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Abstract

Staphylococci commonly form a part of the normal micro-flora for humans and a wide variety of
animals but also represent a group of clinically significantly pathogens. However, it has also been
recognised that for bacteria to become pathogens, they must have the ability to accomplish infection and
consequently cause disease in the host. This is known as pathogenicity and virulence is a degree of the
pathogenicity observed. Virulence factors are proteins made through the expression of virulence factor
genes produced by a pathogen which contribute to the pathogenicity, and literature research identified a
variety of virulence factor genes. The predominant pathogenic staphylococcal species is Staphylococcus
aureus, with methicillin-resistant Staphylococcus aureus (MRSA) recognised as significant in both
veterinary and medical contexts. The role of the S. aureus in human disease is clear; however, the
organism is also well recognised as a cause of animal disease with animal specific strains such as ST398
becoming increasingly common. The approach taken to determine how similar or different the S. aureus
strains are at genomic level as well as investigate the virulence factors that may be under positive
selection was undertaken by employing the wealth of nucleotide sequences data available for a number
methicillin-resistant and methicillin-sensitive S. aureus strains. This helped to establish if there was
genomic variation between strains and investigate the potential relationship of these alterations in host/
niche preferences. In total, 53 strains of S. aureus were investigated; including, three novel isolates of S.
aureus from human patients that were provided by Prof. Valerie Edward-Jones (Manchester Metropolitan
University) and 3 novel isolates from various farm animals (cattle, chicken & swine) provided by Dr Patrick
Butaye (The Veterinary & Agrochemical Research Centre, Belgium). The novel isolates were sequenced
with lon Torrent Next-Generation sequencing methodologies. Literature research has classified the
strains of S. aureus as either hospital-associated (HA), community-associated (CA) or livestock-
associated (LA); these classifications were further investigated. Virulence factor gene sequences, if
present, were isolated from the S. aureus strains and a comparative analysis was carried out; this

includes initial MAUVE analysis and more detailed maximum-likelihood phylogenetic analysis, using



MEGA. A bioinformatics software called DnaSP was used for the analysis of polymorphism from aligned
virulence factor nucleotide sequences and the dN/dS (synonymous vs nonsynonymous mutations) ratio
(w) was investigated to infer the evolutionary mechanisms that may be acting on the genes. Haplotype
networks were also created to investigate the S. aureus population to determine the diversity of the
population, determine any geographical relationship and further investigate the classification HA, CA &
LA that has been given in literature. This study concluded that the presence of functional Panton-
Valentine Leukocidin (PVL) a bi-component virulence factor encoded by the lukS-PV and lukF-PV genes,
typically found in highly virulent CA S. aureus strains, were detected in these virulent strains, but
surprisingly also in the novel livestock-associated strains. This study also concluded that the population
of S. aureus was very diverse and a geographical relationship was not observed. It was further concluded
that the selective pressures on individual virulence factor genes causes S. aureus to evolve, with a
number of genes recognised as undergoing positive selection; lukS-PV, lekF-PV, chp, sspA, vwb, lip,
lip1, nucA, hysA, hysA1, aur, fnb, ebpS, bbp, entE, seb and tst. It was also suggested that the 3
classifications denoted in the literature may possibly be artificial and at a molecular level the strains are
in fact very similar and do not represent genuine divisions. This has also been recently published by Bal
et al. (2016) and this thesis supports their hypothesis; they describe the blurring of each of the 3

epidemiological groups (HA, CA & LA), demonstrating the limited relevance of this classification.
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1.0 Introduction



1.1 Discovery of Staphylococcus aureus

In the late 1860’s, a British surgeon influenced by Louis Pasteur’s work on infectious diseases, promoted
the idea of sterile surgery while working at the Glasgow Royal Infirmary. Joseph Lister successfully introduced
carbolic acid, now known as phenol, to sterilise surgical instruments and clean wounds which directly led to the
reduction of wound infections and thus making surgery safer (Smith, 2012; Lister, 1867). Joseph Lister observed,
in 1867, that when he applied his antiseptic techniques towards the general cleanliness of the hospital wards
where he was working at the time, not even a single case of pyraemia, hospital gangrene or erysipelas (skin
infection) occurred during the 9 months of this trial. Previous to this, the hospital ward was rife with infections.
This helped Lister show the importance of using carbolic acid as an antiseptic agent and for the general
cleanliness of the hospital to his peers (Lister, 1867). In 1878, Staphylococci were seen in pus by Robert Koch
and they were then cultured by Pasteur in 1880. However, it was Alexander Ogston who made the initial detailed
studies. Ogston, A Scottish surgeon who was working at the the Aberdeen Royal Infirmary opened the wound
of one of his patients and drew some pus and examined it under the microscope (Newsom, 2008).

‘My delight may be conceived when there were revealed to me beautiful tangles, tufts and chains of round
organisms in great numbers, which stood out clear and distinct among the pus cells and debris, all stained with

aniline-violet solution ...” (Wilson, 1987; Newsom, 2008).

Ogston then decided to see if abscess would occur in the testing animals if he injected pus from acute
abscess into guinea pigs, wild mice and white mice. The animals developed similar pathological features, a new

abscess was formed, followed by signs of septicaemia (Wilson, 1987; Newsom, 2008).

“The animals refused food, sat cowering in a retired place in their case, were listless and apathetic, their coat
was disordered and sometimes wet, their eyes were kept closed save when startled, and the mice showed
purulent conjunctivitis and gluing together of the eyelids described by Koch in his experiments on septicaemia”
(Wilson, 1987; Newsom, 2008).

If, however, he pre-treated the pus with carbolic acid or heat before injecting it into the animals, abscess



formation was avoided and signs of infection were not present. Ogston named the clustered micrococci
“staphylococci” from the Greek word “staphyle”, which had the meaning; bunch of grapes (Newsom, 2008;
Ogston, 1881). A short time later, in 1884, Rosenbach, a German scientist, isolated two strains of staphylococci,
which he named for the pigmented colour of their colonies; Staphylococcus aureus, from the Latin ‘aurum’ for
gold and Staphylococcus albus (now called Staphylococcus epidermis) from the Latin ‘albus’, meaning white

(Cowan et al., 1954; Wilson, 1987).



1.2 Staphylococci

Staphylococcus aureus is a Gram-positive bacterium, member of the Firmicutes phylum (Frank et al.,
2010). To date, 36 species and 9 subspecies of the genus of Staphylococcus have been identified (Kazmierczak
et al., 2014). These bacteria are non-motile, non-spore forming facultative anaerobes (Plata et al., 2009) with
diameters of approximately 1 ym. When observed under the microscope they resemble grape-like-clusters,
since cell division takes place in more than one plane (Goss & Muhlebach, 2011; Plata et al., 2009; Pinchuck et
al., 2012;). S. aureus is also catalase-positive, oxidase negative and require scomplex nutritional requirements,
such as many acids and vitamins for growth. S. aureus is very tolerant of high concentrations of salt, up to 1.7
molar (Plata et al., 2009). Coagulase is an enzyme produced by several bacteria that enables the conversion of
fibrinogen to fibrin and is used to distinguish between different types of Staphylococcus isolates. The majority of
these staphylococci are coagulase-negative, with the exception of: S. aureus, Staphylococcus intermedius,
Staphylococci delphini, Staphylococcus schleiferi subs. coagulans and some strains of Staphylococcus hyicus

(Kwok et al., 1999).

S. aureus is frequently part of the human micro-flora (Sousa & Lenastre, 2004). In a healthy population,
approximately 20% of individuals are colonised with S. aureus and are thus called persistent carriers. Another
30% of the individuals are intermittently colonised for example the organism may or may not be isolated at
different intervals, and the remaining 50% of the population appear not to be susceptible to this bacterium and
therefore called non-carriers (Kluytmans et al., 1997, Heidi et al., 2009). In humans, S. aureus colonisation
occurs most commonly in the nose with a reported 40 - 44% of individuals displaying this trait (Kluytmans et al.,
1997, Williams, 1963), more specifically arising in the anterior nares (the nostrils). This has shown to be the
case because there are no human defences present to resist against the bacterium before they colonise (Heidi
et al., 2009). It has been observed that when the nares are treated for the carriage of S. aureus, the organism
will also disappear from other parts of the body (Kluytmans et al., 1997). Other body sites such as the perineum
and throat may also be colonised (Heidi et al., 2009). If this bacterium is present anywhere else in the body

such as the gastrointestinal tract or gains entry via an open wound or catheterisation, it is known as an



opportunistic pathogen and can cause disease especially if the immune system is compromised (Sousa &

Lencastre, 2004).

1.3 Treatment of Staphylococcus aureus Infections

1.3.1 Pre-antibiotic era

In the pre-antibiotic era, patients with S. aureus infection were associated with a mortality rate that
exceeded 80% with over 70% developing metastatic infections (Lowy, 2003). This situation changed markedly
after the introduction of Penicillin in the early 1940s and consequently improved the prognosis of patients with
S. aureus infections. However, it was as early as 1942 that S. aureus strains resistant to Penicillin had been

detected in St Mary’s Hospital in London and subsequently in the community (Lowy, 2003).

1.3.2 The era of antibiotics

If S. aureus is to be treated effectively, appropriate antibiotics must be administered. In 1928, Alexander
Fleming observed that when a culture plate of bacteria became contaminated with Penicillium notatum mould,
it was noted that this fungus appeared to inhibit the growth of bacteria; the mould was also non-toxic when it
was injected into mice and rabbits (Fleming, 1929; Rolinson, 1998). It was not until 1940 that this antibacterial
substance was isolated in pure culture by Florey and Chain and their colleagues in Oxford, UK and subsequently
named Penicillin (Rolinson, 1998). A short time later, it was tested on mice that were infected with a lethal
streptococcal infection; Penicillin was injected subcutaneously and was considered a highly effective treatment
(Rolison, 1998). Penicillin was consequently considered a bactericidal agent that now belongs to a large group
of antibiotics knows as beta-lactams (R-lactams); these antibiotics have been used to treat most Gram-positive
bacterial infections, including S. aureus and some Gram-negative infections (Martin et al., 2010). Other members
of the B-lactam antibiotic family include Cephalosporins, Carbapenems and Monobactams that are characterised
by a common B-lactam ring (James & Gurk-Turner, 2001). Penicillins contain a bicyclic nucleus, which includes
the R-lactam ring and a thiazolidine ring; in Cephalosporins the thiazolidine ring is replaced by a dihydrothiazine

ring; Carbapenems also contain a bicyclic nucleus with a -lactam ring; the only exception is the Monobactam



antibiotic, as it contains a -lactam ring but no bicyclic ring structure (James & Gurk-Turner, 2001).

1.3.3 Structure of the bacterial cell wall

R-lactams target the proteins involved in the synthesis of the cell wall (Martin et al., 2010). Peptidoglycan
is a macromolecule present in the cell wall of Gram-positive bacteria, such as S. aureus and is essential for
maintaining the size, shape, mechanical and structural integrity of the bacteria (Wilke et al., 2005). This
macromolecule is composed of glycan chains cross-linked with peptides (Wilke et al., 2005; Meroueh et al.,
2006). The glycan portion contains alternating units of N- acetylmuramic acid (NAM) and N-acetylglucosamine
(NAG), with the latter sugar in this disaccharide being modified by a characteristic pentapeptide which varies
amongst the Gram-positive and Gram-negative bacterium but always terminates in two D-alanine residues
(Wilke et al., 2005; Meroueh et al., 2006). The peptides from adjacent glycan strands are cross linked and form
the characteristic structure of peptidoglycan; this reaction is called transglycolation and is catalysed by
transpeptidase enzymes, also called penicillin binding proteins (PBPs) (Wilke et al., 2005). Although the
individual peptidoglycan units are produced inside the cell, transglycosylation occurs outside the cytoplasmic

membrane (Wilke et al., 2005).

1.3.4 Penicillin resistance

Resistance of Staphylococcal infections to Pencillin is mediated by the blaZ genes that encode [3-
lactamase, an enzyme that is synthesised when the bacteria are exposed to R-lactam antibiotics (Figure 1.1a).
This enzyme hydrolyses the R-lactam ring of the antibiotic, rendering the drug inactive (Zhang et al., 2001;
Lowey, 2003). Two adjacent regulatory genes; blaR1, (the anti-repressor) and blal (the repressor) control the
blaZ gene. Signalling pathways responsible for R-lactamase synthesis requires sequential cleavage of the
regulatory proteins; BlaR1 and B1al (Zhang et al., 2001; Lowey, 2003). After exposure to R-lactam antibiotics,
B1aR1, a transmembrane sensory transducer cleaves itself, this cleaved protein then functions as a protease
that cleaves the repressor Blal and allows expression of the blaZ genes and synthesis of the B-lactamase

(Gregory et al., 1997; Zhang et al., 2001).
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Figure 1.1a: Taken from Lowey., 2003. (1) B1al, a DNA binding protein binds to the operator region
which supresses RNA transcription from both blaZ and blaR1; in the absence of penicillin, (-
lactamase | suppressed at lower levels. (Il) The binding of penicillin to the transmembrane sensor-
transducer B1aR1 stimulates B1aR1 autocatalytic activation. (lll — IV) Active B1aR1 cleaves (via
second proetein, BlaR2) B1a1 into inactive fragments allowing the transcription of the blaZ genes
to commence. These genes allow the synthesis of B-lactamase to occur. (V) B-lactamase
hydrolyses the B-lactam ring of penicillin. (V1) it therefore renders the penicillin inactive and penicillin
resistance occurs (Lowey., 2003).

1.3.5 Methicillin resistance

Methicillin, a semi-synthetic derivative of Penicillin, was introduced in 1959 and overcame the problem of
Penicillin-resistance (Taubes, 2008). Normally, -lactam antibiotics such as methicillin successfully inhibit the
bacterial transpeptidase enzymes, also called PBPs by mimicking the D-alanine-D-alanine substrate to bind to
the active site of the transpeptidase and then react covalently with the enzyme (Wilke et al., 2005). During this
time this enzyme will not be able to carry out its normal function of peptidoglycan assembly (Wilke et al., 2005;
Fisher & Mobashery, 2010). This results in weakly cross-linked peptidoglycan, which hinders the mechanical

strength of the bacterial cell wall, eventually weakening it and causing the cell to become deformed and
7



consequently lyse (Wilke et al., 2005; Fisher & Mobashery, 2010). However, MRSA was subsequently oberved
in 1961 with some reports of resistance reported within a few months of the introduction of Methicillin in hospitals
located in England (Jevons, 1961; Taubes, 2008). Since then, it has become an important pathogen in both
health-care setting and communities around the world (Taubes, 2008). A study performed by Cosgrove et al.,
(2003) between 1980 and 2000 concluded that the therapeutic outcomes of infection due to MRSA are far worse
than the outcome of those that result from methicillin-sensitive strains (MSSA) and that MRSA bacteraemia is
associated with a higher mortality rate. Normally, S. aureus has the ability to produce four penicillin-binding
proteins (PBPs) involved in cell wall synthesis, in addition to these PBPs, a novel PBP was discovered in MRSA
termed PBP2a which is encoded by the presence of the methicillin resistance gene (mecA) (Weilders et al.,
2001). As discussed earlier, PBPs are enzymes that catalyse the transpeptidase reaction, required for the
formation of the cell wall (Wilke et al., 2005). PBP2a substitutes for other PBPs because of its reduced binding
affinity for R-lactam antibiotics; this enables the bacteria to survive exposure to high concentrations of these
agents and therefore resistance to methicillin occurs (Rice, 2012). The mecA gene, present in all strains of
MRSA, is carried on a 21 — to — 60-kb DNA cassette; the Staphylococcal Cassette Chromosome (SCCmec) and
is required for methicillin resistance to occur (lto & Hiramatsu, 1998; Katayma, Ito & Hiramatsu, 2000). The
SCCmec, is a large genetic mobile element that differs in genetic composition and also contains genetic
structures such as Tnb54, pUB110 and pT181 which all encode resistance to non- R-lactam antibiotics
(Deurenberg et al., 2006; Ito & Hiramatsu, 1998). For instance, pT181 codes for tetracycline resistance, and
Tnb54 is responsible for lincosamide and streptogramin resistance (Deurenberg et al., 2006). Kreiswirth et al
(1993) proposed that all MRSA strains were descended from a single S. aureus strain, however; more recent
studies by Fitzgerald et al (2001), show that the mecA gene has been horizontally transferred into S. aureus
numerous times, concluding that methicillin resistant strains have evolved from multiple independent strains and

not just one single ancestral strain (Fitzgerald et al., 2001).

1.3.6 Treatment options for S. aureus infections

The choice of treatment against MRSA has been limited, with the antibacterial therapy of choice being



the antibiotic vancomycin, a glycopeptide (Smith et al., 1999). MRSA strains with reduced susceptibility to
vancomycin have been reported in clinical specimens since the late 1990s; this is possibly due to the misuse
and/ or the over-prescription of this antibiotic which has resulted in Vancomycin-resistant S. aureus (VRSA)
(Appelbaum, 2006). This is a real concern, if VRSA becomes prevalent globally, and new, effective antibiotics
are not discovered to treat this threat, it could result in a high mortality rate and it threatens to return the world
to the pre-antibiotic area. Administration of vancomycin should therefore be restricted and methods for detecting
resistant bacteria must be improved (Smith et al., 1999; Chang et al., 2003).

A recent report to determine the global priority list of antibiotic resistant bacteria to guide research,
discovery and development of new antibiotics by was published by The World Health Organisation (WHO)
(WHO-2., 2017). This report categorises pathogens as either Priority 1, stating that there is a critical need;
priority 2, stating that there is a high need; or priority 3, stating that there is a medium need. This report
determined that S. aureus that are either Methicillin-resistant or Vancomcyin-intermediate resistant are a priority

2 (WHO-2., 2017).

