, these make a site-specific
double strand break in the intronless and inteinless alleles. This results in both intron,
and intein, duplication via recombeogenic ends which engage in a gene conversion
process to produce stratification (Belfort and Roberts, 1997). Homing endonucleases are
distinct from restriction enzymes due to the default occurrence of a functional motif
within the active centre of restriction enzymes (Aggarwal, 1995; Pingoud and Jeltsch,
1997). Furthermore, recognition sequences span 12-40 bp in homing endonuclease
whereas in restriction enzymes they span only 3-8 bp (Lambowitz AM and Belfort M,
1993; Roberts and Macelis, 1997). Both enzymes are able to act alone or with additional
protein subunits however, accessory protein subunits are relatively different since
restriction enzymes (type | and Il) require modification and/or specificity in order to
initiate action (Bickle T.A.Nucleases. 2nd edn et al., 1993; Shibata et al., 1995;
Zimmerly et al., 1995). On a final note, homing endonucleases have been found in
eukaryote, archaea and bacteria whereas, restriction enzymes have been found in
archaea, bacteria and some eukaryotic viruses (Aggarwal, 1995; Pingoud and Jeltsch,
1997).

Homing endonucleases are classified into four families characterised by the following
sequence motifs - LAGLIDADG, GIY-YIG, H-N-H and His-Cys box - based on
structure, DNA recognition and genomic location (Belfort and Perlman, 1995). It is
been found that H-N-H endonucleases encode sequences spanning 30-33 amino acids.

The structure of this enzyme includes two pairs of conserved histidines surrounding a
Page | 127



Chapter 6. Genetic characterisation of phage SP-QS1

conserved asparagine to form a zinc finger-like domain (Gorbalenya, 1994; Shub et al.,
1994). H-N-H endonuclease has been found in phages including T-even phage H-N-H
enzyme I-Tevlll, which produces a double-strand cut. The enzyme has a property
enabling it to generate 5’ rather than 3’ extensions (Eddy and Gold, 1991). It has also
been found in Bacillus subtilis phage enzymes I-Hmul and I-Hmull, which can cleave
one DNA strand on both intron-containing, and intronless, targets (Goodrich-Blair and
Shub, 1996).

Both H-N-H endonuclease sequences of S. pneumoniae phage were aligned with the top
12 homologies as a result of blastp using the ClustalW program. This was further
manipulated by Bioedit v7.1.3 software. It is appears from the alignment that
histidine/asparagin content is relatively high. When comparing aligned sequences it
seems clear that overall, homology is relatively low. Indeed, this gene sequences (ORF
68) are extremely homology to those of S. agalactiae prophage and Enterococcus phage
EFRM31 (as shown in appendix 4). The alignment other gene’s sequences was not
applicable due to the limitation of high hits obtained from blastp.

SP-QS1 H-N-H endonuclease is suggested to be responsible to make a site-specific
double strand break in the intronless and inteinless alleles making them ready for

duplication.

6.2.7.2 Methyltransferase

The genome of SP-QS1 encodes two methyltransferase genes predicted to encode
methyltransferase located at two different ORFs; 42 and 100. These were found to be
homologous with methyltransferase encoded by Enterococcus gallinarum EG2 and
Enterococcus phage SAP-6, respectively. This enzyme is thought to protect SP-QS1

from bacterial restriction thereby allowing the phage to propagate.
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Blastp searches resulted in limited hits regarding predicted homology with ORF 100,
which encode methyltransferase. Therefore, only the first methylase encoded by ORF
42 sequences were used in alignment with the top 12 hits. These were obtained from
blastpsearches using ClustalW. The alignment revealed an approximately 50 %
homology to all aligned sequences. It was noted that methylase sequences of SP-QS1
was placed in alignment between methylase sequences of E. gallinarum EG2 and
ActinoBacillus pleuropneumoniae 4074 prophage, all sharing a high degree of
homology compared with other organisms/genes (as shown in appendix 5).
Methyltransferase is an enzyme catalyst that transfers a methyl group from a donor S-
adenosylmethionine to the 5-carbon position of the cytosine ring (Schmitt et al., 1997).
Four methylation processes can take place within the nucleus: the first is referred to as
de novo methylation, where unmethylated cytosines, predominately within the CpG
dinucleotide, become methylated. The second, maintenance methylation, concerns
maintenance of hemimethylated, newly synthesised strands, following replication
(Bestor and Verdine, 1994). The third process, passive demethylation, is where
maintenance methylation activity decreases by 50% during each round of DNA
replication. The fourth, active demethylation, is where enzymatic processes are applied
to decrease methylation levels in the absence of DNA replication (Weiss et al., 1996;
Frémont et al., 1997).

Bacterial methyltransferase is used for restriction modification to protect bacteria
against phage DNA by digesting it via restriction enzymes (Arber W and Dussoix D,
1962; Dussoix D and Arber W, 1962). As a consequence, phages respond by adopting
strategies to eliminate restriction sites (Weinbauer, 2004a). Methyltransferase is
encoded by lytic phages such as bacteriophages T2 and T4 (Schlagaman and Hattman,

1989). It has been discovered that bacterial restriction-associated MTase, possess a
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distributive mechanism activated via phage processivity during methylation. This
interferes with biological functions involved in restriction modification (Yang Z et al.,
2003).

Methytransferase in SP-QS1 is suggested to protect phage genome from restriction

modification that is might be generated by pneumococci.

6.2.7.3 DNA Polymerase | (Pol I)

The annotation of SP-QS1 genome revealed that this genome encodes for DNA
polymerase | (Pol I). The gene encoded for Pol I located within ORF 59. A top hit
homologous obtained from blastp analysis was the Enterococcus phage BC-611,
however, as described in the introduction (section 6.1), the phylogenetic tree indicates
that DNA polymerase is not a reliable marker as relationships between the phages
included in the analysis were unresolved.

DNA polymerase is an enzyme used for replication and transcription in order to allow
micro-organisms to replicate and survive. This enzyme has the ability to produce
corresponding biopolymers with high levels of accuracy, integrity and processivity in
turn, facilitating its wider application throughout numerous molecular and biological
systems (Henry and Romesberg, 2005). DNA polymerase also functions to protect
against DNA damage (Lange et al., 2011). Based on amino acid sequence comparisons,
DNA polymerase can be divided into seven different families; A, B, C ,D, X, Y and RT.
Replicative bacteriophage DNA polymerase belong to type A and B however, DNA
repair involves all families associated with DNA polymerase. Furthermore, these
families are unrelated based on sequence comparisons. Nevertheless, similarities do
exist between families A and B in terms of biochemical and structural features (Filée J

etal., 2002 ; Harada F et al., 2005).
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Remarkably, despite considerable diversity in relation to bacterial climates, Pol |
sequences have been conserved over time (Gutman et al., 1993). Three Thousand base
pairs are involved in the gene encoded for Pol I, which can encode 1000 amino acids
residues in a simple polypeptide chain. Regardless of evolution, Pol | retain 35 % of
amino acid identity, with 50 % homology. This property enables the substitution of
deleted endogenous Pol | activity units, exchanging one organism for another
originating from different bacteria (Suzuki et al., 1996). E. Coli Pol | is the prototype
for a DNA polymerase which has the same structure as other polymerases; a large cleft
surrounded by fingers, a palm and a thumb (Ollis et al., 1985). Interestingly, Pol | has
been linked to mitochondrial DNA polymerase-y which features in some bacteriophages
including T3 and T4 (Filée J et al., 2002 ). Searches using PSI-BLAST for E. Coli Pol |
Sequences, retrieved an homology with bacteria, followed by the DNA polymerases of
several gram positive and gram negative bacteriophages and also N-terminal domains
for novel eukaryotic DNA polymerase/helicase (Harris et al., 1996).

Because DNA polymerase 1, has been found in bacteria, this enzyme could be
transferred from one strain to another. However, SP-QS1 DNA polymerase is
homological to DNA polymerase in Enterococcus phage BC-611 whereas its host, S.
pneumoniae D39, contains DNA polymerase Ill (holoenzyme). The latter is different
from Pol | in light of features such as multi-subunit structure, the need for TP to bind
tightly with DNA, the rapidity of DNA synthesis, and the ability to remain bound to
DNA during repeated polymerization. This renders the enzyme remarkable and highly
processive (Kelman Z and O'Donnell M, 1995).

SP-QS1 DNA polymerase phylogenetic analysis showed that an unresolved relationship
with those phages examined in the disrobed analysis (Figure 6.4). Previous results are

supported by findings relating to sequence alignment measured using ClustalW. These
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results indicated that SP-QS1 DNA sequences have a low homology with the sequences
employed in alignment. The alignment process suggests that DNA polymerase SP-QS1
have undergone different mutations namely, point mutations, which are represented by
mismatches, and indel mutations, represented by gaps (as illustrated in appendix 6).

As DNA polymerase responsible for DNA replication in all micro-organisms thus, SP-
QS1 polymerase | is suggested to play the same role leading to the production of new

copies of its DNA.

6.3 Phylogenetic relationship of key genes within the genome of SP-QS1

To determine the affiliation of SP-QS1 with known phages, three genes were chosen on
the basis of their known utility for resolving phage evolutionary relationships; the DNA
polymerase gene, the capsid gene and the terminase gene. All genes were combined
with the top 25 blastp hits and then analysed using both maximum parsimony and
neighbourhood joining algorithms using 1000 bootstraps. Because the algorithm used
did not affect tree topology the neighbourhood joining trees are presented here.

Data analysis based on the phylogenetic tree indicates that DNA polymerase is not a
reliable marker as relationships between the phages included in the analysis were
unresolved. The phylogenetic tree of DNA polymerase showed that phage SP-QS1 was
poorly formed a clade with prophage of Bacillus atrophaeus 1942. The terminase gene
and the capsid gene suggest that SP-SQ1 is most closely related to the Enterococcus
phages SAP6 and BC-611 and they formed a tight clade together. These data suggest
SP-SQ1 has an interesting evolutionary history and indeed, may possibly result from
previous co- infections with Enterococcus. However it is pertinent to state that
Enterococcus has a different niche to S. pneumoniae and thus, it is unlikely that the

phage isolated in this project was associated with an Enterococcus species, This is
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because the Enterococcus bacteria inhabits the intestine whereas, S. pneumoniae reside

in the nasopharynx. Phylogenetic trees are shown in Figure 6.4.

e phig074-81
ens C JGS1495

" 1 —— MCP Enterococcus phage SAPS

Figure 6.4: Phylogenetic Trees with Three Encoding Genes.

Phylogenetic analyses were based on the amino acid sequences of the A: DNA
polymerase, B: Terminase and C: Capsid proteins. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) is
shown next to the branches. The evolutionary distances were computed using the p-

distance method based on their amino acid sequences.
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6.4 Conclusion

SP-QS1 is the first has the ability to infect capsulated S. pneumoniae. It is also the first
prolate-head phage genome sequenced. The genome contains 58, 063 base pairs with an
overall G-C content of 40%. Furthermore, the genome has 103 predicted ORFs.
Nevertheless, only 29 ORFs have been found to predict the assignment of putative
functions. Despite high numbers regarding ORFs within the genome of SP-QS1, the
number of ORFs with the ability to assign putative function remains low. This finding
appears consistent with other phages such as Proteobacteria phage ®JL00O1and Vibrio
harveyi phage VHSL, they have 17/91 and 24/125 functional ORFs, respectively (Lohr
et al., 2005; Khemayan et al., 2012).

SP-QS1 genes with recognisable homologies are often ordered according to the
following; (1) genes involved in phage packaging, (2) structural proteins, (3) replication
and (4) genes associated with cell lysis. Interestingly, SP-QS1 genome does not encode
CRISPR sequences, proteins with trans-membrane domains or regulatory elements. In
addition, because the phage genome does not encode integrase genes, it appears to be a
genuine lytic phage. Also, in omitting to encode putative toxins, the latter two traits
mean that it is well suited for therapeutic use in humans.

The annotation of this novel genome illustrates the homology of phage SP-QSL1 to those
of Enterococcus phage SAP6. However, phage SP-QS1 encodes certain proteins which
make this phage distinguished from Enterococcus phages SAP6 and BC-611, including
DNA methylase and glutaredoxin. These two proteins facilitate SP-QS1 genome
protection and replication via host cells. There are also a number of genes encoded for
N-acetylmuramoyl-L-alanine amidase, methylase and glycosyltransferase making it
distinct from previous pneumococcal lytic phages Cp-1 and Dp-1. Glycosyltransferase

has been suggested to degrade pneumococcal capsule and associate with N-
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acetylmuramoyl-L-alanine amidase to facilitate phage infection. Moreover, the SP-QS1
genome involves genes encoded for tryptophan as tRNA, located at 24820 bp and
24891 bp. Tryptophan is required by their hosts and may increase the fitness of these

hosts (Miller et al., 2003).
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7.1 The respiratory invasive pathogen; S. pneumoniae

S. pneumoniae can be found in the upper human respiratory tract, and particularly the
nasopharynx (Hament et al., 1999). It constitutes a major global public health problem,
and can cause pneumonia, otitis media, sinusitis and meningitis, mainly in children and
the elderly (WHO, 2003). Pneumococcal disease is the main cause of child mortality in
the developed world, and, according to the World Health Organization, two million
children under the age of five die every year from pneumococcal infection (Spier,
2008). Despite the availability of pneumococcal conjugate vaccine (PCV-7 and -13) and
pneumococcal polysaccharide vaccine (23-valent vaccine), the protection resulting from
their use is insufficient to control the infections by pneumococci, which has more than
90 serotypes (Rosén et al., 1984; Faden et al., 1991; Camou et al., 2003; Hansen et al.,
2006). Moreover, the Capsular gene replacement ability of this bacterium after
vaccination has created a significant challenge for bacteriologists in developing an
appropriate vaccine which can provide thorough protection against pneumococcal
infections (Filippo et al., 2010; Weinberger et al., 2011). In addition, the prevalence of
antibiotic resistance of bacteria has increased, and S. pneumoniae is no exception shows
a multidrug resistance to a variety of different antibiotics (Whitney et al., 2000; Adam,
2002). Due to the pneumococcal antibiotic resistance and to incompetent protection of
pneumococcal vaccines, another strategy should be suggested to control and treat S.

pneumoniae infections, such as phage therapy.
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7.2 S. pneumoniae and phage therapy

7.2.1 Capsulated S. pneumoniae and the application of Dp-1 and Cp-1

The first isolated lytic pneumococcal phage was a siphophage Dp-1 from the throat
swab of a patient with an upper respiratory infection in 1974; the isolation was carried
out using non-capsulated pneumococcus R36A as host (McDonnell et al., 1975).
Podovirus Cp-1 was isolated in 1981 from the throat swabs of healthy children, using
non-capsulated pneumococcus serotype R6 (Ronda et al., 1981). Both phages showed
their ability to clear their hosts efficiently, but not any strains of capsulated S.
pneumoniae, as reported by Bernheimer and Tiraby in 1976; these researchers
concluded that the infection by these pneumococcal phages is inhibited by
pneumococcal capsules (Bernheimer and Tiraby, 1976). This case of phage disability to

infect capsulated S. pneumoniae motivated this project and my PhD studies.