In 2015, a new class of antibiotic was discovered called Teixobactin (Ventola., 2015). This antibiotic is produced
by Eleftheria terrae, a previously impossible-to-culture microbe; but with new techniques this was made possible
(Ventola., 2015). Figure 1.1 is an overview flow diagram of some of the antibiotics used to treat S. aureus
infections taken from the WHO website

(http://www.who.int/patientsafety/events/05/apsd/EURQ_Initiatives_on_blood_safety Hafner.pdf.)  (WHO-1,

2012). It shows when S. aureus became resistant to penicillin, methicillin, the emergence of vancomycin

intermediate strains (VISA) and finally the vancomycin resistant strains (VRSA).
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Figure 1.1b: A flow cycle for the evolution of drug resistance in S. aureus (Adapted from WHO-1, 2012).
This diagram shows that every time that a new antibiotic is discovered to combat the S. aureus; drug
resistance will follow. Notably, Teixobactin is the first of a new class of antibiotic that has been
discovered, in January 2015. The question mark for 2015 >?’ represents that it takes years for new
drugs to be developed, but only a short amount of time for antibiotic resistance to be detected (Ventola.,
2015).
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1.4 Staphylococcus aureus genome

The first genomes of S. aureus to be published were strains N315 and Mu50 in 2001 (Baba et al., 2002).
Figure 1.2 shows the genome of S. aureus MW?2, a highly virulent MRSA that was linked to four paediatric deaths
in Minnesota and North Dakota, in 1998; the genome of MW?2 is 2820462 base pairs (bp) long (Baba et al.,
2002). GView was used by the author to produce Figure 1.2; it is a software package that has the capabilities to
pan-and-zoom bacterial genomes (Petaku et al., 2010). This figure also only shows a snapshot of the genes

that are present; the more you zoom, the greater the content that you can see.

In order for bacteria such as S. aureus to become pathogens, they must have the ability to accomplish
infection and consequently cause disease in the host. This is known as pathogenicity and virulence is a degree
of the pathogenicity observed. Virulence factors are encoded by genes of the pathogen which contribute to the
pathogenicity. The locations of numerous genes including the virulence factor genes of interest are shown on

the genetic map (Figure 1.2) of S. aureus MW?2, highlighted in blue.
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1.5 Virulence Factors

In this study, bioinformatics methods will be employed to investigate the arsenal of virulence
factors produced by S. aureus and the role they play, including some of those highlighted in Figure
1.2 will be investigated. The genes needed for methicillin resistance, adhesion factors; needed for
host attachment, persistence factors; needed for biofilm accumulation and intracellular persistence,
immune evasions factors; needed for evading/ or destroying host defences that include the innate
and complement immune systems, enzymes and other secreted proteins; that include a range of
functions such as tissue invasion and destruction, cytotoxins; that include the lysis of erythrocytes
and neutrophils and enterotoxins; that involve toxin mediated disease or sepsis such as food

poisoning, toxic shock syndrome and scalded skin syndrome.

This study only investigated chromosomal virulence factor genes and not plasmid virulence genes.
A plasmid is a small, circular, double-stranded DNA molecule that is distinct from a cell's
chromosomal DNA (Solar et al., 1998). Plasmids have the potential to carry resistance genes and
virulence genes and are spread through S. aureus populations by horizontal gene transfer (HGT)

mechanisms (McCarthy & Lindsay., 2012).

1.5.1 Virulence associated genes

1.5.1.1 mecA gene and Penicillin binding protein 2 (PBP2a)

The mecA gene is part of a 21- to 60-kB Staphylococcal Cassette Chromosome (SCC), a
mobile genetic mobile element which may differ in genetic composition (lto & Hiramatsu, 1998). mecA
is 2010 bp long and PBP2a consists of 670 amino acids (Ito & Hiramatsu, 1998). PBP2a substitutes
for other PBPs because of its reduced binding affinity for f-lactam antibiotics and PBP2a differs from
other PBPs in that its active site blocks binding of all B-lactam antibiotics but allows the

transpeptidation reactions to proceed (Lim & Strynadka, 2002). PBP2a permits transpeptidase

13



activity to allow cell wall synthesis at concentrations of B-lactams which would otherwise inhibit

transpeptidation (Lim & Strynadka, 2002; Rice, 2012).

1.5.2 Adhesion genes

Adhesion is the first step in colonisation and the subsequent infection of the host. In order to
initiate infection, adhesins which are bacterial proteins, adhere to components of the host
extracellular matrix (ECM). Adherence is mediated by surface protein adhesions called MSCRAMM
(microbial surface components recognising adhesive matrix molecules) family, which in most cases

are covalently anchored to the cell wall peptidoglycan (Foster & Hook, 1998).

1.5.2.1 Fibronectin-binding protein

Fibronectin binding protein belongs to the MSCRAMMs family of proteins. The majority of S.
aureus strains express two binding proteins, FnbpA and FnbpB which are encoded by closely linked
genes termed fnbpA and fnbpB (Wann et al., 2000). These closely linked genes and the proteins
they encode, facilitate the attachment of S. aureus to human mucosal epithelium (Foster & Hook,
1998). Studies by Mongodin et al (2002) have shown that FnBPs are involved in the adherence and
colonisation to the human airway epithelium with further research by Shinji et al (2011) suggesting
that fibrontectin-binding protein are also important for not only in vitro and in vivo adhesion to cells

but may also have a secondary role of internalisation by cells.

1.5.2.2 Collagen-binding protein

Collagen is targeted by the collagen-binding adhesin which is encoded by the cna gene, this
adhesin also belongs to the MSCRAMMSs family of proteins (Foster & Hook, 1998). cna is not present

in all strains but where it is present the collagen binding adhesin binds to collagen substrates and
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collagenous tissue with a high degree of specificity and affinity to humans which is an important step

in pathogenesis of osteomyelitis and septic arthritis (Patti et al., 1992; Rhem et al., 2000).

1..5.2.3 Elastin-binding protein

Elastin is a major component of the ECM and plays a crucial role in maintaining structural
integrity of tissues which gives it the property of reversible elasticity, it is present in abundance in the
lung, skin and major blood vessels (Nakakido, Yoshikazu & Tsumoto, 2007). Elastin-binding protein
which is encoded by the ebpS gene has been shown to bind both soluble elastin and tropoelastin

and S. aureus can therefore adhere to and colonise the host tissue (Downer et al., 2002).

1.5.2.4 Bone-sialoprotein binding protein

Bone-sialoprotein (Bsp) is a glycoprotein of the bone and dentine extracellular matrix (Tung
et al., 2000). The identification of S. aureus strains that cause osteomyelitis has consequently led to
the discovery that they interact with bone-sialoprotein (Tung et al., 1989). S. aureus bind to bone-
sialoprotein via a bone-sialiprotein-binding protein (Bbp) which belongs to the Sdr family of proteins
(Tung et al., 2000; Perrson, Johansson & Ryden, 2009). The Sdr family of proteins, SdrC, SdrD and
SdrE are a collection of surface proteins with no ligand specificity that recognise adhesive matrix
molecules and are consequently members of the MSCRAMM family that are encoded respectively
by the sdrC, sdrD and sdrE genes (Sabat et al., 2006; Vasquez et al., 2011). Bbp, also a member of
the MSCRAMM family is a 97-kDa protein initially isolated from S. aureus strain 024 and has an A

and B domain that is 76% and 96% homologous to SdrE domains (Perrson et al., 2009).
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1.5.2.5 Clumping factor

Fibrinogen (Fg) plays a major role in blood clotting, fibrinogenesis, the inflammatory
response and wound healing, it is a large 340-kDa plasma glycoprotein composed of two sets of
three polypeptides chains Aa, BB and y that are linked by disulphide bonds that are essential for
maintaining normal homeostasis (Palma et al., 2001; Mosesson, 2005). Clumping factors A and B
(CIfA and CIfB) belong to the bifunctional MACRAMM family of proteins and bind to different sites on
fibrinogen; clfA binds to the X-chain and c/fB binds to the a-chain (Wertheim et al., 2008). Interactions
between the CIfB and the a-chain is also important in platelet activation and aggregation (Xiang et

al., 2012),

1.5.2.6 Extracellular fibrinogen-binding protein

Extracellular fibrinogen-binding protein (Efb) is a 15.8-kDa extracellular protein that has two
repeated regions and consequently has two binding sites for fibrinogen located at both the N-terminal
and C-terminal regions that form a divalent interaction with fibrinogen (Fg) resulting in an Efb-Fg
complex (Palma et al., 2001). Efb is usually produced in large quantities during the post exponential
phase of bacterial growth and is associated with a more severe infection (Palma et al., 2001).
However, studies by Shannon et al., (2006) concluded that immunisation with Efb produces a
protective antibody response to Efb from S. aureus which is important as it resulted in the vaccinated

animals developing less severe infection then the unvaccinated controls.

1.5.2.7 Extracellular adherence protein

Extracellular adherence protein (Eap) is a 72-kDa protein consisting of 689 amino acids,
which includes a 110-amino-acid sequence that is repeated six times. Within each domain there is a
subdomain that consists of 31 residues that has high homology to the N-terminal B-chain of many

major histocompatibility complex (MHC) class Il molecule and lacks the LPXTG motif which is
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essential for membrane anchoring (Harraghy et al., 2003). Eap has the ability to bind to numerous
plasma proteins including fibronectin, fibrinogen and prothrombin (Haggar et al., 2003). Eap has also
been shown to play a crucial role in the complex internalisation process of S. aureus into non-

professional phagocytes and can also cause agglutination (Haggar et al., 2003).

1.5.3 Virulence Factors Involved in Persistence

Once attachment has been established by S. aureus to the host, other factors that cause relapsing

infections are readily available to adapt different environmental niches of the host.

1.5.3.1 Delta-aminolevulinic acid dehydratase

Staphylococcus aureus can be isolated from the chronically infected airways of patients who
suffer from cystic fibrosis, and such S. aureus isolates are termed small-colony variants (SCV), that
are characterised by the slow growing morphological variants associated with persistence and
antibiotic resistant infections (Besier et al., 2007). SCV's that are isolated from patients with chronic
or relapsing infections often indicate that they are auxotrophic for compounds, such as hemin that
are involved in the synthesis of the electron transport chain, suggesting that the SCV phenotype is
associated with genetic changes that consequently impair electron transport (Sifri et al., 2006). The
hemB gene is part of the family of genes encoding enzymes of the porphyrin biosynthetic pathway
and specifically codes for the enzyme porphobilinogen synthase. This enzyme is responsible for the
conversion of delta-aminoevulinic acid to porphobilinogen of the electron transport system (Kafala &
Sasarman, 1994). Studies by von Eiff et al (1997) have concluded that a defect in the electron
transport system allows for S. aureus SCVs to persist intracellularly as well as resist aminoglycoside
antibiotics. Stable mutants of the electron transport chain were generated by interrupting the hemB
gene, and in vitro studies showed that the mutant showed typical characteristics of SCVs, which

included slow growth and persistence within the cultured endothelial cells (von Eiff et al., 1997).
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Studies by Vaudaux et al. (2002) have also suggested that there is an increased expression of

clumping factor and fibrontectin-binding protein by hemB mutants.

1.5.3.2 Bacterial efflux pumps

Bacterial efflux pumps are responsible for expelling a broad range of substances such as
toxins and antibiotics out of the cell. An over expression of multi drug efflux pumps have also been
found to be associated with drug resistance because they lower the intracellular concentration of
antibiotics, hindering the effect of the antibiotic (Naruni et al., 2002). A multi drug efflux gene, termed
staphylococcal efflux pump gene (sepA) was investigated in this study, it is 474 bps and encodes the

drug efflux pump that has four predicted transmembrane segments (Narui et al., 2002).

1.5.4 Immune Evasion genes

Once persistence has been achieved by S.aureus, the organism has developed methods to

achieve host immune evasion.

1.5.4.1 Staphylokinase

Staphylokinase, is secreted by many S. aureus strains that infect humans (Kwiecinski et al.,
2013). The highly conserved Staphylokinase gene (sak) is carried on a bacteriophage that also
contains other important genes, such as complementary inhibitory factors and enterotoxins
(Peetermans et al., 2014). The sak gene is investigated further in the results chapters. Studies have
suggested that three natural variants of the sak gene have been identified with only 4 nucleotide
differences found in the coding regions of these variants (Kim et al., 1997). Staphylokinase is
synthesised as a polypeptide precursor of 163 amino acids which includes a 27 amino acid signal
peptide in a single polypeptide chain without sulphide bridges and is itself not an enzyme, instead it

forms a 1:1 stoichiometric complex with plasminogen that in turn activates other plasminogen
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molecules, promoting fibrinolysis (Kim et al., 1997). Staphylokinase has a dual role; studies have
suggested that increased production promotes the establishment of S. aureus skin infections and
increased bacterial penetration through skin barriers whilst surprisingly decreasing the severity of the
disease (Kwienski et al., 2013). Once penetration has occurred through the skin barriers,
staphylokinase activates plasminogen molecules to plasmin, which is an enzyme that degrades fibrin,
a protein component of the extracellular matrix (ECM). This consequently results in the evasion of
the host tissue with S. aureus (Kwienski et al., 2013). This contributes to the infection by spreading

the bacterium.

1.5.4.2 Staphylococcal complement inhibitor (SCIN)

The complement system is part of the human immune system that has the ability to enhance
antibodies to phagocytose cells which defend and clear against any invading pathogens, which
include S. aureus (Rooijakers et al., 2007). S. aureus has developed factors that can evade and
counteract the hosts complement immune response by secreting a unique Staphylococcal
Complement Inhibitor (SCIN) which enables it to survive and persist in the host (Jongerius et al.,
2009). The SCIN gene (scn) is an 85 amino acids (aa) residue that is part of the immune evasion
cluster (IEC-1) along with Chemotaxis Inhibitory Protein (CHIPS) on a bacteriophage that also
encodes staphylokinase and enterotoxin A (van Wamel et al., 2006; Jongerius et al., 2007). SCIN,
an innate immune modulator of S. aureus is a C3 convertase inhibitor of the complement system, on
the surface of the bacterium that blocks the formation of C3b deposition and C5a generation and
therefore blocks all downstream effector functions; this in turn reduces or stops phagocytosis by
human neutrophils following opsonisation and ensures the survival of the pathogen in the host (van

Wamel et al., 2006; Rooijakers et al., 2007).
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1.5.4.3 Chemotaxis inhibitory protein (CHIPS)

The CHIPS gene (chp) is also located in the immune evasion cluster and is found in in >60%
of all clinical isolates of S. aureus (de Haas et al., 2004; van Wamel et al., 2006). CHIPS is a 14.1-
kDa protein that is secreted by S. aureus to specifically impair the response of neutrophils and
monocytes (de Haas et al., 2004). It attenuates the responses of both the C5a receptor as well as

the formylated peptide receptor of human neutrophils (van Wamel et al., 2006).

1.5.4.4 19G binding protein

Staphylococcus aureus also secretes a 436-residue protein called Staphylococcal
Immunoglobulin-binding protein (Burman et al, 2008). Sbi (Second binding protein of
immunoglobulin), has two IgG-binding domains (D1 and D2) at its N-terminus that have a similar
sequence to Protein A (spa) which was thought to be the only IgG-binding protein in S. aureus (Smith
et al., 2011). Sbi also has two independently folded domains, D3 and D4 that bind to complement
factor C3, with the C-terminal domain which is rich in the amino acids tyrosine and threonine, likely
to be involved in attaching the protein to the cell envelope (Smith et al., 2011). The sbi gene which
was selected for further studies shows levels of high conservation in both nucleotide and protein
sequences and the size of the gene can range from 1311 to 1314 nucleotides, it is dependent on the
human strain isolated (Atkins et al., 2008). Sbi helps the S. aureus to avoid the hosts innate immune

defence, this ensures the survival of the bacteria in the host (Atkins et al., 2011).

1.5.5 Enzymes and other secreted proteins

1.5.5.1 Serine Protease (sspA), cysteine protease precursor (sspB), cysteine protease (sspC)

Serine protease (ssp) was one of the first secreted enzymes of S. aureus to be purified and
characterised in detail; it is a member of the glutamyl endopeptidase family of enzymes (Drapeau et

al., 1972). The serine protease structural gene sspA is followed closely by an open reading frame
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(ORF) encoding a cysteine protease, designated sspB. The sspA and sspB proteases are transcribed
as an operon, which also includes a third open reading frame sspC, of unknown function (Rice et al.,
2001). sspA is required for the maturation of sspB, which encodes a 40.6-kDa cysteine protease and
plays a crucial role in controlling autolytic activity (Rice et al., 2001). A secreted sspA may also
promote invasion by degrading the bacterial cell surface fibrontectin-binding protein (FnBP), a
member of the MSCRAMM family (McGavin et al., 1997). sspA, sspB and sspC were selected for

further investigation in this thesis.

1.5.5.2 Aureolysin

The complement system is part of the innate immune system and is the first defence against
bacteria, once activated it attracts neutrophils to the site of infections and opsonises bacteria to
facilitate phagocytosis (Laarman et al., 2011). S. aureus has successfully developed ways to evade
the human complement system; Metalloprotease aureolysin is a potent complement inhibitor, it
functions by inhibiting the central complement protein C3 by cleaving it, preventing phagocytosis of

the bacteria, contributing to the S. aureus survival in the host (Laarman et al., 2011).

1.5.5.3 Hyaluronate lyase

Hyaluronate lyase is an extracellular enzyme produced by approximately 91.2% of S. aureus
strains (Makris et al., 2004). The genes that encode this enzyme are hysA. HysA1 and hysA2 and
were subsequently further investigated in this thesis. Studies suggest that it is capable of degrading
acidic mucopolysaccharide hyaluronic acid, a major component of the human and animal connective

tissue and has a crucial role in the early stages of subcutaneous infections (Makris et al., 2004).
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1.5.5.4 Staphylococcal Coagulase (Coa)

The gene that encodes coagulase is coa (Shopsin et al., 2000). Coagulase (Coa) is a protein
of approximately 670 amino acids secreted by S. aureus that promotes coagulation by activating
prothrombin, which in turn, converts fibrinogen into fibrin and promotes the clotting of plasma or blood
(McAdow et al., 2012). The N-terminal end of Coa associates with the pro site of prothrombin that
completes an active site that is otherwise only formed in thrombin (McAdow et al., 2012). This gene

was further investigated in this thesis.

1.5.5.5 von Willebrand factor binding protein (vWbp)

Staphylococcus aureus also secretes a secondary coagulase exoenzyme called von
Willebrand factor-binding protein (vVWhbp) of approximately 482 amino acids that has an N-terminal
homologous to coagulase (Bjerketorp et al., 2004). The gene that encodes von Willebrand binding-
protein is vwb (Bjerktorp et al., 2002). The N-terminal end of vWbp associates with the pro site of
prothrombin that completes an active site that is otherwise only formed in thrombin (McAdow et al.,

2012).

1.5.5.6 Lipase

Nine different lipase genes have been identified from six Staphylococcus species which
secrete lipase exoenzymes that degrade or digest lipids (Rosenstein & Gotz, 2000). One of the
lipases is encoded by the geh gene (Rosenstein & Gotz, 2000). The lipase is secreted as a 82-kDa
pro lipase protein that comprises of 295 amino acids with full enzymatic activity that is subsequently
processed into a mature 45- to 46-kDa protein (Rollof & Normak, 1992). When the body is fighting a
bacterial infection, the number of granulocytes and specifically neutrophils in the body will increase
(Molne et al., 2000). Staphylococcal lipase will in turn interact with human granulocytes and cause

aggregation (Rollof et al., 1992). Studies involving anti-lipase serum have hypothesised that lipase
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may also have a secondary role in the process of biofilm formation in S. aureus (Xiong et al., 2009).
More recent studies have strengthened this hypothesis; Hu et al (2012) concluded that the deletion

of the lipase coding gene reduced biofilm formation.

1.5.5.7 Staphylococcal nuclease

Staphylococcus aureus produces an exoenzyme called Staphylococcal nuclease that can
hydrolyse both DNA and RNA in the host resulting in tissue destruction and promotes the further
spreading of the disease (Hu et al., 2013). Staphylococcal nuclease is encoded by the nuc gene
(Tang et al., 2008), this gene was further investigated in this thesis. Nucleases can be characterised
as either sugar specific nucleases which include ribonuclease and deoxyribonuclease, or the sugar
non-specific nucleases which includes the Staphylococcal nuclease, which is characterised by its
ability to hydrolyse both DNA and RNA, without exhibiting base preference (Ragarajan & Shankar,
2001). Staphylococcal nuclease functions by hydrolysing the phosphodiester bonds on the DNA or

RNA to yield 3'mono-nucleotides (Tang et al., 2008).

1.5.5.8 Thermonuclease

The second nuclease of S. aureus is called thermo-nuclease, and it was annotated on the
whole genome sequencing data of methicillin-resistant S. aureus, as N315 and Mu50 (Kuroda et al.,
2001). More recently, it has been made clear that thermo-nuclease (TNase) is encoded by the nucA
gene (Tang et al., 2008). It is a heat-stable nuclease with both endo- and exo-nucleoytic properties
that can hydrolyse both DNA and RNA and has been used as a specific PCR diagnostic test to

identify S. aureus contamination in blood cultures (Kaplan, 2003).
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1.5.5.9 1-phosphatidylinositol phosphodiesterase (plc)

S. aureus produces an exoenzyme called 1-phosphatidylinositol phosphodiesterase (plc)
which was further investigated in this thesis, that was part of the group of molecules identified in CA-
MRSA culture media that may be involved in bacteria-host interaction and also act as a membrane
damaging phospholipase, however it is not well characterised (Burlak et al., 2007; Suzuki et al.,
2012). However, the phosphatidylinositol-specific phospholipase C (PI-PLC-) of Listeria
monocytogenes promotes adhesion to epithelial cells and mediates the escape of pathogens from
phagosomes which in turn allows it to proliferate and grow in the host cells cytosol and consequently
spread to neighbouring cells (Wei et al., 2005). Studies have also shown that plc in Bacillus substilis
strains plays an accessory role that enhances bacterial binding to epithelial cells prior to its

internalisation (Krawczyk-Balska & Bielecki, 2005).

1.5.6 Cytotoxins

1.5.6.1 Alpha Hemolysin

Staphylococcus aureus secretes a pore-forming cytotoxin called alpha-hemolysin (Bhakdi &
Tranum-Jenson, 2009). It is pore forming because it has the ability to form a 2-nm heptameric pore
in the plasma membrane of susceptible cells (Ragle & Waldenburg, 2009). The alpha, beta and delta
toxins are also the primary cause of erythrocyte lysis that induce the release of cytokines and
chemokines such as IL-6, IL1B, IL-1a, IL-8, TNF-a, KC and MIP-2 (Burnside et al., 2010). The first
26 residues of the secreted alpha-hemolysin protein is cleaved under secretion and the mature
protein comprises of 239 residues, that have a molecular weight of 33-kDa (Dinges, Orwin &
Schlievert, 2000). The alpha-hemolysin also has no cysteine amino acids and is instead
compromised of primarily B-sheets (65%), with a-helical structures making up a much smaller
percentage (10%) of the secondary structure (Dinges, Orwin & Schlievert, 2000). The alpha-

hemolysin is encoded by the hla gene and is important for S. aureus pneumonia (Burnside et al.,
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2010). Studies have also concluded that immunisation with anti-alpha-hemolysin monoclonal

antibodies mediate protection against S. aureus pneumonia (Ragle & Waldenburg, 2009).

1.5.6.2 Beta Hemolysin

Beta-hemolysin (HLB) is well known for its haemolytic activity of erythrocytes (Katayama et
al., 2012). This gene was selected for further study in this thesis. HLB is an exotoxin with a molecular
weight of 35-kDa that is encoded by the beta-hemolysin gene, termed hib, that is chromosomaly
located on a 4-kb DNA fragment (Dinges, Orwin & Schlievert, 2000). Recent studies have also
suggested that HLB may have a dual role and that it also plays an important role in skin colonisation;
the study constructed two S. aureus MW2 strains in vitro, both with and without the hib gene.
Colonisation tests concluded that colonisation efficiency was 50-fold greater with the hib gene than

without the hib gene (Katayama et al., 2012).

1.5.6.3 Gamma Hemolysin and Panton-Valentine Leuckocidin

Staphylococcus aureus also produces two other cytotoxins called gamma-hemolysin and
Panton-Valentine leuckocidin (PVL) toxin; both function as bi-component toxins and play a crucial
role in the disruption and subsequent lysis of erythrocytes and leukocytes (Gouaux, Hobaugh &
Song, 1997; Dinges, Orwin & Schlivert, 2000). Each of these toxins are made up of two non-
associated secreted proteins, referred to as S and F components (for slow- and fast-eluting proteins
in an ion exchange column) (Dinges, Orwin & Schlievert, 2000). Gamma-hemolysin is present in
virtually all human strains (99.3%) whilst the PV leuckocidin is not as widely distributed (Spaan et al.,
2014). The genes for gamma-hemolysin are transcribed from a single locus, located on a 5.4-kb
Scal-digested chromosomal fragment; the open reading frames are named higA, higC and higB
(Table 3.5) (Dinges, Orwin & Schlievert, 2000). hlgC and higB have molecular weights of 34-kDa and

32.5-kDa, respectively, and are transcribed on a single mRNA, whilst higA has a molecular weight of
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32-kDa, and is expressed separately (Dinges, Orwin & Schlievert, 2000). The genes encoding PV-
Leukocidin are named lukS-PV and lukF-PV, are expressed as an operon and the lukS-PV gene
encodes a 312-amino acid polypeptide, including a 28 residue signal sequence that is cleaved to
produce the mature protein with a molecular weight of 32-kDa (Dinges, Orwin & Schlievert, 2000).
The IukS gene encodes the S-component of Staphylococcal leukocidin and contains 857 bp

(Rahman et al., 1991).

1.5.7 Enterotoxins

1.5.7.1 Staphylococcal Enterotoxins

Staphylococcal Enterotoxins are a family of nine major serological types of heat stable
enterotoxins, SEA through SEE and SEG through to SEJ, that cause sporadic food-poisoning
outbreaks in both the hospital and community environment (Balaban & Rasooly, 2000; Ortego et al.,
2010). Staphylococcal food poisoning is characterised by a short incubation period, approximately
2- 6 hours and is followed by symptom's such as nausea, vomiting, abdominal pain and diarrhoea,
although not lethal, the elderly are more susceptible to morbidity and mortality (Balaban & Rasooly,

2000).

The enterotoxins are bi-functional; they act as potent gastrointestinal toxins and also as
super antigens that stimulate non-specific T cell proliferation; both functions are located in two
separate domains that target different host tissues (Balaban & Rasooly, 2000; Ortego et al., 2010).
However, the mechanisms are not very well understood (Rasooly & Hernlem, 2014). The
enterotoxins all share common phylogenetic, structure, function and sequence homology (Rasooly
& Hemlem, 2014). Enterotoxin A (SEA) is, however, the most common toxin implicated in
staphylococcal food poisoning (Rasooly & Hemlem, 2014). SEA is carried by the entA gene on a

bacteriophage and is composed of 771 base pairs, it also encodes a enterotoxin A precursor of 257
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amino acids (Balaban & Rasooly, 2000). Studies have suggested that the amount of enterotoxin
needed to cause food poisoning is very small, the emetic dose in primate assays was approximately

5-20 pg per animal (Balaban & Rasooly, 2000).

1.5.7.2 Toxic shock syndrome toxin-1 (TSST-1)

Approximately 20% of all S. aureus isolates also possess the gene encoding TSST-1 (fst)
(Table 3.5), which is harboured by a family of mobile staphylococcus pathogenicity islands
designated SaPl, that is not carried by all S. aureus strains (Al Laham et al., 2014). It is carried by S.
aureus strains RN4282, N315, Mu50, RN3984 and RF122 in mobile pathogenicity islands termed
SaPl1, SaPIn1, SaPIm1, SaPI2 and SaPlbov1, respectively (Andrey et al., 2015). TSST-1 is a potent
super antigen and is the most common cause of toxic shock syndrome (tss), it is a life threatening
multi system disorder characterised by a high fever, hypotension, rash and skin desquamation

(peeling) upon recovery (Prasad et al., 1997).

1.6 Clinical Significance & Epidemiology

Itis evident that methicillin resistant S. aureus infections pose a significant health burden
around the globe. Figures 1.3 and 1.4 are heat maps taken from the annual report of the European
Antimicrobial Resistance Surveillance Network (EARS-Net). Figures 1.3 and 1.4 show that the
incidence of MRSA is changing around Europe. An improvement has been observed in the UK; in
2009, 28% of the S. aureus isolates were resistant to methicillin, in 2014, only 11% of the 3551
isolates were resistant to methicillin (ECDC-1, 2010; ECDC-2, 2015). A slight decrease in the number
of MRSA reported has also been observed in Spain where the number of S. aureus isolates resistant
to methicillin decreased from 26% to 22% from 2009 to 2014. Other countries have remained
consistently high. Portugal reported that in 2009, 53% of the isolates were methicillin resistant; in

2014, 47% of the S. aureus isolates were methicillin resistant (ECDC-1, 2010; ECDC-2, 2015).
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It is also interesting to note that the surveillance of S. aureus has also improved. Slovakia
did not report at all in 2009; however, in 2014, 28% of the 640 S. aureus isolates reported were
MRSA. Romania reported only 48 S. aureus isolates in 2009 of which 38% were MRSA. This
increased to 399, in 2014 of which 54% were methicillin resistant. The number of laboratories
contributing to the EARS-Net surveillance has also been increasing. Portugal had 20 laboratories in
2009, this increased to 53 in 2014. The same trend is shown in Italy, where the number of laboratories
doubled from 23 in 2009 to 46 in 2014 (ECDC-1, 2010; ECDC-2, 2015). In contrast, countries like
Sweden and The Netherlands have remained consistently low. In 2009, The Netherlands reported
1035 isolates of S. aureus, of which <1% were resistant to methicillin. The same trend continued in
2014 even though the number of S. aureus isolates reported was 2580. The same trend was
observed in Sweden; in 2009 and 2014, 2460 and 3501 isolates of S. aureus were reported.

Nevertheless, the number of samples resistant to methicillin was <1% (ECDC, 2010 & 2015).
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Figure 1.3: taken from the Annual report of the European Antimicrobial Resistance Surveillance
Network (EARS-Net); showing the percentage (%) of S. aureus isolates with resistance to
methicillin (MRSA), by countries in 2009 (ECDC-1, 2010).
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Figure 1.4: taken from the Annual report of the European Antimicrobial Resistance Surveillance
Network (EARS-Net); showing the percentage (%) of S. aureus isolates with resistance to
methicillin (MRSA), by countries in 2014 (ECDC-2, 2015).
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The Office of National Statistics in England and Wales has also published the number of
reported deaths caused by S. aureus. Figure 1.5 is a graph showing the number of death certificates
mentioning MRSA between 1993 and 2012. The number of deaths from MRSA between 1993 and
2006 has risen from 430 in 1993, peaking in 2005 (2,099) and 2006 (2,150) and gradually decreasing
to 557 in 2012 (ONS-1, 2013); this is nevertheless a cause for concern. The graph is also showing
the number of death certificates mentioning S. aureus that are either not specified as resistant or
strains that are resistant to antibiotics (MRSA). Interestingly, between 1993 — 2000 the majority of
death certificates mentioning S. aureus were not specified as resistant, this could be due to the lack
of testing for antibiotic resistance. It is not a surprise that the majority of strains that cause deaths

between 2000 - 2009 are resistant (MRSA), with 2010 being the anomaly to this trend.

Number of death certificates mentioning S. aureus: by methicllin resistance in England & Wales,
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Figure 1.5: A graph representing the number of death certificates mentioning S. aureus: by Methicillin
Resistant Staphylococcus aureus (MRSA) in England & Wales. The data was adapted from the Office
for National Statistics (ONS, 2013).

Figure 1.6 is a graph representing the number of death certificates mentioning MRSA by sex

and age group from 2008 to 2012 (ONS-1, 2013). It is interesting to note that males are more
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susceptible to MRSA then females in all age groups. The Office for National Statistics has also
concluded that the morbidity rate due to MRSA is greater in the elderly (ONS-1, 2011). This is the
trend that can be seen here with males 75 and over far more likely to have death certificates

mentioning MRSA.

Age-specific mortality rates for deaths mentioning MRSA by sex and age group,
2008 - 2012 (rates per million population)
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Figure 1.6: Age specific mortality rates for deaths mentioning MRSA by sex and age group between
2008 and 2012, in England and Wales; rates per million population. The data was adapted from the
Office for National Statistics (ONS, 2013).

Public Health England (PHE), formerly The Health Protection Agency have also published
mandatory surveillance data from NHS hospitals in England & Wales. Figure 1.7 is a graph

representing the annual MRSA counts from April 2007 to March 2016; the overall bacteremia has
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gradually reduced from 4,451 (between April 2008 — March 2009) to 1,898 (April 2009 — March 2010)

to a decreased rate of 823 (between April 2015 — March 2016) (HPA-1, 2011).

Annual Counts of MRSA bacteraemia reported to the NHS in England & Wales.
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Figure 1.7: A graph representing the annual MRSA counts from April 2007 to March 2016. The data
was adapted from the Health Protection Agency which is now a part of the Public Health England
(HPA-1, 2016).

1.7 Symptoms and Clinical Presentation

S. aureus is a major pathogen that can cause a diverse range of clinical conditions and
diseases in humans. This can range from superficial infections of the skin such as boils and styes to
more severe soft tissue infections (Casey et al., 2013). A population-based study of methicillin-

resistant Staphylococcus aureus skin infection in Pennsylvania from 2001 — 2010 identified 78216
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Skin and Soft Tissue Infections (SSTI). Among the SSTI cases the three most common diagnoses
were cellulitis (62%), carbuncle (17%) and impetigo (12%) (Casey et al., 2013). Infections with this
organism are not just restricted to humans; the bacteria have the ability to invade and cause harm to
a diverse range of animal species which include commercially important species such as cattle,
sheep, swine and poultry, as well as companion animals and horses. S. aureus can cause an
assortment of clinical symptoms and diseases ranging from superficial to potential life threatening

illnesses, as can be seen in Table 1.1.
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Host Clinical symptoms/ diseases associated with S. References
aureus infections
Human e Blood stream infections Amaral et al., 2005
* Toxic shock syndrome DeVries et al., 2011
*  Scalded skin syndrome Shi et al., 2011
. |mpetigo Pereira, 2012
e Folliculitis Nichols & Florman, 2001
o Cellulitis Khawcharoenporn et al., 2010
Horses »  Wound infection, infected joints and suspected | Cuny et al., 2006
infections of various organ systems
Septic arthritis/ Pneumonia Weese et al., 2006
Cattle *  Mastitis Haran et al., 2012
*  Purulent dermatitis Grinberg et al., 2004
Sheep e Mastitis Chu etal., 2012
* Pyemia
Companion Skin and soft tissue infections Pantosti, 2012
animals *  Pleuropneumonia Baptiste et al., 2005
Swine *  Exudative epidermitis van Duijkeren et al., 2007
* Infections of the urogenital tract, uterus &
mammary glands. Crombe et al., 2013
*  Septicaemia
Rabbit e Mastitis Hamed & Ahmed, 2013
*  Gangrene mastitis
e Dermal lesions Vautor et al., 2009
*  Subcutaneous abscess
Poultry * Bacterial chondronecrosis with osteomyelitis | McNamee et al., 2010
(BCO)
*  Septicaemia

Table 1.1: Clinical symptoms and diseases associated with S. aureus in different hosts.
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1.7.1 Cellulitis

Cellulitis is one of the most common out-patient infections presented to physicians
(Khawcharoenporn et al., 2010). It is an acute infection of the skin and underlying soft tissue and is
usually present amongst the elderly or immunocompromised (Nichols & Florman, 2001). It presents
as tender red but firm areas of the skin and has the potential to lead to necrotizing fasciitis and

gangrene (Nichols & Florman, 2001).

1.7.2 Impetigo

Impetigo is the most common bacterial infection of the skin caused by S. aureus. There are
two types of impetigo; bullous impetigo and non-bullous impetigo (Pereira, 2012). Non-bullous
impetigo represents 70% of all cases of impetigo and is recognised by the development of a serous,
yellow-brown exudate which dries into a golden crust (Nichols & Florman, 2001). Non-bullous
impetigo generally occurs in adults and children, although rarely in children under 2 years of age
(Pireira, 2012). Bullous impetigo is caused by exfolitave toxin A and is most common among children

aged two to five years (Pereira, 2012).

1.7.3 Folliculitis

Folliculitis is a pyoderma that arises within a hair follicle and usually occur in the moist areas
of the body that undergo friction and perspiration (Nichols & Florman, 2001). The incidence of
folliculitis is higher among patients who receive treatment with corticosteroids or cytotoxic agents

(Nichols & Florman, 2001).
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1.7.4 Toxic Shock Syndrome

In addition to this, S. aureus also has the ability to cause toxinoses such as scalded skin
syndrome and toxic shock syndrome by releasing super antigens into the blood stream (Sousa &
Lencastre, 2004).