In this study, it has been noticed that pneumococcal capsule has an influence on phage
SP-QS1 and S. pneumoniae interactions. In chapter 4, it was detected that the reduction
in pneumococcal viable counts took place earlier in strains with thinner capsule such as
D39, 4 and 6B comparing with passaged D39 and strain 3. These last two hosts share
one feature, namely the presence of a thick capsule, which might eliminate phage
penetration and as a result, showed late viable count reduction and fewer phage titres
(Abdelnour et al., 2009b; Hathaway et al., 2012a). In chapter 5, it was indicated that
phage treatment of infected mice resulted in more reduction in pneumococcal viable
count in lungs than in nasopharynx. It is known that the capsule becomes thicker during
colonisation, which would be expected to delay the penetration of the phage

(Weinberger et al., 2009).
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7.2.2 Novel phage SP-QS1 isolation and its activity against capsulated S.

pneumoniae

258 different samples were screened from throat and nasopharyngeal swabs, sputum
and pulmonary fluid (collected from volunteers and clinical samples from the UK and
from different hospitals in four cities in Saudi Arabia), using capsulated pneumococci
D39, ST3. ST4, 35A, 23F and 19F as hosts. Several techniques and assays were used
for the screening of collected samples which initially resulted in the isolation of several
putative lytic phages; however, none of them propagated well and formed individual
plaques. After significant effort, the isolation of a novel phage SP-QS1 was obtained.
The phage was isolated from the throat swab of a child with an upper respiratory tract
infection using serotype D39 as host cells. SP-QS1 showed its ability to clear capsulated

S. pneumoniae lawns of serotypes D39, 3, 4 and 6B, but not 23F and 19F.

The application of phage against pneumococci in vitro, using an MOI of 10, resulted in
a substantial decrease in bacterial colony-forming units with serotypes D39 (laboratory
strain) and 3 and 4, where the log of cfu was non-detectable after five hours of
incubation. This decrease was comparatively slightly lower with serotypes 6B and
passaged D39. The viability of S. pneumoniae was decreased in about 5 logs when they
were treated with SP-QS1, compared with the control. This decrease was obtained at
different times with different tested serotypes, and this was suggested to be related to
the thickness of the bacterial capsule. It was reported that when serotypes possess a big
capsule, such as serotype 3 and passaged D39, the decrease in bacterial viable counts
takes longer than with those with thinner capsules. This indicates that SP-QS1 degrades

the pneumococcal capsule prior to infection. This suggestion was supported later, when
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the genome of this phage was sequenced and genes were predicted and annotated,

which will be described later.

The reduction of pneumococcal colony-forming units using phage SP-QS1 was also
confirmed using in vivo mouse models of infections; intranasal and intravenous
infection models. The treatment of S. pneumoniae with SP-QS1, using an MOI of 10 in
both models of infections, resulted in the reduction in bacterial colony-forming units in
about 6 logs in blood samples after 48 hours. Despite the ability of this phage to clear
capsulated pneumococci in vivo, the survival experiments have not resulted in thorough
mouse survival, and this was attributed to mouse hyper immune response, as the colony-

forming units always decreased at the end of phage treatment.

7.3 Genomic characterisation of phage SP-QS1

The genome of SP-QS1 has been found to contain 58,063 base pairs with an overall G-
C content of 42%. 29 of 103 ORFs from these have been predicted to assign putative
functions. SP-QS1 genes with recognisable homologies are roughly ordered according
to (1) genes involved in phage packaging, (2) structural proteins, (3) replication and (4)
genes associated with cell lysis. Interestingly, SP-QS1 genome does not encode any
CRISPR sequences, proteins with transmembrane domains or regulatory elements. The
phage genome also does not encode any integrase genes, and so appears to be a genuine
Iytic phage. Furthermore, it does not encode any putative toxins. These two traits mean

that it is well suited for therapeutic use in humans.

The genome of SP-QS1 contains genes encoded for proteins which were found to be
essential for causing the infection. These proteins are glycosyltransferase and N-
acetylmuramoyl-L-alanine amidase, the former is suggested to be responsible for

capsule degradation and the latter is responsible for cell wall penetration. Other proteins
Page | 140



Chapter .7 Conclusion and future work

encoded by the genome SP-QS1 are methylase and glutaredoxin, which were found to
be involved in phage infection. These proteins were reported to play a role in phage
DNA protection from bacterial restriction modification and DNA replication by host
cells.

Phage releasing from infected cells requires the presence of lytic enzymes such as holin-
endolysin- mechanism or murine hydrolase. Researchers exploit this character of lytic
enzymes to lyse bacteria without using bacteriophages “lyse from without” (Young et
al., 2000; Nelson et al., 2001). Several lytic enzyme were isolated, purified and
undertaken to lyse bacterial hosts in both in vitro and in vivo such as Cpl-1 and Pal
enzymes of pneumococcal phages Cp-1 and Dp-1, respectively (Varea et al., 2004;
Grandgirard et al., 2008). Furthermore, some of these lytic enzymes were found to lyse
wide range of Streptococci such as phage C; lytic enzyme which clears its host without
causing any effect on Indigenous microorganisms analysed (Nelson et al., 2001).
Therefore, Phage SP-QS1 lytic enzyme glycosyltransferase and cell wall degrading
enzyme N-acetylmuramoyl-L-alanine amidase could be isolated, purified and used to

lyse capsulated S. pneumoniae and other Streptococci in both in vitro and in vivo.

7.4 Future prospects

My work has shown that phage SP-QS1 can infect the capsulated S. pneumoniae in
intranasal and intravenous mouse model of infections, so it might consider as a part of

useful set of next generation antimicrobial.

This phage could be tested with regard to the pneumococcal host range, which may be
extended, as phage SP-QS1 has demonstrated its ability to infect four out of six
capsulated serotypes. It can be also used to screen other Streptococcus species and other

respiratory pathogens such as Enterococcus, Klebsiella and Haemophilus. The in vitro
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and in vivo interaction of phage SP-QS1 could be assayed using other pneumococcal
serotypes and other respiratory pathogens. Using the same procedures, other phages
could be isolated in order to increase the chance of the host range prior to making
multivalent phage lysate, so as to increase the opportunity for pneumococcal phage

therapy.

Another application of this phage is in the study of the proteins encoded in the genome.
Proteomic studies will enable the discovery of the structures and functions of particular
key genes. With the view to that exploitation, some proteins are clearly worthy
investigating such as N-acetylmuramoyl-L-alanine amidase and glycosyltransferase. It
is important to test recombinant enzymes on different pneumococcal serotypes in order

to determine its ability to clear pneumococci in vitro and in vivo.
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Appendix 1: Pneumococcal confirmatory tests
1- Culturing pneumococci on blood agar for colony appearance and Optochin

sensitivity:

Blood agar is prepared as described in materials and methods (section 2.2.1), then the
test assayed as the following:

a) Touch the suspect a-hemolytic colony with a sterile bacteriological loop and streak
for isolation onto a blood agar plate in a straight line. Several strains can be tested on
the same plate at once, streaked in parallel lines and properly labeled.

b) Aseptically place an optochin disk with a diameter of 6 mm on the streak of
inoculum, near the end where the wire loop was first placed. Because the inoculum is
streaked in a straight line, three to four colonies may be tested on the same plate (Figure
16).

c) Incubate the plates in a CO2-incubator or candle-jar at 35°C for 18-24 hours.

d) Read, record, and interpret the results. The optochin sensitivity showed below.

The colony appearance and optochin susceptibility test for S. pneumoniae uses optochin
disks; this laboratory manual presents guidelines for interpretation of the optochin
susceptibility test based on a 6-mm, 5-ug optochin disk. The strain in the top streak
grew up to the disk: it is resistant to optochin and therefore is not a pneumococcus. The
strains in the centre and lower streaks are susceptible to optochin and appear to be
pneumococci (obtained from:
http://www.who.int/csr/resources/publications/drugresist/WHO_CDS _CSR_RMD 200
3_6/enl/, accecced on 30 March 2013).
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2- Catalase test.

a) Pick a colony from an 18-24 hr culture and place it on a clean glass slide. Avoid
carry-over of blood agar which can cause false positives.

b) Put one drop of 3% H202 over the organism on the slide. Do not reverse the order of
the procedure as false positive results may occur. Do not mix.

¢ Observe for immediate bubbling (gas liberation) and record the result.

d) Discard the slide into a discard container. Positive and negative catalase is shown

below

Catalase  test; (A)  positive and (B) negative  (obtained  from
http://www.who.int/csr/resources/publications/drugresistt WHO_CDS_CSR_RMD_200
3_6/en/, accecced on 30 March 2013).

3- Gram Staining

A drop of distilled water is first placed on each slide. Small part of bacterial colony is
transferred into that drop of water, mixed and left to dray. Then gram staining procedure
Is assayed as the following:

a) Cover with crystal violet for one minute.

b) Gently rinse off the stain with water and shake off the excess.

¢) Cover with gram's iodine for one minute.

d) Pour off the Gram's iodine.

e) Run 95% ethyl alcohol down the slide until the solvent runs clear (10-20 seconds).

f) Rinse with water to stop the action of the alcohol.

g) Cover with safranin for 20 seconds. Dry slide examined under light microscope.
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Appendix 2: Animal experiment score sheet.

Division of Biomedical Services: Study Score Sheet

| Cage ID: | SIDE1 |
PPL #: 60/4327 19b# 1 USER# | Tel#t |
Animal Ref: Date of procedure Date: Date: Date: Date: Date: Date: Date:
nem Time: Time: Time: Time: Time: Time: Time:
Code# Condition NETASS [+ -fHf++ -+ ++ NEYESS [+ -4/
1 NORMAL
2 HUNCHED
3 STAREY/PILOERECT
4* LETHARGIC
5% MORIBUND
6 DEAD
Assessor Please initial
Animal Ref: Date of procedure Date: Date: Date: Date: Date: Date: Date:
rem Time: Time: Time: Time: Time: Time: Time:
Code#f Condition NEYASS [+ -f+f++ -+ ++ NEYESS N EYEN P EWERS
1 NORMAL
2 HUNCHED
3 STAREY/PILOERECT
4* LETHARGIC
5* MORIBUND
6 DEAD
Assessor Please initial
Animal Ref: Date of procedure Date: Date: Date: Date: Date: Date: Date:
lem Time: Time: Time: Time: Time: Time: Time:
Code# Condition NAVERT e N EVENT /e NEVART J+/++ ]+
1 NORMAL
2 HUNCHED
3 STAREY/PILOERECT
4* LETHARGIC
5% MORIBUND
3 DEAD
Assessor Please initial
Animal Ref: Date of procedure Date: Date: Date: Date: Date: Date: Date:
bem Time: Time: Time: Time: Time: Time: Time:
Code# Condition -f+f++ -f+f++ -f+/++ ~[+/++ -f4+f++ 4+ R Ey
1 NORMAL
2 HUNCHED
3 STAREY/PILOERECT
4* LETHARGIC
5% MORIBUND
3] DEAD
Assessor Please initial
Animal Ref: Date of procedure Date: Date: Date: Date: Date: Date: Date:
2rem Time: Time: Time: Time: Time: Time: Time:
Code#t Condition BEYESS By -J44s -[+/++ [+ -/ J+/+
1 NORMAL
2 HUNCHED
3 STAREY/PILOERECT
4* LETHARGIC
5% MORIBUND
6 DEAD
Assessar Please initial

—= No Visible adverse affects
* Code #4 ++ = NOTIFY USER TO CULL IMMEDIATELY

Score Criteria

+ = Adverse affects visible ++ = Adverse affects critical stage
* Code # 5 = +/++ CULL IMMEDIATELY
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Serotype 3 automated growth curve Serotype 4 automated growth curve
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Appendix 3: Manual and automated pneumococcal growth curves.
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Appendix 2: Hypothetical proteins and unknown predicted ORFs of phage SP-QS1
genome.

ORF | Strand | Start | End Length | COMMENTS

2 + 653 997 345 Hypothetical protein [Enterococcus phage BC-611]
3 + 1016 1264 249 Hypothetical protein BFZC1_08870 [LysiniBacillus
fusiformis ZC1]
7 + 5068 5739 672 Hypothetical protein [Enterococcus phage SAP6]
10 + 7254 7658 405 Hypothetical protein [Enterococcus phage BC-611]
11 + 7674 8051 378 Hypothetical protein [Enterococcus phage BC-611]
12 + 8036 8416 381 Hypothetical protein [Enterococcus phage SAP6]
15 + 9717 10157 | 441 Hypothetical protein [Enterococcus phage BC-611]
16 + 10168 | 10392 | 225 Hypothetical protein [Enterococcus phage BC-611]
21 + 20591 | 20878 | 288 Hypothetical protein EFAP1_gp05 [Enterococcus
phage EFAP-1]
23 - 21922 | 22395 | 474 Hypothetical protein [Enterococcus phage BC-611]
24 + 22419 | 22562 | 144 Unkown
25 + 22861 | 23685 | 825 Hypothetical protein [Enterococcus phage SAP6]
26 + 23738 | 24172 | 435 Hypothetical protein [Enterococcus phage BC-611]
27 + 24175 | 24561 | 387 Hypothetical protein [Enterococcus phage BC-611]
28 + 24561 | 24761 | 201 Unkown
29 + 24906 | 25046 | 141 Unkown
30 + 24921 | 25046 | 126 Unkown
Hypothetical protein GME_15700 [Halomonas sp.
31 + 26021 | 26167 | 147 TDO01]
32 + 26167 | 26412 | 246 Hypothetical protein EFP_gpl156 [Enterococcus

phage phiEF24C]

conserved Hypothetical protein [Enterococcus

33 + 26412 | 26744 | 333 faecalis TX0630]
34 + 26744 | 26896 | 153 Unkown
35 + 26910 | 27098 | 189 Unkown
36 + 27110 | 27322 | 213 Unkown
38 + 28253 | 28372 | 120 Unkown
43 + 31659 | 31883 | 225 Unkown

pseudouridine synthase [Grosmannia clavigera
44 + 31895 | 32155 | 261 kw1407]
46 + 32661 | 33689 | 1029 Hypothetical protein [Enterococcus phage SAP6]
47 + 33689 | 34021 | 333 Hypothetical protein [Enterococcus phage BC-611]
50 + 35149 | 35781 | 633 Hypothetical protein [Enterococcus phage SAP6]
52 + 36438 | 36554 | 117 Unkown
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53 + 36566 | 36760 | 195 Unkown
54 + 36775 | 36999 | 225 Unkown
55 + 36996 | 37205 | 210 Unkown
56 + 37208 | 37420 | 213 Unkown
57 + 37421 | 37798 | 378 Hypothetical protein [Enterococcus phage BC-611]
58 + 37798 | 37983 | 186 Unkown
60 + 40448 | 40969 | 522 Hypothetical protein [Enterococcus phage BC-611]
61 + 40971 | 41366 | 396 Hypothetical protein [Enterococcus phage SAP6]
63 + 42113 | 42574 | 462 Hypothetical protein [Enterococcus phage BC-611]
65 + 43219 | 43425 | 207 Unkown
66 + 43439 | 43849 | 411 Hypothetical protein [Enterococcus phage SAP6]
67 + 43928 | 44116 | 189 Hypothetical protein [Cricetulus griseus]
69 + 44673 | 44930 | 258 Unkown
70 + 44930 | 45145 | 216 Unkown
Hypothetical protein [Enterococcus casseliflavus
71 + 45135 | 45326 | 192 EC30]EC10]
72 + 45329 | 45637 | 309 Unkown
73 + 45609 | 45896 | 288 Hypothetical protein [Enterococcus phage BC-611]
74 + 45898 | 46860 | 963 Hypothetical protein HMPREF0877_0104
[Weissella paramesenteroides ATCC 33313]
76 + 47978 | 48301 | 324 Hypothetical protein [Enterococcus phage BC-611]
77 + 48294 | 48398 | 105 Unkown
78 + 48402 | 48788 | 387 Hypothetical protein [Enterococcus phage BC-611]
79 + 48781 | 49155 | 375 Hypothetical protein [Enterococcus phage SAP6]
Hypothetical protein GVAMD_0344 [Gardnerella
80 + 49234 | 49371 | 138 vaginalis AMD]
81 + 49435 | 49662 | 228 Unkown
Hypothetical  protein  Sterm_3583  [Sebaldella
82 + 49510 | 49662 | 153 termitidis ATCC 33386]
83 + 49796 | 50089 | 294 Hypothetical protein EFP_gp116 [Enterococcus
phage phiEF24C]
84 + 50104 | 50313 | 210 Unkown
Hypothetical protein EFP_gp130 [Enterococcus
85 + 50387 | 50557 | 171 phage phiEF24C]
Hypothetical protein HMPREF0994_04907
86 + 50582 | 50902 | 321 [Lachnospiraceae bacterium 3 1 57FAA_CT1]
87 + 50992 | 51303 | 312 Hypothetical protein EFP_gp140 [Enterococcus
phage phiEF24C]
88 + 51412 | 51714 | 303 Hypothetical protein [Enterococcus phage BC-611]
89 + 51889 | 52002 | 114 Unkown
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90 - 52498 | 52818 | 320 Hypothetical protein
91 - 52818 | 52958 | 141 Unkown
Hypothetical protein [Methylacidiphilum
92 - 53135 | 53347 | 213 fumariolicum SolV]
93 - 53349 | 53567 | 219 Hypothetical protein [Desulfovibrio sp. 3 1 syn3]
94 - 53568 | 54401 | 834 Hypothetical protein [Enterococcus phage SAP6]
95 - 54437 | 55102 | 666 Hypothetical protein [Enterococcus phage BC-611]
96 - 55547 | 55912 | 366 Hypothetical protein [Enterococcus phage BC-611]
97 - 55932 | 56234 | 303 Hypothetical protein  (Transcriptional activator
domain protein) [Oscillochloris trichoides DG6]
99 - 56521 | 56658 | 138 Hypothetical protein [Enterococcus phage phiFL4A]
101 - 57107 | 57493 | 387 Hypothetical protein [Enterococcus phage SAP6]
102 - 57493 | 57750 | 258 Unkown
103 - 57750 | 58064 | 315 Hypothetical protein HMPREF9473 03471
[Clostridium hathewayi WAL-18680]
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Appendix 1: Alignment of SP-QS1 H-N-H Endonuclease with Homological
Sequences obtained using a BlastP Search using the ClustalW program and then
manipulated by Bioedit v7.1.3 software. SP-QS1 clusters appear to be similar to that
one of end of S. agalactiae prophage and Enterococcus phage EFRM31. HNH 1-7 are
the H-N-H endonuclease of; S. pneumoniae phage SP-QS1, S. agalactiae 2603V/R,
Enterococcus phage EFRM31, Streptococcus phage PH15, Enterococcus phage BC-
611, Lactobacillus rhamnosus HNOO1, Streptococcus phage StB20. HP 1 and 2 are
homing nuclease of Lactococcus amylovorus GRL 1112 and Bacillus sp. 3_1 33FAA. P