Methicillin resistant S. aureus can excrete toxins that can potentially cause toxic shock
syndrome (TSS), a rare life threatening illness that is defined by clinical and laboratory evidence of
fever, rash, skin desquamation, hypotension and multiple organ failure (Prasad et al., 1997). A
population based surveillance study conducted from 2000 — 2006 in the Minneapolis — St. Paul area
(population 2,642,056), has concluded that the average annual incidence of toxic shock syndrome is
0.52 per 100,000 of the population, the rate was slightly higher in menstrual TSS (0.69) with women

aged 13 — 24 years having the highest incidence at 1.41 (DeVries et al., 2011).

1.7.5 Scalded Skin Syndrome

Staphylococcal Scalded skin syndrome (SSSS) is caused by MRSA that produce exfoliative
toxins. It is a life threatening infection for neonates in neonatal units and can develop in extremely
low-birth-weight neonates (Shi et al., 2011). It usually affects infants and children, but has also been
reported in adults associated with immunosuppression and/or renal failure resulting in a high mortality
rate (lto et al., 2002). A retrospective study conducted on 399 children under the age of 1-year old
(177 girls/ 222 boys) hospitalised in the Czech Republic from 1994 — 2009 concluded that the average
incidence of SSSS was 25.11 cases per 100,000 with 1994 resulting in the highest incidence of 53.47

per 100,000 children. (Lipovy et al., 2011).

S. aureus can also cause urinary tract infections (UTIs), difficult to treat infections of the

blood, cardiovascular infections and in severe life threatening cases, it can cause; osteomyelitis,

meningitis, brain abscess and endocarditis (Amaral et al., 2005; Klein et al., 2007; Sheng-Yun et al.,
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2011). This bacterium is also a major cause of food poisoning; it achieves this by releasing
enterotoxins, specifically Enterotoxin C, into the food (Aydin et al., 2011). Recently developed
economic simulation models to help quantify the costs associated with MRSA infection and the
outcomes are alarming (Lee et al., 2013). In the USA, depending on the MRSA incidence, this
bacterium alone can cause an annual economic burden of $478 million — $2.2 billion on third-party
payers and $1.4 billion — $13.8 billion on society (Lee et al., 2013). This clearly demonstrates the

importance of S. aureus as a pathogen
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1.8_.MRSA Evolution

1.8.1 Hospital-associated MRSA

It was once recognised that MRSA only occurred in health-care settings such as inpatient
hospital admission, haemodialysis units or same-day surgery, and was therefore defined as a health
care-associated infection (HAI), with patients who were generally older and immunocompromised
being most at risk (Sydnor & Perl, 2011). MRSA found in the health-care setting were therefore
termed health-care associated MRSA/ hospital-associated MRSA (HA-MRSA) (Fey et al., 2003).
HAIs can have a devastating impact in the hospital environment by increasing morbidity, mortality,
length of stay and dramatically increasing the cost (Sydnor & Perl, 2011). The US Centre for Disease
Control and prevention (CDC) have provided definitions of HA-MRSA and Community-associated
(CA) -MRSA. “HA-MRSA is identified >48h after admission of a healthcare facility, or if an individual
has previously had a history of MRSA infection or colonisation, admission to a healthcare facility,

dialysis, surgery or insertion or indwelling devices in the past year” (Bal et al., 2016).

1.8.2 Community-associated MRSA

It is now recognised that MRSA is not just restricted to the health-care setting. A shift in
MRSA epidemiology occurred when cases of MRSA started appearing in the community in the 1990’s
and affected persons with no healthcare-related predisposing factors and were termed community-
associated MRSA (CA-MRSA) (Frazee et al., 2005). Initial reports of a new type of MRSA causing
infections amongst healthy individuals was reported in the remote Aboriginal communities of Western
Australia (Deurenberg & Stobberingh, 2008). Now, CA-MRSA have become increasingly endemic in
many communities and are responsible for a large proportion of the disease burden and certain
strains have the potential to cause fatal infections in otherwise healthy individuals (Baba et al., 2002).

CA-MRSA is now the most common cause of skin and soft tissue infections (SSTIs) presenting in
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the American hospital emergency rooms (Chen et al., 2011). In the 1990s, cases started occurring
among children who had none of the common identifiable predisposing risk factors (Herold et al.,
1998). In one particular instance, between 1997 — 1999 four healthy children from a relatively small
region in the USA died of clonally related MRSA strains (CDC, 1999). In these cases, the patients
were initially treated with cephalosporin antibiotics. The delayed use of the correct antibiotic to which
MRSA is susceptible may have contributed to the fatal outcomes, as a result of this and so that the
correct therapies could be administrated, patients are now routinely screened for MRSA cultures
upon admission in America (CDC, 1999; Manian et al., 2012). The CDC defines CA-MRSA as “being
identified in the outpatient setting or within 48h following hospital admission in an individual with no
medical history or MRSA infection or colonisation, admission to a healthcare facility, dialysis, surgery
or insertion of indwelling devices in the past year” (Bal et al., 2016).

An example of a CA-MRSA isolate is USA300. A cohort study by Kreisel et al. (2011), carried
out between 1997 to 2008 in four hospitals in the USA compared sepsis in response to infection in
271 patients. Kreisel et al. (2011) concluded that 25% (67 strains of USA300 MRS) of the patients
with MRSA bacteraemia were USA300 MRSA and 75% (204 strains non-USA300 MRSA) were non-
USA300 MRSA. USA300 MRSA were categorised because they possessed two unique virulence
factors in the genome; the genes for PVL and the arginin catabolic mobibile element (ACME) (Kreisel
etal. (2011)). USA300 MRSA increased over time and patients with USA300 MRSA were more likely
to have severe sepsis or septic shock in response to their infection than patients with non-USA300
MRSA (Kreisel et al., 2011). The patients with USA300 MRSA bacteraemia were younger then
patients with non-USA300 MRSA bacteraemia and were considered less likely to be hospitalised,
had surgery or to acquired their infection nosocomially (Kreisel et al., 2011). This study shows
evidence that the community-associated USA300 MRSA strains may be more virulent than other
strains of MRSA. A study by Diep et al (2006), showed that the major differences between HA-MRSA

and CA-MRSA are that HA-MRSA strains harbour the SCCmec type Il element, whereas CA-MRSA
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strains harbour the SCCmec type IV element. Certain strains of CA-MRSA also harbour genes for
the Panton-Valentine Leukocidin (PVL), a bi-component cytolytic toxin (1.5.6.3). It is also noted that
PVL is not essential for CA-MRSA infection but may be partly responsible for the increased virulence
(Diep et al., 2006; Boyle-Vavra & Daum, 2007). This observation has led to a change in that the

presence of PVL is no longer an indicator of a strain that is Community-acquired.

1.8.3 Livestock-associated MRSA

Initial reports of MRSA in farm food-producing animals were published in 1972; the bacteria
were isolated at a low prevalence, from dairy cows with mastitis in Belgium, and sporadic cases were
occasionally reported (Weese, 2010). It was not until 2004 that significant concerns about MRSA and
food animals emerged (Weese, 2010). Reports of MRSA in livestock, and particularly in pigs and
individuals who work with pigs emerged in The Netherlands (Arman-Lefevre et al., 2005). This
particular MRSA clone was not related to the historic HA-MRSA or even the CA-MRSA clones due
to the presence of a novel DNA methylation enzyme that was not typeable by PFGE (pulse gel field
electrophoresis), the gold standard for typing S. aureus strains; further typing concluded that this
clone was ST398 (Sequence Type 398) (Deurenberg & Stobberingh, 2008).

A novel MRSA reservoir had therefore been identified, with reports of MRSA isolation from
pigs and pig-farmers (Arman-Lefevre et al, 2005). This has provided evidence of a live-stock
associated reservoir and live-stock associated MRSA (LA-MRSA) are mainly associated with clonal
complex (CC) 398; although CC398 does not have host specificity and can colonise or infect a variety
or animals (Cuny et al., 2013). However, because ST398 strains have been predominantly reported
in pigs around the globe, it has been suggested that this strain emerged among pigs and was
subsequently disseminated to other species (Weese, 2010). These animals were food-producing

animals and were given heavy loads of antimicrobial agents and were therefore likely to be highly
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colonised with resistant bacteria due to antimicrobial selective pressure; consequently, the farmers
are at a particular risk of infection due to their close contact with these animals (Arman-Lefevre et
al., 2005). These clones have now been categorised as live-stock associated MRSA (LA-MRSA) and
are predominately found in the Netherlands, Denmark, Belgium and surrounding countries but are

rapidly disseminating around the world (Lindsay, 2010).

The US Centre for Disease Control and prevention (CDC) have provided definitions of HA-MRSA
and CA-MRSA. The CDC defines CA-MRSA is identified in the outpatient setting or within 48h
following hospital admission in an individual with no medical history or MRSA infection or
colonisation, admission to a healthcare facility, dialysis, surgery or insertion of indwelling devices in

the past year.

1.9 Next Generation Sequencing

In 1977, Frederick Sanger and his colleagues announced a new method for DNA sequencing
which was later commonly called ‘Sanger Sequencing” (Sanger, Nicklen & Couslen, 1977). This
method was very labour intensive and expensive but nevertheless revolutionised the field of
molecular biology. Over the years, DNA sequencing has been optimised to make it considerably
cheaper and more efficient. The first whole genome to be sequenced was of the bacterium
Haemophilus influenzae; the complete nucleotide sequence consisted of 1,830,137 base pairs
(Fleischmann et al., 1995). Since then, hundreds of microorganisms have been sequenced and can
be publicly accessed using GenBank which was set up by the National Centre for Biotechnology and
Information (NCBI) (Bansal, 2005). The revolution in DNA sequencing began 10 years later in 2005
with 454 Life Science, which was the first of the 2nd- generation techniques of DNA sequencing
(Rothberg & Laemon, 2008). The dawn of this technology allowed DNA sequencing to be carried out

in a fraction of the time and at a reduced cost (Rothberg & Laemon, 2008). Over the same time
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period, competing companies; lllumina and Applied Biosystems have developed their own sequence
platform and technologies; the Genome Analyser and SOLID system, respectively Rothberg &
Laemon, 2008).

In this study, the DNA sequencing will be undertaken using the Life Technologies lon Torrent
platform. This 3rd-generation technology is cost effective, not labour intensive and is comparatively
rapid (Daum et al., 2012). lon Torrent technology uses a semiconductor platform that utilises a small

chip to measure the release of hydrogen ions emitted during DNA polymerisation (Daum et al., 2012).

1.10 Bioinformatics and its use in the study of S. aureus

Bioinformatics was developed in the 1980s. In the past, scientists would study one gene at
a time. This was due to the limitation of computer technology; however, since the rapid evolution in
computer technology and the ever increasing improvement of memory storage capabilities; it has
been possible to store the extremely large information data sets of the organism’s whole genome
(Bansal, 2005). The advancement of internet has also allowed researchers to upload the complete
sequence to open access databases (Bansal, 2005). The advantages of bioinformatics are that it has
and will continue to provide invaluable information; for instance, improve laboratory diagnosis for
infectious (and non-infectious) disease markers, help improve/ develop new drugs, help the
production of cheaper yet effective vaccines, and help understand the mechanisms of virulent genes
and how they preform at a cellular, molecular and systemic level (Bansal, 2005). One such area of
bioinformatics, which is used in this thesis is the use of Basic Local Alignment Search Tool Nucleotide
(BLASTn) which permits a queried sequence to be compared with known sequences whether it is
from the same species or from a completely different genus (Altschul et al., 1990; Altschul et al.,
1997; Wren & Parkhill, 2011). As previously described in Section 1.3.6, effective treatment options
for drug resistant S. aureus are becoming less available. A computational analysis by Yadav et al

(2012), has led to the identification of novel potential therapeutic drug. All the gene products involved
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in metabolic pathways of community-associated MRSA in the KEGG database were searched
against the human genome; and using the BLAST program seven targets were identified as potential
therapeutic drug targets (Yadav et al., 2012). The KEGG database consists of of metabolic pathway
maps for cellular and organism functions, complete genomes and the drug interactions associated
with it (Kanehisa, 2002). These gene products have the potential to be future targets of any drugs

that may be developed to combat S. aureus infections.
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1.11 Aims and objectives

* This thesis will evaluate the the three classifications that have been defined in the literature
(hospital-associated, community-associated and livestock-associated) for S. aureus by

performing a comparative genomic analysis of the genomes of published and novel strains.

* Investigate the presence/ absence of virulence factor genes that are expressed on the
genomes of these S. aureus strains and infer how this may contribute to the virulence of the

strains.

* Investigate and attempt to establish a phylogenetic relationship between the S. aureus
strains isolated from hospital-associated, community-associated and livestock-associated

settings.

* Investigate the importance of positive selection in the evolution of the S. aureus species, by

identifying the virulence factor genes that are showing this characteristic and determine how

positive selection of virulence factor genes may affect the adaptation to the hosts.

* Investigate the geographical relationship of the S. aureus strains and determine the

subsequent genetic diversity of the population.
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2.0 Materials and Methods



2.1 Bacterial Strains

Isolates of Staphylococcus aureus from human and animal hosts were investigated in this study.
Strains from various host species were kindly provided by Dr Patrick Butaye (Veterinary & Agrochemical
Research Centre, Brussels, Belgium). These included: human (pig farmers, n=4), pig (surveillance study,
n=5), cattle (mastitis, n=3), horse (various infections, n=3), chicken (surveillance study, n=4) and rat
(surveillance study, n=3), and were collected in Belgium between 2008 and 2010. Isolates from human
patients were kindly provided by Professor Valerie Edward-Jones (Manchester Metropolitan University, UK).
The isolates included: outpatients (n=10), inpatients (n=10) and burns patients (n=10). The School of
Healthcare Science, Manchester Metropolitan University specialises in infectious disease, antimicrobial
resistance and alternative antimicrobial therapies. The Veterinary & Agrochemical Research Centre
specialises in research that contributes to international public healthcare policy focusing on food production

and animal health.

From this diverse range of isolates available for use (n=52), a mixed sample set of human and animal
S. aureus strains (n=6) were used for further studies (Table 2.1), and the remaining samples (n=46) were
frozen (-80° C) in vials. The strains that were used, included animal S. aureus strains B53, S62 and AS3,
from cattle, chicken and swine, respectively and were all designated livestock-associated strains by The
Veterinary & Agrochemical Research Centre. As well as human S. aureus strains, OP100, B51 and IP70
from an outpatient, inpatient and burns patient, respectively, that have all been designated as hospital-

associated strains by the Manchester Metropolitan collaborators.
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Isolate | Isolated Institution Kingston University date
from: of arrival

OP100 | Out patient

B51 Burns patient | Manchester Metropolitan University, UK | 12t February 2015

IP70 In patient

B53 Cattle Veterinary & Agrochemical Research

S62 Chicken Centre, Belgium 2012

AS3 Swine

Table 2.1: The animal and human Staphylococcus aureus strains that will be used for further
studies along with its date of arrival at Kingston University.

2.2 Storage of Isolates

The human Isolates from Manchester Metropolitan University were transported to Kingston
University February 2015 on swabs in transport medium and in a temperature controlled box with ice. Upon
arrival, all of the S. aureus isolates (n=30) were transferred to Brain-Heart Infusion agar (BHI agar) to
generate overnight mass cultures. These cultures were then streaked on BHI agar to produce single colonies.
All isolates were then transferred to 1 mL aliquots of Brain-heart infusion broth, containing 15% glycerol and
frozen at -80° C, for long term storage. The Belgium cultures (S. aureus B53, S62 & AS3) were also sent to

Kingston University on swab cultures and streaked on BHI agar.

2.3 Resuscitation of Isolates prior to use

To generate an overnight culture, isolates were removed from the -80°C storage and using aseptic
technique; a swab was taken on the inside of the tube and swabbed onto the BHI agar. Plates were then
incubated for 14 - 16 hours at 37° C producing a mass culture. The isolate was then aseptically inoculated
onto to Brain-Heart Infusion agar or inoculated in Brain-Heart Infusion Broth and was incubated for a further

14 - 16 hours at 37° C.
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2.4 Isolation of Bacterial Genomic DNA

Pure genomic DNA was isolated from six Staphylococcus aureus strains (OP100, B51, IP70, B53,
S62 & AS3) using the Bacterial Genomic DNA Kit (Sigma-Aldrich GenElute™, Dorset England) following the
manufactures instructions with minor modifications. Briefly, the isolation of genomic DNA was performed as
follows.

The GenElute™ Bacterial Genomic DNA kit reagents were stored at room temperature; any reagents

that formed a precipitate before use were warmed at 55°C in a preheated water bath (Grant Instruments,

Cambridge, UK.) until the precipitate was dissolved. For each S. aureus strain, 200 L of Lysozyme Solution
was prepared by dissolving 2.115 x 108 unit/mL Lysozyme in 1.5 mL of Gram-positive lysis buffer. This was
further supplemented with a 250 units/mL of Lysostaphin; the solution was thoroughly mixed before use.
Overnight cultures of the bacteria were grown in 5 mL of Brain Heart Infusion (BHI) broth and 1.5 mL was
transferred to a sterile micro-centrifuge tube and pellet by centrifuging for 2 minutes at 12,000 x g, the culture
medium subsequently completely removed and discarded. The pellet was then re-suspended in 200 L of

freshly prepared Lysozyme Solution, and incubated in a preheated water bath (37°C for 30 minutes) to

achieve cell wall digestion. RNase A solution (20 uL) from the kit was added and incubated for a further 2
minutes at room temperature to ensure that RNA-free genomic DNA is achieved. Proteinase K powder (10
mg) was dissolved in 0.5 mL of water to obtain a 20 mg/mL stock solution and stored at room temperature.
To lyse the cell, 20 pL of Proteinase K was added to each sample, followed by 200 pL of Lysis Solution C.
The mixture was mixed thoroughly using a vortex (15 seconds) and incubated in a preheated water bath

(55°C for 15 minutes). Column preparation solution (500 uL) was added to each pre-assembled GenElute

MiniPrep Binding Column, seated in a 2mL collection tube and centrifuged (12,000 x g for 1 minute), the
eluate was subsequently discarded. This process achieved maximum binding of DNA to the membrane of

the GenElute binding column. Ethanol (95 — 100%/ 200 pL) was added to the lysate mixture and thoroughly
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mixed with the use of a vortex (10 seconds), ensuring a homogenous solution. The entire contents were
transferred to the prepared GenElute binding column using a wide bore pipette, to reduce shearing of the
DNA and centrifuged (6500 x g for 1 minute). The collection tube containing the eluate was discarded and
placed in a new 2 mL collection tube. Wash Solution 1 (500 pL) was added to the GenElute binding column
and centrifuged (6500 x g for 1 minute), the collection tube and eluate was discarded and the column placed
in a new 2 mL collection tube. For the second wash, the Wash Solution Concentrate bottle (20 mL) was
diluted with 95 — 100% ethanol (80 mL) and mixed by inverting. Wash solution Concentrate (500 pL) was
added to the column and centrifuged (16,000 x g for 3 minutes) to dry the column and further centrifuged
(16,000 x g for 1 minute) to remove any residual ethanol, ensuring an ethanol-free column. The collection
tube was discarded and placed in a new 2 mL collection tube. Molecular biology grade water (200 pL) was
transferred directly to the center of the GenElute column and incubated at room temperature for 5 minutes
and subsequently centrifuged (16,000 x g for 1 minute) to elute the DNA. Using the same collection tube, a
further 200 pL of molecular grade water was transferred to the center of the column and incubate for a further
5 minutes at room temperature, centrifuged (12,000 x g for 1 minute) to elute the DNA. The eluate in the

collection tube contains the RNA-free genomic DNA, approximately 400 uL and was stored at 2 — 8 °C until

the next stage.
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2.5 Spectrophotometric analysis

A GE Healthcare NanoVue™ Plus Spectrophotometer was used to determine the concentration and
purity check for the DNA samples. The spectrophotometer was programmed to read DNA samples. Using a
Gilson® P100 pipette, 0.5 L of molecular grade water was loaded directly on the sample plate. This was
used as the reference sample, to ensure that the machine was blanked and readings were accurate. The
loading plate was cleaned using a sterile disposable wipe and 0.5 uL of the RNA-free genomic DNA was
loaded directly on to the loading plate. The average concentration (A260/ A280) and protein concentration

(A260/ A230) readings of the samples were tabulated (Table 3.3).

2.6 Gel Electrophoresis

Isolated RNA-free genomic DNA was analysed by Gel Electrophoresis. A batch of TBE 10X running
buffer was prepared by adding 800mL of distilled water to 108g of tris base, 55g boric acid and 7.5g of EDTA
di-sodium salt, the volume was then adjusted to 1 litre by topping it up with more distilled water and the
mixture was thoroughly mixed. The agarose gel was prepared using 0.75 g agarose gel, 75 mL 1XTBE,

prepared earlier and 7.5 pl SYBR safe dye, this was stirred using a magnetic stirrer and heated at 55°C for

15 mins to reach it's boiling point. The agarose gel was immediately transferred to the gel tanks, the comb
was put in place and the gel was allowed to solidify at room temperature for 10 minutes. Once solidified, the
comb was removed and the wells were exposed. Nothing was loaded in the side wells (1 and 10). Well 2 was
loaded with a 100 — 1000 bp gene ladder and wells 3, 4, 5, 6, 7 & 8 was loaded with the DNA sample.

Gels were run in a FlowGen Gel Electrophoresis system in 1X TBE buffer at Voltage 200V for 3
hours The gel was placed in a Molecular Imager® Gel Doc™ XR System. The image was captured with a

Windows computer and the Imager® software.
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2.7 lon Torrent: Next Generation Sequencing

High-quality RNA-free genomic DNA (gDNA) that was isolated from the six Staphylococcus aureus
isolates (OP100, B51, IP70, B53, S62 & AS3) using the Sigma-Aldrich GenElute!™ Bacterial Genomic DNA
Kit (see section 2.4), was used with the next generation sequencing system (NGS) (Life Technologies, USA).
The manufacturers instructions were followed during stage one of the lon Xpress™ Plus gDNA Fragment
Library Preparation, stage two of the lon PGM™ Template OT2 400 Kit and the third stage of the lon PGM™

Sequencing 400 Kit protocols, with minor modifications developed during the trial and error phase.

2.7.1 lon Xpress™ Plus gDNA Fragment Library Preparation

2.7.1.1 Fragmentation of the DNA

The initial stage of the library preparation included the use of lon Shear™ Plus Reagents to fragment
the gDNA to the desired median fragment size of 350 - 450 base pairs (bp) for use with the 400-library Kkit.
The lon Shear™ Plus 10X Reaction Buffer and the lon Shear™ Plus Enzyme Mix Il were both vortexed for
5 seconds and centrifuged (using the Eppendorf centrifuge), using the pulse-spin function and placed on ice.
The concentration of each S. aureus genomic DNA sample was adjusted to 100 ng/uL using Nuclease-free
water and 10 pL was subsequently added to a 1.5 mL Eppendorf LoBind® tube. lon Shear™ Plus 10X
Reaction Buffer (5 pL) and Nuclease-free water (25 uL) were also added to the Eppendorf LoBind® tube
and were mixed vigorously by vortexing and centrifuging, using the pulse spin feature. A Gilson™ P10 - P20
pipette was then used to add 10 pL of lon Shear™ Plus Enzyme Mix Il to the samples, bringing the total
reaction volume to 50 L. It was then immediately mixed using a Gilson™ P100 - P200 pipette, by pipetting

up and down 10 times and the mixture was instantly incubated in a water bath set at 37°C for a total of 10

minutes, as per the protocol, to reach the desired gDNA median fragment size of 350 - 450 bp. After
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incubation, the lon Shear™ Stop Buffer (5 pL) was immediately added to each sample and thoroughly

vortexed for 5 seconds to stop the reaction, and placed on ice.

2.7.1.2 Clean up using Agencourt® AMPure® XP Reagents

Agencourt® AMPure® XP Reagents (99 L) was added to the sheared DNA samples. A pipette was
used to mix the bead suspension, by pipetting the mixture up and down 5 times. It was centrifuged with the
pulse spin feature and incubated for 5 minutes at room temperature. The tubes were placed in a magnetic
DynaMag™-2 rack for 3 minutes and the supernatant was carefully removed without disturbing the bead
pellet. With the tube still in the magnetic rack, 500 pL of freshly prepared 70% ethanol (4.9ml of 100% ethanol
added to 2.1 mL MilliQ, to prepare 7ml of 70% ethanol) was added to the samples and incubated for 30
seconds, turning the tube around twice in the magnet rack to ensure that the beads move around. Once the
solution had cleared, the supernatant was removed and discarded without disturbing the pellet and left to air-
dry on the rack at room temperature for 5 minutes. The tubes were then removed from the magnetic rack
and 25 pL of Low TE buffer was added directly to the pellet to disperse the beads. It was then mixed by
pipetting the suspension up and down 5 times and vortexing the sample for 10 seconds and placed on the
magnetic rack for 1 minute, in which time the solution cleared. The supernatant contains the eluted DNA and
was transferred to a new 0.2-mL PCR tube without disturbing the pellet, removing 2 pL from each sample

for the Bioanalyser® instrument analysis and storing the remaining DNA samples at -10°C to -30°C.
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2.7.1.3 Bioanalyser

The fragment size of the eluted DNA (from step 2.7.1b) was checked using the Agilent® 2100
Bioanalyser® instrumentation and Agilent High Sensitivity DNA Kit which will confirm the desired DNA
fragment size range. Before beginning the chip preparation protocol, the Chip Priming Station’s base plate
was adjusted to suit the High Sensitivity DNA Chip and the syringe clip was adjusted to the lowest position
(figure 2.1a). The Agilent® 2100 Bioanalyser® was also adjusted to accommodate the DNA Chip by removing
the pressure cartridge and inserting the electrode cartridge. The 2100 Expert software that corresponds with
the Agilent® 2100 Bioanalyser® instrument was calibrated so that it communicated with the High Sensitivity
DNA Chip that that was inserted. The Agilent® High sensitivity DNA kit includes a High Sensitivity DNA dye
concentrate and also a High Sensitivity DNA gel matrix, both were equilibrated at room temperature (30 mins)
ensuring that they are protected from any light sources. Care must also be taken with the High Sensitivity
DNA dye-concentrate as it contains dimethyl sulfoxide (DMSO), a potential mutagen that requires the aid of
gloves. The vial containing the High Sensitivity DNA dye concentrate is then mixed using a vortex for 10
seconds and using a pipette, 15 pL is added to the High Sensitivity DNA gel matrix vial. The complete gel-
dye mix was transferred to the top receptacle of a spin filter and placed in a micro-centrifuge (6000 rpm) for
10 minutes at room temperature. The filter was discarded and the gel-dye mix was stored away from light
and equilibrated for 30 minutes at room temperature. A High Sensitivity DNA chip (shown in figure 2.10) was
then placed on the chip priming station at position C. Using a pipette, 9.0 L of the gel-dye mix was dispensed
to the bottom of the well marked @), ensuring that the no air bubbles were formed. The plunger of the syringe
on the chip priming station was set to 1 mL. The plunger was subsequently pressed until it was held by the
latch, to pressurise the DNA chip and released after exactly 60 seconds. The plunger was visually inspected
to ensure that it moved back to the 0.3 mL. Waiting a further 5 seconds, the plunger was slowly pulled back

to the 1 mL position on the chop priming station. The gel-dye mix (9.0 L) was transferred into each of the
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wells marked G. The High Sensitivity DNA marker (5 pL) was transferred into the wells marked with the
ladder symbol and the remaining 11 sample wells, leaving no wells empty. The DNA samples (1 pL) were
then loaded in to each of the individual sample wells, noting the location. The High Sensitivity DNA ladder (1
ML) was subsequently loaded into the wells marked with the ladder symbol and the sample wells that have
the DNA.

The DNA chip was then placed horizontally in the adapter of the vortex (2000rpm for 60 seconds)
and placed carefully in the receptacle of the Agilent® 2100 Bioanalyser® instrument, closing the lid. The
computer displayed the DNA chip, and the names of the samples were added to the corresponding well that
were noted previously. The Bioanalyser® was run overnight to preform size fractionation and quantification
of the DNA samples. Once the assay was complete the chip was removed and the cleaning cycle was run.
Using a new electrode cleaner after each run, the wells were filled with deionised analysis-grade water (350
ML) and placed in the instrument for 10 seconds, closing the lid. Once complete, it was immediately removed
to allow the water on the electrodes to evaporate by air drying for a further 10 seconds, before closing the

lid.

2.7.1.4 Ligate Adapters

The following reagents, provided in the lon Xpress™ Barcode Adapters Kit were added to a 0.2-mL
PCR tube for a total reaction volume of 100 pL: fragmented DNA sample (25 pL), 10x Ligase Buffer (10
bL), lon P1 Adapter (10 uL), dNTP Mix (2 pL), Nuclease-free water (31 pL), DNA Ligase (4 uL), Nick Repair
Polymerase (8 L) and the lon Xpress™ Barcodes X (10 uL) (33 to 38). When handling the lonXpress™
Barcoded adapters, gloves were changed frequently to avoid cross contamination as the adapters were
specific to each sample. The specific barcode adaptor used were as follows; OP100: 33, B51: 34, IP70: 35,
B53: 36, S62: 37 and AS3: 38. The PCR tubes were subsequently placed in the C1000 Thermal Cycler and

programed to run the sequence shown in table 2.2.
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Stage Temperature | Time

Hold 25C 15 minutes
Hold 72C 5 minutes
Hold 4C Hold

Table 2.2: The thermal cycler was programed to run the sequence shown in the table for this stage.

Once complete, the entire mixture from the PCR tube was added to a 1.5-mL Eppendorf LoBind®
tube and was cleaned using the Agencourt® AMPure® XP Reagents described in section 2.7.1.2, using 100

ML as the reaction volume.

2.7.1.5 E-Gel® SizeSelect™ Agarose Electrophoresis

The E-Gel® iBase™ unit and E-Gel® Safe Imager™ were assembled and the “SizeSelect™ 2%”
program loaded onto the system. The E-Gel® cassette was taken out from the package, the comb removed
from the gel and firmly inserted into the apparatus so that a steady light illuminated. The DNA ladder (cat.
No. 10416-014), suitable for 400-base read libraries was diluted in Low TE buffer to achieve a 1:40 dilution.
Using a pipette, 10 uL of the diluted DNA ladder was carefully added to the middle well (Figure 2.1), ensuring
that the tip does not pierce the agarose at the bottom of the well. In the same fashion, ligated DNA samples
(20 uL) was added to the top loading wells numbered #2, #3, #4, #5, #6 & #7 and deionised water was added
to the wells marked #1 and #8. Deionised water (25 pL) was also added to the bottom collection well and 10

L to the well marked M on the bottom row.
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Figure 2.1: An example of the E-Gel® SizeSelect™ gel that was used.

Once loaded, the amber filter was placed over the E-Gel® iBase™ unit and the electrophoresis was
initiated, leaving it to run for 16 - 20 minutes, allowing for more time if needed at the end of the run if the band
had not reached the reference line. Once the band reached the reference line, the collection well was refilled
with =10- pL of nuclease-free water and the E-Gel® was run for a further 2 - 2.5 minutes, stopping once the
band of interest had migrated into the collection well. Once complete, the solution was collected using a
pipette, without piercing the bottom of the well. The wells were filled with a further 10 uL of nuclease-free
water to wash and rinse the collection wells and collected, the total recovered volume from each well was

=60 L.

2.7.1.6 Amplify and Purify Libraries

The following reagents: Platinum® PCR SuperMix High Fidelity (200 uL), Library Amplification
Primer Mix (10 pL) and the DNA Library (50 yL) were combined in a vial and thoroughly mixed by pipetting
up and down. The 260 pL reaction mixture was equally split placed into 0.2-mL PCR tubes and subsequently

placed in a thermal cycler following the cycling program indicated in the table 2.3 below.
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Stage Step Temperature Time
Holding Denature 95C 5 mins
Cycling x 5 Denature 95C 15 sec
Anneal 58°C 15 sec
Extend 70°C 1 min
Holding - 4C Hold

Table 2.3: The thermal cycler was programed to run the sequence shown in the table, cycling for a

maximum of 5 times.

Once complete the entire reaction mixture (260 pL) was added to a new 1.5-mL Eppendorf LoBind®
tube and underwent the clean up step using the Agencourt® AMPure® XP Reagents described in step 2.7.1b.

The supernatant which contains the final amplified library was transferred to 3 aliquots and stored at -30°C

to -10°C, to reduce the number of freeze-thaw cycles which could potentially damage the DNA.

2.7.1.7 Quantify and Pool barcoded libraries
The barcoded libraries were individually quantified and pooled in equal-molar amounts to
ensure equal representation of each library, initially there were several pools at different concentrations. The

Bioanalyser® software was used to assess the barcoded library samples (1 pL) at the highest possible equal-

molar concentrations.
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2.7.2 lon PGM™ Template OT2 400 Kit

2.7.2.1 Confiquring the machine

The lonOneTouch™ 2 Instrument layout is shown in Figure 2.2 below. Using the materials provided in the
lon PGM™ Template OT2 Supplies 400 Kit and the lon PGM™ Template OT2 Solutions 400 Kit, the machine
was configured.

lon PGM™

OneTouch Plus

Reaction Filter
Assembly Instrument display

Clamp handle to
access the
Amplification Plate
in the heat block

lon OneTouch™ DL
Injector Hub

Built-in centrifuge
to install the
Recovery Tubes

and Recovery
Router

Waste Container

nnnnnnnnn

Oil waste tray

Pinch valve to hold

lon OneTouch™ Oil (A disposable tubing

lon PGM™ OT2 Recovery Solution ;6

Figure 2.2: Layout of the lonOneTouch™ 2 Instrument. Image taken from the
manufacturer manual.

The touch screen display on the instrument was used to open the lid on the centrifuge. The lon OneTouch™
Recovery Tubes and lon OneTouch™ Recovery Router were installed into each of the slots in the centrifuge
(Figure 2.3), ensuring that it was seated flat and securely in place, the lid of the centrifuge was subsequently

closed.
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Recovery Tube

Recovery Router

Recovery Tube

Figure 2.3: An enhanced view of the lonOneTouch™ 2 built in centrifuge with the replaceable recovery
tubes (x2) and recovery router (x1) shown in situ. Image taken from the manufacturer manual.

The used lon oneTouch™ 2 Cleaning Adapter was removed from the system and the handles were pushed
back to open the heat block. An lonOneTouch™ Amplification Plate, which has a connected disposable
tubing and disposable injector, was installed by inserting the amplification plate into the heat block, threading
the tubing though the lon OneTouch™ DL Tubing Catch, closing the handle on the heat block, inserting the
disposable tubing into the pinch valve (Figure 2.4) and finally inserting the disposal injector into the port of

the lon OneTouch™ DL injector hub so that it stops at the base of the router (Figure 2.5).

Figure 2.4: The disposable tubing in the pinch
valve with the handle on the heat block closed.
Image taken from the manufacturer
manual.
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Figure 2.5: The disposable injector being inserted
into the injector hub at the base of the router.
Image taken from the manufacturer manual.

Using a new reagent tube from the kit and wearing fresh gloves, the Luer-Lok® was attached to the
end of a new lonTouch™ Sipper tube to the left port of the instrument, ensuring that the Sipper Tube did not
touch any surface or become contaminated. The lon OneTouch™ Oil bottle was inverted 3 times to mix and
the Reagent Tube was filled half-way with the oil, minimising any bubbles. The lon OneTouch™ Reagent
Tube with the lon OneTouch™ Qil was firmly screwed into the front left port, one quarter turn on the

instrument. The Recovery Solution was heated in a water bath (30°C) water bath until the solution was clear.

Using a new Reagent Tube from the kit the Luer-Lok® was attached to the end of a lon Touch™ Sipper tube
to the right port of the instrument. The Recovery Solution bottle was inverted 3 times to mix and the Reagent
Tube was filled with the solution, quarter-full. The filled Reagent Tube was attached to the right port and
screwed firmly into place in. The Waste Container was also emptied. The lon PGM™ Template OT2 400
Reagents Mix and lon PGM™ Template OT2 400 PCR Reagent B were incubated at room temperature and
mixed by vortexing for 30 seconds and 60 seconds, respectively. Both reagents were centrifuged for 2
seconds and visually inspected to ensure so that no residual precipitate was present at the bottom of the

tube, they were subsequently stored at room temperate. The lon PGM™ Template OT2 400 Enzyme Mix
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and lon PGM™ Template OT2 Reagent X were centrifuged for 2 seconds and placed on ice and the PGM™
Template OT2 400 lon Sphere™ Particles (ISPs) at room temperate.