CYLGGMDKHKPESHESHDYYDEKTAIPLTERKKAVKTIKSSGSKTSKSIGSKTNKSAGSK

CYLGCMDKHKPESHESHDYYDEKTAIPLTERKKAVKTIKSSGSKTSKSIGSKTNKSAGSK

KYVAGIQPN--—======- FDI == === = = e e
TSDDGRE = = = = = = = = = = = = = —
KYLTGKYKLKQLADDYGLSIASVSRI INGKSWKNVG-—====—====——==—————————
TV = = = = = = e
370 380 390 400 410 420

TASKLGSKTAIKSGSKTTSKISTKSGSKTAIKSGSKTSKSI-—-—--GSKTSKTSKSIKYYE
TASKLGSKTAIKSGSKTTSKISTKSGSKTAIKSGSKTASKISTKSGSKTSKTSKSIKYYE

Is a putative endodeoxyribonuclease Lactococcus phage A.
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Appendix 2: Alignment of SP-QS1 Methylase with homological Sequences using
the ClustalW program and then manipulated by Bioedit v7.1.3 software. The SP-
QS1 sequences appear homology to those of Enterococcus gallinarum EG2 and
ActinoBacillus pleuropneumoniae 4074 prophage. M1-8 are methylase of phage SP-
QS1, E. gallinarum EG2, A. pleuropneumoniae 4074, A. pleuropneumoniae D13039,
Haemophilus influenzae Pittll, Haemophilus somnus 2336, A. pleuropneumoniae
CVJ13261, S. pneumoniae SP18-BS74, respectively. HP1 and 2 are hypothetical
proteins of E. faecalis TX0411 and Streptococcus phage PH10. CHP1 and 2 are
conserved hypothetical protein for E. Faecalis TX0470 and E faecalis TX2141. PP is a
phage protein of Lactococcus lactis KF147.

10 20 30 40 50 60
P e e S e T I

Polyl0 MARLFLFDGTALAYRAYYALDRSLSTSTGIPTNATYGVARMLVRFIKDHIIVGKDYVAVA
Polyll MARLFLEDGTALAYRAYYALDRSLSTSTGIPTNATYGVARMLVREFIKDHIIVGKDYVAVA
Polyl2 MARLFLFDGTALAYRAYYALDRSLSTSTGIPTNAVYGVARMLVKFIKEHITIPEKDYAAVA
Poly4 = = @ mm oo — -
Poly5 = =  —ommm oo -
Poly8 @ = —m o mm oo
Poly6 = = —m - oo
Poly7 = = m e e oo ———— =
Poly3 = = mm oo
Polyl3 = = —m e e e
Polyl = = mm oo — e — -
Poly2 = =  — oo e e e e — e — -
Poly9 = =  —ommmmm oo
Clustal Co

70 80 90 100 110 120

e T e e e T e

PolylO FDKKAATFRHKLLETYKAQRPKTPDLLIQQLPYIKKLVEALGMKVLEVEGYEADDIIATL
Polyll FDKKAATFRHKLLETYKAQRPKTPDLLIQQOLPYIKKLVEALGMKVLEVEGYEADDIIATL
Polyl2 FDKKAATFRHKLLEAYKAQRPKTPDLLVQQLPYIKRLIEALGFKVLELEGYEADDIIATL
Poly4d = =  — oo m MELNFDGLMKTMEKA

Page | 156



Appendix

POly5 oo MELTVD-LQPTMIAE
POly8 oo oo MEFFKG----- VSFE
POly6 oo MEIKPLKLN--—--- VNG
POly7 = = oo MEGLRLN------ LNA
Poly3 = =  —mm e e
Polyl3 = = - e e e e — MK
Polyl = =  ————— e MK
Poly2 = =  — - o e e ———— MK
Poly9 = = e
Clustal Co
130 140 150 160 170 180
O T e e T e
Polyl0 AVKGLPLFREIFIVTGDKDMLELVNEKIZV[JRIVKGISDLELYDAQKVKEKYGVEPQQIP
Polyll AVKGLPLFEIFIVTGDKDMLELVNEKIGVJRIVKGISDLELYDAQKVKEKYGVEPQQIP
Polyl2 AVKGCTFFREIFIITGDKDMLELVNEKIZVJRIVKGISDLELYDSKKVKERY GVEPHQIP
Poly4 ALSERGAABRVKEAQGREKARVFAAT SHERRK -~ -~ ——=-—=-——--—=-—————————-
Poly5 KQONEQEAMLRAKEAQERY IEATREPEWNAQI -~~~ - —-——-—=——-—————————————
Poly8 TGTKGDALARVSEAQKGKELKNYEPTWHABVLTGY ~~ ——— - === ——=-————————————
Poly6é HKAAP---—- AADVAKFKQAANAVEPINARR-—-—=-———=—————————————————
Poly7 LKPAAPKSBAVEATAKGKAKARTAEPIESRK-——--—--——--—--——————-—————-
Poly3 = = mm oo
Polyl3 ISVDLPNERKAKAAIKGVKGKEPLLTMAIAAK -~~~ —————=—————————————————
Polyl ISVDLPNERKAKAATKIVKGKEGPLLTMAIAJAK -~~~ == === ——=——=——=—————————
Poly2 ISVDLPNERKAKAAIKGVKGKEPLLTMAIAAK -~~~ ~————=—————————————————
Poly9 = = —m o e
Clustal Co
190 200 210 220 230 240
O T e e T e

Polyl0 DLLALTGDEIDNIPGVTGIGEKTAVQLLEKYKDLEDILNHVREBPOKVRKALLIUENAR
Polyll DLLALTGDEIDNIPGVTGIGEKTAVQLLEKYKDLEDILNHVREFPOKVRKALLEUNENARN
Polyl2 DLLALTGDEIDNIPGVTGIGEKTAVQLLGKYRNLEDILEHAREBPORVRKALLIUEVAR
Polyd = = oo oo QIFGYSKFKSG-LYJORAERY
POly5 = = m e e m e KVESKKAITENPR QYHIATAR
Poly8 = = —mm e PSTTGKHKNGHFOTKITPKERUEL LD
POly6 = m e e YA SKLSDSPRORLDEY
Poly7  m e fiFAMKLSDADRRKIIVTE
POly3 = mmmmm oo -
Polyl3 — o e fiF SMKNS AKRATLKLE
Polyl = = mm oo EiFSMKN S AKPEERILN L
POly2 = m e FiFSMKNS AKIARLKLE
POly9 = = o mmmm oo YALFNFNRKGIBASSAR
Clustal Co

Page | 157



Appendix

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7

Page | 158

250

P e e S T I T I
LSKKLAILETNVPIEINWEBELRYEGDRENLRAPRLIARNFAS IMKEROLYEESEZVG/RE

260 270 280 290 300

LSKKLAILETNVPIEINWIELRY[S G DREF LML ARG FAS IMKERQOLYEESEFVG/RH
LSKKLATL{TNAPVEVDWEEMK Y G DERNLAPHLIARIFAS IMKEROLYEEAEE TG /ER

FAAvEN vidG------- MpVPP-BRICKLVSEK NARILAEKNEKIHAKLLKSKIZD N ‘Ri¥
BKACEA ERR------- 11sS-ZRLECAAVFREATS0OD TARKINE L IANTZAN R
FraIpa oc------- MGVESLEK ERAHANE IAEARKAE IKGY LANMEEN]{HT
FAAMED RPARDPSDCVNEACK PEK AR A BRI AONREDKIFRKMVEE THEN (Wil
HAAMEA  KFARDPADCVNAGN PR AR AR I TIICEAQREE TIROMVEN TENN{ER
REYLEE KSR------ EBDKLNZN 2B ARRE (¢ EMEREAKFDE IRKKEWEK ) Pl
REYLEE K§SR------ EEDKLNGN ERARARRI (4 EMEREALES IRNKDLSLI7Pi
REYLEE KSR------ EBDKLNZIN AR AR (I[¢EMEREA LI®E S TRNKDLS LY Pi#

BRTKG----—--—-—-——-—-—- BKVETPVRGGNNLVTTIELIRKTHNEKLGGGMDDLAC

310
B B I B T T I e R IrIr I I e
UKBLVEFEKLEEKLRE - - - - SPSFAR LIS - - — - - iBP[5D-CDIfCHEVS[iK- - PKEA
UKELVEFEKLEEKLRE - - - - SPSFARNLES - - - —- MPD-CDIfCHEVSK--PKEA
FUKBHKTFEDLEEKLKE - - - ~VPS FAI LIS - - — - - PN -CEIfCHEVS3K--PKTA
BOTEDQFKALADLRHE- - - -EPAFRFNTEIE] —---- 2Vii0-DVIfGIELTLPRAGYEV
HQTEEQDOLTDLOQ- - - ~EDERAFN TG, —---- VN -DVIfCIRSF TLPRADYEV
UNTHEGYEWVIISLFEDS YALGAEJGARN TG, —---- BV DRTVGESEIFEGDVEE [ F
B EKRBAEFYALLEN- - - -EEERVERVIig] —---- FEVN-DYIfjGHVITAIRADVEA
BT TEERFQALEIDALNN-- - -EEIRAF TG, —---- VT -DVIfCIRELTLPNADWEV

-NIVERASKEDNALECD - -NEY[IAYWFZV DNGGTDMYREEISGFSIYRIKGEIILG

320 330 340 350 360

BN IVERASKEIDNALECD - -NEY[IAYW IV DNGGTDMYREEISGFSIYRIKGEIILG
ENERF TR I ERGNKAVSCD - -DE YA FZiiV DNGGTNKYAEDISGFSIRYRIKGEVILG
ENERFTRIERGNRAVSCD - -DEYIAYWFZIV DNGGTNKYAEDISGFSIYRIKGEVILG

YT SEEEBANYHIKHFKD - - - -NGCGGIRY Tizhfy

——————— LNVVDDKEAGVNL{TPGEKGI

Lk k%

370 380 390 400 410 420
F O I B I e I Y N I e
Y IPLEHRNAQN#D--—--- EKEJLIKISERLED PGAKIF GO /LKNYKIZIMVK VEPVP
YIPLEHRNAQNI#D------ EKEJLEKIRSENTED PGAKIF GO LKA YKFIMVK VEPVP
YIPLEHRNAQNI#D----—- ETLLSKISENLEDPS SKIFGO LK YKIIMVK  ISPVY
A ENNAGPOIR- - - — - - RSY[LNGIRSRY LTDPTVCKYLE AK{DIHYILRE MRMRG
A EKVAGQONE - - - -~ - RRAJLTARSPILTDVN I GKHLE  EKDIHYTRE  LRLRG
B3y CETSDHEOY - - - —-- RGYMFKIRIPHLEKKGTKLLE EKSHYLKD ITIRN

B TREKTILPOKE - - - —-- RDLGNETIRPFYEDPTVCKIAL AKZPIHYIDRE  IKLRG
BaYEE-VDCEORS - - ——-- RAYLEGIHA P FNDES I CKLE A T[5p RRH FDLKG



Appendix

Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Page | 159

V5L REREEDGS PEHLN I ANVKWAERGIRYFESDK - AT AT NUCIIAKASLGIAPR
VS REREEDGS PEHLN I ANVKWAERCIRR FIdSDK - ATWE] AT iUCIRAKASLGIAPR
W2y REREEGGS PEPLNIENVEWAEDAIRK FASDK-ATYWE AT HACIANASLOIVPN
VS REREEDGS PPLNIENVEWAERAMTKYFASDK - ATHWEL AT RCIIAKASLGIIPN
\ZPNEVS YMTGAK - - - LKDQL PRDVVRYIME LENTKLDF'S | BH RO YWOMG INN I
* * * ek

430 440 450 460 470 480
B T T B L T M e
- PHE YRR RRE P K- — - —— - —- KONEDPAL G ¥ YKMTSYQELMSFSSPig - --
- PYFIpYRA A fRIED (K- — - - —— - - K NIDAL T G YKMTSYQELMSFSFRR ---
- PHE} YRR RRE P oK - — - —— - —- KON i G YKMT SYQELMSFSSPi#g - --
D TMI/MAT LNENE|EEEEEEEE Bvaly MA G- -KFFGFDGERHIERNRT ---
B8 DTMI MAVLNENEIZEEEEEEEt LAY AR G- -KYFGFEDKE Y} EF#T ---
93D TMI/ Vv LNENDEEEEEEE e ERGIRJANAIIN G- -RFFGFEDKEME IR jSNKP
~LTWEEQEAYRE B Be - -~~~ AR VAR -~~~ LRTEFSFICERT --K
U DTMiy MHLLNENERS LN felerXe S L KDL K FEEEEEEE LKTPAD DA --R
b1 TV LDED SR B OB VAT - - -~ TEEDEIEEDT ~-K
DT T L DED SR ST R U TeEPEIEEYS --K
DT Thvi 1L DEDIS SR SR KDL TR YL SR MPESEIEET --K
el T Thv L L DED S SHLKDL L U ueESEIEET - K
RAYWRI O AANRR i gp- - - - —-—-- HCIRRYIYE K -KEDTNSKQLA G TN 3R~ - -

*x H .o i x

490 500 510 520 530 540
B T I N [ e e
- FS[A PEKA AN Ciay~ D (RN N T LS LKI®H - — - - — - - ——- EADPEN 3 YKigaME
- SR PP KA AN ECiEA DI RV T LS LK{&T - — - - — - - ——- EADPEN[ 3 YKIEEMER
- P A AN B TR DR RE E T L SMKEE - - -~ - -~ - EARREN YRR
SNSE VLDl e KD T T Y KHON T REDFLKE REENE
KT SRR Pl ALV AA Bk ER O ROH 8- - - - — - - - - KESPRLI/DERINEH
EAF B ESYiC T F{ACK i HC LK P LMK~ - - - —---- OPKIY D FN YO
IGFDEVDDRIALA AN GO LKPRN [ REHMAG - - - - - - ——- MPEJLRY[ET{ZZVE
NAQ K P L Vi A AR ER KR o P RY HYAR- - - - - - —-- IPTHLDYQTHS I
N8 'D TIVVE 170U K DT VER LEENOI AN NKIZEE et SFAREIKK{ "ERIIR[EC
NAKEAREATRARW AR Vi Gl LR B e LN I P - - - — - - - SFAKHRKY] [ERIZREC
NAK AN DGMIBARK AR H G LR B e LN I P - - - — - - - SFAKHKKY (ERIZREC
RAK AR DIMITARW G AR G LB TP LG I P - - - - - —- SFAREIKK{ "DRISIR[EC

GIP[TKHPIA Y L AGT PKYE EF AR ERK Y[# NTDADVVKRHLDD[ Y RFMI DEEME T
. - % . * . . . * *

* .



Appendix

550

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5

Page | 160

560
N T
HSVLARTIELN
UNVLARTBLN
UNVLARTELN
EDICVEEEQT
pipveviiiiEoa
TPAVLAYIBET
pisvvoeliETT
BrvIvEREAN
EMATFEESE
EMATFEVIZSE
EMATFEESE
B TrEAAE
HUPAVLEMZIK

P
610
| |

570

\2VDIWERPKKIASEENME K LEE LIAEIATN4:U 01
A2 (VDUERKKIASEENME K LEE LIAEIN I N4:39:1
V1 R S R R B v O T

580
|

590
|

D NENO e e e v
LESU i AMBYRAGLKGEAGREANITEH

EffyFS[5ADMYKTELOAR SIIEFKTTRR

DEE® AR Y GRELKS GIRIFYDERIEEL
TR A v L AKR AR GE VAR L TR

A TBEvEVORESEATRIR S ARIOAR
o TEEVEVORGEsEAFEER s AREORR
A TBEvEVoRGESEATRIR S ARTOAR
T vVESERGTVAKRENGITEREOER

TRIEIB LIRS ARG Y ROGK AR ERKIPK I EZNKYDKEFKEFKIKHPDLAS

620
| |

630
|

640
|

650

---EPF [ Ko SRIER i EKIG IKPRGK T TRTCDY STRIELEELAGE - - — - - - - —— - -
---EPF [ Ko SRIE? I EKG IKPRGK T TITGDY STRUEFLEELAGE -~ - - — - - == -
---EPF. i FIEKe SKI#? i EKRC IKPRGK T TTGEY STRIEJLEE IANE -~ - - — - - —— - -

- - - F AR A EGR DRIBGLP - - QGKEJS TDVIITLKGBKGR
- - —-p F Lo A AR I DKIPK L PV IKGKERS TDVIITLKKIBREETK
- - — - 1  FEE AR S AIRR U DERK L PD I S GKRIF- ADASTLOKBVIH
- - - [ FEEARPIK PARERVT GESLAS TDAR- - - - IVLKPARK
EGDEPH [} ETHOYRPAMSKANGKDLSNMDAR- - - -JTLKPRKED

- - — - FEREE S LKIBR "VDNDWSK Y VT ADHKS I LRGHGYDFHE Y ON - - - - = - - —— - —

_—— SEYIL VDNDWSKYVTPDHKS I LEGHYGYDIRHGI SNNKLFALMPNGS
REV

- - — - FEREE S LKIBR "VDNDWSK Y VT PDHKS I LEGH[G YDHGI SNNKLEALMPNGS

- - — - RCEEVeHOKTIR | Y DNDWS SVVTRDKS I LS GHIGFDY GI SNNKKFAMKPSGA

RLSNPH ! BEFJEKeG I FF{{DMIGLKPVDREKPRGTGAD IGKEVE

710
B I
HEIHPLIFRR K
HEIRPLE§R 9K
HEIJPLIERR K
L1 KHRE]

720



Appendix

Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Page | 161

------------------------------------------------ SV ST LE¥KD
———————————————————————————————————————————————— YEIFAKRRY N
VILDPIVNAEGK------------- VVPKNDRNKLOANAKAMKKI AKAVDEJQDIREY )
VILDPMVNAEGK-------—----- VVPKNDRNKLQANAKAMKKI AKAVDEODIER 1)
IILDPIVKKVNAGFDERGEAVYKEVAVAKDDRNKLOANSKALKKIANVAPERODRRILIY
-------------------------------------------------- VAKLIERA ¥
730 740 750 760 770 780
e B R e P
BRI B FExmgvekr TEEAST T BA EESs--------- PN ON:. P
B A @k ek FEEASTIRT EAR BrESs--------- PN ONT P
B Bk gek TEEASTEer EA EUESs--------- PN ONL. P
PSRl T A@EHOiKA D FECS T RVARTE BAER--------- PNT.ONT PR
LK TV D a1 SR HESRNOVNTV TR = P 'S SRR 2PN ONL PLrs
LYK LT TR VEZL PV EK LHEEENOSATVTSRE .S :CE R e DJg LPZKE
SHEWYEH ARZELIDOKT TNZUPN AKpE REEG------- GTGV I OEK -

EiviZs ciy f TS TKONPTTEQWEISR

PM R EEGKDEEDKTQQGF ! [f9 Q5 PE-

B EAG KEpTrEAR-D fEcOTEr [ RiEAs--------- NETER0OEKE-
B kg TEEAr-D. ECOTRF B KNS --------- NEIH00RKE-
LivKy4YSSELElZ Thina T(e)20 8K e ENOVETVTIFRES EEEEEEEE PNLOOVE e
LuKLRETY 1 DL Pl Sl T H e ENOMETV TR RES S SRR SPNLONT P

790 800 810 820 830 840

B B I B T I e T I I I
EEGKEIRZARVPOD PNWHERYS AR RO TN LNRRATIR NENERKALED IRFEULTASRE
EEGKE IRZARVPOD PNWHERYS AR RO N L NRRATTR PENERRANED IRFELLTASRE
EEGKEIRZARVPOD PDWWERYS AR RO TN LNRRATIR NENRUKALED IREULTASRE
------ ARRITVAPKGWLIE I e 1EPERERARTYE BPHFREP]LY ERNRETRAARY
—————— ARErvarEDsE VIR IEPRPATE Herloreil o ErEAERY
------ ARxiIIvAPKGYLEF IR IEPRTRARYE Bacioy PlLNN IR A SPARKE
—————— ARkiIrvAPEGYARRE TR oEYRCRA FHONPKIFYDN/FR DR ASHARE
—————— BpYrGPPPGRLEY ARIKAORIRCIHA BPViBINA L LEERD P A TYAENE
—————— BKYFEAPEGSLEER AR SO PIVRRARISE CLEMRINI
------ ARKYFEAPEGSLER AR EeOEPRINMAFISE COEINT
—————— AQ~YYMVDEDSTHY AN ECOELNICERT BEARKAVIAS INFEsHARME
--—-KDIFKYFIPDDGNI G EeoRrRsPARYE BEKIEKATKN Koi ATHAS Y



Appendix

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7
Poly3
Polyl3
Polyl
Poly2
Poly9
Clustal Co

Polyl0
Polyll
Polyl2
Poly4
Poly5
Poly8
Poly6
Poly7

Page | 162

850 860 870
| | [P IR [

NVREERVT----------m- o Y RRINEKMYaS T T
NVKPRRVT---—--------- 12E Y RRINEKMVINS T T}
NVKEERVN---=--------- o Y RRUEK VIS T T
KVELSBCEDES--—-------- KERK KT gLL VM
KVSYEECGEDDS -~~~ -----== KERKUKVIELL VM
KL YEACLEADGET YKKAGLPKH PRGMMERY GIRIATGY
CKEIEEC----------- N R KKV ML, VIt

KBV YKAD - - -GS DTREERRME AT

880
R | | |

890 900

VR S L LRV KE EKE T

VaE L Sip BV KE B XY T
GrevcEEved BeviAmMET
TSMIEREEOR EsvEsAHErEs
TSMIEAZOR HrvEsANerE
Thnv=S T \ESLE T=E \OKIgMD|
GGANMIPKEAN [GEKHEACL R
MESEST DY BVEIKE Gite

NREIEECLDGS ———=====--= TYEGNT NEMERWS 1/ \DILIT A0 \OKIY I D
NKEIEECLDGS - —--—-—--—- TYRRNT] YEMENS L \DILIATINAOE\QKIL I D|
DR YERVRDGT - - === - KIS KMT VLT LYBMENES T DU AT e oMM
KVY[EECLEFNPDGTTN-T I GKORFSNLECIAAICIRYY RCVNERARKIANIATKIIZARS T
910 920 930 940 950 960
B I I I I [P I |
VLI RDIeRVVSEAEK G R ] ERDIPOLMAR-—————-———————————
VL RO e RVVSEARBKCIYRIR] DI PQLMAR-————----—————----
TLIZYRSI O OVVAEARKG RIGR] DI POLMAR---———---——---——--
VAR ENF- - PGHREQAIVYDQLAARKI - -—-—

AT DY AIHCATHE FAIONE FER
S S TALVAKQVAHADREITG
EREVIKEESNOKFVIEHG

GSMFEASAIRIENEE

Nj
N
S
Gl DE D Y A ED TWE FVIIINE
D
D
S

AN

DI VViYE T IGNKK TVVIZOR

RS F - - PGHREKAIVYDKLATEI - - — - -
WEDYO ENF--IGHTVIAKHYHALHAKV--—--
[WMDHLEEIR - - LPDAKD -~~~ — == === -—=-—~
WWADLNARYEIR - - LPDAKLPRKNIPYGKWN- -~~~

WERT MEFKHENFDILKKNWN-—-———=--——-—

DIV ERYETECNKK TVVERORI ENR ] MERFKHENFDILKKNWN - ——-———--—--

T LAK [TEK FEEGNKK TARS ORI ERET

ﬁ###FKKENFSILDKPWG ———————————

E[5TLEERYKOL DS IRMARBLGITifls FERL.PDINLPRYEFKYKDKSTSDNENPF

980 990

1000
B B I I e

1010 1020

————————————— DENTOAEGER
————————————— DENTOREGE]R
————————————— DENTOEEGER

———————————————————— CKALGTERVPLDFWS-NKGIPKDLKRKEGAVIGEVERVRE

———————————————————— CEILGTKAVPYDYWQYKKELPVILRROFRAVGEVERVRY

———————————————————— VNILGRE--PENIWR--EPLPRNLKKQYWEVNKDYQFVAR

___________ RSAGHYFAVFT

——————————— RKHNSRINGALR



Appendix

POly3 = s o
Polyl3 s o SLDENDKKLESTAARALR
Polyl = =  —mm e e e SLDENDKKLESTARRALR
POly2 = s mmm e SLTQEEKDLFGAAARALR
Poly9 FDTADDVENDEVPEYVQLSYTAMLEKSRFDKKRKNVILSKARTEGISIKNNTGLIAGAER
Clustal Co
1030 1040 1050 1060 1070 1080
B S R e T I T AT I TP

Polyl0 IAI] TPis WARDIIRLAYMENDRELKERKMR-—--—- M I}felVHDELVEEVPDE )

Polyll IAT! TPHe [AADIIFLAYHERDRELKERKMR--—--- S MIi(eVHDE LVEEVENEN 4}
Polyl2 IAI TPHe WAADIILAYNDIDEELRKINMK--——-- M TI(OVHDE LVEEVPDE 3458
Poly4 MAV ARMS [ARDIMIRABINBYEYT--JARG--—--- KON G TIEEARL LR TR LA
Poly5 MAV ARES [AAD IMIRABINGYN-—---- DG------ 34T TEWVHDERLIMVIN T TIAN
Poly8 MEVIAIRS FARLMLGKAYHAFNAHLERGEGAG--—--- W MMEST HDE LL B I PERVTIZ
Poly6 OB T AR EAAIQTIATYMANOELCDRFTAEGRGE - - [REWC VA RL LGN TIRIO0
Poly7 ORT AR FEEIQTEIVTEKAHEYCANRPG-—--—-~ WALERWVHDE L I EEVPED|I T

Poly3 = = mo oo oo

Polyl3 QAT ALMe GCAASQTRLVYNAARIRLKELSEARGEPNS[GFIRAQEINRER T JNTHE A
Polyl QAT ALY GAASQOTILVYNAARIRLKELSEARGEPNS[GFRAOIINOCI IR ZANGIOE
Poly2 ORT AT EARQQTHATIHRYAYRKVLARLSEARHKKY CINFIRA FIINAVR TR KINAE A

Poly9 ocv Eris EARDMTEIAVMARHNNKRLFELG- -~~~ (eMLyfe)VEDE I IEQ@PIDV|}:e

Clustal Co
1090 1100 1110 1120 1130 1140
e I I I
Polyl0 LEELIFRY T - - Vs LoV TG TS - - —— - - == - === === == ——— - -
Polyll LYELFERY T - -V siE LBV Tl s - - - - - - - - - - -
Polyl2 LD LS KT - - Ve siE LBV GRS S - - - - == - == - === == —— - -
Poly4 BYEERSACYIVR - - AAREFE VIV TIRIMAR]| DGVKKGEYK--WVA==-=-=====-—=--

Poly5 BYEKIEEACYIR- - SANINEIRVITEISTR]] TGIKKGAYFNGNVA-—=--—=--=—=-——-
Poly8 BRI EfD | IYKE- - ViEE DS LIV TEMIR] EGIPFAEWVEKGCGRKPFEEVA---—--
Poly6 EYKDFEVEV ] TYVEGN -EENGTRREMSERT EGLKISEFFSGEVSRDDYPNEDDYEKQK
Poly7 BAQERREIYL S YRWGDVENGTRIAUMIK]| EGVPVEEWFK-—---—=-=--====--——--
Poly3 = =  —mmm e — e —

Polyl3 EVIJAT EDIMINERUVVK LYV EEIKIND T E TEKNWE e ARKDWFK--—-—-—-—-—-—
Polyl EVIAT ED\MINERS VK LIAVEEIKIND T E TEKNHR S AEEEE SRKEWFND--—=-—=-—-—-—-

Poly2 EReARRECYE] - - TS SVTRVEHGRR] AMNGFEYRGGKPYATDSLEASKDNGLVS
Poly9 VKPI[RISCYL - - ARV EMS VIR TIC Y GESLNI I - —— = === === === == === —— -
Clustal Co
1150 1160 1170 1180
[ | [ [ | [ |
Polyl0 = = —————-mmmmmm o

Page | 163



Appendix

Polyll = = —————-—m oo —
Polyl2 = = —-m oo oo
Poly4d = ——— - m e e
Poly5 = = -——------mmmmmm oo
Poly8 = = —--mmmmmm oo
Poly6 RIVGEGWQGKGAV———=— === == == ———m—m—m— o
Poly7 = = -—-———-—-- NKEAV-———————————————————————————
Poly3 = =  mom oo oo
Polyl3 = = —————-mmmm oo
Polyl = =  —————mmmmmm oo e
Poly2 CGDIVSYVREGSEDIGSVYVNGNYLRDLNDDEWKVYSKELK

Poly9 = = —---mmmmmmmm oo
Clustal Co

Appendix 3: SP-QS1 DNA polymerase Alignment together with the Top 12 Hits
attained via Blastp using the ClustalW program and then manipulated by Bioedit
v7.1.3 software. The alignment process indicated low homology between the sequences
of SO-QS1 Poly I, and other poly sequence micro-organisms. Poly 1-13 are the DNA
polymerase of the following; Entercoccus phage BC-611, Entercoccus phage SAP6,
Entercoccus phage F4, Pelotomaculum thermopropionicum SI, Desulfuromonas
acetoxidans DSM 771, Bacillus pumilus ATCC 7061, Bacillus amyloliquefaciens DSM
7, Bacillus atrophaeus 1942, Corynebacterium phage phiCTP1, Thermotoga sp. RQ2,
Thermotoga maritima MSB8, Thermotoga neapolitana DSM 4359 and Streptococcus

pneumoniae Phage SP-QSL1 respectively.