An aliquot of the barcoded DNA library was incubated at room temperature and 2 uL was added to
23 pL nuclease-free water. The diluted library was mixed by vortexing for 5 seconds, centrifuged for a further
2 seconds. Using a new 1.5 mL Eppendorf LoBind® Tube the following reagents were added: lon PGM™
Template OT2 400 Reagent Mix (500 pL), lon PGM™ Template OT2 400 PCR Reagent B (285 L), lon
PGM™ Template OT2 400 Enzyme Mix (50 pL), lon PGM™ Template OT2 400 Reagent X (40 uL) and the
diluted library (25 L) to create a total amplification solution mix. The amplification solution was mixed by
pipetting up and down, vortexing for 5 seconds and centrifuging for a further 2 seconds. The ISPs were mixed
at maximum speed by vortexing for 1 minute and centrifuging for a further 2 seconds to re-suspend the
particles, 100 puL was immediately added to the amplification solution and the total amplification solution

(1000 pL) was mixed using the vortex for 5 seconds.

2.7.2.2 Loading lon PGM OneTouch Plus Reaction Filter
A new lon PGM OneTouch Plus Reaction Filter Assembly was placed into a tube rack so that the 3

ports of filter face up (Figure 2.6).

Sample port

lon PGM™

s Ly Figure 2.6: An example of

the lon PGM OneTouch
Short tubing from Plus  Reaction Filter
sample port to lon Assembly that was used.
e T e Image taken from the

manufacturer manual.

lon OneTouch™
Reaction Tube
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Using a Gilson P1000, the amplification solution (1000 uL) was slowly transferred into the Reaction Filter.
This was achieved by ensuring that the tip of the pipette was inserted into the sample port forming a tight
seal, once transferred the plunger of the pipette was kept depressed to avoid aspirating the solution from the
reaction filter. Using a new tip each time and in the same process described, 1000 pL and then 500 pL of
the lon OneTouch™ Reaction Oil was also transferred into the sample port of the Reaction Filter. The
Reaction Filter was subsequently oriented in a specific way; first the Reaction Filter was lifted out of the tube
rack so that the sample port was on the left, it was then rotated to the right until the Reaction Tube was
inverted and the 3 ports of the Filter face down (Figure 2.7), and placed firmly into the three holes on the top

stage of the Instrument.

Figure 2.7: A representation of how the lon PGM OneTouch Plus Reaction Filter was inverted,
concluding with the 3 ports of the filter facing down. Image taken from the manufacturer manual.

The centrifuge lid was closed on the OneTouch™ 2 Instrument and the touch display screen was
used to load the specific ‘PGM: lon PGM™ Template OT2 400 Kit' program from the drop down menu and

the on screen instructions were followed to initiate a run, lasting for =16 hours as per the manufactures

instructions.
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2.7.2.3 Recover the template-positive lon PGM™ Template OT2 400 lon Sphere™ Particles

Before removing the sample, the instrument was used to perform a 10-minute centrifuge run. Once
complete, the Recovery Router was removed and discarded, and the Recovery Tubes from the instrument
were placed in a tube rack. Using a pipette, all but 100 L of the lon OneTouch™ Recovery solution was
removed from each Recovery Tube, withdrawing the supernatant from the surface and on the opposite side
from the pellet, removing any white flocculent material and ensuring that the ISP pellet was not disturbed.
With a new tip and using the same tip for both tubes, the ISPs were resuspended in the remaining lon
OneTouch™ Recovery solution by pipetting the pellet up and down until each pellet dispersed in the solution.
lon OneTouch™ Wash Solution (500 L) was then added to each Recovery Tube and mixed by pipetting to
disperse the ISPs. The suspension was subsequently transferred to a new 1.5-mL Eppendorf LoBind® Tube

and heated, using a heat block (50°C) for 2 minutes followed by centrifuging (15,000 x g) for 2.5 minutes. A

pipette was then used to remove all but 100 uL of the Wash Solution from the tube, withdrawing the

supernatant from the surface and on the opposite side of the pellet.

A 8-well strip (Figure 2.8) was obtained from the lon OneTouch™ ES Supplies Kit and orientated so that the
square-shaped tab on the 8-Well strip was on the left. The suspension from the tube (100 pL) was transferred
into Well-1 and a small aliquot of the sample was retained for quality assessment using a Qubit® 2.0

Fluorometer.

Square-shaped tab Rounded tab

10EE0a0E0)

Figure 2.8: A representation of the 8-well strip that was used.

63



2.7.2.4 Enrich the template-positive lon PGM™ Template OT2 400 lon Sphere™ Particles

The tube containing the Dynabeads® MyOne™ Streptavidin C1 Beads was resuspended by
vortexing (30 seconds) and centrifuging (2 seconds). The tube was the then opened and using a pipette, the
beads were further mixed by pipetting the mixture up and down and 13 uL was immediately transferred to a
new 1.5-mL Eppendorf LoBind® Tube. The tube was placed on a DynaMag™-2 magnet rack for 2 minutes
and the supernatant was carefully removed without disturbing the pellet, and discarded. MyOne ™Beads
Wash Solution (130 L) was added to the tube and removed from the magnet rack, vortexed (30 seconds),
centrifuged (2 seconds) and subsequently dispensed into the 8-well strip mentioned in Section 2.7.2.3 Well-
2. lon OneTouch™ Wash Solution (300 pL) was transferred to Well-3, Well-4 and Well-5. Fresh melt-off
solution was prepared by combining Tween® Solution (280 pL) and 1 M NaOH (40 pL) and 300 pL was
transferred to well-7. Well-6 remained empty. The lon OneTouch™ ES instrument was set up according to
the manufactures instruction, the 8-Well strip was then inserted in to the slot of the lon OneTouch™ ES,
ensuring that the square-shaped tab sits on the left. A new tip was placed in the instruments Tip Loader arm
and a new, opened 0.2 mL PCR tube was loaded into it's hole. Before the run was performed, the contents
of Well-2 was mixed with the aid of a pipette, being careful not to introduce bubbles into the solution. The run
took 35 minutes, and at the end when the alarm sounded, the PCR tube was immediately closed and the

enriched IPSs were stored at 2°C to 8°C.
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2.7.3 lon PGM™ Sequencing 400 Kit

Figure 2.9 below shows the lon PGM™ System with Reagent and Wash Bottles attached.

Label Component

A Touchscreen

B Chip clamp

C Grounding plate
D Power button

E Reagent bottles
F Wash 1 Bottle
G Wash 2 Bottle
H Wash 3 Bottle

I Waste Bottle

Figure 2.9: The layout of the lon PGM™ instrument with the reagent and wash bottle.
Image taken from the manufacturer manual.

The Torrent Server connected to the lon PGM™ System is accessible through the Torrent Browser
which was accessed to create a planned run, using the planned run wizard. Briefly, in the Application tab:
whole genome sequencing with a forward run type was selected. Kits tab: lon PGM™ Template OT2 400 Kit
was selected and the strain names with the corresponding lon Xpress™ Barcode Adapter was entered.
Monitor tab: Monitor the progress of the run and enter a name for the new planned run. Once the plan was
created, it was loaded onto the lon PGM™ Sequencer instrument.

Before starting the run, the cleaning log was checked to ensure that the lon PGM™ System was
cleaned as per the manufactures instructions. The dNTP stock solutions (lon PGM™ Sequencing 400 dGTP,

lon PGM™ Sequencing 400 dCTP, lon PGM™ Sequencing 400 dATP and lon PGM™ Sequencing 400
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dTTP) were removed from the freezer and placed on ice to thaw slowly. Wash Bottle 1, Wash bottle 2 and
Wash bottle 3 were obtained from the lon PGM™ Sequencing 400 Kit and rinsed three times with 18 MQ
water. 100 mM NaOH (350 pL) was added to Wash Bottle 1; 2 litres of 18 MQ water, entire contents of the
lon PGM™ Sequencing 400 W2 solution, and freshly prepared 100 mM NaOH (140 uL) was added to wash
bottle 2, the bottle was capped and inverted 5 times to mix; and lon PGM 1X W3 solution was added to the
50 mL line marked on Wash 3 Bottle. The old sipper tubes from the dNTP ports and the cleaning chip that
was used to clean the lon PGM™ system remained in place during the initialisation steps, and were only
changed when instructed to do so. The barcode on the lon PGM™Sequencing 400 W2 Bottle was scanned
and the corresponding lon PGM™ Sequencing Kit was loaded on the lon PGM™ Sequencer. The touch
screen display then started the initialisation wizard. The on-screen instructions were followed to verify the
gas pressure, once verified and wearing new gloves each time, new sipper tubes were firmly attached to the
caps in the three wash bottles, making sure that the sipper tube did not touch any other surface to avoid
contamination. The lon PGM™ System tested the bottles for leaks, fill the Wash 1 Bottle, then adjust the pH
of the W2 Solution, this process is automated. After each dNTP stock solution had thawed, it was vortexed
and centrifuged to collect the contents, and put back on ice. Four new Reagent Bottles were labelled as
dGTP, dCTP, dATP and dTTP, using filtered pipettes and changing gloves after handling every dNTP stock
solution, 20 pL of each dNTP stock solution was transferred to its respective labelled bottle. After the wash
solutions had initialised, the onscreen prompts instructed to remove the used sipper tubes and collection tray
from the dNTP ports, and wearing gloves, new sipper tubes were inserted into each dNTP port. The Reagent
Bottle was firmly attached to its corresponding correct dNTP port, ensuring that it was not over tightened.
The lon PGM™ System will check the pressure of the Reagent Bottles and fill each Reagent Bottle with 40
mL of W2 solution, an automated process. At the end of the initialisation, the lon PGM™ System measured

the pH of the Reagents and if every Reagent is in the target pH range, a green Passed screen was displayed.
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The contents of the the tube contains the enriched ISPs were mixed by thoroughly pipetting it up
and down and centrifuging for 2 minutes (15,000 X g). The supernatant was carefully removed without
disturbing the pellet and 15 pL of the enriched ISPs were left in the tube, this was achieved by visually
comparing it to an identical tube loaded with 15 pL of liquid. Sequencing Primer (12 uL) was added to the
tube and the contents were thoroughly mixed by pipetting up and down gently to disrupt the pellet. The total

volume of the tube was 27 WL, this was added to a thermal cycler programmed at 95°C for 2 minutes and
then 37°C for a further 2 minutes, using the heated lid option. After cycling, the reaction mixture remained in

the cycler at room temperature until the chip check was preformed.

2.7.3.1 Chip Check

Chip Check test ensures that it is functioning properly prior to loading the samples. A new chip was
removed from its packaging and labelled to identify the experiment. The chip was placed on the lon PGM™
Sequencer grounding plate to ensure that the chip will not be damaged from any static electricity. The person
operating the chip also grounded their self. The cleaning chip was removed and the new chip was placed in
the chip socket, and the chip clamp was closed. Chip check was initiated on the touch screen display, and
once complete, the chip was removed from the chip socket, placed on the grounding plate and replaced with

the cleaning chip.
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2.7.3.2 Loading the Chip

The ISPs were removed from the thermal cycler and 3 pL of lon PGM™ Sequencing Polymerase
was added to it, bringing the total final volume up to 30 L. This solution was thoroughly mixed by pipetting
the mixture up and down and incubated at room temperature for 5 minutes. The chip (Figure 2.10) was tilted
45 degrees so that the loading port became the lower port and a pipette tip was inserted to remove as much
liquid as possible. The chip was then placed upside down in the centrifuge adapter bucket in a MiniFuge with
the chip tab pointing in, it was balanced with another used chip of the same type and was subsequently

centrifuged for 5 seconds, ensuring that the chip was completely empty of any liquid.

Figure 2.10: A picture
representing the - lon
316™ Chip v2 that was
used. Image taken
from the manufacturer
manual.

lon 316™v2 Chip/

lon 318™v2 Chip: Loading port

The centrifuge adapter bucket was then removed from the MiniFuge and placed on the bench top, a flat
stable surface. The entire ~30 pL was then collected in a pipette tip, which was inserted into the loading port
of the chip. The pipette was then dialled down, extremely slowly, at the rate of ~1 L/ per second which
avoids the introduction of bubbles into the chip, leaving a small amount of sample (~0.5 pL) in the tip of the
pipette. The chip was then transferred to the MiniFuge, and was centrifuged for 30 seconds. The chip was
removed from the bucket and tilted 45 degrees, and using a pipette, with the volume set to 25 L, the tip is
inserted into the loading port and without removing the tip, the sample was slowly pipette in and out of the
chip 3 times, to avoid bubbles. This chip mixing method was repeated, this time pipetting the sample in and
out of the chip five times. The chip was then tilted to a 45-degree angle and the liquid was slowly removed

from the loading port. A quick 5 second spin with the tab pointing out was performed to remove any additional
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liquid. The chip was also lightly and rapidly tapped against the bench a few times to discard any final liquid
that may have been present.

The planned run on the lon Torrent PGM™ instrument was initiated and when prompted by the
instrument, the chip was loaded and clamped into place. Monitoring the run and the output of the sequencing

run was made available on the lon Torrent Server via the lon Torrent Browser.

2.7.3.3 lon Torrent
Once the lon Torrent had completed the sequencing, the output of the sequencing runs was made
available on the lon Torrent server via the lon Torrent browser. It was possible to download the sequence

files as either .BAI, .BAM, .UBAM or FASTQ format.
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2.8 CLC Bio
CLC Bio Genomics Workbench (version 8.5.1), a software package that analyses and visualises
data from all major Next Generation Sequencing platforms, including lon Torrent was used to map sequence

reads onto reference S. aureus genome sequences.

2.8.1 Uploading files to CLC Bio

The downloaded .FATSQ files for the six MRSA genomes were uploaded to the CLC Genomics

workbench platform, as shown in Figure 2.11.
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Figure 2.11: The CLC Genomics Workbench platform with the novel
MRSA genomes uploaded.
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2.8.2 Read Mapping

The read mapping functionality of the CLC Genomic Workbench was initially used. Each un-
assembled genome was mapped to both MRSA NCTC 8325 and MRSA MW?2 reference strains which were
also annotated. Mapping to NCTC 8325 reference strain with a known gene and its corresponding consensus

sequence is shown in Figure 2.12.
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Figure 2.12: An output of the the NCTC 8325 reference strain that has been mapped
to a gene (SAOUHSC_02861) and the consensus sequence of the MRSA OP100
isolates displayed.
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2.8.3 Virulence factor database
A virulence factor database was created in the CLC Genomics workbench package. The virulence
factors were uploaded to the software in .FASTA format, as shown in Figure 2.13
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Figure 2.13: CLC Genomics workbench software showing the uploaded virulence factor
genes.
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2.8.4 Extracting virulence factors.

Because the reference strains are annotated; the virulence factors can be located on the consensus
sequence by simply searching for it using its name or symbol (or both) (Figure 2.14). There is also another
option to search for the query virulence gene. It is also possible to use BLAST as a method for finding the

gene.
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Figure 2.14: The search box of the software package with the ‘alpha-hemolysin’ gene
as the query gene, and an output of the annotated consensus sequence that
corresponds to this gene. This consensus sequence can be extracted for further
analysis.
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2.9 GenBank®

GenBank® (http://www.ncbi.nim.nih.gov/genbank) an online genetic sequence database that

contains annotated collections of publicly available DNA sequences and its corresponding bibliographic
information was used. GenBank® is built and distributed by the National Centre for Biotechnology Information

(NCBI)  (http://www.ncbi.nim.nih.gov), a division of the National Library of Medicine (NLM)

(https://www.nlm.nih.gov), located at the National Institutes of Health (NIH) in the USA. GenBank® is part of

the International Nucleotide Sequence Database Collaboration (INSDC) (http://www.insdc.org) that partners

with the DNA DataBank of Japan (DDBJ) (http://www.ddbj.nig.ac.jp) and the European Molecular Biology

Laboratory (EMBL) (http://www.ebi.ac.uk/ena) (Benson et al., 2012).

NCBI builds its GenBank® database primarily from the submission of sequence data from numerous research
institutions. NCBI, 2015 reports that with the publication of ‘Release 3’ it brought 606 sequences into the
public domain. The records for whole-genome shotgun (WGS) sequences projects processed at GenBank,
began with ‘Release 129.0" included the publication of 172768 WGS sequences and 16769983 total
sequences (NCBI., 2015). To date (October 2015), with the publication of ‘Release 210.0°, the database
stores an overwhelming 188,372,017 non-WGS sequences and 309,198,943 WGS sequences. For
downloading purposes, the uncompressed GenBank flat files for this release requires approximately 742 GB

of storage space (NCBI., 2015).

2.9.1 Acquiring the Bacterial Genome
A thorough and detailed search of GenBank® was conducted. In the Genome section of GenBank,

Staphylococcus aureus was used as the keyword in the search box. Staphylococcus aureus strains that have
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had their genomes mapped and published were found, and the sequences were presented as a dendrogram

(Figure 2.15).
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Figure 2.15: A dendogram showing the Staphylococcus aureus genomes that have
been mapped.

S. aureus subsp. aureus ED133 was chosen because it was a representative live-stock associated strain
that was of interest in the literature. By selecting the corresponding strain name from the dendogram, the

genome assembly and annotation report are available to download in various formats (Figure 2.16).
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Figure 2.16: An organism overview showing the Genome assembly and annotation report of
Staphylococcus aureus subsp. aureus ED133.

The S. aureus subsp. aureus ED133 sequence was downloaded and saved in FASTA (.fas) format,
a text-based format that represents the nucleotide using single letter codes (e.g. TCAG). A sequence in
FASTA format begins with a single line description followed by lines of the sequence data, differentiated by

a greater-than (>') symbol at the start of the descriptor/ header line.

2.9.2 S. aureus literature review
A literature review was carried out on the strains of S. aureus that were identified. Two search
engines were used to carry out the literature review, which included; PubMed

(http://www.nchi.nlm.nih.gov/pubmed) and Science Direct (http://www.sciencedirect.com/).

The specific S. aureus strain that was identified in GenBank was also used as the key word, for
instance “Staphylococcus aureus subsp. aureus ED133" was entered into the search field and the relevant
articles were viewed and information was collated. This information included; host (animal or human), year it
was isolated, country of isolation and any other features. This information was subsequently collated into a

table.
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2.9.3 Virulence Factor literature review

A literature review was then carried out on S. aureus virulence and the virulence factors that are
associated with it. Keywords that were used in PubMed and Science Direct included; S. aureus,
Staphylococcus aureus, virulence, virulence determinants, enhanced virulence, pathogenicity. A list of
virulence factor determinants and the subsequent genes was collated. Along with information corresponding

to the function of the virulence.