Page | 164



Bibliography

Abdelnour, A., Soley, C., Guevara, S., Porat, N., Dagan, R. and Arguedas, A.
(2009). Streptococcus pneumoniae Serotype 3 among Costa Rican Children with Otitis
Media: clinical, epidemiological characteristics and antimicrobial resistance patterns.
BMC Pediatric 9,52.

Abedon, S. (2006). Phage Ecology, Second eddition edn. New York: Oxford University
Press, Inc.

Abedon, S. and Yin, J. (2009). Bacteriophage Plaques: Theory and Analysis. In
Bacteriophages, pp. 161-174. Edited by M. J. Clokie and A. Kropinski: Humana Press.

Abedon, S. T. (2008). Bacteriophage Ecology Population Growth, Evolution and
Impact of Bacterial Viruses, 1st edn. Cambridge: Cambridge Universtiy Press.

Ackermann, H.-W. (2006). Classification of bacteriophages, 2ed edn. New York:
Oxfodr Univaersity press,Inc.

Ackermann, H.-W. (2009). Phage Classification and Characterization. In
Bacteriophages, pp. 127-140. Edited by M. J. Clokie and A. Kropinski: Humana Press.

Ackermann, H.-W. and DuBow, M. S. (1987 ). Viruses of Prokaryotes. In: General
Properties of Bacteriophages Vol. I. CRC Press, Boca Raton. 202 p.

Ackermann, H. W. (1998). Tailed bacteriophages: the order Caudovirales. Advance
Virus Research 51, 135-201.

Ackermann, H. W. (2003). Bacteriophage observations and evolution. Res Microbiol
154, 245-251.

Adam, D. (2002). Global antibiotic resistance in Streptococcus pneumoniae. Journal of
Antimicrobial Chemotherapy 50, 1-5.

Aggarwal, A. K. (1995). Structure and function of restriction endonucleases. Current
Opinion in Structural Biology 5, 11-19.

Alanis, A. J. (2005). Resistance to Antibiotics: Are we in the post-antibiotic era?
Archives of Medical Research 36, 697-705.

Alisky, J., lczkowski, K., Rapoport, A. and Troitsky, N. (1998). Bacteriophages
show promise as antimicrobial agents. Journal of Infection 36, 5-15.

Andersson, B., Dahmen, J., Frejd, T., Leffler, H., Magnusson, G., Noori, G. and
Eden, C. S. (1983). Identification of an active disaccharide unit of a glycoconjugate
receptor for pneumococci attaching to human pharyngeal epithelial cells. Journal of
Expermintal Medicine 158, 559-570.

Appelbaum, P. C., Bhamjee, A., Scragg, J. N., Hallett, A. F., Bowen, A. J. and
Cooper, R. C. (1977). Streptococcus pneumoniae resistant to penicillin and
chloramphenicol. Lancet 2, 995-997.

Page | 165



Bibliography

Arber W and Dussoix D (1962). Host specificity of DNA produced by E.coli. I. Host
controlled modification of phage lambda. Journal of Molecular Biology 5, 18-36.

Ashelford, K. E., Day, M. J. and Fry, J. C. (2003). Elevated Abundance of
Bacteriophage Infecting Bacteria in Soil. Applied and Environmental Microbiology 69,
285-289.

Austrian, R. and Gold, J. (1964). Pneumococcal Bacteremia with Especial Reference
to Bacteremic Pneumococcal Pneumonia. Annal of Internatioal Medicine 60, 759-776.

Avery, O. T., MacLeod, C. M. and McCarty, M. (1944). Studies on the chemical
nature of the substance inducing transformation of pneumococcal types: induction of
transformation by a desoxyribonucleic acid fraction isolated from pneumococcus type
iii. The Journal of Experimental Medicine 79, 137-158.

Barksdale, L. and Arden, S. (1974). Persisting bacteriophage infections, lysogeny, and
phage conversions. Microbiology 28, 265-299.

Barnard, J., Stinson, M. (1996). The alpha-hemolysis of Streptococcus gordonii is
hydrogen Peroxide. Infection and immunity 64, 3853-3857.

Bartlett, J. G. (2002). Clinical practice. Antibiotic-associated diarrhea.[see comment].
New England Journal of Medicine 346, 334-339.

Bartual, S. G., Otero, J. M., Garcia-Doval, C., Llamas-Saiz, A. L., Kahn, R., Fox,
G. C. and van Raaij, M. J. (2010). Structure of the bacteriophage T4 long tail fiber
receptor-binding tip. Proceedings of the National Academy of Sciences 107, 20287-
20292.

Battig, P., Hathaway, L. J., Hofer, S. and Mihlemann, K. (2006). Serotype-specific
invasiveness and colonization prevalence in Streptococcus pneumoniae correlate with
the lag phase during in vitro growth. Microbes and Infection 8, 2612-2617.

Belfort, M. and Perlman, P. S. (1995). Mechanisms of Intron Mobility. Journal of
Biological Chemistry 270, 30237-30240.

Belfort, M. and Roberts, R. J. (1997). Homing endonucleases: keeping the house in
order. Nucleic Acids Research 25, 3379-3388.

Bender, M. H., Cartee, R. T. and Yother, J. (2003). Positive Correlation between
Tyrosine Phosphorylation of CpsD and Capsular Polysaccharide Production in
Streptococcus pneumoniae. Journal of Bacteriology 185, 6057-6066.

Bergh, O., Borsheim, K. Y., Bratbak, G. and Heldal, M. (1989). High abundance of
viruses found in aquatic environments.[see comment]. Nature 340, 467-468.

Berkane, E., Orlik, F., Stegmeier, J. F., Charbit, A., Winterhalter, M. and Benz, R.
(2006). Interaction of Bacteriophage Lambda with Its Cell Surface Receptor: An in

Page | 166



Bibliography

Vitro Study of Binding of the Viral Tail Protein gpJ to LamB (Maltoporin)f.
Biochemistry 45, 2708-2720.

Bernheimer, H. P. (1979). Lysogenic pneumococci and their bacteriophages. Journal
of Bacteriology 138, 618-624.

Bernheimer, H. P. and Tiraby, J.-G. (1976). Inhibition of phage infection by
pneumococcus capsule. Virology 73, 308-309.

Bestor, T. H. and Verdine, G. L. (1994). DNA methyltransferases. Current Opinion in
Cell Biology 6, 380-389.

Bickle T.A.Nucleases. 2nd edn, Linn S.M., Lloyd R.S. and Roberts R.J (1993).
editors. Cold Spring Harbor: Cold Spring Harbor Laboratory Press. p. 89-109.

Biswas, B., Adhya, S., Washart, P., Paul, B., Trostel, A. N., Powell, B., Carlton, R.
and Merril, C. R. (2002). Bacteriophage Therapy Rescues Mice Bacteremic from a
Clinical Isolate of Vancomycin-Resistant Enterococcus faecium. Infection and
immunity 70, 204-210.

Black, S., Shinefield, H., Baxter, R., Austrian, R., Bracken, L., Hansen, J., Lewis,
E. and Fireman, B. (2004). Postlicensure Surveillance for Pneumococcal Invasive
Disease After Use of Heptavalent Pneumococcal Conjugate Vaccine in Northern
California Kaiser Permanente. The Pediatric Infectious Disease Journal 23, 485-489.

Blasco, R., Murphy, M. J., Sanders, M. F. and Squirrell, D. J. (1998). Specific
assays for bacteria using phage mediated release of adenylate kinase. Journal of Applied
Microbiology 84, 661-666.

Boulnois, G. J., Paton, J. C., Mitchell, T. J. and Andrew, P. W. (1991). Structure and
function of pneumolysin, the multifunctional, thiol-activated toxin of Streptococcus
pneumoniae. Molecular Microbiology 5, 2611-2616.

Bratbak, G., Heldal, M., Norland, S. and Thingstad, T. F. (1990). Viruses as
partners in spring bloom microbial trophodynamics. Applied and Environmental
Microbiology 56, 1400-1405.

Breitbart, M., Hewson, |., Felts, B., Mahaffy, J. M., Nulton, J., Salamon, P. and
Rohwer, F. (2003). Metagenomic Analyses of an Uncultured Viral Community from
Human Feces. Journal of Bacteriology 185, 6220-6223.

Breitbart, M., Salamon, P., Andresen, B., Mahaffy, J. M., Segall, A. M., Mead, D.,
Azam, F. and Rohwer, F. (2002). Genomic analysis of uncultured marine viral
communities. Proceedings of the National Academy of Sciences 99, 14250-14255.

Breitbart, M., Wegley, L., Leeds, S., Schoenfeld, T. and Rohwer, F. (2004). Phage

Community Dynamics in Hot Springs. Applied and Environmental Microbiology 70,
1633-1640.

Page | 167



Bibliography

Brussow, H. (2001). Phages of dairy bacteria. Annual Review of Microbiology 55, 283-
303.

Brussow, H. and Desiere, F. (2001). Comparative phage genomics and the evolution of
Siphoviridae: insights from dairy phages. Molecular Microbiology 39, 213-223.

Bruttin, A., Desiere, F., Lucchini, S., Foley, S. and Brissow, H. (1997).
Characterization of the Lysogeny DNA Module from the TemperateStreptococcus
thermophilusBacteriophage ¢Sfi21. Virology 233, 136-148.

Bruyn, G. A., Zegers, B. J. and van Furth, R. (1992). Mechanisms of host defense
against infection with Streptococcus pneumoniae. Clinical Infectious Disease 14, 251-
262.

Byington, C. L., Samore, M. H., Stoddard, G. J., Barlow, S., Daly, J., Korgenski,
K., Firth, S., Glover, D., Jensen, J., Mason, E. O., Shutt, C. K. and Pavia, A. T.
(2005). Temporal Trends of Invasive Disease Due to Streptococcus pneumoniae among
Children in the Intermountain West: Emergence of Nonvaccine Serogroups. Clinical
Infectious Diseases 41, 21-29.

Byington, C. L., Spencer, L. Y., Johnson, T. A., Pavia, A. T., Allen, D., Mason, E.
O., Kaplan, S., Carroll, K. C., Daly, J. A., Christenson, J. C. and Samore, M. H.
(2002). An Epidemiological Investigation of a Sustained High Rate of Pediatric
Parapneumonic Empyema: Risk Factors and Microbiological Associations. Clinical
Infectious Diseases 34, 434-440.

Camou, T., Palacio, R., Di Fabio, J. L. and Hortal, M. (2003). Invasive
pneumococcal diseases in Uruguayan children: comparison between serotype
distribution and conjugate vaccine formulations. Vaccine 21, 2093-2096.

Canchaya, C., Proux, C., Fournous, G., Bruttin, A. and Brussow, H. (2003).
Prophage Genomics. Microbiology and Molecular Biology Reviews 67, 238-276.

Carver, T. J., Rutherford, K. M., Berriman, M., Rajandream, M.-A., Barrell, B. G.
and Parkhill, J. (2005). ACT: the Artemis comparison tool. Bioinformatics 21, 3422-
3423.

CDC. (2010). Updated recommendations for prevention of invasive pneumococcal
disease among adults using the 23-valent pneumococcal polysaccharide vaccine
(PPSV23). MMWR 59, 1102-1106.

CDC. (2012). ACIP GRADE tables, 2012. Atlanta, GA: US Department of Health and
Human Services, CDC; 2012. Available at
http://www.cdc.gov/vaccines/acip/recs/GRADE/pneumo-immuno-adults.html.
Accessed March 25, 2012.

Chesney, R. H. and Scott, J. R. (1975). Superinfection immunity and prophage
repression in phage P1: Il. Mapping of the immunity-difference and ampicillin-
resistance loci of P1 and @amp. Virology 67, 375-384.

Page | 168


http://www.cdc.gov/vaccines/acip/recs/GRADE/pneumo-immuno-adults.html

Bibliography

Chibani-Chennoufi, S., Bruttin, A., Dillmann, M.-L. and Brissow, H. (2004).
Phage-Host Interaction: an Ecological Perspective. Journal of Bacteriology 186, 3677-
3686.

Chibani Azaiez, S. R., Fliss, 1., Simard, R. E. and Moineau, S. (1998). Monoclonal
antibodies raised against native major capsid proteins of lactococcal c2-like
bacteriophages. Applied and Environmental Microbiology 64, 4255-4259.

Clarke, S. C., Scott, K. J. and McChlery, S. M. (2004). Serotypes and Sequence
Types of Pneumococci Causing Invasive Disease in Scotland Prior to the Introduction
of Pneumococcal Conjugate Polysaccharide Vaccines. Journal of Clinical Microbiology
42, 4449-4452.

Conaty, S., Watson, L., Dinnes, J. and Waugh, N. (2004). The effectiveness of
pneumococcal polysaccharide vaccines in adults: a systematic review of observational
studies and comparison with results from randomised controlled trials. Vaccine 22,
3214-3224.

Coutinho, P. M., Deleury, E., Davies, G. J. and Henrissat, B. (2003). An Evolving
Hierarchical Family Classification for Glycosyltransferases. Journal of Molecular
Biology 328, 307-317.

Cundell, D. R., Gerard, N. P., Gerard, C., Idanpaan-Heikkila, 1. and Tuomanen, E.
I. (1995). Streptococcus pneumoniae anchor to activated human cells by the receptor for
platelet-activating factor. Nature 377, 435-438.

d’H’erelle, F. (1918). Technique de la recherche du microbe filtrant bact eriophage
(Bacteriophagum intestinale). CR Soc Biol 81, 1160-1162.

Davies, G. J. (2001). Sweet secrets of synthesis. Nat Struct Mol Biol 8, 98-100.

De Schutter, 1., Malfroot, A., Piérard, D. and Lauwers, S. (2006). Pneumococcal
serogroups and serotypes in severe pneumococcal pneumonia in Belgian children:
Theoretical coverage of the 7-valent and 9-valent pneumococcal conjugate vaccines.
Pediatric Pulmonology 41, 765-770.

Di John, D., Wasserman, S. S., Torres, J. R., Cortesia, M. J., Murillo, J., Losonsky,
G. A., Herrington, D. A., Sturcher, D. and Levine, M. M. (1989). Effect of priming
with carrier on response to conjugate vaccine. Lancet 2, 1415-1418.

Diaz, E., Lopez, R. and Garcia, J. L. (1992). EJ-1, a temperate bacteriophage of
Streptococcus pneumoniae with a Myoviridae morphotype. J Bacteriol 174, 5516-5525.

Doern, G. V., Richter, S. S., Miller, A., Miller, N., Rice, C., Heilmann, K. and
Beekmann, S. (2005). Antimicrobial Resistance among Streptococcus pneumoniae in
the United States: Have We Begun to Turn the Corner on Resistance to Certain
Antimicrobial Classes? Clinical Infectious Diseases 41, 139-148.

Page | 169



Bibliography

Douglas, R. M., Paton, J. C., Duncan, S. J. and Hansman, D. J. (1983). Antibody
Response to Pneumococcal Vaccination in Children Younger than Five Years of Age.
Journal of Infectious Diseases 148, 131-137.

Dunn JJ and Studier FW (1983). Complete nucleotide sequence of bacteriophage T7
DNA and the locations of T7 genetic elements. J Mol Biol 166(4), 477-535.

Dussoix D and Arber W (1962). Host specificity of DNA produced by E.coli. II.
Control over acceptance of DNA from infecting phage lambda. J Mol Biol,
5, 37-49.

Eddy, S. R. and Gold, L. (1991). The phage T4 nrdB intron: a deletion mutant of a
version found in the wild. Genes & Development 5, 1032-1041.

Esposito, S., Madore, D. V., Gironi, S., Bosis, S., Tosi, S., Bianchi, C., Cimino, C.
and Principi, N. (2003). Theoretic coverage of heptavalent pneumococcal conjugate
vaccine in the prevention of community-acquired pneumonia in children in Italy.
Vaccine 21, 2704-2707.

Faden, H., Brodsky, L., Waz, M. J., Stanievich, J., Bernstein, J. M. and Ogra, P. L.
(1991). Nasopharyngeal Flora In The 1st 3 Years Of Life In Normal And Otitis-Prone
Children. Ann Otol Rhinol Laryngol 100, 612-615.

Fauquet, C. M., Mayo, M. A., Maniloff, J., Desselberger, U. and Ball L.A., e.
(2005). Virus Taxonomy: VIlIith Report of the International Committee on Taxonomy
of Viruses., 35-116, 279-295, 443-446, 741-750.

Fedson, D. S. (1999). The clinical effectiveness of pneumococcal vaccination:: a brief
review. Vaccine 17, Supplement 1, S85-S90.

Fedson, D. S. and Liss, C. (2004). Precise answers to the wrong question: prospective
clinical trials and the meta-analyses of pneumococcal vaccine in elderly and high-risk
adults. Vaccine 22, 927-946.

Filée J, Forterre P, Sen-Lin T and J., L. (2002 ). Evolution of DNA polymerase
families: evidences for multiple gene exchange between cellular and viral proteins. J
Moleculagr Evolution Journal: 54(6), 763-773.

Filippo, A., Daniela, D. F., Paola, C., Paolo, D., Matteo, B. and Giancarlo, 1. (2010).
Serotype replacement in Streptococcus pneumoniae after conjugate vaccine
introduction: impact, doubts and perspective for new vaccines. Reviews in Medical
Microbiology 21, 56-64 10.1097/MRM.1090b1013e32833a32345f.

Frank, H. and Moebus, K. (1987). An electron microscopic study of bacteriophages
from marine waters. Helgolander Meeresunters 41, 385-414.

Freeman, V. J. (1951). Studies on the virulence of bacteriophage-infected strains of
corynebacterium diphtheriae. Journal of Bacteriology 61, 675-688.

Page | 170



Bibliography

Frémont, M., Siegmann, M., Gaulis, S., Matthies, R., Hess, D. and Jost, J.-P.
(1997). Demethylation of DNA by purified chick embryo 5-methylcytosine-DNA
glycosylase requires both protein and RNA. Nucleic Acids Research 25, 2375-2380.

Fuller, N. J., Wilson, W. H., Joint, I. R. and Mann, N. H. (1998). Occurrence of a
Sequence in Marine Cyanophages Similar to That of T4 g20 and Its Application to
PCR-Based Detection and Quantification Techniques. Applied and Environmental
Microbiology 64, 2051-2060.

Garcia, E., Ronda, C. and Lopez, R. (1979). Bacteriophages of Streptococcus
pneumoniae. European Journal of Biochemistry 101, 59-64.

Gindreau, E., Lopez, R. and Garcia, P. (2000). MM1, a temperate bacteriophage of
the type 23F Spanish/USA multiresistant epidemic clone of Streptococcus pneumoniae:
structural analysis of the site-specific integration system. Journal of Virol 74, 7803-
7813.

Goldberg, S. M. D., Johnson, J., Busam, D., Feldblyum, T., Ferriera, S., Friedman,
R., Halpern, A., Khouri, H., Kravitz, S. A., Lauro, F. M., Li, K., Rogers, Y. H.,
Strausberg, R., Sutton, G., Tallon, L., Thomas, T., Venter, E., Frazier, M. and
Venter, J. C. (2006). A Sanger/pyrosequencing hybrid approach for the generation of
high-quality draft assemblies of marine microbial genomes (vol 103, pg 11240, 2006).
Proceedings of the National Academy of Sciences of the United States of America 103,
16057-16057.

Gonzalez, B. E., Hulten, K. G., Lamberth, L., Kaplan, S. L., Mason, E. O. J. and
Group, t. U. S. P. M. P. S. (2006). Streptococcus pneumoniae Serogroups 15 and 33:
An Increasing Cause of Pneumococcal Infections in Children in the United States After
the Introduction of the Pneumococcal 7-Valent Conjugate Vaccine. The Pediatric
Infectious Disease Journal 25, 301-305.

Goodrich-Blair, H. and Shub, D. A. (1996). Beyond Homing: Competition between
Intron Endonucleases Confers a Selective Advantage on Flanking Genetic Markers. Cell
84, 211-221.

Gorbalenya, A. E. (1994). Self-splicing group | and group Il introns encode
homologous (putative) DNA endonucleases of a new family. Protein Science 3, 1117-
1120.

Gram H and Riger W. (1986). The alpha-glucosyltransferases of bacteriophages T2,
T4 and T6. A comparison of their primary structures. Mol Gen Genet 202, 467-470.

Grandgirard, D., Loeffler, J. M., Fischetti, V. A., Leib, S. L., Grandgirard, D.,
Loeffler, J. M., Fischetti, V. A. and Leib, S. L. (2008). Phage lytic enzyme Cpl-1 for
antibacterial therapy in experimental pneumococcal meningitis. Journal of Infectious
Diseases 197, 1519-1522.

Gruber, F., Falkner, F. G., Dorner, F. and Hammerle, T. (2001). Quantitation of
Viral DNA by Real-Time PCR Applying Duplex Amplification, Internal

Page | 171



Bibliography

Standardization, and Two-Color Fluorescence Detection. Applied and Environmental
Microbiology 67, 2837-2839.

Gutman, P. D., Fuchs, P., Ouyang, L. and Minton, K. W. (1993). Identification,
sequencing, and targeted mutagenesis of a DNA polymerase gene required for the
extreme radioresistance of Deinococcus radiodurans. Journal of Bacteriology 175,
3581-3590.

Hament, J. M., Kimpen, J. L., Fleer, A. and Wolfs, T. F. (1999). Respiratory viral
infection predisposing for bacterial disease: a concise review. FEMS Immunol Med
Microbiol 26, 189-195.

Hammerschmidt, S., Talay, S. R., Brandtzaeg, P. and Chhatwal, G. S. (1997).
SpsA, a novel pneumococcal surface protein with specific binding to secretory
immunoglobulin A and secretory component. Mol Microbiol 25, 1113-1124.

Hanlon, G. W. (2007). Bacteriophages: an appraisal of their role in the treatment of
bacterial infections. International Journal of Antimicrobial Agents 30, 118-128.

Hansen, J., Black, S., Shinefield, H., Cherian, T., Benson, J., Fireman, B., Lewis,
E., Ray, P. and Lee, J. (2006). Effectiveness of Heptavalent Pneumococcal Conjugate
Vaccine in Children Younger Than 5 Years of Age for Prevention of Pneumonia:
Updated Analysis Using World Health Organization Standardized Interpretation of
Chest Radiographs. The Pediatric Infectious Disease Journal 25, 779-781.

Harada F, Nakano T, Kohno T, Mohan S, Tnaiguchi H and Sano K (2005). RNA-
dependent DNA Polymerase (RT) Activity of Bacterial DNA polymerases. Bulletin of
the Osaka Medical College, 51(1), 35-41.

Haral, S., Koike, 1., Kamiya, H. and Tanoue, E. (1996). Abundance of viruses in
deep oceanic waters. Marine Ecology Progress Series 145, 269-277.

Harold, F. M. (1972). lon transport and electrogenesis in bacteria. Biochemical Journal
127, 49-50.

Harris, P. V., Mazina, O. M., Leonhardt, E. A., Case, R. B., Boyd, J. B. and Burtis,
K. C. (1996). Molecular cloning of Drosophila mus308, a gene involved in DNA cross-
link repair with homology to prokaryotic DNA polymerase | genes. Molecular and
Cellular Biology 16, 5764-5771.

Hatfull, G. F. (2008). Bacteriophage genomics. Current Opinion in Microbiology 11,
447-453.

Hatfull, G. F., Jacobs-Sera, D., Lawrence, J. G., Pope, W. H., Russell, D. A., Ko,
C.-C., Weber, R. J., Patel, M. C., Germane, K. L., Edgar, R. H., Hoyte, N. N.,
Bowman, C. A., Tantoco, A. T., Paladin, E. C., Myers, M. S., Smith, A. L., Grace,
M. S., Pham, T. T., O'Brien, M. B., Vogelsberger, A. M., Hryckowian, A. J.,

Page | 172



Bibliography

Wynalek, J. L., Donis-Keller, H., Bogel, M. W., Peebles, C. L., Cresawn, S. G. and
Hendrix, R. W. (2010). Comparative Genomic Analysis of 60 Mycobacteriophage
Genomes: Genome Clustering, Gene Acquisition, and Gene Size. Journal of Molecular
Biology 397, 119-143.

Hatfult, G. F. and Sarkis, G. J. (1993). DNA sequence, structure and gene expression
of mycobacteriophage L5: a phage system for mycobacterial genetics. Molecular
Microbiology 7, 395-405.

Hathaway, L., Brugger, S., Morand, B., Bangert, M., Rotzetter, J., Hauser, C.,
Graber, W., Gore, S., Kadioglu, A. and Muhlemann, K. (2012a). Capsule Type of
Streptococcus pneumoniae Determines Growth Phenotype. PL0S Pathogens 8,
€1002574.

Hathaway, L. J., Brugger, S. D., Morand, B., Bangert, M., Rotzetter, J. U., Hauser,
C., Graber, W. A,, Gore, S., Kadioglu, A. and Muhlemann, K. (2012b). Capsule
Type of Streptococcus pneumoniae Determines Growth Phenotype. PLoS Pathog 8,
e1002574.

Hendrix, R. W., Smith, M. C. M., Burns, R. N., Ford, M. E. and Hatfull, G. F.
(1999). Evolutionary relationships among diverse bacteriophages and prophages: All
the world’s a phage. Proceedings of the National Academy of Sciences 96, 2192-2197.

Hennes, K. P. and Simon, M. (1995). Significance of bacteriophages for controlling
bacterioplankton growth in a mesotrophic lake. Applied and Environmental
Microbiology 61, 333-340.

Hennes, K. P. and Suttle, C. A. (1995). Direct counts of viruses in natural waters and
laboratory cultures by epifluorescence microscopy. Limnology and Oceanography 40,
1050-1055.

Henry, A. A. and Romesberg, F. E. (2005). The evolution of DNA polymerases with
novel activities. Current Opinion in Biotechnology 16, 370-377.

Hershey, A. D. and Dove, W. (1983). Introduction to Lambda. New York: Cold Spring
Harbor Laboratory Press.

Holmes, F. O., . (.), (1948). Order Virales, the filterable viruses, in Bergey’s Manual of
Determinative Biology. Baltimore: Williams & Wilkins.

Holtje, J. V. and Tomasz, A. (1975). Biological effects of lipoteichoic acids. Journal
of Bacteriology 124, 1023-1027.

Hsieh, Y.-C., Hsueh, P.-R., Chun-Yi, L., Lee, P.-I., Lee, C.-Y. and Huang, L.-M.
(2004). Clinical Manifestations and Molecular Epidemiology of Necrotizing Pneumonia
and Empyema Caused by Streptococcus pneumoniae in Children in Taiwan. Clinical
Infectious Diseases 38, 830-835.

Page | 173



Bibliography

Jado, I, Lopez, R., Garcia, E., Fenoll, A., Casal, J., Garcia, P., Spanish
Pneumococcal Infection Study, N., Jado, I., Lopez, R., Garcia, E., Fenoll, A., Casal,
J. and Garcia, P. (2003). Phage lytic enzymes as therapy for antibiotic-resistant
Streptococcus pneumoniae infection in a murine sepsis model. Journal of Antimicrobial
Chemotherapy 52, 967-973.

Jarling, M., Bartkowiak, K., Robenek, H., Pape, H. and Meinhardt, F. (2004).
Isolation of phages infecting Actinoplanes SN223 and characterization of two of these
viruses. Applied Microbiology & Biotechnology 64, 250-254.

Kadioglu, A. and Andrew, P. W. (2005). Susceptibility and resistance to
pneumococcal disease in mice. Briefings in Functional Genomics & Proteomics 4, 241-
247.

Kadioglu, A., Coward, W., Colston, M. J., Hewitt, C. R. and Andrew, P. W. (2004).
CD4-T-lymphocyte interactions with pneumolysin and pneumococci suggest a crucial
protective role in the host response to pneumococcal infection. Infection and
Immunity72, 2689-2697.

Kadioglu, A., Gingles, N. A., Grattan, K., Kerr, A., Mitchell, T. J. and Andrew, P.
W. (2000). Host cellular immune response to pneumococcal lung infection in
mice.[erratum appears in Infect Immunol 2000 Apr;68(4):2390]. Infection and Immunity
68, 492-501.

Kadioglu, A., Weiser, J. N., Paton, J. C., Andrew, P. W., Kadioglu, A., Weiser, J.
N., Paton, J. C. and Andrew, P. W. (2008). The role of Streptococcus pneumoniae
virulence factors in host respiratory colonization and disease. Nature Reviews
Microbiology 6, 288-301.

Kamerling, J. (2000). in Streptococcus pneumoniae: Molecular Biology &
Mechanisms of Disease. New York: Mary Ann Liebert.

Kaur, S., Harjai, K. and Chhibber, S. (2012). Plaque-size enhancement of MRSA
phages using sub-lethal concentrations of antibiotics. Applied and Environmental
Microbiology.

Kelman Z and O'Donnell M (1995). DNA polymerase 111 holoenzyme: structure and
function of a chromosomal replicating machine. Annual Review of Biochemistry 64,
171-200.

Khalil, A., Naheed, N. K. and Mustak, A. K. (2012). Bacteriophage therapy revisited.
African Journal of Microbiology Research 6, 3366-3379.

Khemayan, K., Prachumwat, A., Sonthayanon, B., Intaraprasong, A,
Sriurairatana, S. and Flegel, T. W. (2012). Complete Genome Sequence of Virulence-
Enhancing Siphophage VHS1 from Vibrio harveyi. Applied and Environmental
Microbiology 78, 2790-2796.

Page | 174



Bibliography

Kim, J. O., Romero-Steiner, S., Sorensen, U. B., Blom, J., Carvalho, M., Barnard,
S., Carlone, G. and Weiser, J. N. (1999). Relationship between cell surface
carbohydrates and intrastrain variation on opsonophagocytosis of Streptococcus
pneumoniae. Infection and Immunity 67, 2327-2333.

Kim, J. O. and Weiser, J. N. (1998). Association of Intrastrain Phase Variation in
Quantity of Capsular Polysaccharide and Teichoic Acid with the Virulence of
Streptococcus pneumoniae. Journal of Infectious Diseases 177, 368-377.

King, S. J., Hippe, K. R. and Weiser, J. N. (2006). Deglycosylation of human
glycoconjugates by the sequential activities of exoglycosidases expressed by
Streptococcus pneumoniae. Molecular Microbiolology 59, 961-974.

Kingsford C.L, Ayanbule K and Salzberg C.L (2007). Rapid, accurate,
computational discovery of Rho-independent transcription terminators illuminates their
relationship to DNA uptake. Genome Biology 8/2/IR22
(http://genomebiology.com/2007/8/2/R22).

Koshy E, Murray J, Bottle A, Sharland M and Saxena S (2010). Impact of the
seven-valent pneumococcal conjugate vaccination (PCV7) programme on childhood
hospital admissions for bacterial pneumonia and empyema in England: national time-
trends study, 1997e2008. Thorax 65, 770-774.

Koskela, M., Leinonen, M., Haiva, V. M., Timonen, M. and Makela, P. H. (1986).
First and second dose antibody responses to pneumococcal polysaccharide vaccine in
infants. Pediatr Infect Dis 5, 45-50.

Kroon, F. P., van Dissel, J. T., de Jong, J. C., Zwinderman, K. and van Furth, R.
(2000). Antibody response after influenza vaccination in HIV-infected individuals: a
consecutive 3-year study. Vaccine 18, 3040-3049.

Kudva, I. T., Jelacic, S., Tarr, P. I., Youderian, P. and Hovde, C. J. (1999).
Biocontrol of Escherichia coli 0157 with O157-Specific Bacteriophages. Applied and
Environmental Microbiology 65, 3767-3773.