2.9.4 Acquiring the Virulence Factor Genes

A list of virulence factors was compiled. The virulence factor genes were searched in the GenBank®
database in the same way as the S. aureus genomes. Using the GenBank® database search box, the query
gene name was used as the key word, for example, alpha hemolysin or its corresponding gene abbreviation,
HLA (Figure 2.17). GenBank® was used to search all of the nucleotide sequences that have been uploaded
to its database corresponding to the search name, the results page shows the alpha-hemolysin gene from
different organisms. Figure 2.17 shows the alpha-hemolysin present in the S. aureus subsp. aureus
NCTC8325 strain as well as Cyanidioschyzon merolae, a unicellular haploid red alga. It is important to select

the gene that is located in a S. aureus genome, as shown in the description column.
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Figure 2.17: A results page

output of the GenBank®
database  showing  the
presence of the alpha-
hemolysin gene in both
Staphylococcus aureus and
Cyanidioschyzon ~ merolae
species.

The alpha-hemolysin gene (SAOUHSC_01121) that is found in the S. aureus subsp. aureus NCTC 8325 was

selected and an extensive amount of information was presented (Figure 2.18). It was important to check if

the gene had been reviewed, this was found under the summary tab and it ensured that the gene was

authentic. The gene was then downloaded in FASTA format and GenBank format.
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2.10 MAUVE

A Bioinformatic software called MAUVE, developed at The Darling Lab at the University of
Technology Sydney, was used to compare the S. aureus genomes uploaded from GenBank® (Darling et al.,
2004); however, it was not used to compare the 6 novel S. aureus strains that were sequenced. The software

is publicly available to download (http://darlinglab.org/mauve/download.html). MAUVE is a multiple genome

alignment software for comparative genomic and evolutionary dynamic studies, that works well on closely

related species

Genome sequences can undergo small local changes caused by nucleotide substitutions resulting in SNPs,
including insertion or deletion of regions of DNA (Indels) or inversions They can also undergo large-scale
changes as they evolve. Recombination can cause major changes which includes gene loss, duplication and
rearrangement, the process that creates genetic diversity. MAUVE used this information during the alignment
process and identified conserved segments that appeared to be free from genome rearrangements, such
regions are referred to as Locally Collinear Blocks (LCBs) and are represented by the coloured blocks in the
MAUVE display. LCBs are selected as Mauve requires that each LCB regions appear as genome
arrangements and that each region of the alignment meets a ‘minimum weight’ criteria. The weight of an LCB
is a measure of confidence that it is a true genome arrangement, rather than a false match. Mauve also uses
the anchored alignment method to align the sequences using inexact, un-gapped matches as alignment
anchors (Darling et al., 2004).

Figure 2.19 shows an alignment of six S. aureus strains (04-02981, OBA02176, 11819-17, 502A,
55-2053 and 6850) generated with Mauve 2.1 using the progressive Mauve algorithm. The strains were
uploaded into the programme in FASTA format. Each genome is laid out horizontally with the position of the
nucleotides numbered across the top. The LCBs in the genomes are the coloured blocks and shows

differences and similarities between the genome sequence. Blocks with no colour represent regions specific
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to that strain, whereas homologous segments are shown as coloured blocks that are connected across the

genomes.
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Figure 2.19: An alignment of six S. aureus strains (04-02981, OBA02176, 11819-17,
502A, 55-2053 and 6850) generated with Mauve 2.1 using the progressive Mauve

algorithm.

The aligned sequences can also be loaded into the programme with its corresponding GenBank® file, which

contains the known annotated features of the genome. The annotations only appear once the tool is focused

on a sufficiently small region of the genomes e.g. less than 1Mbp of the sequence; so the more that the user

zooms in the more likelihood that annotation (if any) will appear. The toolbar at the top of the home screen

has a number of tools (Figure 2.20) the helps navigate the alignment.

e Y Toos 1eb |2 ¢[3[8[814 M D

Figure 2.20: An output showing the Mauve toolbar with the various toolS available.
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To zoom in on the alignment, the magnifying glass button from the toolbar was used. Once zoomed in, the
annotated CDS features showed up as white boxes and the NCBI website can be accessed directly from the
Mauve software to find out additional features on that particular gene. The software also has a powerful

interface to search genome annotations and its corresponding position in the genome (Figure 2.21).

Choose Genome:{All Sequences lv] No results to display. . .

’7Find features with the following qualifying information:

lName [v‘ ; equal,s [ | Remove
(@) contains

Clear previous results when adding new

l Add Constraint H Reset Constraints H Search H Close ‘

Figure 2.21: An output showing Mauve search tools interface that will also display the
corresponding position of the genome.

Annotations can be searched by the identification of the query coding sequence name, amino acid sequence,
gene ontology and other fields. It is also possible to search for S. aureus proteins associated with
pathogenicity, for example, alpha-hemolysin. The software also has the ability to zoom in all the way down

to the base level of the DNA so that any changes that occur at the base level of the genomes can be noted

(Figure 2.22).
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Figure 2.22: An output showing the software’s functionality to zoom in all the way down to
the base level of the DNA.
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2.11 BLAST
An open access tool available at the National Centre for Biotechnology Information (NCBI) website

called Basic Local Alignment Search Tool (BLAST) (http://blast.ncbi.nim.nih.gov/Blast.cgi.) was used to find

query regions, for example virulence genes, of local similarity between a query sequence and the sequences
held within the GenBank database or a specified sub-section of the database (Altschul et al., 1990). The tool
has the ability to compare query nucleotide or protein sequences to the GenBank® database. BLAST can
also read sequences to its complimentary strand or reverse-complement counter part and calculates the

statistical significance of the matches.

There are many different BLAST programs to choose from depending on the type of query seqeunce. The
different options include: Nucleotide BLAST (which searches nucleotide databases using a nucleotide
query), Protein BLAST (which searches protein databases using a protein query), BLASTx (which searches
protein databases using a translated nucleotide query), tBLASTn (which searches translated nucleotide
databases using a protein query) and tBLASTx (which searches translated nucleotide databases using a

translated nucleotide query).

For this study, Nucleotide BLAST was used to help identify if virulence factor genes were present in
some or all of the S. aureus strains, shown in Figures 2.23 a — d). The strain containing the virulence factor
genes was identified. The specific region of the bacterial genome was subsequently extracted in a FASTA
format and recorded electronically by setting up an account with NCBI, as well as downloaded to a local
database. The cut of value to determine if the virulence factor sequence was present in a particular strain

was was set at 90% query coverage, 85% identity and an E value of <0.01; this data is shown in Appendix 2.
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Figure 2.23a. The Complete genome of S. aureus subsp. aureus ED133 and the virulence
factor gene of alpha-hemolysin, also from S. aureus was acquired through GenBank.
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Figure 2.23b. After hitting ‘BLAST’, the description box is presented which highlights the region
of the S. aureus subsp. aureus ED133 that corresponds to the alpha-hemolysin gene.
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Change region shown

Whole sequence

Staphylococcus aureus subsp. aureus ED133, complete genome © Selected region

NCBI Reference Sequence: NC_017337.1 from: 1183375 |to: 1184334

GenBank  Graphics Update View
>gi|384546269:c1184334-1183375 Staphylococcus aureus subsp. aureus ED133, complete

genome

ATGAARACACGTATAGTCAGCTCAGTAACAACAACATTATTGCTAGGTTCCATATTAATGAATCCTGTCG
CTAATGCCGCAGATTCTGATATTAATATTAAAACCGGTACTACAGATATTGGAAGCAATACTACAGTARA
AACAGGTGATTTAGTCACTTATCATAAAGAAAATGCGCATGCACAAAAAAGTATTTTATAGT TTTATCCAT Display options
GATAAAAATCACAATAAAAAACTCGCTAGTTATTAGAACGAAAGCTACCATTCCTGCTCAATATAGAGTTT Show reverse complement
ATAGCGAAGAAGGTGCTAACAAAAGTGGTTTAGCCTGGCCTTCAGCCTTTAAGGTACAGTTGCAACTACC
TGATAATGAAGTAGCTCAAATATCTGATTACTATCCAAGAAATTCGATTGATACAAAAGAGTATATGACT
ACTTTAACTTATGGATTCAACCCTAATGTTACTCGTCATGATACAGCAAARATTGGTCCCCTTATTGCTG
CAAATGTTTCGATTGGTCATACACTCARATATCGTTCAACCGCATTTCARAACAATTTTAGAGAGCCCAAC

Customize view

Update View

TCGATAAAAAAGTACGGCTGCAAACGTGATATTTAACAATATGCTCAATCAAAATTCGGCACCATATGATACA
GATTCTTGGAACCCGGTATATGGCAATCAACTTTTCATGAAAACTAGAAATGGCTCTATGARAGCAGCAG
ATAACTTCCTTGATCCTAACAAAGCAAGTTCTCTATTATCTTCAGCTTTTTCACCAGACTTCGCTACAGT Run BLAST
TATTACTATGCATAGAAAAGCATCCAAACAACAAACAAATATAGATCTAATATACGAACGAGTTCGTGAT
GACTACCAATTGCATTGCACTTCAACARATTCCAAACCTACCAATACTAAACATAAATCGACACGATCCTT
CTTCAGAAAGATATAAAATCGATTGCCAAAAAGAAGAAATGACAAATTAA Highlight Sequence Features

Analyze this sequence

Pick Primers

Find in this Sequence

Figure 2.23d. The region of the query genome was then entered (“1184334 - 1183375) into
the ‘selected region’ view. The FASTA output shown is the region of the ED133 genome
that coincides with the coding region of the alpha-hemolysin gene.
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2.12 MEGA

A publicly available bioinformatics software called MEGA (Molecular Evolutionary Genetics Analysis)
is used for comparative analysis of DNA and protein sequences, as well as estimating evolutionary distances
and constructing phylogenetic trees (Kumar et al., 2004; Tamura et al., 2013). The software was downloaded

from http://www.megasoftware.net/.

2.12.1 Load Sequence

Load MEGA (version 6.0.6) and the home screen is presented with numerous options (Figure 2.24).

N\ MEGA 6.06(6140220)
File Analysis Help
= # ® LN i & (o] & e BE O 7
Align Data Models Distance Diversity Phylogeny User Tree  Ancestors  Selection Rates Clocks Diagnose

® e S = e ® . L | @&
First Time User? Tutorial Examples Citation Report a Bug Updates? MEGA, Links Toolbar Preferences
MEGA release #6140220

Figure 2.24: An output showing the home screen of MEGA (version 6.0.6).

The Align Tab was selected and the Edit/ Build Alignment option was chosen; a new screen was then
presented. Select create a new alignment and then click OK as show below. Another screen will then be
generated asking “Are you building a DNA or Protein sequence alignment?”. On this occasion, click DNA

(Figure 2.25).
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X MEGA 6.06(6140220)
File Analysis Help
T2 44 [ i

Data v Models "Disﬁance v Diversity

s % % ® E _O _ T

Phylogeny User Tree Ances{ors' Selection Rates v Clocks Diagnose

® ® ® X/ M6: Alignment Editor
Selectan Option
(@ Create a new alignment

O Open a saved alignment session

O Retrieve sequences from afile

X Cancel I )

(] |X| Datatype for alignment
& 2 S 2] = \?/ Are you building a DNA or Protein sequence alignment?
First Time User? Tutorial Examples Citation Report
MEGA release #6140220

Protein Cancel

Figure 2.25: An output of MEGA showing the options needed to be selected

for a DNA alignment.
Subsequently, select ‘Data’ from the home screen and choose ‘Retrieve sequences from file?’ Open up the
FASTA file for the virulence factor and import the aligned sequences. The Alignment Explorer screen will be
presented (Figure 2.26 in the MEGA program. Click on the data tab, select the ‘Select Genetic Code’ tab and

ensure that the standard genetic code has been selected.

000 I\| M6: Alignment Explorer
Data Edit Search Alignment Web Seguencer Display Help
D% =&Hm ws ot oD LB K mE 4 R

DNA Sequences ‘Translated Protein Sequences

Species/Abbrv Group Name
21. H315

22. M353476

23. MWZ

24. UA-5391 USA300
25. NRS-100

26. USA300-ISMMS1
27. M1

28. vc40

29. USA300 TCH1S16
30. Newman

31. COL

32. NCTC 8325

33. USA300 FPR3757

'\ M6: Select Genetic Code

et | vew | Statisics |
[] Standard =

Add ‘ Delete

34. xN108

35. 2172 [] Mold Mitochondrial

351 6850 ["] Protozoan Mitochondrial

37. Bub9393 ["] Coelenterate Mitochondrial

:13. LGAZS51 L Mycoplasma |
Site #960 2 @with O wio Gans v X I X Cancel | ? Help |

Figure 2.26: An output showing the Alignment Explorer screen with the aligned S. aureus
sequences.
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Reduce the size of the alignment window so that it looks like figure 2.27. The sequences are now ready to

be analysed phylogenetically.

N\ MEGA 6.06(6140220)
File A&nalysis Help

= " ® w B & ® 8 w B O T

Align Data Models Distance Diversity Phylogeny User Tree  Ancestors  Selection Rates Clocks Diagnose
TA| = —

s s Close —_—

\ i AN Dah s\ —
: ~u - 2 .
& e & = & D . Z i & .

First Time User? Tutorial Examples Citation Report & Bugy Updates? MEGA, Links Toolbar Preferences
MEGA release #6140220 PhyloAnalysis.meg

Figure 2.27: An output of the MEGA home screen with the aligned sequences now ready
to be analysed phylogenetically.

2.12.2 Constructing a Neighbour-joining Tree

The neighbour joining trees are constructed based on genetic distance measured by comparing the
number of nucleotide differences between each sequence. To construct a tree, select the ‘Phylogeny’ icon
and click the ‘Construct/ Test Neighbour-joining tree’ for the aligned sequence data. A new window will be
presented; change the parameters so that they match Figure 2.28.

Briefly, for Test of Phylogeny, select ‘Bootstrap-method’; ‘500" for the number of bootstrap
replications; substitution type should be ‘Nucleotide’; select the ‘kimura 2-parameter model’; substitution to
include ‘Transitions and Transversions’ and finally ‘Complete Deletion’ should be selected for gaps/ missing

data treatment (Figure 2.28).
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Options Summary

X' M6: Analysis Preferences

Option Selection
Analysis Phylogeny Reconstruction
Scope All Selected Taxa

Statistical Method
Phylogeny Test
Test of Phylogeny

No. of Bootstrap Replications
Substitution Model
Substitutions Type

Model/Method

Substitutions to Include
Rates and Patterns

Rates among Sites

Pattern among Lineages
Data Subset to Use

Gaps/Missing Data Treatment

Meighbor-joining

Bootstrap method
500

Nucleotide

Kimura 2-parameter model

d: Transitions + Transversions

Uniform rates

Same {Homogeneous)

Complete deletion

1s 2nd 3rd Noncoding Sites

? Help / Compute |

Figure 2.28: An output showing the Analysis Preferences in order to construct a
Neighbour Joining Tree.

Select Codon Positions

Once the parameters have been selected, press compute and a progress screen will be presented (Figure
2.29).

[C] [X| M6: Progress
F'rogress. 7%

Details v

Status { Options {

Run Status
Start time 08/12/2015 20:55:27
Status Conducting Bootstrap Test

Bootstrap Rep # 79/1000

Analysis Options
Analysis -
Analysis Phylogeny Reconstruction
Scope All Selected Taxa
Statistical Method --------------eeuo Neighbor-joining
Phylogeny Test
Test of Phylogeny ---------———-—-—-—---- Bootstrap method
No. of Bootstrap Replications ------- 1000
Substitution Model
Substitutions Type -----————————————-- Nucleotide
Hodel /Method Kimura Z-varameter model ﬂ

Figure 2.29: An output of the progress screen.
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Once the analysis has been completed, the neighbour-joining tree will be presented in a new window. The
neighbour-joining tree should be saved in both standard format and Newick format, so that the tree can be

edited at a later stage.

2.12.3 Constructing a Maximum-parsimony Tree

This tree takes into account the evolutionary process affecting sequences. Maximum-parsimony
chooses the tree(s) that require the fewest evolutionary changes and involves no substitution model to guide
the evolutionary process. To construct the tree, select the Phylogeny icon and click the ‘Construct/ Test
Maximum-parsimony tree and confirm that you want to use the currently active data and a window will open
(Figure 2.30). In the window, change the parameters so that they match the figure below. Briefly, for Test of
Phylogeny, select ‘Bootstrap-method’; setting the number of Bootstrap Replications to ‘500"; substitution type

should be ‘Nucleotide’; and finally ‘Complete Deletion’ should be selected for gaps/ missing data treatment.

000 | MB6: Analysis Preferences
Options Summary

Option Selection

Analysis Phylogeny Reconstruction

Statistical Method
Phylogeny Test
Test of Phylogeny

No. of Bootstrap Replications
Substitution Model
Substitutions Type

Data Subset to Use
Gaps/Missing Data Treatment

Select Codon Positions

Tree Inference Options

MP Search Method
No. of Initiaf Trees (random addition)
MP Search level

Max MNo. of Trees to Retain

? Help

Maximum Parsimony

Bootstrap method
S00

MNucleotide

Complete deletion

1s 2nd 3rd Moncoding Sites
Subtree-Pruning-Regrafting (SPR)

100

3

200

/ Compute I

xgancel

Figure 2.30: An output showing the Analysis Preferences in order to construct a
Maximum Parsimony Tree.
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Click compute and the progress screen will be shown. Once the analysis completes, a new screen will open
presenting the phylogenetic tree; this is one of many trees that the maximum-parsimony analysis will produce
(Figure 2.31). This alpha-hemolysin gene has produced 97 trees.

X M6: Tree Explorer

File Image Subtree View Compute Ancestors Caption Help

B3 N 8 Trees Horo7 S

& E=EE 5 & @
Figure 2.31: An output of the Tree Explorer window which shows that the alpha-
hemolysin gene has produced 97 trees.

The next step is to produce a consensus tree based upon all the trees generated by the. To do this, press
the compute consensus command in the toolbar (Figure 2.32). A new window will be presented ‘Tree Options’
and will state ‘Cut-off Value for Consensus Tree 50%’. At this stage press OK,; this will produce the maximum-
parsimony consensus tree. Once complete, save the tree in both standard format and Newick format. To

ensure that it can be edited for further studies.