Lambowitz AM and Belfort M (1993). Introns as mobile genetic elements. Annual
Review of Biochemistry 62, 587-622.

Lange, S. S., Takata, K.-i. and Wood, R. D. (2011). DNA polymerases and cancer.
Nature Reviwe Cancer 11, 96-110.

Larkum N., W. (1932). Bacteriophage in clinical medicine. Journal of Laboratory and
Clinical 17, 675-680.

Lawrence, J. G., Hatfull, G. F. and Hendrix, R. W. (2002). Imbroglios of Viral

Taxonomy: Genetic Exchange and Failings of Phenetic Approaches. Journal of
Bacteriology 184, 4891-4905.

Page | 175


http://genomebiology.com/2007/8/2/R22)

Bibliography

Leipold, M. D., Vinogradov, E. and Whitfield, C. (2007). Glycosyltransferases
Involved in Biosynthesis of the Outer Core Region of Escherichia coli
Lipopolysaccharides Exhibit Broader Substrate Specificities Than Is Predicted from
Lipopolysaccharide Structures. Journal of Biological Chemistry 282, 26786-26792.

Levin, B. R. and Bull, J. J. (2004). Population and evolutionary dynamics of phage
therapy. Nature Reviews Microbiology 2, 166-173.

Lingohr, E., Frost, S. and Johnson, R. P. (2008). Determination of Bacteriophage
Genome Size by Pulsed-Field Gel Electrophoresis. Methods in Molecular Bilogy 502,
19-25.

Loeffler, J. M., Djurkovic, S. and Fischetti, V. A. (2003). Phage lytic enzyme Cpl-1
as a novel antimicrobial for pneumococcal bacteremia. Infection and Immunity 71,
6199-6204.

Loeffler, J. M. and Fischetti, V. A. (2003). Synergistic lethal effect of a combination
of phage lytic enzymes with different activities on penicillin-sensitive and -resistant
Streptococcus pneumoniae strains. Antimicrobial agents and chemotherapy 47, 375-
377.

Loeffler, J. M. and Fischetti, V. A. (2006). Lysogeny of Streptococcus pneumoniae
with MM1 phage: improved adherence and other phenotypic changes. Infect Immun 74,
4486-4495.

Loeffler, J. M., Nelson, D. and Fischetti, V. A. (2001). Rapid killing of Streptococcus
pneumoniae with a bacteriophage cell wall hydrolase. Science 294, 2170-2172.

Lohr, J. E., Chen, F. and Hill, R. T. (2005). Genomic Analysis of Bacteriophage
®JLOO01: Insights into Its Interaction with a Sponge-Associated Alpha-Proteobacterium.
Applied and Environmental Microbiology 71, 1598-16009.

Long, J. P., Tong, H. H., Shannon, P. A. and DeMaria, T. F. (2003). Differential
expression of cytokine genes and inducible nitric oxide synthase induced by opacity
phenotype variants of Streptococcus pneumoniae during acute otitis media in the rat.
Infection and Immunity 71, 5531-5540.

Lépez, R. (2004 ). Streptococcus pneumoniae and its bacteriophages: one long
argument. International Microbiology 7, 163-171.

Lépez, R. and Garcia, E. (2004). Recent trends on the molecular biology of
pneumococcal capsules, lytic enzymes, and bacteriophage. FEMS Microbiology
Reviews 28, 553-580.

Lopez, R., Garcia, E., Garcia, P. and Garcia, J. L. (1997). The pneumococcal cell

wall degrading enzymes: a modular design to create new lysins? Microbial Drug
Resistance-Mechanisms Epidemiology & Disease 3, 199-211.

Page | 176



Bibliography

Lopez, R., Ronda, C., Tomasz, A. and Portoles, A. (1977). Properties of
"diplophage": a lipid-containing bacteriophage. Journal of Virology 24, 201-210.

Lowe TM and Eddy SR (1997). tRNAscan-SE: a program for improved detection of
transfer RNA genes in genomic sequence. Nucleic Acids Research 25, 955-964.

Lubbers, M. W., Waterfield, N. R., Beresford, T. P., Le Page, R. W. and Jarvis, A.
W. (1995). Sequencing and analysis of the prolate-headed lactococcal bacteriophage c2
genome and identification of the structural genes. Applied and Environmental
Microbiology 61, 4348-4356.

Lwoff, A., Horne, R. W. and P., T. (1962). A system of viruses. Cold Spring Harbor
Symp. Quant Biol 27, 51-62.

Magee, A. D. and Yother, J. (2001). Requirement for Capsule in Colonization
byStreptococcus pneumoniae. Infection and immunity 69, 3755-3761.

Malley, R., Henneke, P., Morse, S. C., Cieslewicz, M. J., Lipsitch, M., Thompson,
C. M., Kurt-Jones, E., Paton, J. C., Wessels, M. R., Golenbock, D. T., Malley, R.,
Henneke, P., Morse, S. C., Cieslewicz, M. J., Lipsitch, M., Thompson, C. M., Kurt-
Jones, E., Paton, J. C., Wessels, M. R. and Golenbock, D. T. (2003). Recognition of
pneumolysin by Toll-like receptor 4 confers resistance to pneumococcal infection.
Proceedings of the National Academy of Sciences of the United States of America 100,
1966-1971.

Malley, R., Trzcinski, K., Srivastava, A., Thompson, C. M., Anderson, P. W. and
Lipsitch, M. (2005). CD4+ T cells mediate antibody-independent acquired immunity to
pneumococcal colonization. Procedings of the National Academy of Science U S A 102,
4848-4853.

Maniloff, J. and Ackermann, H. (1998). Taxonomy of bacterial viruses: establishment
of tailed virus genera and the order Caudovirales. Archive of Virology 143, 2051-2063.

Maranger, R. and Bird, D. F. (1995). Viral abundance in aquatic systems: a
comparison between marine and fresh waters. Marine Ecology Progress Series 121,
217-226.

Maranger, R. and Bird, D. F. (1996). High concentrations of viruses in the sediments
of Lac Gilbert, Québec. Microbial Ecology 31, 141-151.

Martin, A. C., Lopez, R. and AND Garica, P. (1996). Analysis of the complete
nucleotide sequence and functional organization of the genome of Streptococcus
pneumoniae bacteriophage Cp-1. Journal of Virology 70, 3678-3687.

Martin, A. C., Lopez, R. and Garcia, P. (1995). Nucleotide Sequence and

Transcription of the Left Early Region of Streptococcus pneumoniae Bacteriophage Cp-
1 Coding for the Terminal Protein and the DNA Polymerase. Virology 211, 21-32.

Page | 177



Bibliography

Martin, A. C., Lopez, R. and Garcia, P. (1996). Analysis of the complete nucleotide
sequence and functional organization of the genome of Streptococcus pneumoniae
bacteriophage Cp-1. Virology 70(6), 3678-3687.

McCool, T. L., Cate, T. R., Moy, G. and Weiser, J. N. (2002). The immune response
to pneumococcal proteins during experimental human carriage. The Journal of
Experimantal Medicine 195, 359-365.

McCool, T. L. and Weiser, J. N. (2004). Limited role of antibody in clearance of
Streptococcus pneumoniae in a murine model of colonization. Infection and Immunity
72,5807-5813.

McDonnell, M., Ronda-Lain, C. and Tomasz, A. (1975). "Diplophage™ A
bacteriophage of Diplococcus pneumoniae. Virology 63, 577-582.

McNeela, E. A., Burke, A., Neill, D. R., Baxter, C., Fernandes, V. E., Ferreira, D.,
Smeaton, S., EI-Rachkidy, R., McLoughlin, R. M., Mori, A., Moran, B., Fitzgerald,
K. A., Tschopp, J., Pétrilli, V., Andrew, P. W., Kadioglu, A. and Lavelle, E. C.
(2010). Pneumolysin  Activates the NLRP3 Inflammasome and Promotes
Proinflammatory Cytokines Independently of TLR4. PLoS Pathogene 6, €1001191.

Meijer, W. J. J., Horcajadas, J. A. and Salas, M. (2001). ¢29 Family of Phages.
Microbiology and Molecular Biology Reviews 65, 261-287.

Memish, Z. A. M. D. C. I. C., Cunningham, G. R. N. C. I. C., Oni, G. A. P. and
Djazmati, W. M. (2000). The Incidence and Risk Factors of Ventilator-Associated
Pneumonia in a Riyadh Hospital « Infection Control and Hospital Epidemiology 21,
271-273.

Merril, C. R., Scholl, D. and Adhya, S. L. (2003). The prospect for bacteriophage
therapy in Western medicine. Nature Reviews Drug Discovery 2, 489-497.

Miles, A. A. and Misra, S. S. (1938). The estimation of the bactericidal power of the
blood. Journal of Hygiene 38, 732-749.

Miller, E. S., Kutter, E., Mosig, G., Arisaka, F., Kunisawa, T. and Ruger, W.
(2003). Bacteriophage T4 Genome. Microbiology and Molecular Biology Reviews 67,
86-156.

Moebus, K. and Nattkemper, H. (1983). Taxonomic investigations of bacteriophage
sensitive bacteria isolated from marine waters. Helgolander Meeresunters 36, 357-373.

Morton, D. B. (1985). Pain and laboratory animals. Nature 317, 106-106.
Mushtag, N., Redpath, M. B., Luzio, J. P. and Taylor, P. W. (2005). Treatment of

experimental Escherichia coli infection with recombinant bacteriophage-derived capsule
depolymerase. Journal of Antimicrobial Chemotherapy 56, 160-165.

Page | 178



Bibliography

Navarre, W. W., Ton-That, H., Faull, K. F. and Schneewind, O. (1999). Multiple
enzymatic activities of the murein hydrolase from staphylococcal phage phill.
Identification of a D-alanyl-glycine endopeptidase activity. Journal of Biological
Chemistry 274, 15847-15856.

Nelson, A. L., Roche, A. M., Gould, J. M., Chim, K., Ratner, A. J. and Weiser, J.
N. (2007). Capsule enhances pneumococcal colonization by limiting mucus-mediated
clearance. Infection and Immunity 75, 83-90.

Nelson, D., Loomis, L. and Fischetti, V. A. (2001). Prevention and elimination of
upper respiratory colonization of mice by group A streptococci by using a
bacteriophage lytic enzyme. Proceedings of the National Academy of Sciences 98,
4107-4112.

O'Flaherty, S., Coffey, A., Edwards, R., Meaney, W., Fitzgerald, G. F. and Ross, R.
P. (2004). Genome of Staphylococcal Phage K: a New Lineage of Myoviridae Infecting
Gram-Positive Bacteria with a Low G+C Content. Journal of Bacteriology 186, 2862-
2871.

Obregon, V., Garcia, J., Garcia, E., Lopez, R. and Garcia, P. (2003a). Genome
organization and molecular analysis of the temperate bacteriophage MM1 of
Streptococcus pneumoniae. SO - Journal of Bacteriology 185(7):2362-8, 2003 Apr.

Obregon, V., Garcia, P., Lopez, R. and Garcia, J. (2003b). VO1, a temperate
bacteriophage of the type 19A multiresistant epidemic 8249 strain of Streptococcus
pneumoniae: analysis of variability of lytic and putative C5 methyltransferase genes. SO
- Microbial Drug Resistance-Mechanisms Epidemiology and Disease 9(1):7-15, 2003.

Obregén, V., Garcia, P., Lopez, R. and Garcia, J. L. (2003). Molecular and
biochemical analysis of the system regulating the lytic/lysogenic cycle in the
pneumococcal temperate phage MM1. FEMS Microbiology Letters 222, 193-197.

Ohnishi, M., Kurokawa, K. and Hayashi, T. (2001). Diversification of Escherichia
coli genomes: are bacteriophages the major contributors? Trends in Microbiology 9,
481-485.

Ollis, D. L., Brick, P., Hamlin, R., Xuong, N. G. and Steitz, T. A. (1985). Structure
of large fragment of Escherichia coli DNA polymerase | complexed with dTMP. Nature
313, 762-766.

Pavia, M., Bianco, A., Nobile, C. G. A., Marinelli, P. and Angelillo, 1. F. (2009).
Efficacy of Pneumococcal Vaccination in Children Younger Than 24 Months: A Meta-
Analysis. Pediatrics 123, e1103-e1110.

Payne, R. J. H. and Jansen, V. A. A. (2000). Phage therapy: The peculiar kinetics of
self-replicating pharmaceuticals. Clinical Pharmacology and Therapeutics 68, 225-230.

Page | 179



Bibliography

Peeters, C. C., Tenbergen-Meekes, A. M., Haagmans, B., Evenberg, D., Poolman,
J. T., Zegers, B. J. and Rijkers, G. T. (1991). Pneumococcal conjugate vaccines.
Immunology Letters 30, 267-274.

Pelletier, J., Gros, P. and Dubow, M. (2000). Development of novel anti-microbial
agents based on bacteriophage genomics, In: PhageTech, Inc, Patent WO0032825A2.

Pingoud, A. and Jeltsch, A. (1997). Recognition and Cleavage of DNA by Type-II
Restriction Endonucleases. European Journal of Biochemistry 246, 1-22.

Plotkowski, M. C., Puchelle, E., Beck, G., Jacquot, J. and Hannoun, C. (1986).
Adherence of type | Streptococcus pneumoniae to tracheal epithelium of mice infected
with influenza A/PR8 virus. American Reviews of Respiratory Disease 134, 1040-1044.

Poland, G. A. (1999). The burden of pneumococcal disease: the role of conjugate
vaccines. Vaccine 17, 1674-1679.

Puig, M., Pina, S., Lucena, F., Jofre, J. and Girones, R. (2000). Description of a
DNA amplification procedure for the detection of bacteriophages of Bacteroides fragilis
HSP40 in environmental samples. Journal of Virological Methods 89, 159-166.

Ramirez, M., Severina, E. and Tomasz, A. (1999). A high incidence of prophage
carriage among natural isolates of Streptococcus pneumoniae. SO - Journal of
Bacteriology 181(12):3618-25.

Rees, J. H. M., Spencer, D. A., Parikh, D. and Weller, P. (1997). Increase in
incidence of childhood empyema in West Midlands, UK. The Lancet 349, 402.

Richard Wise, Tony Hart, Otto Cars, Marc Streulens, Reinen Helmuth, Pentti
Huovinen and Marc Sprenger (1998). Antimicrobial resistance. British Medical
Journal 317, 609-610.

Roberts, R. J. and Macelis, D. (1997). REBASE-restriction enzymes and methylases.
Nucleic Acids Research 25, 248-262.

Rohwer, F. and Edwards, R. (2002). The Phage Proteomic Tree: a Genome-Based
Taxonomy for Phage. Journal of Bacteriology 184, 4529-4535.

Rohwer, F., Segall A, Steward G, Seguritan V, Breitbart M, Wolven F and Azam F
(2000). The complete genomic sequence of the marine phage Roseophage SIO1 shares
homology with nonmarine phages. Limnology and Oceanography 45, 408-418.

Romero, A., Lopez, R. and Garcia, P. (1990a). Characterization of the pneumococcal
bacteriophage HB-3 amidase: cloning and expression in Escherichia coli. Journal of
Virology 64, 137-142.

Romero, A., Lopez, R. and Garcia, P. (1990b). Sequence of the Streptococcus
pneumoniae bacteriophage HB-3 amidase reveals high homology with the major host
autolysin. Journal of Bacteriology 172, 5064-5070.

Page | 180



Bibliography

Romero, A., Lopez, R., Lurz, R. and Garcia, P. (1990c). Temperate bacteriophages
of Streptococcus pneumoniae that contain protein covalently linked to the 5' ends of
their DNA. Journal of Virology 64, 5149-5155.

Romero, P., Garcia, E. and Mitchell, T. J. (2009). Development of a prophage typing
system and analysis of prophage carriage in Streptococcus pneumoniae. Applied and
Environmental Microbiology 75, 1642-1649.

Romero, P., Lopez, R. and Garcia, E. (2004). Genomic organization and molecular
analysis of the inducible prophage EJ-1, a mosaic myovirus from an atypical
pneumococcus. Virology 322, 239-252.

Ronda-Lain, C., Lopez, R., Tapia, A. and Tomasz, A. (1977). Role of the
pneumococcal autolysin (murein hydrolase) in the release of progeny bacteriophage and
in the bacteriophage-induced lysis of the host cells. Journal of Virology 21, 366-374.

Ronda, C., Lopez, R. and Garcia, E. (1981). Isolation and characterization of a new
bacteriophage, Cp-1, infecting Streptococcus pneumoniae. Journal of Virology 40, 551-
559.

Rosén, C., Christensen, P., Hovelius, B. and Prellner, K. (1984). A Longitudinal
Study of the Nasopharyngeal Carriage of Pneumococci as Related to Pneumococcal
Vaccination in Children Attending Day-care Centres. Acta Oto-laryngologica 98, 524-
532.

Rousseau, C., Gonnet, M., Le Romancer, M. and Nicolas, J. (2009). CRISPI: a
CRISPR interactive database. Bioinformatics 25, 3317-3318.

Ruben, S. and Kamen, M. D. (1940). Radioactive Carbon in the Study of Respiration
in Heterotrophic Systems. Proceedings of the National Academy of Sciences 26, 418-
422.

Ruska, H. (1943). Versuch zu einer Ordnung der Virusarten. Archive Ges Virusforsch
2, 480-498.

Russell F., Sanderson C., Temple B. and Mulholland K. (2011). Global review of the
distribution ~ of  pneumococcal disease by age and region.  From
(http://www.who.int/immunization/sage/6 _Russel review age specific_epidemiology
PCV _schedules session _nov11.pdf) accecced on March 25.

Russell, J. B. and Dombrowski, D. B. (1980). Effect of pH on the efficiency of growth
by pure cultures of rumen bacteria in continuous culture. Applied and Environmental
Microbiology 39, 604-610.

Sabri, M., Hauser, R., Ouellette, M., Liu, J., Dehbi, M., Moeck, G., Garcia, E.,
Titz, B., Uetz, P. and Moineau, S. (2011). Genome Annotation and Intraviral

Page | 181


http://www.who.int/immunization/sage/6_Russel_review_age_specific_epidemiology_PCV_schedules_session_nov11.pdf
http://www.who.int/immunization/sage/6_Russel_review_age_specific_epidemiology_PCV_schedules_session_nov11.pdf

Bibliography

Interactome for the Streptococcus pneumoniae Virulent Phage Dp-1. Journal of
Bacteriology 193, 551-562.

Salas, M. (1991). Protein-priming of DNA replication. Annual Review of Biochemistry
60, 39-71.

Sanger F, Air GM, Barrell BG, Brown NL, Coulson AR, Fiddes CA, Hutchison
CA, Slocombe PM and Smith M (1977). Nucleotide sequence of bacteriophage phi
X174 DNA. Nature 265(5596), 687-695.

Sanger, F., Coulson, A. R., Hong, G. F., Hill, D. F. and Petersen, G. B. (1982).
Nucleotide sequence of bacteriophage A DNA. Journal of Molecular Biology 162, 729-
773.

Schlagaman, S. L. and Hattman, S. (1989). The bacteriophage T2 and T4 DNA-[N6-
adenine] methyltransferase (Dam) sequence specificities are not identical. Nucleic Acids
Research 17, 9101-9112.

Schmitt, F., Oakeley, E. J. and Jost, J. P. (1997). Antibiotics Induce Genome-wide
Hypermethylation in Cultured Nicotiana tabacum Plants. Journal of Biological
Chemistry 272, 1534-1540.

Scorpio, A., Chabot, D. J., Day, W. A., O'Brien, D. K., Vietri, N. J., Itoh, Y.,
Mohamadzadeh, M. and Friedlander, A. M. (2007). Poly-y-Glutamate Capsule-
Degrading Enzyme Treatment Enhances Phagocytosis and Killing of Encapsulated
Bacillus anthracis. Antimicrobial agents and chemotherapy 51, 215-222.

Seguritan, V., Feng, 1.-W., Rohwer, F., Swift, M. and Segall, A. M. (2003). Genome
Sequences of Two Closely Related Vibrio parahaemolyticus Phages, VP16T and
VP16C. Journal of Bacteriology 185, 6434-6447.

Sheehan, M. M., Garcia, J. L., Lopez, R. and Garcia, P. (1997). The Iytic enzyme of
the pneumococcal phage Dp-1: a chimeric lysin of intergeneric origin. Molecular
Microbiology 25, 717-725.

Shibata, T., Nakagawa, K.-I. and Morishima, N. (1995). Multi-site-specific
endonucleases and the initiation of homologous genetic recombination in yeast.
Advances in Biophysics 31, 77-91.

Shmueli, O., Horn-Saban, S., Chalifa-Caspi, V., Shmoish, M., Ophir, R,
Benjamin-Rodrig, H., Safran, M., Domany, E. and Lancet, D. (2003). GeneNote:
whole genome expression profiles in normal human tissues. Comptes Rendus Biologies
326, 1067-1072.

Shub, D. A., Goodrich-Blair, H. and Eddy, S. R. (1994). Amino acid sequence motif

of group I intron endonucleases is conserved in open reading frames of group Il introns.
Trends in Biochemical Sciences 19, 402-404.

Page | 182



Bibliography

Skurnik, M. and Strauch, E. (2006). Phage therapy: Facts and fiction. International
Journal of Medical Microbiology 296, 5-14.

Skurnik, M., Venho, R., Toivanen, P. and Al-Hendy, A. (1995). A novel locus of
Yersinia enterocolitica serotype 0O:3 involved in lipopolysaccharide outer core
biosynthesis. Molecular Microbiology 17, 575-594.

Slopek, S., Weber-Dabrowska, B., Dabrowski, M. and Kucharewicz-Krukowska,
A. (1987). Results of bacteriophage treatment of suppurative bacterial infections in the
years 1981-1986. Archivum Immunologiae et Therapiae Experimentalis 35, 569-583.

Smith, H. W. and Huggins, M. B. (1982). Successful Treatment of Experimental
Escherichia coli Infections in Mice Using Phage: its General Superiority over
Antibiotics. Journal of General Microbiology 128, 307-318.

Spier, R. E. (2008). 1st International Pneumonia Vaccines Workshop Seoul, 15
December 2007. Vaccine 2, B1-2.

Stein, K. E. (1992). Thymus-Independent and Thymus-Dependent Responses to
Polysaccharide Antigens. Journal of Infectious Diseases 165, S49-S52.

Steward, F., Smith, D. and Azam, F. (1996). Abundance and production of bacteria
and viruses in the Bering and Chukchi Seas. Marine Ecology-progress Series 131, 287-
300.

Sulakvelidze, A., Alavidze, Z. and Morris, J. G., Jr. (2001). Bacteriophage therapy.
Antimicrobial agents and chemotherapy 45, 649-659.

Summers, W. C. (1999). Félix d'Herelle and the origins of molecular biology: Yale
University Press, New Haven, Conn

Suttle, C. (2000). Ecological, evolutionary, and geochemical consequences of viral
infection of cyanobacteria and eukaryotic algae. San Diego: Academic Press.

Suzuki, M., Baskin, D., Hood, L. and Loeb, L. A. (1996). Random mutagenesis of
Thermus aquaticus DNA polymerase I: concordance of immutable sites in vivo with the
crystal structure. Proceedings of the National Academy of Sciences 93, 9670-9675.

Taylor, G. T., Hein, C. and labichella, M. (2003). Temporal variations in viral
distributions in the anoxic Cariaco Basin. Aquatic microbial ecology 30, 103-116.

Page | 183



Bibliography

Tettelin H, Nelson KE, Paulsen IT, Eisen JA, Read TD, Peterson S, Heidelberg J,
DeBoy RT, Haft DH, Dodson RJ, Durkin AS, Gwinn M, Kolonay JF, Nelson WC,
Peterson JD, Umayam LA, White O, Salzberg SL, Lewis MR, Radune D,
Holtzapple E, Khouri H, Wolf AM, Utterback TR, Hansen CL, McDonald LA,
Feldblyum TV, Angiuoli S, Dickinson T, Hickey EK, Holt IE, Loftus BJ, Yang F,
Smith HO, Venter JC, Dougherty BA, Morrison DA, Hollingshead SK and CM., a.
F. (2001). Complete Genome Sequence of a Virulent Isolate of Streptococcus
pneumoniae. Science 293, 498-506.

Tomasz A and Hotchkiss RD (1964). Regulation of the transformability of
pneumococcal cultures by macromolecular cell products. Proceedings of the National
Academy of Sciences 51, 480-487.

Tonnaer, E. L., Graamans, K., Sanders, E. A., Curfs, J. H., Tonnaer, E. L. G. M.,
Graamans, K., Sanders, E. A. M. and Curfs, J. H. A. J. (2006). Advances in
understanding the pathogenesis of pneumococcal otitis media. Pediatric Infectious
Disease Journal 25, 546-552.

Tweten, R. K. (2005). Cholesterol-Dependent Cytolysins, a Family of Versatile Pore-
Forming Toxins. Infection and immunity 73, 6199-6209.

van Rossum, A. M., Lysenko, E. S. and Weiser, J. N. (2005). Host and bacterial
factors contributing to the clearance of colonization by Streptococcus pneumoniae in a
murine model. Infection and Immunity 73, 7718-7726.

Varea, J., Monterroso, B., Saiz, J. L., Lopez-Zumel, C., Garcia, J. L., Laynez, J.,
Garcia, P. and Menendez, M. (2004). Structural and thermodynamic characterization
of Pal, a phage natural chimeric lysin active against pneumococci. Journal of Biological
Chemistry 279, 43697-43707.

Veenhoven, R. H., Bogaert, D., Schilder, A. G. M., Rijkers, G. T., Uiterwaal, C. S.
P. M., Kiezebrink, H. H., van Kempen, M. J. P., Dhooge, I. J., Bruin, J., IJzerman,
E. P. F., de Groot, R., Kuis, W., Hermans, P. W. M. and Sanders, E. A. M. (2004).
Nasopharyngeal Pneumococcal Carriage after Combined Pneumococcal Conjugate and
Polysaccharide Vaccination in Children with a History of Recurrent Acute Otitis Media.
Clinical Infectious Diseases 39, 911-9109.

Vigerust, D. J. and Shepherd, V. L. (2007). Virus glycosylation: role in virulence and
immune interactions. Trends in Microbiology 15, 211-218.

Wei, B. P., Shepherd, R. K., Robins-Browne, R. M., Clark, G. M. and O'Leary, S.
J. (2006). Pneumococcal meningitis: development of a new animal model. Otol
Neurotol 27, 844-854.

Weinbauer, M. G. (2004a). Ecology of prokaryotic viruses. FEMS Microbiology
Reviews 28, 127-181.

Weinbauer, M. G. (2004b). Ecology of prokaryotic viruses. FEMS Microbiology
Reviews 28, 127-181.

Page | 184



Bibliography

Weinbauer, M. G. and Hofle, M. G. (1998). Significance of Viral Lysis and Flagellate
Grazing as Factors Controlling Bacterioplankton Production in a Eutrophic Lake.
Applied and Environmental Microbiology 64, 431-438.

Weinbauer, M. G. and Peduzzi, P. (1994). Frequency, size and distribution of
bacteriophages in different marine bacterial morphotypes. Marine Ecology Progress
Series 108, 11-20.

Weinberger, D. M., Malley, R. and Lipsitch, M. (2011). Serotype replacement in
disease after pneumococcal vaccination. The Lancet 378, 1962-1973.

Weinberger, D. M., Trzcinski, K., Lu, Y. J., Bogaert, D., Brandes, A., Galagan, J.,
Anderson, P. W., Malley, R. and Lipsitch, M. (2009). Pneumococcal capsular
polysaccharide structure predicts serotype prevalence. PLoS pathogens 5, €1000476.

Weiss, A., Keshet, I., Razin, A. and Cedar, H. (1996). DNA Demethylation In Vitro:
Involvement of RNA. Cell 86, 709-718.

Weld, R. J., Butts, C. and Heinemann, J. A. (2004). Models of phage growth and
their applicability to phage therapy. Journal of Theoretical Biology 227, 1-11.

Whatmore, A. M., King, S. J., Doherty, N. C., Sturgeon, D., Chanter, N. and
Dowson, C. G. (1999). Molecular characterization of equine isolates of Streptococcus
pneumoniae: natural disruption of genes encoding the virulence factors pneumolysin
and autolysin. Infection and immunity 67, 2776-2782.

Whitney, C. G., Farley, M. M., Hadler, J., Harrison, L. H., Bennett, N. M.,
Lynfield, R., Reingold, A., Cieslak, P. R., Pilishvili, T., Jackson, D., Facklam, R. R.,
Jorgensen, J. H. and Schuchat, A. (2003). Decline in Invasive Pneumococcal Disease
after the Introduction of Protein—Polysaccharide Conjugate Vaccine. New England
Journal of Medicine 348, 1737-1746.

Whitney, C. G., Farley, M. M., Hadler, J., Harrison, L. H., Lexau, C., Reingold, A.,
Lefkowitz, L., Cieslak, P. R., Cetron, M., Zell, E. R., Jorgensen, J. H. and
Schuchat, A. (2000). Increasing Prevalence of Multidrug-Resistant Streptococcus
pneumoniae in the United States. New England Journal of Medicine 343, 1917-1924.

WHO (2003). Weekly epidemiological record. VVol.78, 14, Starting p.110.

Wichels, A., Gerdts, G. and Schutt, C. ( 2002). Pseudoalteromonas spp. phages, a
significant group of marine bacteriophages in the North Sea. Aquatic Microbial Ecology
27, 233-239.

Williamson, K. E., Radosevich, M. and Wommack, K. E. (2005). Abundance and

diversity of viruses in six Delaware soils. Applied & Environmental Microbiology 71,
3119-3125.

Page | 185



Bibliography

Wommack, K. E. and Colwell, R. R. (2000). Virioplankton: Viruses in Aquatic
Ecosystems. Microbiology and Molecular Biology Reviews 64, 69-114.

Yang Z, Horton JR, Zhou L, Zhang XJ, Dong A, Zhang X, Schlagman SL,
Kossykh V, Hattman S and Cheng X (2003). Structure of the bacteriophage T4 DNA
adenine methyltransferase. Nature Structural and Molecular Biology 10, 849-855.

Young, R., Wang, I.-N. and Roof, W. D. (2000). Phages will out: strategies of host
cell lysis. Trends in Microbiology 8, 120-128.

Zhang, Q., Bagrade, L., Bernatoniene, J., Clarke, E., Paton, J. C., Mitchell, T. J.,
Nunez, D. A. and Finn, A. (2007). Low CD4 T cell immunity to pneumolysin is
associated with nasopharyngeal carriage of pneumococci in children. The Journal of
Infectious Disease 195, 1194-1202.

Zhong, Y., Chen, F., Wilhelm, S. W., Poorvin, L. and Hodson, R. E. (2002).
Phylogenetic Diversity of Marine Cyanophage Isolates and Natural Virus Communities
as Revealed by Sequences of Viral Capsid Assembly Protein Gene g20. Applied and
Environmental Microbiology 68, 1576-1584.

Zimmerly, S., Guo, H., Eskest, R., Yang, J., Perlman, P. S. and Lambowitz, A. M.
(1995). A group Il intron RNA is a catalytic component of a DNA endonuclease
involved in intron mobility. Cell 83, 529-538.

Zissis, N. P., Syriopoulou, V., Kafetzis, D., Daikos, G. L., Tsilimingaki, A.,
Galanakis, E. and Tsangaropoulou, I. (2004). Serotype distribution and antimicrobial
susceptibility of &It;i&gt;Streptococcus pneumoniae causing invasive infections and
acute otitis media in children. European Journal of Pediatrics 163, 364-368.

Page | 186


http://en.wikipedia.org/wiki/Nature_Structural_and_Molecular_Biology