X/ M6: Tree Options

fia £
e
L

Figure 2.32: An output
showing the Tree Options
windows to compute a
consensus tree.

? Help | ¢ OK x Qancel|
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2.12.4 Constructing a Maximum-Likelihood Tree

The maximum likelihood tree will also be constructed. This analysis takes into account the patterns
of evolution in the sequence alignment and uses a specified molecular model to construct and infer the
evolutionary histories and relationships.

Begin by identifying the correct model for the virulence factor that is being queried. In this example
begin with the alpha-hemolysin alignment. Start by selecting the ‘Models’ tab and choosing the 'Find Best
DNA/ Protein Models (ML)’ see figure 2.27 (MEGA homescreen). A new window will be presented (Figure

2.33), keep the default settings and click compute.

X MB6: Analysis Preferences

Option ISeIection

Analysis Model Selection (ML)

Tree to Use Automatic {Neighbor-joining tree)
Statistical Method Maximum Likelihood
Substitution Model

Substitutions Type MNucleotide

Data Subset to Use

Gaps/Missing Data Treatment Complete deletion

Select Codon Positions 1s 2nd 3rd Moncoding Sites
Branch Swap Filter Very Strong

? Help  Compute | X Cancel I

Figure 2.33: An output of the Analysis preference for finding the best DNA Model for a
particular virulence factor.
A new table will be presented showing the models that fits best with the data (Figure 2.34). At the bottom of
the table (not shown), there is a description of all the codes for the different parameters and components of
the models. Ensure that the results of the top 3 models are tabulated in a local database that best fits the
data. The abbreviations for the models are as follows: GTR; General Time Reversible, HKY; Hasegawa-

Kisaino-Yano, T93; Tamaura-Nei, T92; Tamura 3-parameter, K2; Kimura 2-parameter and JC; Jukes-Cantor.

91



X MEGA Caption Expert
File Edit Yiew Help

H & 2 & By

Table. Maximum Likelihood fits of 24 different nucleotide substitution models

Model Parameters BIC AlCc InL +) (+G) R flA) fAT)

T92+G 112 9432334 23947370 -18¢ )9 nla 009 2.26
THNO3+G 115 C 3921 1345 fa 016

THS32 114
TO2+G+l 113
THNO3+G+| 116

HIKY+G 114 : . 2.

T92 111 4956.012 3969432 13724384 n/fa nfa 202 0330 0330

Figure 2.34: An output of a table showing the Maximum likelihood fits of 24
different nucleotide substitutions models.

For this dataset, T92+G is the best model to be used. It is now possible to construct the maximum-likelihood
phylogeny. Select the phylogeny tab and select Construct/ Test Maximum-likelihood Tree. You will be

presented with a windows relating to the parameters of the analysis (Figure 2.35).

90 0@ X MB6: Analysis Preferences

Options Summary
Option Selection
Analysis Phylogeny Reconstruction
Statistical Method Maximum Likelihood
Phylogeny Test
Test of Phylogeny Bootstrap method

No. of Bootstrap Replications 500
Substitution Model 1 . 1
e e — Figure 2.35: An output showing

ubstitutions Type ucleatide . R

the Analysis Preferences in order

Model)’Met:od Tamura-Nei model to CO n stru Ct a M aXl m u m
Rates and Patterns . .
Rates among Sites Gamma Distributed {G) |— | kel | hOOd Tree .

No of Discrete Gamma Categories 4 j
Data Subset to Use
GapsfMissing Data Treatment Complete deletion
Select Codon Positions 1s 2nd 3rd Moncoding Sites
Tree Inference Options
ML Heuristic Method Mearest-Neighbor-Interchange (NNI)
Initial Tree for ML Make initial tree automatically (Default - NI{BioNI)
Branch Swap Filter Very Strong
System Resource Usage
Number of Threads 1

Koo |

Briefly, ensure that the Bootstrap method and 500 replicates is selected. Specify that the model that has been

predicted for the data model, in this case T92+G, so select ‘Tamura-Nei’ model from the drop down menu.
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Select ‘Gamma Distributed (G)’ from the Rates among Sites tab, this corresponds with the G from the T92+G
model. Once parameters have been set, click compute. Once analysis have been completed, the maximum-

likelihood tree will be produced.

Once complete, save the tree in both standard format and Newick format. To ensure that it can be

edited for further studies.
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2.13 Muscle
A publicly available software called MUSCLE (MUltiple Sequence Comparison by Log-Expectation)

(http://www.ebi.ac.uk/Tools/msa/muscle) was used to align the S. aureus genome sequences to arrange the

sequences so that regions of similarity can be readily identified. MUSCLE is a fast method for aligning large
numbers of sequences and when compared it achieved greater accuracy than both ClustalW2

(http://lwww.ebi.ac.uk/Tools/msa/clustalw?) and T-Coffee (http://www.ebi.ac.uk/Tools/msaltcoffee), two other

widely used multiple sequence alignment programmes (Edgar, 2004). Multiple alignment is an essential
perquisite to any further phylogenetic analysis, it allows DNA sequences to be compared to each other and
also allows nucleotide difference to be highlighted.

On the MUSCLE tool homepage, shown in figure 2.36, a set of virulence factor gene sequences
(alpha-hemolysin in the example shown) was pasted, in FASTA format into the input window ensuring that

the output format is set to Pearson/ FASTA, and the job was submitted.

EMBL-EBI Services Research Training Avoutus |

MUSCLE

Input form = Web services | Help & Documentation «, Share ™ Feedback

Tools > Multiple Sequence Alignment > MUSCLE

Multiple Sequence Alignment

MUSCLE stands for MUItiple Sequence Comparison by Log- Expectation. MUSCLE is claimed to achieve both better

average accuracy and better speed than ClustalW2 or T-Coffee, depending on the chosen options. FIgU re 2 36 . An OUtpUt ShOWl ng
STEP 1 - Entor your input soquerces the MUSCLE tool homepage

Enter or paste a set of sequences in any supported format:

>A’a'ljé’ir':;'-i:‘\3\’T(“J';\w(f(g»"l:(An':'aA)GTCAGCTCAGTAACAACI-\ACACTA\T‘I'GCTAGGTTCCATATTAATG W | th th e al p ha- he mo | ys | n
A O AT AT ECTACTACA AT, i i
CACAAAAAAGTATTTTATAGTTTTATCGATGATAAAAATCACAATAAAAAACTGCTAGTT Vl ru |e nCe faCtor pasted |n

ATTAGAACGAAAGGTACCATTGCTGGTCAATATAGAGTTTATAGCGAAGAAGGTGCTAAC
AAAAGTGGTTTAGCCTGGCCTTCAGCCTTTAAGGTACAGTTGCAACTACCTGATAATGAA FASTA f t
GTAGCTCAAATATCTGATTACTATCCAAGAAATTCGATTGATACAAAAGAGTATATGAGT O rma .
ACTTTAACTTATGGATTCAACGGTAATGTTACTGGTGATGATACAGGAAAAATTGGCGGC
CTTATTGGTGCAAATGTTTCGATTGGTCATACACTGAAATATGTTCAACCTGATTTCAAA
ACAATTTTAGAGAGCCCAACTGATAAAAAAGTAGGCTGGAAAGTGATATTTAACAATATG
GTGAATCAAAATTGGGGACCATATGATAGAGATTCTTGGAACCCGGTATATGGCAATCAA
CTTTTCATGAAAACTAGAAATGGTTCTATGAAAGCAGCAGAGAACTICCTIGATCCTAACL

Or upload a file: | Choose File | No file chosen

STEP 2 - Set your Parameters

OUTPUT FORMAT: | Pearson/FASTA ¢

The default settings will fulfill the needs of most users and, for that reason, are not visible.

[ More OPlIOﬂSmJ (Click here, if you want to view or change the default settings.)

STEP 3 - Submit your job

Be notified by email (Tick this box if you want to be notified by email when the results are available)
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The job will only take a few minutes to appear in a new browser and the results will also be saved for 7 days
on the server. Once completed, the aligned sequence results will be shown as FASTA format in the browser
window (Figure 2.37). Simply ‘copy and paste’ the aligned FASTA format sequence into a text-file, this

conserves the FASTA format. This process was preformed for all the sets of virulence factor gene sequences.

EMBL-EBI Services Research T

MUSCLE

Input form Web services Help & Documentation

Tools > Multiple Sequence Alignment > MUSCLE
Results for job muscle-120151208-111056-0421-39502¢
Result Summary Phylogenetic Tree Submission Details

Download Alignment File = Send to ClustalW2_Phylogeny

>JKD6159

ATGARAACACGTATAGTCAGCTCAGTAACAACAACACTATTGCTAGGTTCCATATTAATG
AATCCTGTCGCTAATGCCGCAGATTCTGATATTAATATTARAACCGGTACTACAGATATT
GGAAGCAATACTACAGTAAAAACAGGTGATTTAGTCACTTATGATAAAGAARATGGCATG
CACAAAAAAGTATTTTATAGTTTTATCGATGATAAAAATCACAATARAAAACTGCTAGTT
ATTAGAACGAAAGGTACCATTGCTGGTCAATATAGAGTTTATAGCGAAGAAGGTGCTAAC
AAAAGTGGTTTAGCCTGGCCTTCAGCCTTTAAGGTACAGTTGCAACTACCTGATAATGAA
GTAGCTCAAATATCTGATTACTATCCAAGAAATTCGATTGATACAARAGAGTATATGAGT
ACTTTAACTTATGGATTCAACGGTAATGTTACTGGTGATGATACAGGAAAAATTGGCGGC
CTTATTGGTGCAAATGCTTTCGATTGCGTCATACACTGAAATATGTTCAACCTGATTTCAAA
ACAATTTTAGAGAGCCCAACTGATAAAAANGTAGGCTGGAAAGTGATATTTAACAATATG
GTAAATCAAAATTGGGGACCATATGATAGAGATTCTTGGAACCCAGTATATGGCAATCAA
CTTTTCATGAAAACTAGAAATGCTTCTATGAAAGCAGCAGATAACTTCCTTGATCCTAAC
AAAGCAAGTTCTCTATTATCTTCAGGGTTTTCACCAGACTTCGCTACAGTTATTACTATG
GACAGAAAAGCATCCAAACAACAAACAAATATAGATGTAATATATGAACGAGTTCGTGAT
GACTATCAATTACATTGGACTTCAACAAACTGGAAAGGTACTAATACTAAAGATAAATGG
ACAGATCGTTCTTCAGAAAGATATAAAATCGATTGGCAAAAAGAAGAAATGACARATTAA

Figure 2.37: An output of the aligned sequence results shown on the
MUSCLE homepage.
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2.14 Phylogeny.fr

Phylogeny fr. (http://www.phylogeny.fr/index.cgi) is a publicly available online tool used for the

identification of homologous sequences, their multiple alignment, phylogenetic tree reconstruction and the
graphical representation of the inferred tree (Dereeper et al., 2008; Dereeper et al., 2010). Phylogeny fr. has
three modes of use. The ‘One Click’ Mode is designed for users who have little experience in the field of
phylogenetic’s. Insert a set of FASTA sequences into the submission box and this mode will use a specific
workflow that includes MUSCLE for multiple alignment, PhyML tool for tree building and TreeDyn for tree
rendering (Dereeper et al., 2008; Guindon & Gascuel., 2003). The ‘Advance Mode’ allows the parameters of
each of the programs, in the above workflow to be customised. The ‘A La Carte’ mode allows a lot more
flexibility. The user can create a customised phylogeny workflow using different programs from its server.
(Dereeper et al., 2008; 2010).

Select the ‘One Click’ mode and paste the set of alpha-hemolysin sequences into the field in FASTA
format (Figure 2.38). Name the analysis, choosing a name that reflects the data set. Enter an email address
to receive the results and simply click submit. Once complete, the window will show a phylogenetic tree. Save

as PDF and Newick file.

Home Phylogeny Analysis Blast Explorer Online Programs Your Workspace Documentation Downloads
Alignment Curation Phylogeny Tree Rendering
"One Click" Mode MUSCLE =p Gblocks = PhyML = TreeDyn
1. Overview 2. Data & Settings |
Name of the analysis (optional): [alpha-hemolysin| | Flgure 2 38 An OUtpUt

Upload your set of sequences in FASTA, EMBL or NEXUS format from a file: .
Choose File | No file chosen ShOWIng a Set Of alpha'

Or paste it here (load example of sequences)

>alpha:hemolysin-(hla) i he mons n FASTA
ATGAAAACACGTATAGTCAGCTCAGTAACAACAACACTATTGCTAGGTTCCATATTAATG
AATCCTGTCGCTAATGCCGCAGATTCTGATATTAATATTAAAACCGGTACTACAGATATT

G S O v P sequences pasted in to
the phylogeny.fr query

ATTAGAACGAAAGGTACCATTGCTGGTCAATATAGAGTTTATAGCGAAGAAGGTGCTAAC
AAAAGTGGTTTAGCCTGGCCTTCAGCCTTTAAGGTACAGTTGCAACTACCTGATAATGAA
GTAGCTCAAATATCTGATTACTATCCAAGAAATTCGATTGATACAAAAGAGTATATGAGT
ACTTTAACTTATGGATTCAACGGTAATGTTACTGGTGATGATACAGGAAAAATTGGCGGC
CTTATTGGTGCAAATGTTTCGATTGGTCATACACTGAAATATGTTCAACCTGATTTCAAA bOX
ACAATTTTAGAGAGCCCAACTGATAAAAAAGTAGGCTGGAAAGTGATATTTAACAATATG .
GTGAATCAAAATTGGGGACCATATGATAGAGATTCTTGGAACCCGGTATATGGCAATCAA
CTTTTCATGAAAACTAGAAATGGTTCTATGAAAGCAGCAGAGAACTTCCTTGATCCTAAC
AAAGCAAGTTCTCTATTATCTTCAGGGTTTTCACCAGACTTCGCTACAGTTATTACTATG
ATACGAACGAGTTCGTGAT |

ac

¥ Use the Gblocks program to eliminate poorly aligned positions and divergent regions

2 To receive the results by e-mail, enter your address(es): [ |
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2.15 DNA Sequence Polymorphism (DnaSP)

DnaSP, is a publicly available software package, developed for molecular population geneticists for
the analysis of nucleotide polymorphism from aligned DNA sequence data and can handle a large number
of sequences (Rozas & Rozas., 1995). DnaSP is limited to run on Microsoft Windows® but can run on Apple

and Linux based platforms with the use of an emulator software (Rozas et al., 2003).

In this analysis DnaSP version 5.10.01 was used. It is available to academic users from:

http://www.ub.edu/dnasp. DnaSP can read and export multiple-aligned nucleotide sequence file formats in

FASTA, MEGA, NBFR/ PIR, NEXUS and PHYLIP (Rozas et al., 2003). DnaSP can estimate several
measures of DNA sequence variation between populations, in noncoding, synonymous or non synonymous
sites and analyse the evolutionary pattern of preferred and unpreferred codons (Rozas et al., 2003). DnaSP
v5 can also allow for analysis on multiple files, haplotype phasing and analysis on insertion/ deletion
polymorphism data and implements new algorithms and methods to identify conserved DNA regions, a useful
feature for phylogenetic foot printing based analysis (Librado et al., 2009). DnaSP can also carry out several
tests of neutrality, Tajimas test (Tajima., 1989) and Fu & Li's test (Fu & li., 1993) are statistical tests for testing

neutral mutation hypothesis.
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2.15.1 Load Sequence Alignment

To begin, load the DnaSP program and you will be presented with the home screen (Figure 2.39a)

File Data Display Analysis Overview Generate

Tools Window Help

B BE2E HEHE RER

Figure 2.39a. An output of the
DnaSP program showing the
home screen.

For Help, press F1

Select ‘File’ in the top left hand of the window and choose the option to open a data file. Open a sequence
alignment of your choice, in this example alpha-hemolysin is used and a new window will be presented

(Figure 2.39b).

|C:\.. Aalpha-hemolysin toxin (hla).fas

Number of Nucleotide Sites 960
Total Number of Sequences 56
Sequences Used 56
File Format FASTA
Type Sequential
Nucleotide Sequence DNA
Variation Type DNA Sequence Yariation
Genome Diploid
ch | Locat Aut .
Codon Assignation No Flgure 2.39b. An output of the
Genetic Code Nuclear Universal . .
Preferred Codons Table None Data |nf0rmat|0n fOI’ thIS
Sequence Sets Definition No H
Total Number of Subsets VlrU|ence faCtor
Domain Sets Definition No
Total Number of Domains
Species
Chromosome
Genomic Position 1
Assembly

DnaSP v. 5.10.01
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The information presented in this screen needs to be changed, for example it is not a diploid number cell but
instead haploid. Continue by closing this screen and you will return back to the home-screen and start
formatting the data so that it matches your dataset. Select the ‘Data’ tab and choose ‘Format’, a new screen
will be presented to you (Figure 2.39¢c). Ensure that ‘DNA’ Nucleotide Sequence, ‘Haploid’ Genomic State

and ‘Prokaryotic’ Chromosomal Location is selected. Click OK and return back to the home screen.

Data File: C:\...\alpha-hemolysin toxin (hla).fas

Nucleotide Sequence Chromosomal Location
®DNA: () Autosome
O BNA (O X chromosome
('Y chromosome .
O Z chromosome F|gure 2.39c. An output
Frr—o g:' ihmm:,_some showing  the  Nucleotide
o ® Prokaryotic )
O Diploid i Sequence Format for alpha
® Haploid () Chloroplast haem0|y3|n.

If you want to store this information, save (or export) the active

data file as a NEXUS file format
Cancel | 0K |

Select the ‘Data’ tab again and choose the ‘Protein Coding Regions’ tab, and a new window will be presented
(Figure 2.39d). Ensure that the ‘Assigned the selected region as a protein coding region’ position has been
setto 1. Select ‘OK’ and another window stating that assignation has been done successful will open. It will

then prompt for ‘Do you want to assign more regions?’ Select ‘No’ and return back to the home screen.
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Active Data File: C:\...\alpha-hemolysin toxin (hla).fas

Selected region
From site: I

® Assigne the selected region as a protein coding regio
Set the codon position of the first site
®1 2 O3 ‘,6“ The assignation has been done successful.

Do you want to assign more regions?
() Assigne the selected region as a non-coding region

Yes | No |

If you want to store this information, save (or export) the a
